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PREFACE

Plant hormones play a crucial role in controlling the way in which plants
grow and develop. While metabolism provides the power and building blocks
for plant life, it is the hormones that regulate the speed of growth of the
individual parts and integrate these parts to produce the form that we
recognize as a plant. In addition, they playa controlling role in the processes
of reproduction. This book is a description of these natural chemicals: how
they are synthesized and metabolized; how they work; what we know of their
molecular biology; how we measure them; and a description of some of the
roles they play in regulating plant growth and development. Emphasis has
also been placed on the new findings on plant hormones deriving from the
expanding use of molecular biology as a tool to understand these fascinating
regulatory molecules. Even at the present time, when the role of genes in
regulating all aspects of growth and development is considered of prime
importance, it is still clear that the path of development is nonetheless very
much under hormonal control, either via changes in hormone levels in
response to changes in gene transcription, or with the hormones themselves
as regulators of gene transcription.
This is not a conference proceedings, but a selected collection of newly

written, integrated, illustrated reviews describing our knowledge of plant
hormones, and the experimental work that is the foundation of this
knowledge. This volume forms the second edition of a book originally
published in 1987 under the title Plant Hormones and Their Role in Plant
Growth and Development. The title has been changed in order to reflect the
changing nature of the field of plant hormones, namely an increased
understanding ofhormone biosynthesis and action deriving from the advances
in molecular biology that have taken place since the first edition was
published. Almost every chapter from the first edition has been extensively
revised and rewritten, and several new chapters have been added to cover
recently emerging areas.
The information in these pages is directed at advanced students and

professionals in the plant sciences: molecular biologists, botanists,
biochemists, or those in the horticultural, agricultural and forestry sciences.
It should also form an invaluable reference to molecular biologists from other
disciplines who have become aware of the fact that plants form an exiting
class of organisms for the study of development, and who need information
on the regulators of development that are exclusive to plants. It is intended
that the book should serve as a text and guide to the literature for graduate
level courses in the plant hormones, or as a part of courses in plant,
comparative, or molecular aspects of development. Scientists in other
disciplines who wish to know more about the plant hormones and their role
in plants should also find this volume a valuable resource. I hope that
anyone with a reasonable scientific background can fmd valuable information
in this book expounded in an understandable fashion.
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The subjectmatter ranges from basic biochemistry and molecular biology
to the use of natural and synthetic plant growth regulators in agriculture and
horticulture. Recent findings deriving from the use of the tools of molecular
biology are emphasized throughout. As far as possible chapters are grouped
according to the area of the topic: Introduction; Biosynthesis;Mode ofaction;
Molecular Aspects; and Roles in Plant Growth and Development, ordered
approximately in a developmental plant life cycle. As, however, many
chapters span two or more areas, their presence in one location rather than
another is largely a matter of editorial choice. Thus for example the chapter
on the role of abscisic acid in seed development and dormancy is located in
the section on development, though from its extensive description of the
molecular mechanisms ofABA action it could equally well be located in the
molecular aspects section.

It is most noticeable as one progresses through the chapters that while we
know a lot, though certainly not everything, about the action of plant
hormones at the molecular and cellular level, our knowledge of hormones in
the whole plant functions of importance to agriculture and horticulture, such
in flowering, tuberization and dormancy, is still at a superficial level. Only
when such systems are fully understood can we hope to manipulate plant
growth to human advantage. However, the pace of acquisition ofknowledge
in this area is increasing and practical applications are on the horizon. One
very notable area of success over the last few years has been the elucidation
of knowledge on the molecular aspects of ethylene production in relation to
fruit ripening. This has enabled the modification of ripening, and the
production of genetically engineered tomatoes in which ripening can be
regulated to fit the requirements of the market. At the present time such
tomatoes are rapidly progressing to commercial introduction.
Gone are the days when one person could write a comprehensive book

in an area such as plant hormones. I have thus drawn together a team of
sixty-four experts who have individually or jointly written about their own
area. At my direction they have attempted to tell a story in a way that will
be both informative and interesting. Their styles and approaches vary,
because they each have a tale to tell from their own perspective. The choice
of topics has been my own. Within each topic the coverage and approach
have been decided by the authors. While the opinions expressed by the
authors are their own, they are, in general, also mine, because I knew their
perspective before I invited them to join the project.
Where appropriate, the reader will find cross references between

chapters. In addition the extensive, sub-divided index at the end of the
volume should allow this book to be used as a reference to find individual
pieces of information. Sometimes the same infonnation can be found in more
than one location, though usually from a different perspective. Rather than
edit out such duplication, I have chosen to let it remain so that the complete
story on any topic can be obtained without having to excessively transfer
between chapters.

x



A volume such as this cannot be encyclopedic. Nevertheless, we have
covered the majority of topics in which active research is taking place. The
author of each chapter has provided a set of references that will guide the
reader to more detailed recent reviews, as well as classical papers and the
latest advances in that area. The number of references has, however, been
limited so as not to disrupt the narrative excessively. Because of this, a
reference citation at any point may not necessarily be to the paper describing
that particular finding, but may instead be to a later paper in a series, or to
a review covering the material, from which the original citation(s) can be
obtained if desired.
I would like to thank all the authors who made this volume possible, and

produced their chapters not only in a timely fashion, but in line with the
many restrictions placed on them by this editor; Imre Tamas and Maureen
Kelly for marking the index entries; Tom Silva for translating many of the
contributors discs; and Gilles Jonker of Kluwer Academic Publishers for
continuing support and cooperation. Finally I would like to thank my family,
Linda, Kenneth and Caryn, and my students, who put up with my many hours
of absence during which I edited and produced this book.

Peter J. Davies
Ithaca, New York
February 1995
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A.

AI.

INTRODUCTION

The Plant Hormones: Their Nature,
Occurrence, and Functions

Peter J. Davies
Section of Plant Biology, Cornell University, Ithaca, New York 14853, USA.

INTRODUCTION

The Meaning of a Plant Hormone

Plant hormones are a group of naturally occurring, organic substances which
influence physiological processes at low concentrations. The processes
influenced consistmainly of growth, differentiation and development, though
other processes, such as stomatal movement, may also be affected. Plant
hormones have also been referred to as 'phytohormones' though this term is
seldom used.
The term "hormone" comes originally from the Greek and is used in

animal physiology to denote a chemical messenger. Its original use in plant
physiology was derived from the mammalian concept of a hormone. This
involves a localized site of synthesis, transport in the bloodstream to a target
tissue, and the control of a physiological response in the target tissue via the
concentration of the hormone (14). Auxin was similarly thought to produce
a growth response at a distance from its site of synthesis, and thus to fit the
definition of a transported chemical messenger. It is now clear that plant
hormones do not fulfil the requirements of a hormone in the mammalian
sense. In a controversial article that has caused a rethinking of much dogma
in the area, Trewavas (14) has argued that plant physiologists have been so
concerned with making plant hormones fit the same characteristics as animal
hormones that we have overlooked their unique characteristics in controlling
growth and development. The synthesis of plant hormones may be localized
(as occurs for animal hormones), but may also occur in a wide range of
tissues, or cells within tissues. While they may be transported and have their
action at a distance this is not always the case. They may also act in the
tissue in which they are synthesized or even within the same cell. At one
extreme we find the transport of cytokinins from roots to leaves where they
prevent senescence and maintain metabolic activity, while at the other
extreme the production of the gas ethylene may bring about changes within
the same tissue, or within the same cell, where it is synthesized. Thus, we

P. J. Davies (ed.), Plant Honnones, 1-12.
© 1995 Kluwer Academic Publishers..



Nature, occurrence and functions

must abandon the concept of transport as being an essential property of a
plant hormone. Trewavas has also strongly argued that control is not by
concentration but by a change in sensitivity of the tissue to the compound.
This issue has been more hotly debated and will be discussed later (see
Chapter A2).' However, as a result of the lack of direct rigid parallels with
animal hormones he has argued that we should abandon the term "plant
hormone". In a rebuttal Cleland (15) has characterized this argument as
"semantic quibbling". Trewavas suggests we should replace the term
hormone with "plant growth substance"). The disadvantage of this name,
besides being cumbersome and containing the rather vague term "substance,"
is that it does not describe fully what these natural regulators do. Growth is
only one of the many processes influenced. Changing the name to "plant
growth and development substances" becomes even more awkward and still
may not cover all cases. While the term plant growth regulator is a little
more precise this term has been (unfortunately?) usurped by the agrichemical
industry to denote synthetic plant growth regulators (see Chapter G13) as
distinct from endogenous growth regulators. Thus the term plant growth
regulator is largely unused in reference to endogenous regulators of growth
and differentiation. One could invent an entirely new single word name for
this group ofcompounds but, rather like the international language Esperanto,
that would seem to be unlikely to catch on in the face of over fifty years of
habit. Thus we are left with the imperfect term "plant hormone" and all that
it implies. We must break with the characteristics expected of animal
hormones: plant hormones are a unique set of compounds, with unique
metabolism and properties, that form the subject of this book. Their only
universal characteristics are that they are natural compounds in plants with an
ability to affect physiological processes at concentrations far below those
where either nutrients or vitamins would affect these processes. In fact, this
notion of a plant hormone is much closer to the meaning of the Greek origin
of the word (to set in motion or to stimulate) than is the current meaning of
the word hormone used in the context of animal physiology. The Greek
origin of the word does not have in it the implicit idea of either transport or
action at a distance. The term plant hormones has, therefore, been retained
in this book.

The Discovery, Identification and Quantitation of Plant Hormones.

The concept of plant hormones derives from Darwin's experiments on the
phototropism of coleoptiles, which indicated the presence of a transported
signal. This led to Went's elucidation of auxin in 1928 and its subsequent
identification as indoleacetic acid (IAA) (5). Other lines of investigation led
to the discovery of the other hormones: research in plant pathogenesis led to
gibberellins (GA); efforts to culture tissues led to cytokinins (CK); the control

I The international Society for the study of plant hormones is named the "International
Plant Growth Substance Association" (IPGSA)
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P. J. Davies

of abscission and dormancy led to abscisic acid (ABA); and the effects of
illuminating gas and smoke led to ethylene. These accounts are told in
virtually every elementary plant physiology textbook, and further elaborated
in either personal accounts (5,13) or advanced treatises devoted to individual
hormones (2,10) so that they need not be repeated here. More recently other
compounds, namely polyamines (Chapter C I), jasmonates (Chapter C2a) (and
its derivative tuberonic acid; Chapter G12), salicylic acid (Chapter C2b),
brassinosteroids (Chapter C2c) and the peptide systemin (Chapters C2a and
E5) are being added to the list of (potential?) plant hormones, though whether
these have universal effects or act in just a few special cases has not yet been
fully determined.

It is interesting to note that, of all the main group of plant hormones,
only the chemical identification of abscisic acid was made from higher plant
tissue. The original identification of the others came from extracts that
produced hormone-like effects in plants: auxin from urine, gibberellins from
fungal culture filtrates, cytokinins from autoclaved herring sperm DNA, and
ethylene from illuminating gas. Today we have at our disposal methods of
purification (such as high performance liquid chromatography: HPLC) and
characterization (gas chromatography-mass spectrometry: GC-MS, and high
performance liquid chromatography-mass spectrometry: HPLC-MS) that can
operate at levels undreamed of by early investigators (see Chapter F I). Thus
while early purifications from plant material utilized tens or even hundreds
of kilograms of tissues, modem analyses can be performed on a gram or less
of tissue, making the characterization of hormone levels in individual leaves,
buds, or even from tissues within the organs much more feasible. The advent
of immunoassay (Chapter F2) promises to enable the localization of the
hormones within cells. Only when the exact level and location of the
hormones within the tissues are known will their precise roles and modes of
action in a process be fully elucidated.

THE NATURE, OCCURRENCE, AND EFFECTS OF THE PLANT
HORMONES

Before we become involved in the various subsequent chapters covering
aspects of hormone biochemistry and action it is necessary to review what
hormones do. In subsequent chapters some or most of these effects will be
described in more detail, whereas others will not be referred to again. It is
impossible to give detailed coverage of every hormonal effect. The choice
of topics for subsequent chapters has been determined largely by whether
there is active research in progress in that area. Thus, while the mode of
action of auxin and some effects of auxin are subjects of subsequent chapters,
most of the current work on cytokinins is on their synthesis and metabolism
(which is described), but so little progress has been made on how they act
that there is little to add to the information below. The effects produced by

3



Nature, occurrence andfunctions

each honnone have been elucidated largely from exogenous applications. In
some cases, using correlations between honnone levels and growth ofdefined
genotypes (Chapter G1) or transgenic plants (Chapter E2), we have evidence
that the endogenous honnone also fulfills that role. In other cases it has not
been conclusively proved that the endogenous honnone functions in the same
manner. The nature, occurrence, transport and effects of each honnone (or
honnone group) are given below. It should, however, be emphasized that
honnones do not act alone but in conjunction, or in opposition, to each other
such that the final condition of growth or development represents the net
effect of a honnonal balance (7).

Auxin

Nature
Indole-3-acetic acid (IAA) is the main auxin in most plants.

INDOLEACETIC ACID
Compounds which serve as IAA precursors may also have auxin activity
(e.g., indoleacetaldehyde). Some plants contain other compounds that display
weak auxin activity (e.g., phenylacetic acid) (16). IAA may also be present
as various conjugates such as indoleacetyl aspartate (Chapter BI)).
4-chloro-IAA has also been reported in several species (11), though it is not
clear to what extent the endogenous auxin activity in plants can be accounted
for by 4-CI-IAA. Several synthetic auxins are also used in commercial
applications (Chapter G13).

Sites ofbiosynthesis
IAA is synthesized from tryptophan or indole (Chapter B I) primarily in

leaf primordia and young leaves, and in developing seeds.

Transport
IAA transport is cell to cell (Chapters G3 and G4). Transport to the root

probably also involves the phloem.

Effects
• Cell enlargement - auxin stimulates cell enlargement and stem growth
(Chapter D1).

4



P. J. Davies

• Cell division - auxin stimulates cell division in the cambium and, in
combination with cytokinin, in tissue culture (Chapters G4 and GI4).

• Vascular tissue differentiation - auxin stimulates differentiation of
phloem and xylem (Chapter G4).

• Root initiation - auxin stimulates root initiation on stem cuttings, and
also the development of branch roots and the differentiation of roots in
tissue culture (Chapter G14).

• Tropistic responses - auxin mediates the tropistic (bending) response of
shoots and roots to gravity and light (Chapters G5 and G3).

• Apical dominance - the auxin supply from the apical bud represses the
growth of lateral buds (Chapter G6).

• Leaf senescence - auxin delays leaf senescence.
• Leaf and fruit abscission - auxin may inhibit or promote (via ethylene)

leaf and fruit abscission depending on the timing and position of the
source (Chapters G2, G6 and G13).

• Fruit setting and growth - auxin induces these processes in some fruit
(Chapter G13)

• Assimilate partitioning - assimilate movement is enhanced towards an
auxin source possibly by an effect on phloem transport (Chapter G9).

• Fruit ripening - auxin delays ripening (Chapters G2 and GI2).
• Flowering - auxin promotes flowering in Bromeliads (Chapter G8).
• Growth of flower parts - stimulated by auxin (Chapter G2).
• Promotes femaleness in dioecious flowers (via ethylene) (Chapters G2
and G8).
In several systems (e.g., root growth) auxin, particularly at high

concentrations, is inhibitory. Almost invariably this has been shown to be
mediated by auxin-produced ethylene (3, 6) (Chapter G2). If the ethylene
synthesis is prevented by various ethylene synthesis inhibitors, the ethylene
removed by hypobaric conditions, or the action of ethylene opposed by silver
salts (Ag+), then auxin is no longer inhibitory.

5



Nature, occurrence and functions

Gibberellins (GAs)

Nature
The gibberellins (GAs) are a family of compounds based on the

ent-gibberellane structure (Chapter B2). While the most widely available
compound is GA3 or gibberellic acid, which is a fungal product, the most
important GA in plants is GAl' which is the GA primarily responsible for
stem elongation (Chapters A2, B2, and GI). Many of the other GAs are
precursors of the growth-active GA•.

OH

H
CH3

GmBERELLIN Al or GAl

Sites ofbiosynthesis.
GAs are synthesized from mevalonic acid (Chapter B2) in young

tissues of the shoot (exact location uncertain) and developing seed. It is
uncertain whether synthesis also occurs in roots (12).

Transport
GAs are probably transported in the phloem and xylem.

Effects
• Stem growth - GAl causes hyperelongation of stems by stimulating both
cell division and cell elongation (Chapters A2 and G1). This produces
tall, as opposed to dwarf, plants.

• Bolting in long day plants - GAs cause stem elongation in response to
long days (Chapter G8).

• Induction of seed germination - GAs can cause seed germination in some
seeds that normally require cold (stratification) or light to induce
germination.

• Enzyme production during germination - GA stimulates the production
of numerous enzymes, notably a-amylase, in germinating cereal grains
(Chapter D3).

• Fruit setting and growth - This can be induced by exogenous applications
in some fruit (e.g., grapes) (Chapter G13). The endogenous role is
uncertain.

• Induction of maleness in dioecious flowers (Chapter G8).

6
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Cytokinins (CKs)

Nature

Z EATI N

CKs are adenine derivatives characterized by an ability to induce cell
division in tissue culture (in the presence of auxin). The most common
cytokinin base in plants is zeatin. Cytokinins also occur as ribosides and
ribotides (Chapter B3).

Sites ofbiosynthesis
CK biosynthesis is through the biochemical modification of adenine

(Chapter B3). It occurs in root tips and developing seeds.

Transport
CK transport is via the xylem from roots to shoots.

Effects
• Cell division - exogenous applications of CKs induce cell division in
tissue culture in the presence of auxin (Chapter GI4). This also occurs
endogenously in crown gall tumors on plants (Chapter EI). The
presence ofCKs in tissues with actively dividing cells (e.g., fruits, shoot
tips) indicates that CKs may naturally perform this function in the plant.

• Morphogenesis - in tissue culture (Chapter G14) and crown gall (Chapter
EI) CKs promote shoot initiation. In moss, CKs induce bud formation
(Chapters Gland G6).

• Growth of lateral buds - CK applications, or the increase in CK levels
in transgenic plants with genes for enhanced CK synthesis, can cause the
release of lateral buds from apical dominance (Chapters E2 and G6).

• Leaf expansion (8) - resulting solely from cell enlargement. This is
probably the mechanism by which the total leaf area is adjusted to
compensate for the extent of root growth, as the amount ofCKs reaching
the shoot will reflect the extent of the root system. However, this has
not been observed in transgenic plants with genes for increased CK
biosynthesis (Chapter E2).

• CKs delay leaf senescence (Chapter E2).

7



Nature, occurrence andfunctions

• CKs may enhance stomatal opening in some species (Chapter G7).
• Chloroplast development - the application of CK leads to an
accumulation of chlorophyll and promotes the conversion of etioplasts
into chloroplasts (9).

Mode ofAction
CKs are the only hormone in this book for which there is no chapter

on the mode of action in any system. This is because the action of CKs is
still poorly understood and insufficient evidence exists to conclusively
identify any biochemical point of action (4).

Ethylene

Nature
The gas ethylene (C2H4) is synthesized from methionine (Chapter B4)

in many tissues in response to stress. It does not seem to be essential for
normal vegetative growth (Chapter E2). It is the only hydrocarbon with a
pronounced effect on plants.

Sites ofsynthesis
Ethylene is synthesized by most tissues in response to stress. In

particular, it is synthesized in tissues undergoing senescence or ripening
(Chapters E4 and G2).

Transport
Being a gas, ethylene moves by diffusion from its site of synthesis.

A crucial intermediate in its production, l-aminocyclopropane-l-carboxylic
acid (ACC) can, however, be transported and may account for ethylene
effects at a distance from the causal stimulus (Chapter G2).

Effects
The effects of ethylene are fully described in Chapter G2. They

include:
• Release from dormancy.
• Shoot and root growth and differentiation.
• Adventitious root formation.
• Leaf and fruit abscission.
• Flower induction in some plants (Chapter G8).
• Induction of femaleness in dioecious flowers (Chapter G8).
• Flower opening.
• Flower and leaf senescence.
• Fruit ripening (Chapter E4).

8
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Abscisic acid (ABA)

Nature
Abscisic acid is a single compound with the following formula:

H CH 3

CaH
3
c~~ b""c/t',c/H

"'OH I I
O-:? # CH

3
H COOH

ABSCISIC ACID

Its name is rather unfortunate. The first name given was "abscisin II"
because it was thought to control the abscission of cotton bolls. At almost
the same time another group named it "dormin" for a purported role in bud
dormancy. By a compromise the name abscisic acid was coined (1). It now
appears to have little role in either abscission (Chapters G2) or bud
dormancy, but we are stuck with this name. As a result of the original
association with abscission and dormancy, ABA has become thought of as an
inhibitor. While exogenous applications can inhibit growth in the plant, ABA
appears to act as much as a promoter (e.g., storage protein synthesis in seeds
- Chapter G10) as an inhibitor, and a more open attitude towards its overall
role in plant development is warranted.

Sites ofsynthesis
ABA is synthesized from mevalonic acid (Chapter B5) in roots and

mature leaves, particularly in response to water stress (Chapters G7 and G9).
Seeds are also rich in ABA which may be imported from the leaves or
synthesized in situ (Chapter G9).

Transport
ABA is exported from roots in the xylem and from leaves in the

phloem. There is some evidence that ABA may circulate to the roots in the
phloem and then return to the shoots in the xvIem (Chapters A2, G7 and G9).

Effects
• Stomatal closure - water shortage brings about an increase in ABA which

leads to stomatal closure (Chapter G7).
• ABA inhibits shoot growth (but has less effect on, or may promote, root
growth). This may represent a response to water stress (Chapters A2 and
G7).

• ABA induces storage protein synthesis in seeds (Chapter G10).

9
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•

•

•

ABA counteracts the effect of gibberellin on a-amylase synthesis in
germinating cereal grains (Chapter 03).
ABA affects the induction and maintenance of some aspects ofdormancy
in seeds. It does not, however, appear to be the controlling factor in
'true dormancy' or 'rest,' which is donnancy that needs to be broken by
low temperature or light (Chapters Gl and GIO).
Increase in ABA in response to wounding induces gene transcription,
notably for proteinase inhibitors, so it may be involved in defense against
insect attack (Chapter E5).

Polyamines

There is some controversy as to whether these compounds (fully
described in Chapter C1) should be classified as honnones, even within our
rather broad current definition. They were first tentatively accepted by their
inclusion (in the form of a specific session) at the International Conference
on Plant Growth Substances in 1982. Galston (personal communication)
justifies their classification as hormones on the following grounds:
• They are widespread in all cells and can exert regulatory control over
growth and development at micromolar concentrations.

• In plants where the content of polyamines is genetically altered,
development is affected. (E.g., in tissue cultures of carrot or Vigna,
when the polyamine level is low only callus growth occurs; when
polyamines are high, embryoid fonnation occurs. In tobacco plants,
which are overproducers of spermidine, anthers are produced in place of
ovaries.)

Such developmental control is more characteristic of hormonal compounds
than nutrients such as amino acids or vitamins.

Polyamines have a wide range of effects on plants and appear to be
essential for plant growth, particularly cell division and normal morphologies.
At present it is not possible to make an easy, distinct list of their effects as
for the other hormones. A variety of cellular and organismal effects is
discussed in Chapter CI. It appears that polyamines are present in all cells
rather than having a specific site of synthesis.

Jasmonates

Jasmonates (Chapter C2a) are represented by jasmonic acid and its methyl
ester. They are named after the jasmine plant in which the methyl ester is an
important scent component. As such they have been known for some time
in the perfume industry. There is also a related hydroxylated compound that
has been named tuberonic acid which, with its methyl ester and glycosides,
induces potato tuberization. Jasmonic acid is synthesized from linolenic acid,
while jasmonic acid is most likely the precursor of tuberonic acid.

10
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Effects
Jasmonates inhibit many plant processes such as growth and seed

germination. They also promote senescence, abscission, tuber formation, fruit
ripening, pigment formation and tendril coiling. An important role appears
to be in plant defense, where jasmonates induce the synthesis of proteinase
inhibitors which deter insect feeding, and, in this regard, act as intermediates
in the response pathway induced by the peptide systemin.

Salicylic Acid

Salicylates have been known for a long time to be present in willow bark, but
have only recently been recognized as potential regulatory compounds.
Salicylic acid is biosynthesized from the amino acid phenylalanine.

Effects
Salicylic acid (Chapter C2b) is the calorigenic substance that causes

thermogenesis in Arum flowers. It may have a more general role in the
resistance to pathogens by inducing the production of 'pathogenesis-related
proteins.' It has also been reported to enhance flower longevity, inhibit
ethylene biosynthesis and seed germination, block the wound response, and
reverse the effects of ABA. Whether these are endogenous roles remains to
be determined.

Brassinosteroids

Brassinosteroids (Chapter C2c) are a range of over 60 steroidal
compounds, typified by the compound brassinolide that was first isolated
from Brassica pollen. At first they were regarded as somewhat of an oddity
but they appear to be widely distributed. As they produce effects on growth
and development at very low concentrations it is possible that they playa role
in the endogenous regulation of these processes.

Effects
Brassinosteroids promote stem elongation, inhibit root growth and

development, and promote ethylene biosynthesis and epinasty.

Whether in the long run we classify polyamines and other compounds as
plant hormones or not is irrelevant. Hormones are a human classification and
organisms care naught for human classifications. Natural chemical
compounds affect growth and development in various ways, or they do not
do so. Polyamines are present in all organisms and clearly fall under the first
of the two groups. Whether the other compounds should be regarded as plant
hormones will depend on whether, in the long run, these compounds are
shown to be endogenous regulators of growth and development in plants in
general.
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A2. The Plant Hormone Concept:
Concentration, Sensitivity and

Transport

Peter J. Davies
Section of Plant Biology, Cornell University, Ithaca, New York 14853,
USA.

CONCENTRATION VERSUS SENSITIVITY AS THE
CONTROLLING ASPECT OF HORMONE ACTION.

The concept of control by changing concentrations is crucial to the original
concept of honnones in mammals. A few years ago, a great stir was created
amongst biologists working with plant honnones by the suggestion of
Trewavas (56) that there is no evidence that plant honnones act via changes
in the amount or concentration of the honnone, and that all change in
response must be attributed to changes in the sensitivity of the tissue. The
reason for this suggestion is the frequent lack of correlation between honnone
concentrations measured in a tissue and the response of the tissue. In
addition, in most plants, growth is proportional to the logarithm of the applied
honnone concentration, such that there may be an increasing response over
three orders of magnitude in concentration. However, changes in the
endogenous concentration in tissues are usually far smaller than would be
expected to produce the vast changes in growth or development observed;
(plant honnone workers tend to regard a doubling in concentration as a large
change!). If concentration changes cannot account for the differences in
growth and development then something else must be responsible, and
changing tissue sensitivity is the only other logical alternative. While our
knowledge on factors influencing sensitivity (or responsiveness) to honnones
is still elementary, documentation of differential sensitivities, elucidation of
honnone binding (Chapters D4 and E3), and understanding of the
mechanisms of regulation of gene expression are steadily increasing, so that
the potential mechanisms for the regulation of honnone sensitivity are
becoming more evident. Our best examples of changing sensitivity are to
ethylene. Immature flower or fruit tissue show no response to ethylene, but
mature tissue responds to ethylene with ripening or senescence (see Chapter
G2). However, an important question is what we mean by the rather vague
tenn "sensitivity". As Firn (11) has pointed out, a change in sensitivity
simply refers to an observation that the response to a given amount of
honnone has changed. This could be caused by a change in the number of
receptors (receptivity), a change in receptor affinity (affinity), or a change in
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Fig. 1. Different dose response curves
to changing exogenous hormone
concentration occasionedbychanges in
the different components that make up
sensitivity. A) Standard response; B)
lOx less affinity of the hormone
receptors; C) a limited response
capacity ofthe system; D) no response
to lower concentrations because of a
high endogenous concentration.

The response only occurs when the endogenous concentration is exceeded; E) A decrease in
the number ofhormone receptors (receptivity). Note change in slope ofmain part of response
curve. From (II).

the subsequent chain of events (response capacity). A change in the response
to a given amount of honnone could also be caused by a change in the level
of other endogenous substances that enhance, or inhibit, the response to the
honnone. When dealing with exogenously applied honnones, uptake
efficiency must also be taken into account. A change in each of these would
give a very different response curve to changing honnone concentrations (Fig.
I) (11).
Hormone concentration clearly has a major role to play in hormonal

regulation. Even if sensitivity changed, there would still be a response to a
change in concentration, though of a different magnitude (11). In addition
we should ask what are we measuring when we calculate "concentration," and
where we are measuring it, in relation to the tissues or cells that respond? If
the accuracy of measurement or localization is vague then so is our
knowledge of hormone concentration at the active site. Below I will list
some of the pitfalls that can occur in measurement of these parameters.
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Hormone Quantitation and Its Interpretation

One of the difficulties in correlating endogenous hormone concentration with
differences in growth and development is the problem of what is measured
when the hormone is assayed, even if this is done by highly accurate
physico-chemical means (see Chapter FI). Quantitation is normally done by
measuring total extractable hormone. Often this is of little relevance because
the total hormonal amount tells us little about the hormonal concentration in
the tissue in question, let alone in the cell, cell compartment, or at the
hormone receptor site.
Many hormonal extractions are done of whole shoots, roots or fruits.

While this may enable a first approximation, it can be equated with analyzing
the hormonal content of, say, the pituitary gland of a mammal by grinding up
and assaying the whole animal. Studies investigating hormone metabolism
in seeds have indicated that there are specific qualitative and quantitative
differences between adjacent tissues. The embryo of pea has a different ABA
and gibberellin content and metabolism than the seed coat (see Chapter G9).
Applied GA20 is metabolized to GA29 in the embryo, and this GA29 is then
further metabolized to GA29 catabolite in the seed coat (63). We do not know
what further subdivisions may exist within the embryo. Differences probably
also exist within seemingly uniform tissues. We often analyze the whole
tissue in the case of phototropism or geotropism, or, at best, half the stem or
coleoptile. However, there may be more subtle differences within the half
tissue, even though there is only a small measurable difference between the
two halves, and this may lead to the observed differential growth.
Experiments on the gradient between the upper and lower epidermis of
dicotyledonous shoots indicate that the difference may be two to four times
the gradient recorded between the upper and lower halves. In maize
coleoptiles a two fold difference between the IAA content of the two sides
is sufficient to account for the observed phototropic curvature (2). More
accurate measurements of auxin, such as the asymmetric promotion of gene
activation, which will be described below, enable us to visualize a more
precise localization of auxin redistribution in tropistically-stimulated tissues
than is possible with assaying surgically isolated parts.
In general, we have little idea of cell to cell variation. We know even

less of the differences in hormonal contents within cells. It was noted many
years ago that growth of stem or coleoptile sections correlates with the
amount of auxin that will diffuse out of the tissue rather than the total
extractable auxin (50). This tells us that much of the hormone in the tissue
is probably compartmentalized away from the growth active site, possibly
within an organelle. A demonstration of this compartmentation can be seen
if a stem segment is loaded with radiolabelled auxin, and then washed over
an extended period to remove the auxin eftluxing from the tissue. Growth
initially increases in response to the applied IAA, but then declines to a very
low rate over 3- 4 hours, even though about 70% of the radiolabel is still in
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Fig. 2. A) The elution of label from [14C]IAA-treated pea stem segments as influenced by
anaerobiosis and subsequent oxygenation. Under aerobic condition (bubbled with oxygen-­
solid line) the rate of efflux steadily decreases (curve 4), but if the sections become anaerobic
(bubbled with nitrogen), as indicated by the dashed line (curves 2 and 3), the rate of efflux
increases. The increase can subsequently be reversed by the return of aerobic conditions.
Segments in curve 1 were anaerobic throughout. B) In segments that become anaerobic for
a short period, and then return to aerobic conditions, growth is stimulated beyond that of those
that remain in aerobic conditions. From (31).

the tissue, and can be chromatographically identified as IAA. If the tissue is
then put in an anaerobic environment, under which growth ceases, the rate of
auxin efflux increases. A return to aerobic conditions is accompanied by a
burst in the growth rate such that the total growth more than makes up for the
loss of growth during anaerobiosis (termed emergent growth), and the rate of
auxin efflux gradually returns to its previous condition (31) (Fig. 2). We
interpret this as an indication that the IAA is sequestered within an inner
membrane-bound compartment, from which it leaks at a slower rate than
when it leaves the cell through the plasmalemma. The growth-active site,
with which auxin interacts, is exterior to the cellular compartment in which
it is contained. Once the auxin originally in the cytoplasm leaves the cell, the
auxin concentration at the growth active site remains very low (under normal
aerobic conditions) because the auxin exits through the plasmamembrane
faster than it leaves the internal compartment. Under anaerobic conditions the
compartment membrane becomes leaky, possibly because an
inwardly-directed, ATP-requiring IAA carrier becomes inactivated, allowing
outward passive diffusion to predominate. Alternatively the compartment
interior becomes more acid, thus increasing the diffusibility of the IAA,
because a greater proportion of the IAA becomes protonated. This allows
more lAA to leak into the rest of the cell and to the exterior. On the return
of oxygen the high concentration of auxin at the growth active site allows
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endogenous GAl content and internode
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ATP-requiring growth to take place, while the compartment membrane ceases
being leaky. We do not know the location of the IAA-storage compartment,
nor the location of the growth active site (see Chapters CI and C4 for the
latter). One possibility for the storage compartment is the chloroplast (or
proplastid) which, because of its relatively high pH, would tend to trap acidic
molecules (see Chapter G3). In fact 30-40% of the cellular IAA has been
reported to be localized in the chloroplast (47). The vacuole seems unlikely
because its acidic pH would dictate an auxin concentration only about 1/10th
that in the cytoplasm, though its vast bulk in parenchymatous cells might
make it a hormone reservoir. (The vacuole could possibly function as a
reservoir of hormone conjugates that might be later hydrolyzed to release free
hormone.) The development of hormone immunoassay (Chapter F2)
promises a method by which we may be able to localize hormones within
tissues and cells, provided a way can be found to immobilize the highly
soluble hormone molecules within the cells.

Correlations of Growth with Hormonal Concentration

One of Trewavas's principal examples to support his contention that
hormones did not exert their influence via changes in concentration was the
seeming lack (at that time) of any correlation between the endogenous GA
concentration and tallness (in tall versus dwarf plants), despite the fact that
applications of GA3 to dwarf plants produced tall phenotypes (56). This has
since been completely refuted by the work of Reid and co-workers in peas
(Chapter Gl) (19), and by Phinney and co-workers in maize (53). They have
shown that tall plants have GAl' while in dwarf plants GAl is absent or
present at a very low level. It has subsequently been shown that GAl is the
main growth-active GA in most plants, while the other GAs are not active in
their own right, but only after conversion to GAt. In peas, the tallness gene,
Le, controls the conversion (by 3(3-hydroxylation) of GA20 to GAl. In the

presence of Ie GA20 builds up and is not
converted to GAl (19). If the gibberellin
content is measured by bioassay, without
prior chromatographic separation, then tall
and dwarf plants are found to contain the
same amount of "gibberellin activity."
This is because the vast majority of
bioassays will show no difference between
GA20 and GAl' since the bioassay plant has
the ability to convert inactive GA20 to the
active GAl. (One newer bioassay, Waito-C

o.o~o~_ GA~(:.v plant-I) 1.0 rice, has the ability to distinguish 3C-OH
GAs, and on such a bioassay the difference
can be seen.) It should also be noted that
the GAl is only present in the youngest
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internodes of the stem. Often the extracts used in comparing tall and dwarf
plants have come from whole shoots, mature internodes, or even seeds, which
do not display any difference between tall and dwarf. When the levels of
GA) are compared in genotypes possessing different alleles of the Le//e gene
that result in a range of heights, it can be seen that there is a reasonable
relationship between internode length in the different genotypes and the log
of the GA concentration (Fig. 3) (42). In sorghum genotypes, the genotype
with the greatest height and weight also showed a 2-6 fold higher GA)
concentration over two shorter, related genotypes (3).
The level of GA) also correlates with bolting in spinach under the

influence of photoperiod. In response to increasing daylength spinach plants
start to elongate after about 14 long days. The levels of all the GAs of the
13-hydroxylated GA pathway (see Chapter B2) start to increase after about
4 days (Fig. 4). Whilst the level ofGAzo increases most (16 fold) over the
first 12 days, it is the increasing level of GA) (5 fold) which brings about the
increase in stem growth. This has been shown by the use of different
inhibitors of GA synthesis and metabolism (62). The inhibitors AMOl618
and BXl12 (see Chapter B2) both prevent bolting. The effect ofAM01618,
which blocks GA biosynthesis prior to GA)z-aldehyde, can be overcome by
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Fig. S. (Right) The effect of growth
retardants (GA biosynthesis and metabolism
inhibitors) on stem growth in spinach,
induced by transfer to long-day conditions,
and the reversal of the effects of the growth
retardants by GA20 and GA•. From (62).
A) AM01618; B) BXl12.
o = control; • = inhibitor; V = inhibitor +
GA2o; ... = inhibitor + GAl'

Fig.4. (Above) Changes in the GA levels in
spinach following exposure to an increasing
number of long days. Bolting starts in about
14 days (Fig. 5). GAs is a biologically
inactive GA. From data in (62).
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Fig. 6. Four genetic lines of peas differing in
internode length, and gibberellin and lAA content
in their vegetative tissue. Left to right: Nana
(na): an ultradwarf containing no detectable GAs
and a very low lAA content; Dwarf (Na Ie)
containing GA2o, but very little GAl' and low
lAA; Tall (Na Le) containing GAl' and a
medium lAA content; Slender (na Le la cry'): an
ultratall with no detectable GAs, but a high lAA
content. See Chapter GI. Drawing from a
photograph by the author, taken when the plants
were the same age of about 4 weeks.
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applications of GA20' but the effect
of BX112, which blocks the
production of GAl from GA20' can
only be overcome by GAl itself
(Fig. 5). This thus demonstrates
that it is the rise in GAl which is
the crucial factor in regulating
spinach stem growth.
The relationship between stem

length and GA content beaks
down, however, when one
considers the 'slender' peas (Fig.
6). These plants, which possess
the alleles la crys, are ultratall
regardless of their GA content, and
look as if they are GA-saturated.
However, the concentration ofIAA
shows a good relationship to
tallness across a wide range of
tallness genotypes, including
slender (Fig. 7).
Early work seemed to indicate

that IAA caused elongation in stem
segments, but not in intact plants.
Recent work with light grown pea
seedlings has, however, shown that
the continuous application of auxin
solutions to the surface of the
growing regions of the stem results
in a considerable promotion of
growth. The reason for the
previous inability to demonstrate
growth promotion in intact plants
derives from the fact that auxin
was usually applied on a single
occasion either in aqueous solution
or lanolin. Continuous recording
with modem high sensitivity
position transducers (Fig. 8) has
shown that this tended to result in
a very short-term growth
promotion which rapidly changed
to a growth inhibition, so that
when measured after a period of
several hours there is no net
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Fig. 8. Photograph of a pea seedling
superimposed with the positions of the
transducer arms (II and T2) used to
measure growth following the
application of 1M. lAA solutions
were applied via a cotton wick wrapped
round the apical bud and/or the
uppermost one or two internodes before
being diverted to waste. The closest
stipule at the second node below the
apical bud has been removed to show
the apical bud and uppermost internode.
From (61).
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Fig.7. The lAA levels of the stem elongation zone
of a range of pea genotypes of varying heights
(1766 = nana (na); 203 = dwarf (Ie); 1769 = tall
(Le); 188, 133, 197 = slender (Ia cry'), with
differing GAl contents: 188 - no GAs (00); 133 ­
low GAl (Ie); 197 - high GAl (Le)), The heights
given are above node 2 at the time that the plants
had 5-6 nodes. From (21).

growth increase. Dark grown seedlings,
often a favorite of experimenters because
of their more rapid growth, are particularly
sensitive to this inhibition. By contrast,
continuous application of auxin solutions
via a cotton wick wrapped around the
upper stem of light-grown pea seedlings
results in a 6 fold increase in growth rate
in dwarf plants, and a 2 fold increase in
growth rate in tall plants (61). This difference is most likely due to the
differing hormonal content of the two height types: tall plants already contain
more auxin (21) and GAl (19) than do dwarf plants. Even at saturating
concentrations of applied auxin, tall plants still grow faster than dwarf plants,
probably because of their enhanced content ofGAl. The application ofauxin
to intact plants induces a growth increase with similar kinetics to that seen in
isolated segments (Chapter Dl) i.e., a lag of about 15 min followed by a rise
in the growth rate to a maximum, a drop in growth rate, and then a rise to a
more steady rate slightly lower than the initial growth rate peak (Fig. 9).
Over time the growth rate measured at any particular point slowly declines
over 1-2 days as the tissues age and move out of the growing zone. Growth,
of course, continues in the younger tissues that are being continually
produced. The two peaks in growth rate appear to be related to two
responses to auxin: an initial, short term, rapid growth response (IGR),
followed by a more prolonged growth response (pGR) with a longer
induction time. The IAA application data and the correlation of IAA content
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with tallness clearly show that stem elongation is governed both by IAA and
GAl' and that plant height has a clear relationship to hormonal concentration.
While it is relatively hard to find cases where precise variations in

concentration correlate with parallel variations in growth or development,
there are numerous cases where the presence of the hormone correlates with
a distinct change in growth and development (57). Amongst these could be
cited the effect of auxin coming from a leaf primordium on vascular
development (Chapter G4) or the hyperelongation of the submerged stem of
deep-water rice caused by the build-up of ethylene (Chapter G2). A
developmental continuum from crown gall tumors with roots, to
undifferentiated tumors, to tumors with shoots is shown to be correlated with
increases in the cytokinin/auxin ratio upon infection with different strains of
Agrobacterium tumefaciens bacteria (Chapter E I). Here we can see a distinct
relationship with hormone concentration; sensitivity cannot be a factor as the
infected tissue was the same in all cases.
The recent generation of transgenic plants with enhanced cytokinin or

IAA synthesis, derived from the incorporation of the genes for their synthesis
from Agrobacterium, enables the effects of increased hormone content on the
growth and development of the whole plant to be more clearly demonstrated
(see Chapter E2). For example the incorporation of the gene for cytokinin
synthesis into tobacco plants shows the effect of cytokinin concentration on
lateral branching and leaf senescence. The transformed plants, which
contained an 3-23 fold increase in zeatin riboside level, displayed increased
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axillary branching, an underdeveloped root system and delayed leaf
senescence (28). The relationship between IAA content and stem height in
transgenic plants is less clear, possibly related to the morphological distortions
observed when the IAA content is elevated throughout the entire plant.
(Ethylene may playa part in this altered morphology.) Future work with
more precisely controlled sites and levels of IAA synthesis may cast more
light on this situation.
There has been considerable disagreement over whether tropistic

responses to light or gravity are mediated by changes in IAA concentration.
This has now been answered in the affirmative by an elegant technique. The
promoter of an auxin-responsive gene was fused to the GUS ({3­
glucuronidase) gene and used to transform tobacco plants. This construct
results in the production of a blue color in the presence of auxin when tissues
are exposed to the GUS substrate. If the transformed tobacco seedlings were
laid on their side, a shift in the position of the blue color from an even
peripheral distribution in an upright stem to a more intense color localized
only on the lower side of the stem was evident prior to the appearance of any
gravitropic curvature (24). As the hypocotyl grew back into an upright
position, the even distribution of the auxin, as detected by the blue color,
returned. This is illustrated in Chapter D2.
A response to a wide (logarithmic) concentration range is not typical of

all tissues. In maize coleoptiles the range is more linear, and over only about
a two fold range of applied IAA concentration (2) (Fig. 10). It has also been
pointed out (2) that the results indicating a response to the logarithm of
applied IAA concentration have been obtained with isolated segments
incubated in the solution, a possibly artifactual situation.

THE SENSITIVITY FACTOR.

There is little doubt that changes in hormone concentration at the
hormone-responsive active site can account for many of the hormone-related
changes in growth and development in plants. Nonetheless, it is likely that
changes in sensitivity to the hormone also playa role in at least some cases.
The increasing responsiveness of flowers and fruit to ethylene as they mature
(Chapter G2) may represent either: a) a shift in the hormonal balance so that
an inhibitor of ethylene action, such as IAA (59), may decrease with
advancing maturity; b) a genuine change in the number or affinity of the
ethylene responding sites, or c) the lack of inducibility of the subsequent
enzymatic changes in immature tissue for reasons unknown. Only when
hormone binding and receptor sites are fully understood can we hope to fully
elucidate which of the above mechanisms might be operating.
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Genetic Regulation of Sensitivity

Over the last few years many more cases of developmental regulation by
changing sensitivity have been recorded. Our best opportunities for studying
hormone sensitivity lie in genetic mutants (Chapter G1) which lack sensitivity
to the hormone, or appear to already be "turned on". In addition,
developments in molecular biology have provided data on the structure of
hormone receptors and gene regulatory sequences that influence the
responsiveness of the system to the presence of hormone molecules. This is
beginning to lead to an improved understanding of factors that regulate
hormone responsiveness.
In peas two stem-length mutants with abnormal responsiveness to GA

have been described. The slender mutant, determined by the gene
combination fa crys, has extremely long internodes (35). It looks and behaves
as if it is saturated with GA, yet the GA level is either normal, or deficient,
depending on the genetic background. In the presence of the na allele the
plants are free of detectable gibberellin, yet the plants still grow ultratalI.
Either the gibberellin receptor, or a subsequent receptor-controlled step, is
turned on in an abnormal fashion. Alternatively it could mean that auxin,
which, as described above, is abnormally high in all slender pea lines, plays
an overriding role in stem elongation. If so, this would seem surprising, as
it is currently not possible to get a dwarf plant to grow as fast as a tall plant
by IAA applications alone. On the other side of the coin, dwarf pea mutants
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containing the alleles 1k, 1ka or 1kb contain nonnal GA levels but are
non-responsive to applied GA (22,41). Since lk is largely epistatic to
(inhibits the expression of) the la crY gene combination, its action would
appear to be after that of la crY. We will discuss this further below.
Some mutants are excessively sensitive while others are resistant.

Elongation growth of auxin-hypersensitive mutants is inhibited, or, at high
concentrations, the plants are killed by IAA, whereas wild type plant, are
scarcely affected. The mutants are also more sensitive to ethylene, though
whether the effects of auxin can be attributed entirely to auxin-induced
ethylene synthesis is uncertain (52). On the other side, there are numerous
resistant mutants including Arabidopsis mutants resistant to ethylene, auxin,
ABA or cytokinins (see Chapter GI). The decreased response to auxin in
auxin-resistant Arabidopsis mutants appears to have detrimental effects on
plant growth and development, including reduced fertility, which becomes
increasingly severe as the response to auxin decreases across a range of
mutant lines (25). It is interesting to note that the ability of the Arabidopsis
seedlings to emerge from the soil is directly proportional to their response to
ethylene, indicating that the effect of ethylene in causing stem thickening and
the hooking of the hypocotyl tip is of importance to seedling emergence, and
therefore survival (17).
One interesting case of altered sensitivity to auxin is in the membrane

hyperpolarization induced by auxin in tobacco protoplasts. In response to
auxin the membrane potential becomes more negative with a sharp maximum
effect at 5 x 10-sM NAA. Increasing the content of auxin binding protein
(ABPI) in the membrane increases the auxin sensitivity, whereas treating
protoplasts with an antibody to ABPI leads to a decrease in sensitivity (I)
(Fig. II). Protoplasts from tobacco plants transfonned with the rolB gene
from Agrobacterium rhizogenes also have increased sensitivity to auxin, in
this case by up to 100 fold (27).
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Sensitivity Within Genotypes

Not only are variations in honnone sensitivity dependent upon genotype, but

Fig. 11. The presence of auxin
(NAA) (.) enhances the
plasmamembrane electrical
potential of tobacco protoplasts,
but only at a very specific
concentration (arrow) (5 x 10-6M).
This optimum concentration is
affected by several factors. If
protoplasts are treated with auxin-

binding protein (ABPI) (a) the
sensitivity is increased, whereas if
they are treated with anti-ABPI
antibodies (0) the sensitivity is
decreased. From (I).
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sensitivity can vary with the process, the tissue, the age and developmental
stage of the plant, the physiological conditions, and most notably the presence
or absence of other hormones.

Differential Sensitivity ofDifferent Process
It was noted above that rolB increased the sensitivity of membrane

hyperpolarization to auxin. By contrast no effect of rolB was found on the
optimal NAA concentration for cell division, indicating that changes in
sensitivity may be for a single process and not necessarily a general
phenomenon associatedwith a particular plant genotype (1). Indeed two parts
of the same process may show differential hormonal responsiveness. The
IGR and PGR stem elongation responses to auxin display different auxin
responsiveness and can be separated by application and removal of different
IAA concentrations at different times (61). Low IAA concentrations (5 x
10·6M) induced only the initial growth response, showing that this is more
sensitive to IAA than the reactions induced by the longer presence of auxin.
Removal of the treating IAA solution results in a decline in the growth rate
with a rate time of 25-30 min following a lag of about 25 min. Reapplication
after 5 h produced a growth stimulation similar to the first application, but
reapplication prior to the cessation of the growth stimulation resulted in a
reappearance of the PGR, whereas the IGR to such reapplied IAA was barely
visible. By contrast if IAA is supplied over only a short time (up to 10-15
min.) to previously untreated stems, then only the IGR is seen, possibly with
a very truncated PGR. Thus the two components of auxin induced growth
respond differently to both concentration and duration of IAA exposure.

Differences in Tissue Responsiveness
Addition of auxin can usually stimulate shoot elongation under

appropriate conditions, though some very young stem tissues are inhibited by
exogenous auxin (McGucken, unpublished results). In general roots are more
sensitive to auxin than shoots: the addition of auxin to roots only promotes
growth at very low concentrations (10.9-1O·loM), being inhibitory at higher
concentrations. In this context it is notable that auxin binding protein from
roots had a lower dissociation constant (KD) than that from shoots (36). The
response to ABA is the inverse to IAA: ABA invariably inhibits shoot growth
though it has much less effect on, and sometimes promotes, root growth (Fig.
12) (6, 45). This differential ABA sensitivity is of value in an ecological
context. As the soil dries, ABA is synthesized in the root and is transported
to the shoot in the xylem where it provides the warning of impending water
shortage and shuts down shoot growth. Root growth, on the other hand,
continues, so that the ability of the plant to access further soil moisture is not
impeded. The responsiveness of growth to the endogenous ABA in the root
and mesocotyl of maize also varies with the tissue. In the root the ability of
ABA to protect cell expansion at low water potentials decreases with
increasing distance from the root apex, whereas in the mesocotyl ABA
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From (45).

becomes increasingly inhibitory to expansion as cells are further displaced
from the meristemmatic region (44).
In carnation flowers ethylene responsiveness varies between the parts of

the petal. Autocatalytic ethylene production is associated only with the basal
parts of the petal, and is preceded by an increase in the mRNAs for the
enzymes of ethylene biosynthesis. By contrast both basal and upper portions
of the petals respond to ethylene by production of senescence related mRNAs,
showing that responsiveness to ethylene in this case is specific to the
production of individual enzymes and not simply to overall differences (9).

Effects of Tissue Age
Flower, fruit and abscission zone cells display an increasing

responsiveness to ethylene as they age. Ethylene only induces ripening in
mature fruit; in immature fruit ethylene has no effect or induces only some
of the changes that are induced in the mature fruit. The same applies in the
induction of flower senescence or leaf abscission. In certain flowers the
dosage of exogenous ethylene needed to induce expression of senescence­
related mRNAs decreases as the petals age. (23). The time or developmental
stage at which responsiveness to ethylene occurs varies with the genotype,
such that different flower longevity in varieties of petunia, for example, can
be traced to differential sensitivity to ethylene (34).

Sensitivity Changes with Developmental Stage
I have already described the auxin-induced membrane hyperpolarization

in protoplasts. There is also an auxin stimulation of proton-translocation
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Fig. 13. The translocation of protons
across themembrane ofplasmamembrane
vesicles prepared from tobacco plants is
promoted by auxin. The sensitivity of
this process to lAA varies through
development, increasing at the time of
floral initiation. The time of flower bud
appearance on the plants is shown by the
arrow. From (43).

across the plasma membrane, which corresponds with an increase in the
apparent affinity of ATPase for ATP (48). The optimal auxin concentration
for the stimulation of the proton translocation has been shown to change
during plant development. In both tobacco and petunia a transient but
dramatic decrease in the optimal auxin concentration was observed at a time
approximately corresponding to the time offioral induction (Fig. 13) (13,43).
Plants transformed with the rolA gene had the same developmental pattern,
but at a level 100 times more sensitive (58). An increase in the amount of
plasma membrane ATPase was also noted, starting on the same day as the
maximum sensitivity to auxin. It has been proposed that these changes are
part of the floral induction process, though the nature of involvement is
currently unknown.

The Influence ofPhysical Environment
Responsiveness to plant hormones is also affected by the physical

environment inside and surrounding the responding tissue. High temperatures
inhibit tomato fruit ripening, in part because of reduced sensitivity to ethylene
(60). Rye (Secale cereale) dwarfs with reduced GA responsiveness are more
responsive at lOoe than at 200e (4). In GA-deficient mutants ofArabidopsis,
GA is required for germination. However, less GA is needed in the light,
indicating that light increases sensitivity to GAs. Light was also found to
enhance GA synthesis in these seeds (8). By contrast light induces a
reduction in GA sensitivity in rice mesocotyl (30) or pea stem elongation
(Fig. 14) (38).
The stomatal sensitivity to xylem-born ABA, which is produced in

response to decreased soil water potential and causes stomatal closure,
increases as the leafwater potential falls. It has been suggested that the ABA
from the root would provide the plant with a means to sense the availability
of water on a daily timescale, while the short term stomatal response to this
signal would depend on the evaporative demand (55). However, the in-vitro
response of stomata in detached leaves to ABA showed no effect of short
term (on the order of minutes) water stress. An increase in sensitivity (as
judged by the speed of a response) occurred after 1-10 days of stress,
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Fig. 14. The length between
nodes I and 2 of nana (na) pea
seedlings resulting from the
application of differing amounts
of GAl to plants grown in light
(0) or darkness (.). From (38).
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followed by a desensitization when exposed to longer periods of stress. This
can be interpreted as being due to a change in the number of receptors or the
effeciency with which the hormone-receptor complex produces the response
(32). A computer model predicts that drought stress would cause a
redistribution of ABA in the leaf in favor of the guard cell wall because of
compartmental pH shifts (51). If the ABA receptor faces the apoplast then
this might provide a mechanism for the modulation of ABA sensitivity by
leaf water potential. Osmotic stress (0.4 M NaCI) has also been found to
enhance the ABA-responsiveness of transcription of the Em storage protein
gene. Either ABA or osmotic stress will induce the production of Em
mRNA, but in the presence of salt, ABA, at levels which alone have no
effect, will induce an increase in Em transcription.

The Influence of Other Hormones
The effect of anyone hormone is often dependent upon the presence of

one or more other hormones. A notable case in point is stem elongation. GA
application to dwarf plants results in the production of the tall phenotype.
However, it is now equally clear that the appropriate treatment of dwarf
plants with IAA also increases the growth rate, though not to the same rate
as is found in tall plants. Tall plants not only have a higher content of GAl>
but a high content of IAA. This all points towards both GA and IAA being
needed for stem elongation.
Pea genotypes with alleles Ik, Ilea and Ikb have been characterized as GA­

non-responders. They have a dwarf phenotype combined with several
morphological abnormalities (See Chapter G1). When treated with GA, they
show little response. It was originally thought that they lacked some part of
the GA-transduction pathway. However, when intact Ikb plants are treated
with a continuous supply of auxin, they show a pronounced response, and
will respond further to GA) (yang, Davies and Reid, unpublished). Likewise
stem segments of Ilea, which show no response to GA) in the absence of
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auxin, show a pronounced response to auxin, and a response to GA3 in the
presence of auxin (Fig. 15) (39). These plants thus behave as if I) auxin is
needed for the response to GA3, and 2) they are deficient in IAA. This has
in fact been shown to be the case, with Ikb plants having about 1/3 the level
of IAA present in the nonnal Lkb plants (39). In the GA-deficient dwarf
plant containing the allele Is, which responds well to GA3, the GA-response
is enhanced in the presence of IAA and vice versa. Thus the level one
honnone can influence the sensitivity of the plant to changing levels of
another honnone.
Other examples of such synergistic honnone interactions can also be

found in other systems. Cytokinin increases the sensitivity of vascular
cambial cells to auxin stimulation (see Chapter G4). Ethylene (or its
precursor, I-aminocyclopropane-I-carboxylic acid, ACC) and IAA both
enhanced adventitious root fonnation in sunflower hypocotyl. The
effectiveness of ethylene depends on the presence of IAA, and ACC enhances
the response to IAA. In this case it is thought that the primary controller of
adventitious root fonnation was auxin, with the effect of ethylene mediated
by auxin (26). In intact plants the effect of ethylene on leaf abscission
increases with leaf age. This is associated with a decline in the leaf IAA
content as the leaves age, and applied auxins 2,4-0 or NAA block abscission
while the auxin transport inhibitor naphthylphthalamic acid (NPA) enhances
abscission. It therefore seems likely that the decreased effect of ethylene in
younger leaves is because the action of ethylene is opposed by auxin (54).
Ethylene also promotes the growth of internodal tissue of deepwater rice,
which responds to flooding by a rapid elongation induced by ethylene
fonnation. Ethylene promotes growth in part by increasing the
responsiveness of the internodal tissue to GAl' and appears to do so by
causing a reduction in the endogenous levels ofABA, so that the growth rate
is detennined by the relative levels of endogenous GAl and ABA (18). In the
reverse direction GA3 reduces the sensitivity of carnation flowers to ethylene,

1 Fig. 15. The response of 8 mm
15 segments of etiolated lka and Is

b
f /i~1 plants to IAA in the presence or
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so delaying their senescence (46).
Pretreatment with the same honnone can influence sensitivity. Petiole

explants treated with ethylene during the 'aging' phase show enhanced
sensitivity to ethylene during the abscission phase. The movement of auxin
enhances its own transport (see Chapters G3 and G4), and the auxin
responsiveness of If" translocation across the plasmamembrane is reported to
be enhanced 100-fold by pretreatment with auxin of the tobacco plants from
which the plasmamembrane vesicles are made (49), possibly providing a
mechanism for the observed auxin stimulation of auxin transport. The auxin
pretreatment has been associated with the accumulation of several
polypeptides in the plasmamembrane, which may be the means by which the
subsequent auxin sensitivity is increased.

Sensitivity Regulation by Changes in Detection or Transduction
In cases where the altered responsiveness to a honnone is not due to

effects of other honnones, the likely reasons are a change in the honnone
binding to its receptor, the subsequent transduction chain, including gene
expression, or a change in the capacity of the system to respond. In many
cases, the transduction chain is unknown. Our understanding of regulation
at this level is limited. Molecular techniques have, however, allowed the
isolation of genes that respond to the presence of honnones, together with
their regulatory regions. Deletion analyses then pinpoint those promoter
sequences essential for the honnonal response. For example, the promoter
region of the ABA-inducible maize gene, rab28, which is related to water
stress and embryo development, has an ABA responsive element
CCACGTGG that is also found in other ABA responsive genes. A 134 base
pair (bp) fragment between -194 to -60 bp upstream of the start signal is
sufficient to convey ABA-responsivenessupon a fused GUS (B-glucuronidase)
reporter gene (33). Nuclear protein extracts from both embryos and water
stressed leaves bind to this DNA fragment (see Chapter GI0). GA and ABA
responsive elements on the a-amylase gene in barley are located between ­
174 and -108 bp upstream from the transcription start site (16) (see Chapter
D3).
In tobacco ethylene promotes the accumulation of the pathogenesis­

related (PR) PBR-lb gene. GUS expression of a fused gene behind the PBR­
1b promoter was regulated by a sequence -213 to -141 bp upstream of the
transcription start site. This region also contained protein binding regions as
detected by gel shift assays (29). Ethylene application also induces a rapid
protein phosphorylation in tobacco leaves. Kinase inhibitors block both this
phosphorylation and the expression of PR genes, whereas a phosphatase
inhibitor by itself induced protein phosphorylation and PR protein
accumulation (37). It therefore seems likely that the transduction pathway
between ethylene and gene expression involves phosphorylated intennediates
whose levels are regulated by specific kinases and phosphatases. In these and
similar cases the presence of the honnone probably alters the level or nature
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of a nuclear DNA-binding protein, thereby regulating the expression of the
responsive gene. However, the likely way in which sensitivity could directly
be altered is if another transacting factor (possibly a protein) influences the
binding of the honnone-induced DNA-binding protein to the gene promoter.
Mutations in the honnone-responsive DNA element would also alter the
honnonal response. However, Arabidopsismutants with a decreased response
to ABA showed a different mechanism. A protein encoded by the AB/3 gene
was identified. In the mutant possessing the most severe abi3 allele this
protein has been reduced in size by 40% due to the presence of an abnonnal
stop codon (14). The function of the protein is uncertain, but its modification
provides a likely mechanism for the reduced response to ABA.

THE ROLE OF TRANSPORT AND REDISTRIBUTION IN PLANT
HORMONE FUNCTION.

A prime function of honnones in plants, which lack a nervous system, is to
convey infonnation from one part of the plant to another. The idea that
transport was an essential part of the role of plant hormones originally came
from experiments on the phototropic control of coleoptile growth. The
hypothesis was that the IAA was synthesized in the tip, transported
basipetally and was then redistributed laterally to give differential growth and
bending. We now know that most of the IAA coming from the coleoptile tip
is not synthesized in situ, but comes from an IAA-inositol source in the
endospenn of the grain (see Chapter B I), and is transported, as free IAA or
as the IAA-conjugate, to the tip of the coleoptile where conjugate hydrolysis
occurs. While so far we have only a minor deviation from the original
concept, some studies have failed to show a redistribution of IAA in response
to tropistic stimuli. At least in some cases, growth begins all along the stem
at the same time, and faster than auxin can be transported from the tip (12).
Thus, if auxin is involved in tropistic responses of stems it must already be
in, or synthesized in, the responding tissue rather than being redirected in
transit from the tip. If a stem is cut longitudinally in half and then laid on
its side, the bottom half will grow faster than the top half, so that
redistribution across the entire stem is not necessary for differential growth.
This does not preclude the involvement of auxin, but indicates that if
redistribution is important, then it must be on a smaller scale than the entire
stem.
Auxin transport occurs in a very specific manner in a basipetal direction

in stems (Chapter G3). The auxin undergoing transport is clearly involved
in vascular differentiation (Chapter 04), lateral root initiation, and the
regulation of stem elongation. The fact that transported auxin does regulate
growth can be seen from the results of IAA applications to different parts of
the stem of growing pea plants. When application is directly to the growing
internodes, the classical growth response results. If, however, the IAA is
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applied to the apical bud, located above the growing internodes, then two or
three initial peaks in the growth rate are observed before the PGR plateau
occurs (Fig. 16) (61). This in fact represents the auxin being transported
down the stem. When a transducer is also located at the tip of the second
internode it can be seen that this internode responds later than the uppermost
internode, corresponding to the time the basipetally-transported IAA reaches
that internode. The multiple growth rate peaks observed by the upper
transducer in fact correspond to the summed growth of the two or three
internodes in which growth is taking place (in dwarf or tall plants
respectively).
A reinvestigation as to whether transported auxin has a role in the

phototropic curvature ofmaize coleoptiles has, however, seemingly answered
the question in the affirmative, as there is a basipetal migration of the
response from the tip, and this occurs at the same rate as the growth
stimulation caused by exogenous auxin (2). Thus at the present time there
is good evidence for a role of transported auxin in growth.
A most notable case of interorgan communication via long-distance

hormone transport is root to shoot signaling via ABA. When the soil dries
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Fig. 16. The distribution of elongation ofdwarf pea seedlings induced by 10-4 M lAA applied
to the uppermost internode, starting at time zero, as detected by transducers positioned at nodes
I (a) or 2 (c) below the apical bud (see Fig. 6). Line (a) represents the total growth; (c) the
growth of the second internode (internodes below the second have ceased growth); and (b)
represents the growth ofthe uppermost internode as determined by the difference between lines
(a) and (c). Note that the growth ofintemode two lags behind that of node one, representing
the time taken for the applied IAA to transport from the first to the second internode. Thus
fAA in transport from the apical bud promotes growth as it moves down the stem. From (61).
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Fig. 17. A) The transpiration of detached wheat leaves as determined by the concentration of
ABA in the xylem sap in which they were placed. The various symbols represent different
sources of xylem sap. B) The ABA in xylem sap of field grown maize plants as a function
of the predawn transpirable soil water. The symbols show different treatments. The
correlation during the day is less obvious because it is affected by the flow rate through the
xylem. From (15)

out ABA is synthesized in the root and is transported to the shoot in the
xylem stream, causing stomatal closure (7,15). This occurs without a change
in the water status of the shoot. For example, apple trees with the roots
divided into two containers, one moist and one dry, showed restricted leaf
expansion and leaf initiation, even though the water status of the shoot was
unaffected. When the roots in the dry container were severed, leaf growth
recovered. The xylem ABA level is usually found to be a sensitive indicator
ofwater status, and there is a good relationship between the xylem ABA and
the stomatal conductance of the leaves (Fig. 17). The leaves appear to
respond to the amount of ABA arriving rather than the concentration, as
during the day the concentration in the xylem may fluctuate with the flux of
water through the xylem. Other factors, such as water potential and
temperature, affect the sensitivity to the ABA. For example, a decrease in
water potential leads to increased sensitivity. Thus at midday there is
increased stomatal sensitivity to ABA, leading to stomatal closure. From
solely physical (water potential) considerations stomata should reopen in the
late afternoon though this is seldom observed in drying soil conditions
because of the ABA reaching the leaves.

Trewavas has argued (56) that transport is unimportant in the action of
"plant growth substances". As a prime example he claimed that grafts
between tall plants and short plants show that tallness is not transmitted. We
now know, from the elegant work of Reid and co-workers on peas (Chapter
G1), that the results obtained depend on the tissue. The control of tallness
resides in GAl' which is found only in the youngest internodes and thus will
not be transmitted through a graft. GAl is, however, the fmal product of a
synthetic pathway which produces the biologically active compound, and the
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transmission of tallness can be seen if the correct system is chosen. The
genotype Na Ie is dwarf as it has the ability to produce GA20 (through the
gene Na), but it lacks the ability to convert GA20 to GA" because it lacks the
dominant gene Le. The genotype na Le is ultradwarf (nana) as it lacks the
ability to synthesize GAs (because of na), but it has the ability to convert
GA20 to GA, (because of Le), though normally it does not do so because
GA20 is lacking. Now if a nana scion is grafted onto a dwarf stock the
resulting plant is tall. The stock synthesizes the GA20 and passes it to the
scion, which converts the GA20 to GA" giving tall growth (40). This shows
that a thorough knowledge of the system in question is necessary before
conclusions can be accurately drawn.
In other cases plant hormones operate in or near the tissue in which they

are produced. Ethylene is the prime example here. In almost all ethylene
controlled phenomena, the ethylene is produced in the responding tissue (see
Chapter G2). Ethylene is a plant hormone by all working definitions'.
Although transport is not an essential part of the definition of a plant

hormone, this does not mean that transport plays no part in hormone
functioning. Indeed, we find that transport is important in the role of plant
hormones in most, but not all, systems.

ON THE IMPORTANCE AND ROLE OF PLANT HORMONES

Plant hormones consist of only a few simple molecules. Canny has argued
that there must be other controllers as the "hormones" are not specific or
numerous enough to satisfy "Ashby's law of requisite variety: A situation
can only be controlled by a controller that matches the variety of the
situation" (5). He claims that, as plant hormones are simple compounds, they
cannot match the variety of developmental directions. By contrast, animal
hormones, being compounds like proteins, have a high information content
and can match the required variety of controlled reactions. In plants we do
have the variability provided by concentration and interaction between
different hormones. Canny suggests, however, that these features are still not
enough and that either the plant body is autonomous, or that other messages
await discovery. In rebuttal to Canny, Fim notes that hormones do not carry
information because they don't have to (10). They only provide a "tum on"
or "tum off" signal with the information being provided by the cell. Some
vertebrate hormones are complex because they need the specificity supplied
by polypeptides. Concentration dependence could then provide some degree
of control for the magnitude of the response. By comparison Ca2+ appears to
be a very important regulator of a wide variety of processes, yet calcium is
very simple; the specificity for the effects of Ca2+ depend on the cell. In fact

I "Whether or not we regard ethylene as a plant hormone is unimportant; bananas do..."
Carl A. Price, in Molecular Approaches to Plant Physiology
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there is evidence that Ca2+ may be an intermediate in some hormonal
responses (see Chapter 05).
In general we can determine whether a designated plant hormone is

active in controlling any process by invoking the PESIGS rules provided by
Jacobs (20). These state that:
• Presence - the chemical must be present in an organism and parallel
variation should exist between the amount of the chemical and the
relative activation of the process. (We should, however, modify the
latter requirement such that: a) the hormone level should be measured in
the exact tissue, cells, or even subcellular compartment where the
response is occurring; and b) the possible changes in sensitivity that may
occur during development should be taken into account.)

• Excision - removal of the organ that is the source of the hormone should
lead to a cessation of the process.

• Substitution - the substitution of the pure chemical for the source organ
should lead to the restoration of the process.

• Isolation - when as much as possible of the reacting system is isolated
then the effect of the chemical is the same as in the less isolated system.

• Generality - the chemical should be involved in all similar situations.
• Specificity - the chemical should be specific.

Despite being formulated over thirty-five years ago these rules still
provide a good set of guidelines for determining hormonal involvement.
We should, however, add one more proviso now possible with modern
genetics, and that is the principal of genetic control:

• A correlation should be shown between the presence, absence, or level
of a process, and the corresponding presence, absence, or level of a
hormone both in genetic lines of plants differing in the process
purportedly controlled by the hormone, and in plants transformed with
genes that regulate either the process in question or the hormone
purported to influence that process.

There can be no doubt that hormones are important control agents in plants.
The subsequent chapters provide more detail of our knowledge of this group
of compounds and their effects.
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INTRODUCTION

Hormones regulate growth and development in plants, but how does a plant
manage to have hormone available in some specific amount at the right time
and place? In this chapter, we attempt to bring together information relevant
to this question for the hormone auxin. Of the several compounds having
auxin activity we will focus most of our attention on indole-3-acetic acid
(IAA)I since it is for IAA that the greatest body of knowledge exists. Other
naturally occurring auxins such as IBA and 4-CI-IAA will also be considered.
Information on synthetic auxins and other compounds with auxin-like activity
may be found in other reviews (14, 29, 48, 57, 75).

There is an enormous amount known concerning the response of plants
to IAA application. However, there is substantially less known concerning
the actual amounts of IAA in plant tissues. There is even less information
available about how the amount of IAA in the tissue is regulated and what

I The following abbreviations are used throughout:
diOxIAA = dioxindole-3-acetic acid (3-hydroxy-2-indolone-3-acetic acid);
GC-MS = gas chromatography-mass spectrometry; lAA = indole-3-acetic acid;
IAAsp = indole-3-acetyl-L-aspartate; lAAla = indole-3-acetyl-L-alanine;
IAGlu = indole-3-acetyl-L-glutamate; IAGluc = indole-3-acetyl-glucose;
IAlnos = indole-3-acetyl-myo-inositol;
IAlnos-gal = indole-3-acetyl-myo-inositol-5'-galactoside;
lAInos-arab = indole-3-acetyl-myo-inositol-5-arabinoside; lALys = indole-3-acetyl-t-L-lysine;
IAPhe = indole-3-acetyl-L-phenylalanine; IDA = indole-3-butyric acid;
7-0H-OxlAA = 7-hydroxy-oxindole-3-acetic acid; OxlAA = oxindole-3-acetic acid.
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the relationship is between the amount of endogenous IAA and the plant
response. There is now some evidence for a correlation between plant
response and the amount ofIAA in a responding tissue (12), but only recently
have we been able to directly measure the turnover of IAA, an important
parameter in regulating IAA levels. Equally obscure is our understanding of
the relationship between hormone levels and the numbers and activity of IAA
binding sites (48 and Chapter 04)
In the hope of shedding some light on the answers to these questions this

chapter focuses on the "inputs to" and "outputs from" the IAA pool. Most of
the knowledge is qualitative, and indicates only the existence of a given
pathway, but there is also a growing body of knowledge concerning the
enzymes involved in IAA synthesis and metabolism, the pool sizes of IAA
and its metabolites in specific tissues, and the turnover of these pools.
Ultimately, we should be able to account for the steady state level of IAA,
and to understand how environmental stimuli, such as a tropic stimulus, alters
the level of IAA in the tissue. In addition to the data presented here, several
other reviews provide a more detailed analysis of particular aspects of auxin
synthesis and metabolism (14, 29, 57, 75).

"'~~ 6 7:;:!1H:~ ~oC~OH .OH<~ HO ~ •. <~
H HO OH H

HO

Fig. 1. Naturally occurring auxins and some examples of
the lower molecular weight lAA conjugates found in plants.
Related low molecular weight conjugates (such as
IAlnos-arabinose and IAinos-galactose) and higher
molecular weight conjugates (such as an lAA-glucan,
lAA-peptides, and an lAA-glycoprotein) have also been
described following extraction from plant material.
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CHEMICAL FORMS
OF AUXINS IN
PLANTS

Several naturally occurring
auxins are found in plants,
including IAA, its
halogenated derivative,
4-CI-IAA, and IBA. In
addition to these indolic
auxins, various phenolic
acids (such as phenylacetic
acid) and other compounds
in plants have low auxin
activity. A physiological
role for such non-indolic
compounds in auxin
regulation has not been
established. Auxins are
found in plants both as the
free acid (which is thought
to be the primary "active
form") and in conjugated
forms, one function of
which may be to provide a
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readily accessible and easily regulatable source of free IAA without de novo
synthesis. One type of conjugated form is linked through
carbon-oxygen-carbon bridges and these compounds are referred to
generically as "esters", although some 1-0 sugar conjugates such as
I-O-IAGluc are actually linked by acyl alkyl acetal bonds. True esters
include compounds such as 6-0-IAGluc and IAInos. The other type of
conjugates are linked through carbon-nitrogen-carbon amide bonds, as in the
IAA-amino acid and peptide conjugates (Fig. 1). All native auxins are found
in both free forms and conjugated forms. However, in most tissues it is the
conjugated forms which predominate.
Various conjugates of IAA, both ester and amide, have been used as

"slow release" forms of IAA for tissue cultures (34) and for rooting of
cuttings. IAA conjugates, each differing in ease of hydrolysis by the plant's
enzymes, and having conjugating moieties of varying degrees of lipophilicity,
could be used to "target" the IAA to a particular tissue or particular cell
organelle with delivery of the hormone at the required rate. The conjugating
moiety might thus be used as a "zip code," (7, 19) to bring the IAA to the
desired location, with simultaneous protection against peroxidative attack (18,
67).
The studies of Hangarter and Good (34) indicated that the biological

effect of the conjugate was related to its ability to release IAA when applied
to the tissue. Additionally, the work of Bialek et al., (12) established that
differential growth induced by IAA-conjugates applied to stems of bean
(Phaseolus vulgaris) was quantitatively correlated to the degree of hydrolysis
of the conjugate by the tissue.

INPUTS TO AND OUTPUTS FROM THE IAA POOL

The known inputs to and outputs from the IAA pool are indicated by solid
arrows in Fig. 2. Inputs to the lAA pool in a given tissue include: A) de
novo synthesis, whether from tryptophan, from other indolylic precursors, or
even total aromatic synthesis from non-indolylic precursors; B) hydrolysis of
both amide and ester lAA conjugates; and C) transport from one site in the
plant to another site. The outputs from the lAA pool include: D) oxidative
catabolism; E) conjugate synthesis; F) transport away from a given site; and
G) "use" of lAA in growth. Output G may include a special mechanism of
lAA destruction that is identical to, or closely related to, the
growth-promoting act. Such a linkage would assure that the same IAA
molecule is not repeatedly used, as persistence of the signalling molecule
would seriously limit a cell's capability to control the response reaction.
Outputs "0" and "G" may therefore be closely related.

Fig. 3 presents an example of the usefulness of knowledge of the
structures and amounts of IAA and its conjugates. These experiments were
performed in the late 1970's, and aside from quantifying the amounts and
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Fig. 2. Diagram of the metabolic transformations that determine the steady state level of IAA
in plant tissues. Inputs to the IAA pool include: A) de novo synthesis from tryptophan or by
the non-tryptophan pathway; B) ester and amide conjugate hydrolysis; and C) transport.
Outputs from the IAA pool include: D) catabolic oxidation; E) ester and amide conjugate
synthesis; F) transport; and G) IAA "use" during the growth process.

turnover of compounds related to tryptophan, they clearly demonstrated that
there was an unknown major pathway involved in lAA degradation (see '?'
in Fig. 3). These experiments still represent the only comprehensive picture
of hormone economics in plants. One should keep in mind that this is a static
picture and represents only one stage in the growth of this plant, when de
novo synthesis represents a minor component in the kernel and there is no de
novo synthesis occurring in the growing shoot.

~J.tEIABO~M J~
?{~_AA.4Y$ SE;~L,l~

ENDOSPERM

Fig. 3. Pool sizes and rates of turnover of the indolic compounds in the kernels of lea mays
after 4 days of germination. Fig. adapted from (31).
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INPUTS TO TIlE IAA POOL

De Novo Synthesis (Fig. 2, A)

De novo synthesis implies the synthesis of the heterocyclic indole ring from
non-aromatic precursors. In bacteria, fungi, and plants, this means some
variation of the shikimic acid pathway in which anthranilic acid is made from
sugar precursors (Fig. 4). This pathway is the only known source of all
benzene ring compounds found in nature. One of these compounds, the
abundant amino acid tryptophan, contains all the carbon and structural
features necessary to make IAA.

Fig. 4. De novo biosynthesis of IAA from
precursors in the indolic pathway. Intermediates in
the non-tryptophanpathway have not been identified.
However, mutant analysis studies have demonstrated
that the branch point is likely to be at
indole-glycerolphosphate (87).

lAA Synthesis from tryptophan
An enormous body of

knowledge demonstrates that
IAA can be synthesized from
tryptophan; a summary of some
of the known reactions is prese­
nted in Fig. 5. Data supporting
these pathways have been the
topic of several reviews (17, 29,
75). For most of the last half
century, research on biosynthesis
of lAA has focused on different
possible routes for the conver­
sion of tryptophan into IAA.
However, concerns about the
low rate of labeling from trypto­
phan of the IAA pool (31, 81)
were largely overwhelmed by
the preponderance of studies on
tryptophan conversion in the
literature. Recently it has been
established that in some plants
the quantitative importance of
tryptophan conversion relative to
other possible sources is minor
(1) and that plants that cannot
make tryptophan at all are,
nevertheless, able to make IAA
de novo (64, 81).

There are several potential
pitfalls in this field, not the least
of which includes the enormous
disparity in the amounts of
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Fig. 5. Pathways for the synthesis of IAA from tryptophan: I) indole-3-acetamide pathway
of crown gall infected plants, Pseudomonas savastanoi, and other pathogenic bacteria; 2) the
tryptamine pathway; and 3) the pathway through indole-3-pyruvic acid. Pathways 2 and 3 are
related in that both involve sequential oxidative decarboxylation and deamination to produce
indole-3-acetaldehyde. Indole-3-lactic acid (pathway 4), and indole-3-ethanol (pathway 5)may
be side branches of pathways 2 and 3 involved in the regulation of IAA biosynthesis.

tryptophan and IAA in tissues. The pool size of tryptophan is three, or more,
orders of magnitude larger than that of IAA (24). Tryptophan is readily
converted to IAA by micro-organisms (41, 44, 56, 76) and even a minute
microbial conversion of tryptophan to IAA would produce the picomolar
amounts commonly found in plants. Radiolabeled tryptophan can be
non-enzymatically converted to IAA, presumably by radio-chemical
decomposition. Epstein et aI., described the conversion of 5-eH]-tryptophan
to labeled IAA in almost 30% yield during drying in vacuo in a glass tube
(24). This oxidative conversion is mediated by peroxides and free radicals
which accumulate in the radioactive tryptophan solution. Precautions can be
taken to prevent this conversion (24), however they were not applied in many
of the early studies. Until recently, few of the published studies attempted
to calculate the amount of IAA synthesized. And finally, there are no
published studies for higher plants showing that a mutant plant deficient in
its capacity to produce IAA from tryptophan is, in fact, IAA deficient.

Considerations regarding the pool size of tryptophan
Law and Hamilton (50, 51) described a system in which the enormous

tryptophan pool may be isolated biochemically from the IAA pool. They
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observed that, in pea (Pisum sativum), L-tryptophan plus gibberellin A3, or
D-tryptophan alone, were as effective as IAA in promoting elongation of stem
segments. They postulated that D-tryptophan was the immediate precursor
of IAA and that the racemization of L to D tryptophan was GA controlled.
These experiments were difficult to evaluate because of the disparity in pool
sizes of D and L tryptophan but, the mechanism could provide a means of
regulating the synthesis of the small IAA pool by separation of the precursor
from the huge tryptophan pool. This theory was given support by a report
that 4-CI-tryptophan, the expected precursor to 4-CI-IAA found in pea, also
occurred in the D-form (57).
Baldi et al. (l) tested the hypothesis that D-tryptophan is the lAA

precursor using the aquatic monocot Lemna gibba as a model system, but
they could find no evidence for this pathway. With the Lemna system, the
experiments could be done under sterile conditions and uptake of both D- and
L-forms of tryptophan from the medium occurred rapidly. It was found that
even after several days, the ISN-D-tryptophan taken up from the medium was
not converted into ISN_IAA, although they measured a several hundred fold
enrichment of the D-tryptophan pool. They also reported finding only low
levels of L-tryptophan conversion, and this ISN-L-tryptophan to ISN_IAA
labeling occurred without detectable labeling of the D-tryptophan pool.
Conversion ofN-malonyltryptophan, a compound thought to be found in

vivo predominantly in the D-tryptophan form, to indole-3-acetaldoxime and
then to lAA has been proposed as another route to IAA (69). However,
Ludwig-Muller and Hilgenberg (54) showed that while N-malonyltryptophan
was converted to IAA, N-malonyl-L-tryptophan was the substrate for this
reaction, not the D-tryptophan form. Recent publications from Mammo's
laboratory (73) on the occurrence of4-CI-tryptophan and malonyl-tryptophan
in pea, report that only about 2% of the 4-CI-tryptophan is in the D-form and
the bulk of4-CI-tryptophan is the L-isomer. They also present evidence that,
contrary to the initial reports, the malonyl tryptophan in plants is
predominantly in the L-form.

De novo synthesis of1AA not involving tryptophan
Although early studies equated lAA synthesis from tryptophan with de

novo biosynthesis, recent more exacting and critical evaluations of when in
a plant's life it begins or stops making lAA from early precursors have
yielded surprising results. A particularly useful technique for measurement
of de novo synthesis of aromatic ring compounds is to allow plants to grow
in the presence of water enriched in deuterium oxide, or so-called "heavy
water." Under these conditions any newly formed aromatic rings have
deuterium locked into non-exchangeable positions on the ring during their
biosynthesis. Such labeling techniques provide at least two advantages. First,
since the "labeled precursor" is water, such an approach does not require
exact knowledge of precursors or pathways in order to accurately ascertain
the extent of de novo synthesis. Second, since all cell compartments are
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freely penneable to water, problems of compartmentation and uptake are not
an issue.
Experiments from several laboratories in which young plants of Zea

mays, Arabidopsis, or pea, and cell cultures of carrot were grown on 30%
deuterium oxide demonstrate that IAA is made by a route resulting in the
incorporation ofdeuterium molecules into non-exchangeable positions of the
indole ring of IAA to a greater extent than that found in tryptophan (20, 59,
64, 68, 81).
Other experiments (e.g., 2) employing the deuterium incorporation

technique, indicated that tryptophan synthesis begins before IAA biosynthesis
in genninating Zea mays kernels. Thus, tryptophan and IAA synthesis appear
to occur independently, and there is not necessarily an incorporation of
deuterium from tryptophan into IAA. These results differ somewhat from the
earlier experiments with maize (68) where de novo synthesis of IAA was not
detected in shoot tissue. As more data is being obtained, it is becoming more
and more apparent that the time of initiation of IAA biosynthesis is
detennined by the strain and type of plant and may also be detennined by the
availability of sufficient IAA conjugates from the endospenn.
Perhaps the most striking of these isotopic labeling studies is the report

on the orange pericarp (orp) mutant of maize. This plant carries a double
recessive trait caused by mutation of both genes in maize that encode the
protein for tryptophan synthase b. Despite this metabolic block in the
tenninal step for tryptophan biosynthesis, the orange pericarp mutant
produces IAA de novo and, in fact, accumulates up to 50 times the level of
IAA as do non-mutant seedlings. Labeling studies established that the orp
mutants are able to convert ISN-anthranilate to IAA, but do not convert it to
tryptophan. Neither orp seedlings nor control seedlings convert tryptophan
to IAA in significant amounts even when the orp seedlings are fed levels of
stable isotope labeled tryptophan high enough to reverse the lethal effects of
the mutation (81). These results established that non-tryptophan biosynthesis
of IAA does occur, and suggested that the non-tryptophan pathway actually
predominates over the tryptophan pathway.
Despite the demonstration and now wide acceptance that IAA

biosynthesis can occur without the amino acid tryptophan as an intennediate,
the exact pathway for the production of IAA by such a route is not yet
known. In vivo labeling techniques using Arabidopsis mutants (64) have
extended the findings from the orange pericarpmaize study, and suggest that
the branch point for IAA production is probably at the point of indole
(following tryptophan synthasea) or its precursor, indole-3-glycerol phosphate
(the conversion of indoleglycerol phosphate to indole is a reversible reaction).
Most current evidence favors the condensation of indole with a two carbon
unit with a nitrogen at the tenninal carbon, followed by conversion to the
carboxylic acid. Until the pathway can be established using both in vivo and
in vitro techniques, the data is only useful as a guide for further
investigations. Rekoslavskaya et al. (70) reported obtaining an in vitro
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system from maize endospenn capable of converting radioactive indole into
lAA by a reaction which is not inhibited by the addition of unlabeled
tryptophan. The availability of this in vitro system should now make it
possible to establish the biochemistry of the conversion.
These recent developments have certainly changed our concepts of IAA

biogenesis from what we knew only a few years ago. It is important to keep
in mind, however, that the establishment of the existence of a non-tryptophan
pathway does not change the fact that many plant species have been shown
to convert tryptophan to IAA, and in some cases this conversion is clearly at
rates that make it important for the auxin economy of the plant. For
example, in the bean seedling, de novo lAA biosynthesis begins even before
the stored conjugates are fully used up (11, 13), and this biosynthesis comes
primarily from tryptophan conversion. Similarly, Michalczuk et al. (59)
showed that in embryogenic carrot suspension cultures, the conversion of
tryptophan to lAA is the primary route. However, when 2,4-D was removed
from the medium, which induces these carrot cells to fonn embryos, the
conversion of tryptophan to lAA was no longer the primary route, and the
non-tryptophan pathway appeared to predominate. These metabolic
interactions, and the regulation of these pathways in relation to particular
developmental programs, are clearly exciting topics for further detailed
studies at a molecular level.

4-Chloroindole-3-acetic acid and indole-3-butyric acid in plants
Although IAA was the first auxin isolated from plants, and is widely

considered the major plant auxin, other compounds with auxin activity are
also found. In general most of these compounds are active only at much
higher concentrations than lAA and their role in plant growth remain largely
unknown. Two indolic auxins other than IAA, which may have regulatory
roles for certain processes, have been isolated from plants. Several early
studies reported finding a compound in plant extracts that appeared to have
properties similar to that of IBA based on simple chromatographic evidence.
IBA has recently been positively identified in plants by GC-MS (25). The
exact role for IBA in plants is unknown although several authors have
speculated that it could be involved in root fonnation (25,53). IBA has been
used commercially for plant propagation for decades because of its efficacy
in the stimulation of adventitious roots (14). The interconversion of IAA to
IBA and IBA to lAA has been shown to occur in plants (26, 53), so that a
biochemical relationship between IAA and IBA appears to be likely.
A highly active halogenated indole auxin, 4-CI-lAA, has been identified

in a number of plants, mainly members of the Fabaceae (29,57), but also in
pine seeds (27). 4-CI-IAA has been shown to have up to ten times the
biological activity of lAA in bioassays (57). Most of the 4-CI-lAA occurs as
the methyl ester in many of the plants examined, however, 4-CI-IAAsp and
its monomethyl ester have also been described. As for IBA, the physiological
role for 4-CI-IAA is also not well established, however the recent report of
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its activity in the stimulation of pod growth in deseeded pea (where other
auxins appear weakly or not active) and its presence in seeds and pod tissue
suggest a function in pod development (66).

Microbial pathways for IAA biosynthesis
IAA production by plant pathogenic bacteria has been an important

aspect of research on IAA metabolism. In particular, work on the crown gall
forming bacteriaAgrobacterium tumefaciens, which transfers genetic material
(a fragment of DNA, termed T-DNA, born on the tumor inducing or Ti
plasmid) from the infecting bacteria into the host dicotyledonous plant, has
shown that encoded within the transferred DNA are genes with eukaryotic
promoters for the enzymes tryptophan monooxygenase and indoleacetamide
hydrolase (41). These two enzymes carry out the conversion of tryptophan
to indoleacetamide and the hydrolysis of the indoleacetamide to IAA (Fig. 5).
Several research groups have now used this system to ascertain the effect of
increased IAA production on plants using engineered Ti plasmids that lack
other genes involved in tumor induction (42, 76).
Another gall forming bacterium, Pseudomonas savastanoi uses the

identical pathway for IAA production (44), however, in this case no genetic
material is transferred and the bacteria themselves produce high levels of
IAA. Pseudomonas also has the capacity to form the novel conjugate of
IAA, IALys, as well as its a-N-acetyl derivative (28, 44). Although it has
been shown that IAA-Lys formation can reduce the pool of free IAA
produced by the bacteria by about 30% (30), the exact role of these
conjugates in gall formation has not been established. Another gall former
is Erwinia herbicola, some strains of which cause crown and root galls on
host plants ofGypsophila paniculata. Strains ofErwinia that are pathogenic
and form such galls have the capacity to make most of their IAA by the same
indoleacetamide pathway as Pseudomonas and T-DNA transformed plant
cells. However, Erwinia strains that do not form galls make IAA using the
indolepyruvate pathway from tryptophan, and lack the indoleacetamide route
(56, see Fig.5, pathway 3). The nonpathogenic strains of Erwinia are
saprophytic epiphytic bacteria that are widespread in nature. Their presence
in plants grown in non-sterile conditions is a potential complication for IAA
biosynthesis studies because bacterial IAA production by the endophyte could
be considerably greater than plant IAA production rates.

Hydrolysis of IAA Conjugates (Fig. 2, B)

Stored Auxins and Their Utilization
Only a small number of developmental systems have been studied in any

detail relative to the utilization of stored conjugates for growth. The best
studied system is the maize kernel and the subsequent germination of the
kernel to form a seedling. The ester conjugate IAInos is one of the major
conjugates in both the kernel and the shoot of com (15). Five-[3H]-IAInos
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applied to the kernel is transported to the shoot and is, in part, hydrolyzed to
yield free 5-[3H]-IAA (65). Thus, it is believed that conjugates from the
kernel are the source of free IAA for the growing shoot. However, in a
quantitative sense, there is uncertainty as to how much of the IAA of the
shoot is derived from conjugates in a plant's seed or kernel, and this appears
to be a function of kernel composition (2,68) and plant species (13). Studies
with 5-[3H]-IAInos indicated that between 2 to 6 pmol/hr of IAA can be
supplied to a maize shoot from the kernel and this would be a major source
of the estimated 10 pmol/hr required by each shoot (4, 62, 65). There are
difficulties, however, in determining how much the 5-[3H]-IAInos is diluted
by endogenous IAInos (24). Thus, quantitative aspects of the source of IAA
for shoot growth require additional study.
Maize kernels contain about half of their conjugated IAA as high

molecular weight glycans and about half as low molecular inositol glycosides
such as IAInos-gal and IAInos-arab. 5-[3H]-indole-3-acety-l-myo-inositol­e4C]-galactoside applied to the endosperm is also transported to the shoot,
there to yield free IAA (43). In these experiments, the double label
compound was used to show that hydrolysis of the galactose from the
conjugate occurred after the conjugate left the endosperm, but before it
entered the shoot, presumably in the scutellum.
The major conjugate class in bean seeds is a series of small

proteins/peptides where IAA is attached in amide linkage (9). These peptides
accumulate during seed development essentially in parallel with other storage
products during the late maturation stage of bean seed development (10).
Unlike the situation in maize, these conjugated forms decrease dramatically
only during the first few hours following imbibition. After only one or two
days of growth, de novo IAA and IAA-peptide biosynthesis begins in the
growing axes while conjugate hydrolysis continues in the cotyledonary tissue
(11, 13).
The metabolism of auxins in carrot cell cultures has recently received

attention because auxin removal from carrot cell cultures induces the
formation of embryos. Removal from the medium of the synthetic, auxin-like
growth regulator, 2,4-D, results in a decreased production of IAA and, as
described in the section on IAA biosynthesis, a change in the metabolic route
to IAA. Also, the rate of conjugate utilization goes up dramatically during
this period of time so that order of magnitude decreases in the amide
conjugate pool occur over a period of only a few days (58). This increase in
conjugate utilization is accompanied by a 3-4 times increase in the activity of
an IAA-amino acid hydrolase (47).

Enzymatic Hydrolysis of IAA-Conjugates
In 1935, Cholodny (19) showed that application of a water-moistened

piece of endosperm to a seedling led to an auxin response, whereas alcohol­
moistened endospenn elicited no response. Thus, Cholodny was the first
person to observe enzyme catalyzed hydrolysis of the IAA conjugates stored
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in the endosperm. A few years later, Skoog (19) made the important
observation that a "seed auxin precursor" moved from the seed to the shoot
and that this precursor could be converted by the plant to an active auxin.
Hamilton et al. (33) then showed that extraction of com shoots or roots with
ether for 3 hr at 4°C yielded IAA, whereas an extraction with 80% ethanol
yielded no IAA. Cold ether does not, in general, inactivate enzymes, whereas
80% ethanol does. From these results it was concluded that the tissue was
autolyzing in the wet ether, with consequent enzymatic hydrolysis of IAA
conjugates to yield free IAA. Subsequent work established that the "bound"
IAA of the seed could also be released by mild alkaline hydrolysis (19), and
that the IAA was not the product of hydrolysis of tryptophan or storage
proteins. At that time, nothing was known of the chemical structure of the
"bound auxins" except that some were thought to be of high molecular weight
and to be proteins.
While conjugate hydrolysis in ether-induced autolyzing tissues occurs

fairly readily, it has been difficult to obtain in vitro hydrolysis of IAA
conjugates with purified enzymes. Many commercial proteases and esterases
that might be expected to hydrolyze IAA-amino acid conjugates fail to do so
(19). In vitro hydrolysis has been reported (8, 32) but the hydrolytic enzymes
have proven difficult to extract and purify. Recent work on an IAA amino
acid hydrolase from carrot has resulted in its partial purification and
characterization (47). This enzyme has an apparent molecular mass of over
200 kDa and is active toward IAA-Ala, IAA-Phe and several other
monocarboxylic amino acid conjugates, but not IAAsp. Town et al. (79)
reported on a cloning strategy for IAA-amino acid hydrolases using amino
acid auxotrophic yeast mutants complemented byArabidopsis. This approach
has allowed the tentative identification of the gene for an enzyme with
lAA-amino acid hydrolase activity toward both lAA-Ala and IAAsp.
Kowalczyk and Bandurski have reported on the co-fractionation ofIAGlu

synthetase and two enzymes of IAGlu hydrolysis, a 1-0-IAGluc hydrolase
and a 6-0-IAGluc hydrolase (45, 46), and suggested the existence of a
hormone-metabolizing complex. Membrane localization of such a
hormone-metabolizing complex, capable of conjugate synthesis on one side
and conjugate hydrolysis on the other side of a membrane could provide a
transport mechanism similar to the vectorial PEP-sugar transport mechanism
of bacteria. A summary of the synthetic and hydrolytic capabilities of this
enzyme complex is shown in Fig. 6.

Success in purifying conjugate-hydrolyzing enzymes is of interest in
designing experiments to understand the control of the amount of free IAA,
and should also be of practical value in developing synthetic conjugates of
varying degrees of ease of hydrolysis.
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Fig. 6. Chromatography of an IAA-glucose synthase enzyme from Zea mays on amine ion
exchange column. On this column and on other separation systems the synthase shows two
peaks ofactivity. The protein in the leading peak catalyzes IAGluc synthesis but also catalyzes
hydrolysis of I-O-IAGluc. The protein in the second peak catalyzes 1-0-IAGluc synthesis and
catalyzes the hydrolysis of 6-0-IAGluc. The association of IAGluc synthesis activity with
IAGluc hydrolyzing activity has been referred to as a hormone metabolizing complex (61).

Transport of IAA from One Site to Another Site within the Plant (Fig.
2, C, F)

Although not involving a net increase in IAA, or its conjugates, transport
from one site to another within the plant results changes in the levels of IAA
within a given tissue or organ. An example is the transport from seed to
growing shoot or root as illustrated in Fig. 3. A second case, most probably
involved in asymmetric growth following a tropic stimulus, involves
movement of IAA from the vascular stele to the surrounding cortical tissues.

Transportfrom seed to shoot andfrom coleoptile tip to basal growing regions
From the limited studies on transport from seed to shoot (discussed

above), and determinations of IAA, Wnos and other esters in the fruit tissue
(37, 43, 65), it may be concluded that Wnos is the chemical form in which
IAA is transported from seed to shoot in seedlings of Zea mays, and that free
IAA is almost certainly the form in which IAA is transported from the
coleoptile tip to the more basal growing region (48). But is there some
special zone in the tip where hydrolysis of the upward transported Wnos
occurs so that downward transport of free IAA may occur? Epel and
colleagues have delineated transport domains within the plant including a
vascular domain in the stele for upward transport and a cortical domain
separated from the stele by apoplastic barriers where presumably downward
transport occurs (21, 22). Based on these recent fmdings, we conclude that
a reexamination of the enzymology, chemistry, morphology and genetics of
IAA transport within the plant should be rewarding.
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Asymmetric transport ofIAA during tropic stimulation
The earliest studies of lAA transport were concerned with how an

asymmetric (tropic) stimulus could induce an asymmetric distribution of IAA.
The asymmetric lAA distribution led to asymmetric growth resulting in the
plant shoot bending towards the light or upwards from the earth, and there is
now good molecular evidence that the asymmetric distribution of lAA leads
to changes in gene expression (48, and see Chapter D2). This phenomenon
of asymmetric lAA distribution was described, but not explained, by the
phrase, "lateral transport", as used in the Went-Cholodny theory for tropic
responses (4, 6).

Several recent findings help to explain how such lateral transport may
occur. First, there is the finding that a geotropic stimulus results in an
asymmetric distribution of both free and ester IAA in the mesocotyl of Zea
mays seedlings (2, 5, 6). Thus the tropic response cannot be due solely to
changes in the ratio of free to conjugated lAA. The ratio of free to
conjugated lAA does change (4, 6), but since both free and ester IAA
increased on the lower side of the gravity-stimulated mesocotyl, and since de
novo lAA biosynthesis does not occur in young Zea seedlings (e.g., 2) there
must also be selective transport of lAA and/or its esters into the rapidly
growing cortical cells (5,6).
The sequence of events following a tropic stimulus is that following

perception of the stimulus, a bioelectric perturbation occurs within seconds;
lAA and Ca++ asymmetric distribution occurs in less than 5 minutes; and
asymmetric growth occurs in about 5 minutes (4). This knowledge of the
time sequence of events following the stimulus led to the formulation of a
working theory for the transport of IAA in the maize mesocotyl. The
postulates of the theory are that a) IAlnos, the putative seed auxin precursor,
moves upwards from seed to shoot in the stele; b) the lAA released from
conjugates by hydrolysis then moves out of the stele and into the cortical
cells through the plasmodesmata; c) movement of IAA or IAInos through the
plasmodesmata from stele to cortex can be regulated by the plant; d) the
plasmodesmatal connections between tissues are voltage "gated" in a manner
analogous to the gating of animal gap junction cells and it is this which
permits the gating; and e) the gravity stimulus alters the bioelectric potential
of the plasmodesmata, thus bringing about asymmetric movement of IAA
from the central stele into the upper and lower cortical cells (5, 6).
The implications of the voltage-gating theory are considerable in that the

theory implies that the plant is able to regulate endogenous local
concentrations of IAA by regulating the transport of IAA from one site to
another site within the plant. Thus, selective movement of IAA within the
plant and even from the plant into seeds or fruit could be controlled by
metabolic gating of the plasmodesmatal connections of the plant symplast.
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OUTPUTS FROM THE IAA POOL

Oxidative Catabolism (Fig. 2, D)

IAA oxidative catabolism is the chemical modification of the indole nucleus
or side chain resulting in loss of auxin activity, and it is the only irreversible
output regulating IAA levels. This discussion of1M catabolism will include
the oxidative decarboxylation of the side chain, and oxidation at the 2,3, and
7 positions of the indole nucleus without decarboxylation.
The interest in 1M catabolism predates identification of 1M as a

ubiquitous auxin in plants. In 1934 (78) it was observed that water extracts
of leaves inactivate the "growth promoting substance" ofAvena. Later work
showed that peroxidase catalyzes the oxidative decarboxylation of1M (75),
and this reaction was generally assumed to be the physiological route for
oxidative catabolism. More recently a new pathway of 1M catabolism with
retention of the carboxyl side chain and oxidation of the indole nucleus has
been identified (27, 72) and shown to occur in Pinus sylvestris, Vida faba,
and Zea mays.

Decarboxylation Pathway
The decarboxylation pathway is catalyzed by peroxidases from numerous

plant species (75), and often by several peroxidase isozymes per plant species.
The in vitro reaction may be monitored by 14C02 evolution from 1-[14C]-IAA,
manometrically by O2uptake, colorimetrically by loss of Salkowski color, or
by UV absorbance changes (Fig. 7). In the literature, "IAA oxidase" and
"peroxidative oxidation" ofIAAwith decarboxylation have been synonymous.
This definition of IAA oxidation is now, however, too narrow, due to the
discovery ofoxidative non-decarboxylation pathways in several plant species.
The peroxidative decarboxylation of1Moccurs without added cofactors

with purified horseradish peroxidase, the best studied "1M oxidase," although
Mn++ and monophenols increase the reaction rate, and H20 2reduces the lag
period for IAA oxidation (75). Tomato peroxidases are dependent on "202
for the oxidation of1M. The main products of peroxidase oxidation of1M
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Fig. 7. The oxidative decarboxylation process catalyzed by peroxidase. This process is
initiated by peroxidases contained in extracts ofmany plant species. The natural occurrence
of some of these catabolites has been demonstrated.
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are 3-methylene-oxindole, 3-hydroxymethyloxindole (oxindole-3-carbinol),
indole-3-aldehyde, and indole-3-methanol (Fig. 7). The ratio of the various
products depends on the enzyme/substrate ratio, cofactors, and pH of the
reaction (75). A high enzyme/substrate ratio favors formation of
indole-3-aldehyde and indole-3-methanol, and low amounts of the oxindoles.
The addition ofMn++, and 2,4-dichlorophenol also stimulates the formation
of indole-3-methanol production at the expense of the other oxidation
products. Indole-3-methanol is a precursor of indole-3-aldehyde since
indole-3-methanol is converted by peroxidase to indole-3-aldehyde (35, 75).
Most of the oxygen incorporation into indole-3-methanol is from molecular
oxygen, and not water. Three-hydroxymethyl-oxindole is the immediate
precursor of 3-methylene- oxindole via a non-enzymatic dehydration (35).
The fact that labeled indole-3-methanol is not metabolized by horseradish
peroxidase to 3-hydroxy-methyl-oxindole demonstrates that oxindole and
indole formation are separate branches of the peroxidase pathway. It is now
thought that peroxidase initially reacts with lAA by forming an lAA free
radical which is subsequently attacked by oxygen (35, 75). Following
decarboxylation of the lAA, the reaction proceeds either by the
indole-3-aldehyde route or the 3-methylene-oxindole route.
Cofactors for IAA oxidation includeMn++ and monophenols. Mn+++will

non-enzymatically oxidize lAA' with subsequent decarboxylation, and it is
thought that peroxidase plus monophenol oxidizes Mn++ to Mn+++.
Monophenols and m-diphenols stimulate lAA oxidation, while p-diphenols,
o-diphenols, coumarins, and polyphenols inhibit the enzyme reaction (75).
Although in vivo regulatory functions for these compounds in peroxidase
oxidation of IAA have been suggested, the importance of the peroxidative
oxidation of IAA in vivo itself is in question.

Oxindole-3-acetic acid/Dioxindole-3-acetic acid pathway
This oxidation pathway has been observed in several plant species

including rice, com, and broad bean. Based on simple colorimetric assays,
the first product in this pathway (Fig. 8), OxIAA, also occurs in germinating
seeds of Brassica rapa, and developing seeds of Ribes rubrum (40). Oryza
sativa, rice, is interesting in that it is the only plant known to contain both
OxIAA and DiOxIAA (39),and was also shown to have the 5-hydroxy
analogs of OxIAA and DiOxIAA.
The standard methods for monitoring the peroxidative decarboxylation

of IAA may not distinguish between the two pathways in an in vitro system.
For example, IAA oxidation to OxIAA would result in O2 uptake, loss of
Salkowski color, and reduction in the 280 nm indole spectrum with an
increase in the 247 nm oxindole spectrum, changes which are also
characteristic of the peroxidase system. Measurement of the evolution of
14C02 from feeding 1-[14C]-IAA is a clear indication of the peroxidase
oxidative decarboxylation pathway. OxIAA has been shown not to be an
intermediate or a substrate for the peroxidase pathway (35) so the pathways
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are independent. Careful chromatographic isolation and physicochemical
identification of the catabolites is the best method of identifying the IAA
catabolic pathways occurring in a particular plant.
The first report ofIAA oxidation to oxindole-3-acetic acid (OxIAA) was

in the basidiomycete Hygrophorus conicus (74). The conversion of
tryptamine to IAA and then to OxIAA was unique to Hygrophorus conicus
of the 12 basidiomycetes tested. OxIAA and DiOxIAA were found to be
synthesized by Zea mays and Vida faba respectively following feeding
1-[\4C]-IAA (72, 80) (Fig. 8). Isotope dilution experiments (72) showed that
OxIAA was a naturally occurring compound in Zea mays endosperm and
shoot tissues, occurring in amounts of 357 pmol per endosperm and 47 pmol
per shoot, about the level of free IAA in these tissues. In Vida faba,
DiOxIAA was estimated by UV measurements to be 1 ~mole kg-\ fresh
weight in root tissues. In both of these experiments, labeled IAA was fed to
etiolated seedlings via endosperm tissue or cotyledons.

In com, OxIAA is further metabolized by hydroxylation at the 7
position, and by glucose addition to form 7-0H-OxIAA-glucoside (60).
Isotope dilution assays have shown that the 7-0H-OxIAA-glucoside is a
naturally occurring compound in com in amounts of 62 pmol per shoot and
4.8 nmol per endosperm. Vida faba is also reported to form a glucose
derivative of DiOx-IAA-aspartate (e.g. 80).
The enzymology of the OxIAA and DiOxIAA pathways is much less

understood than the peroxidase pathway owing to its more recent discovery,
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Fig.8. The non-decarboxylation oxidative pathways from higher plants: Data has shown these
catabolic transformations occur in A) Pinus sylvestris and Zea mays, B) Vicia faba and C)
Oryza sativa.
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and to the limited availability of enzymes and substrates. In Zea mays, the
rate of oxidation of IAA to OxIAA has been measured in shoot, root,
scutellar, and endosperm tissues at 1-10 pmol h'l mg protein'l. The enzyme
is soluble, of high molecular weight and clearly different from lipoxygenase
or peroxidase (72). Enzyme activity was reduced by 90 per cent when
assayed under argon, indicating an oxygen requirement for the reaction.
However, labeling studies to identify the source of oxygen have not been
done. Enzyme activity was stimulated up to ten fold by addition of an ionic
detergent extract of corn tissue. A heat stable component of the Triton X-I00
extract increased enzyme activity when added to buffer extracted enzyme.
This heat stable, detergent-extractable, corn tissue co-factor may be replaced
by linolenic, linoleic, or arachidonic acid (72). Cofactors of
mono-oxygenation reactions as well as peroxidase cofactors, are inactive in
stimulating OxIAA formation.
7-0H-OxIAA has been identified as a catabolite of IAA in germinating

kernels of Zea mays. It was found to be present at 3.1 nmol kernel" I and has
been shown to be an intermediate in the synthesis of
7-0H-OxIAA-7'-O-glucoside (63). The glucoside is present in much higher
amounts than IAA, OxIAA, or 7-0H-OxlAA, and thus is hypothesized to
accumulate in vacuoles (52). The further metabolism of 7-0H-OxIAA has
not been studied except that 5-eHl-7-0H-OxIAA loses tritium to water upon
further enzymatic oxidation (52). This implies a second oxidation of the
benzenoid ring leading to a highly unstable dioxindole.

Physiological occurrence of catabolic pathways

The catabolic route for a plant hormone must be determined by feeding
isotopically-labeled compounds in an appropriate manner not involving cut
cell surfaces, followed by identification of the product(s), measurement of
pool sizes and turnover, and determination of the rate at which the product
is formed. The biological activity of the catabolites should be measured, and
in addition, care must be taken with IAA metabolic studies because IAA may
easily be non-enzymatically degraded by light, acid, silica gel, etc. (24, 75).
Despite all the research on the in vitro peroxidase-catalyzed

decarboxylation of IAA, only a few reports on the isolation and
physicochemical identification of endogenous peroxidase catabolites have
been reported. Indole-3-methanol, and indole-3-carboxylic acid have been
identified in pine (27), and indole-3-aldehyde, indole-3-methanol, and
indole-3-carboxylic acid were reported to occur in pea sections fed IAA (55).
In pine needles there were 2.3 ng per g fresh weight indole-3-carboxylic acid
or about ten per cent of the level of free IAA (34). In etiolated pine shoots
there were 19.7 ng per g fresh weight of indole-3-methanoI. Whether
indole-3-carboxylic acid is a natural metabolite of IAA is in question because
in Brassica its occurrence can be an artifact of glucosinolate breakdown (64),
and in Pinus [14C]_IAA was not metabolized to indole-3-carboxylate (27).
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3-Hydroxymethyl-oxindole and3-methyleneoxindole are unstablecompounds.
However 3-hydroxymethyloxindole has been reported to occur after feeding
labeled IAA to sections (27, 75). Indole-3-methanol glycoside, and
indole-3-carboxylic acid were also reported to be catabolites of IAA.
Generally, catabolites from radiolabel feeding studies have only been
identified by thin-layer chromatography in several solvent systems and further
substantiation by physicochemical methods is needed.

The occurrence in plants of very small amounts of IAA decarboxylation
products shows that the reaction does occur in vivo (27) but it is unlikely to
be a major pathway during nonnal development. For example, -75% of the
"IAA oxidase" can be lost from plant segments by a brief buffer wash, and
"IAA oxidase" activity has shown to be proportional to the number of pieces
into which the sections were cut (72, 75). Also, an in vitro com peroxidase
system decarboxylated IAA to several compounds (72, 75), but feeding
labeled IAA to either com endospenn or root segments resulted in rapid
metabolism of IAA with minimal decarboxylation (24, 61). Thus, it is
possible that the decarboxylation pathway is overemphasized by the manner
of presenting IAA to the plant preparation. These findings, together with the
fact that over 70% of the total enzyme activity was wall localized, may
indicate a wound response role for peroxidase-catalyzed oxidation of IAA.
The physiological meaning of the IAA oxidase activity of plant peroxidases
has recently been subjected to a further, very serious, challenge by the finding
that transgenic tobacco plants expressing either a ten fold excess of
peroxidase or a ten fold reduction in peroxidase all have the same endogenous
IAA content (49).

OxIAA and diOxIAA acid have been demonstrated to be endogenous
compounds in three plant species, although the precursor-product relationship
has been shown only for broad bean and com. However, the occurrence of
the carboxyl-retention pathway of IAA catabolism in both a
monocotyledonous and a dicotyledonous plant indicates that the pathway may
be widely distributed. Since Radiolabeled peroxidase metabolites and
OxIAAlDiOxIAA metabolites can be synthesized chemically or enzymatically
(27, 72, 80), the natural occurrence of these pathways in other plants may
now be examined by an isotope dilution assay. A comprehensive
determination of the biological activity of all the IAA catabolites from the
peroxidase, and OxIAAlDiOxIAA pathways in several auxin bioassays, has
not yet been performed. However, those catabolites tested have been found
to be inactive in promoting growth in auxin bioassays (75).

The answer to whether IAA is catabolized in vivo by the relatively
non-specific peroxidase isozyme system, and/or specifically by another
enzyme will clarify how and where IAA catabolism is involved in IAA
mediated growth. Attempts have been made to correlate peroxidase levels
and age of tissue with responsiveness of tissues to IAA. In some studies
there was a positive correlation, while other studies showed no correlation
(75).
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In summary, there are two pathways of IAA catabolism: the peroxidase
catalyzed oxidative decarboxylation of IAA, and oxidation without
decarboxylation to OxIAA or DiOxIAA. The peroxidase mechanism of
oxidation is well understood with purified enzymes, but its physiological
significance remains to be elucidated. The OxIAA/DiOxIAA pathway has
been identified in at least three species; its occurrence in other species must
be examined, and the mechanism ofenzyme catalysis must be studied further.
Future research will determine if IAA catabolism occurs in tissues
non-responsive to IAA, or only in actively growing tissues where the oxidase
reaction would destroy the hormone following the "growth promoting act".
In either case, the elucidation of how and where IAA is catabolized in plants
will help clarify how IAA levels are regulated during growth and
development.

IAAsp oxidation
Early studies of the oxidation of IAA-conjugates focused on the attack

by peroxidase (the classical "IAA-oxidase") on individual conjugates. The
initial findings indicated that peroxidase did not attack the ester and amide
conjugates tested (18). However, a more extensive study of amino acid
conjugates by Park and Park (67) showed that less polar conjugates could be
substrates for peroxidase. A more specific route of IAA-conjugate oxidation
is shown, however, by the work ofTsurumi and Wada (80), who showed that
in Vicia seedlings, IAAsp is oxidized to di-Ox-IAA-aspartate without prior
hydrolysis to the free acid. As with IAA oxidation, once IAAsp oxidation
occurs, the product is glycosylated to form the 3-(O-I3-glucosyl) derivative.
Tsurumi and Wada (80) also showed that IAAsp could be oxidized by
peroxidase only when peroxide was added to the reaction mixture. The
product of this oxidation was 2-0H-Ox-IAAsp, thus, the reaction with
peroxidase and H20 2 yields a different product from that isolated from the
plant.

Conjugate Synthesis (Fig. 2, E)

Synthesis ofconjugates from endogenous IAA occurs in developing seeds and
also under conditions leading to a change in growth rate (e.g., 4, 19). In
addition, the application of IAA leads to conjugate formation (19) and the
application of one conjugate, for example IAInos, can lead to the formation
of other conjugates (65) and free IAA. Thus, IAA metabolism is a regulated,
homeostatic, system involving "storage" of IAA in conjugated form with the
possibility of subsequent hydrolysis to obtain free IAA. In the case of the
Pseudomonas conjugation system, the gene for synthesis of IAA-Iysine has
been cloned, and for Zea mays the gene for synthesis of 1-0-IAGluc has been
sequenced and cloned (Szerszen and Bandurski, unpublished data).
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Enzymatic synthesis of
fAA-conjugates in Zea mays
Theconjugate-synthesizing

reactions of Zea mays that have
been demonstrated in vitro are
shown in Fig. 9 (2, 3, 45, 46).
The first step in the synthesis
of the IAA-myo-inositol family
of conjugates is the synthesis of
I-O-B-D-IAGluc from IAA and
UDPG. The IAA is then
transacylated to myo-inositol to
form IAInos (3, 38). IAInos
may then be glycosylated to
form IAA-myo-inositol­
galactoside or Wnos-arab by
reaction with the appropriate
uridine diphosphosugar (3). All
of the low molecular weight
IAA conjugates of Zea mays
have been synthesized in vitro
using crude enzyme extracts
(2,3).

IAA

r: LOP-GlucoseLOP
Glycerol Glucose

myo';rosilol 1-0-IAGluc Jt . 1M-Glycerol or
GUose -Y ~ IAA' Glucose

_ / IAA-Glucan ./
IAlnos

m:::~
_alic

4-0-IAGIuc _.---_+ 6-0-IAGluc

l+
HP

IAA + Glucose

LOP-G3I~-VLOP-Arab
LOP1 r....LOP

IAlnos-galactose IAlnos-arabinose

Galadose orArabinose

Fig. 9. Metabolic transfonnations between lAA and
ester pools in lea mays. The biosynthetic pathways,
hydrolytic routes and the interconversions between
ester pools are shown. Transacylation from IAInos
back to glucose to fonn 4-0 or 6-0-IAGluc and their
subsequent hydrolysis is a reversible system for
conjugate synthesis and hydrolysis.

Enzymatic synthesis of IAA-conjugates in Zea mays
The enzyme catalyzing the synthesis of 1-0-IAGluc was purified to

homogeneity and polycIonal antibodies to the enzyme prepared (2). The
enzyme was unstable except in the simultaneous presence ofdithiothreitol and
glycerol. It has an apparent molecular weight of about 50 kDa as estimated
by sepharose chromatography and acrylamide gel electrophoresis. The
sequence of the cDNA coding for the enzyme indicates a molecular weight
of 50.6 kDa (Szerszen and Bandurski, unpublished data).

Synthesis of IAA-Amino Acid Conjugates
IAA-L-aspartate (Fig. 1) was the first IAA amide conjugate to be

chemically characterized (18, 16). Its formation is also widespread in nature
(18) and it is known to be an endogenous component of soybean seeds (16).
Further, it is readily formed when IAA is applied to most plant tissues (18,
77) by what appears to be an inducible enzyme system. IAA-glutamate has
also been demonstrated to occur naturally in some legumes (23) and cases are
known where IAA is linked in amide linkage to a protein or peptide (9, 10,
11). Mysteriously, and despite numerous attempts, IAAsp and IAGlu have
never been synthesized by an in vitro enzymatic system. This inability to
obtain an in vitro enzymatic system for synthesis of IAAsp has resulted in a
serious gap in our knowledge. Such an in vitro system would substantially
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contribute to a molecular understanding of how plants respond to exogenous
growth regulators.

Synthesis ofIndole-3-acetyl-E-L-lysine
In some strains ofPseudomonas savastanoi (44) the IAA produced from

tryptophan represents only a transitory intermediate since the IAA is then
rapidly conjugated to form IALys (36). The synthesis of IALys requires
L-lysine and ATP, and the IALys formed is then further metabolized to it
a-N-acetyl derivative (36,44). The gene for the IALys forming enzyme has
been cloned and the IALys locus is some 2 kb upstream from the IAA operon
(44, 71).

Use of IAA in Growth

IAA promotes a multitude of reactions that may interact to result in growth
and differentiation. These include rapid induction of mRNAs, membrane
phenomenon such as permeability changes, media pH changes and enzyme
modification (48 and Chapters Dl, D2 and E3). An argument can be made,
based on kinetics, that IAA is somehow destroyed or deactivated immediately
following, or concomitant with, the growth promoting act (18). This
degradation or deactivation must be coupled with the tightly regulated, rapid
tumover, usually associated with regulatory molecules like hormones (e.g.,
17).

It is of interest that the enzyme oxidizing IAA requires an unsaturated
fatty acid as cosubstrate so that the products of IAA oxidation are OxIAA and
a prostaglandin (72). The physiological significance of prostaglandin
formation in plants is not known. In animals, prostaglandins act as
modulators of the response of other hormones, as well as participating in the
contraction of smooth muscle, possibly by changing the cytosolic
concentrations of secondary messengers such as Ca++.

SUMMARY

The steady state levels of IAA are regulated by the "inputs to" the IAA pool
including synthesis, conjugate hydrolysis and transport, and by the "outputs
from" the IAA pool including oxidative catabolism, conjugate synthesis,
transport of IAA away from the point of interest, and IAA "use" during
growth. Work on the enzymes ofIAA synthesis and metabolism is far from
complete. Although the activity of many of the enzymes has been
demonstrated in vitro, we still do not even know the primary pathways for de
novo synthesis. It still remains necessary to establish the magnitude of the
various routes of synthesis and metabolism. For higher plants, only the
enzyme catalyzing the synthesis of IAGlu has been purified to homogeneity
and sequenced. There remains the challenge of characterizing all of the
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enzymes involved in honnone homeostasis sufficiently to pennit genetic and
chemical manipulation of IAA levels within the plant.

Fig. 1 illustrates that key points for control of honnone levels could
include: a) enzymes involved in the de novo synthesis of IAA; b) IAGluc
synthetase since it is the ftrst enzyme in the series of reactions leading to the
IAA conjugates; c) 1-0, and 6-0, IAGluc hydrolases; d) Wnos synthetase
since this enzyme shifts the equilibrium towards conjugate fonnation; e) the
enzyme which oxidizes IAA to 0xIAA since OxIAA itself is inactive as a
growth regulator; and f) enzymes (carriers) involved in IAA or IAInos
transport since these can affect local concentrations of IAA. Genetic and
chemical knowledge of how these key reactions are controlled could lead to
important agricultural applications for control of plant growth.
We predict that the agriculture of the future will use genetic and

chemical manipulation of endogenous hormone levels to attain desirable
levels of growth and differentiation. Ultimately it may be possible to regulate
plant growth without reliance upon application of possibly hazardous
growth-regulating chemicals.
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B2. The Biosynthesis and Metabolism of
Gibberellins in Higher Plants

Valerie M. Sponsel
Biology Department, Indiana University, Bloomington, IN 47405

INTRODUCTION

The gibberellins (GAs) are all tetracyclic diterpenoid acids with the ent ­
gibberellane ring system (structure I). There are two main types of GAs, the
C2o-GAs which have a full complement of 20 carbon atoms (structure 2), and
the CI9-GAs in which the twentieth carbon atom has been lost by metabolism
(structure 3). In almost all of the CI9-GAs, the carboxylic acid at carbon-19
bonds to carbon-IO to give a lactone bridge.

12

2

3

17

(3)

Many structural modifications can be made to the ent-gibberellane ring
system. This diversity accounts for the large number of known GAs. Each
different GA which is foun'd to be naturally occurring and whose structure has
been chemically characterized is allocated an "A number" (36). Eighty nine
GAs are known to date, and these are numbered GAl through GAS9 in
approximate order of their discovery. Their structures are shown on pages
93-97.
Variations in GA structure arises in several ways. For instance, different

oxidative statesofcarbon-20, namelymethyl (CH3), hydroxymethyl (CH20R),
aldehyde (CHO) or carboxylic acid (COOR) occur. Additional functional
groups can also be added to the ent-gibberellane skeleton, especially to the
CI9-GAs. Insertion into the ring system of hydroxyl (OR) groups occurs
frequently, and less common substituents are epoxide (>0) or ketone (=0)
functions. The position and/or stereochemistry of these functional groups is
very important. For example, the presence of a hydroxyl group in a- or {3­
stereochemistry (designated by ·....111111 or -... bonds, respectively) can
have quite different biochemical significance.
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Gibberellins were first isolated from the fungus Gibbere//afujikuroi
in which they occur in large quantities as secondary metabolites. They are
now known to be present in several other species of fungus, in some ferns,
and in many gymno- and angiosperms. Of the 89 known GAs, 64 have been
identified only in higher plants, 12 are present only in Gibbere//a, and 13 are
present in both. Like Gibbere//a, individual angiosperms can contain many
different GAs. For instance, immature seeds of apple (Malus domestica)
contain 24 known GAs, together with several additional GA-like compounds
which have not yet been fully characterized (27).

Gibberellins can also exist as conjugates. The most common naturally
occurring GA-conjugates are those in which the GA is linked to a molecule
of glucose, either by an ether or an ester linkage (42). Conjugates may be
formed in order to inactivate a GA, either temporarily or permanently.

Gibberellic acid (GAl)' which is the end-product of GA metabolism in
G. fujikuroi, has been commercially available for many years. It has high
biological activity, and its application to dwarf or rosette plants, dormant
buds, or dormant and germinating seeds can result in dramatic and diverse
effects on growth (see Chapter AI).
Not all GAs have high biological activity. Many of the GAs within a

plant are precursors or deactivation products of the active GA. A knowledge
of GA biosynthetic and metabolic pathways is fundamental to determining
which GAs have biological activity per se. By using single gene dwarf
mutants and chemical growth retardants which inhibit specific metabolic
reactions it is now possible to determine which GA(s) in a plant is (are) the
active hormone for a particular growth or developmental event.

SITES OF GA BIOSYNTHESIS

All growing, differentiated tissues are potential sites of GA biosynthesis.
There is incontrovertible evidence that developing fruits and seeds are sites
of GA biosynthesis, for they contain enzymes which can convert mevalonic
acid to CI9-GAs (18, 29). In immature seeds there are two main phases of
GA biosynthesis. The first phase occurs shortly after anthesis and is
correlated with fruit growth. At this stage of development seeds are very
small, and contain GAs which are qualitatively and quantitatively similar to
those in vegetative tissues. The second phase of GA biosynthesis occurs as
the maturing seeds are increasing in size, and it results in a large
accumulation of GAs. In most species chosen for study, the seeds at this
stage of development are large enough to handle with ease and can readily
be separated into constituent parts. Most studies on GA biosynthesis have
utilized cell-free preparations. Their use obviates problems associated with
substrate penetration into tissue, and in addition it provides an opportunity to
study the biochemical properties of the enzymes involved. Preparations

67



Gibberellin biosynthesis and metabolism

derived from the liquid endosperm of developing cucurbit seeds and from
cotyledons of legumes are particularly active.
Definitive evidence that GA biosynthesis occurs in vegetative tissues is

more difficult to obtain because cell-free enzyme preparations derived from
vegetative tissues frequently have low GA-biosynthetic capability. However,
as several GA metabolic sequences can be demonstrated in elongating
internodes and petioles, expanding leaves and stem apical regions of several
plants (15, 52) it is generally accepted that these immature organs of the
shoot are sites of GA biosynthesis.

GAs have been identified in root extracts. Nevertheless, evidence for
GA biosynthesis in roots is tenuous, although GAs have been identified in
tomato roots which had been subcultured enough times to preclude carry-over
from the initial inoculum (7).

THE GffiBERELLIN BIOSYNTHESIS PATHWAY

The following sections provide a brief outline of the GA biosynthetic pathway
from mevalonic acid to the first formed GA which is GAI2-aldehyde. This
part of the pathway is the same in G. fujikuroi and all higher plants examined
so far. The characterization of individual stages in the pathway is well
covered in review articles (8, 16,24). The metabolism after GAl2-aldehyde
is discussed in more detail in subsequent sections.

The Pathway from Mevalonic Acid to Geranylgeranyl Pyrophosphate
(GGPP) (Fig. 1)

In the terpenoid pathway Cs-building blocks are linked head-ta-tail to give
branched polymers of different chain length, which can then undergo
cyclization and other changes. In this way natural products such as
monoterpenes (C IO), sesquiterpenes (CIS' from the Latin sesqui = 1.5),
diterpenes (C20), triterpenes (C30) etc. are formed.
The diterpenoid nature of GAs was recognized by Cross and associates

(9). Early steps in the terpenoid pathway have been characterized in plant,
animal and bacterial systems (4). Birch et al. (5) were the first to show that
[14C]-labelled acetate was converted to e4C]GA3 by cultures of G. fujikuroi,
and mevalonic acid (MYA) was found to be a key intermediate (see Fig. 1).
MVA is formed by the reduction of hydroxymethylglutaryl-coenzyme A
(HMGCoA). Both HMGCoA synthase and reductase are important enzymes
which are known in mammals to be highly regulated by feedback control by
MVA and steroids. HMGCoA reductase has been studied in several plant
systems (3) and has been shown to be tissue-specific and developmentally
regulated.
MVA is converted to mevalonate-5-pyrophosphate (MVAPP) in two

steps which are catalysed by mevalonic kinases. Next, MVAPP is
decarboxylated to isopentenyl pyrophosphate (IPP). Reversible isomerization
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Fig. 1. The pathway to geranylgeranyl pyrophosphate.

of IPP gives dimethylallyl pyrophosphate (DMAPP). DMAPP is the starter
unit for terpene biosynthesis. It condenses in a head-to-tail fashion with a
molecule of IPP to give the CIO-intermediate geranyl pyrophosphate (GPP).
This in tum condenses with another molecule of IPP to give famesyl
pyrophosphate (FPP). Further condensation of FPP with a third molecule of
IPP gives the C2o-intermediate geranylgeranyl pyrophosphate (GGPP), which
is the parent compound for all diterpenes. The three condensation reactions
are catalysed by the same enzyme, namely GGPP synthetase, which belongs
to a class of enzymes named prenyl transferases. Branch points on the
pathway which lead to mono- and triterpenes are indicated in Fig. I.
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Cyclization of GGPP to ent-Kaurene (Fig. 2)

At GGPP the terpenoid pathway branches to give linear diterpenes (e.g.,
phytol), cyclic diterpenes (e.g., kaurenoids and gibberellins) and tetraterpenes
(e.g., carotenoids). The cyclization ofGGPP to the gibberellin precursor, ent­
kaurene, is a two-stage reaction catalysed by the soluble enzymes, ent-kaurene
synthetase A and ent-kaurene synthetase B. The A activity catalyses the
conversion ofGGPP to a bicyclic intennediate, copalyl pyrophosphate (CPP),
whereas the B activity catalyses the further conversion of CPP to the
tetracyclic diterpene, ent-kaurene l (Fig. 2). The mechanism of these
cyclization reactions has been discussed in detail (24).
The ent-kaurene synthetase enzymes have been studied extensively. The

A and B activities have proved difficult to separate physically, although it has
long been known that they possess different pH optima and different divalent
cation requirements. Evidence suggests that the two proteins associate during
ent-kaurene synthesis (13).
The first cyclization reaction in the pathway, catalysed by ent-kaurene

synthetase A, is the first committed step in the synthesis of cyclic diterpenes
and as such is a potential site for regulation of the pathway. Numerous
attempts have therefore been made to isolate the A activity of ent-kaurene
synthetase but these attempts have been largely unsuccessful due to its
instability and susceptibility to natural and synthetic inhibitors. However, the
availability of mutant lines of several genera in which the synthesis of ent­
kaurene is modified offers an alternative and attractive means to study this
part of the GA pathway, especially in those genera such as Arabidopsis
thaliana which are amenable to molecular genetic work.
In the gal and ga2 dwarf mutants of Arabidopsis GA biosynthesis is

thought to be blocked before ent-kaurene, because only compounds beyond
ent-kaurene in the pathway elicit a growth response when applied to mutant
plants. Furthennore, because both mutants possess nonnal pigmentation the
pathway up to GGPP is assumed to be intact. On the basis of this evidence
the lesion in both mutants is inferred to be at ent-kaurene synthetase (53).
However, although plants of both genotypes were shown to contain very
reduced levels of native GAs, cell free preparations from siliques of the gal
mutant possessed nonnal en/-kaurene synthetase A and B activity (53). The
GAl locus may therefore code for a regulatory factor, or for a carrier protein,
rather than for the enzyme itself. Alternatively, GA biosynthesis in shoots
and siliques may be controlled independently. The recent cloning of the GAl
locus in Arabidopsis by genomic subtraction (50) will resolve these questions,
and allow the regulation of ent-kaurene synthetase to be studied directly.

I Using IUPAC nomenclature the precursor ofGAs is the enantiomeric form ofkaurene,
designated ent-kaurene. By convention a-substituentsare designated ent-B, and B-substituents
are designated ent-a.
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ent-Kaurene to GA12-aldehyde

In the next part of the pathway, also shown in Fig.2, the methyl group at
carbon-19 ofent-kaurene is oxidized in the sequence CH3 ... CH20H" CHO
.. COOH, to give ent-kaurenol, ent-kaurenal and ent-kaurenoic acid. This
sequence ofoxidations is actually a series of successive hydroxylations so that
all the reactions may be catalysed by a single enzyme active site. Evidence
for and against this idea has been reviewed (24), leading to the conclusion
that there are probably separate but similar catalytic sites for each substrate.
The enzymes involved in this series of oxidations have been studied in

detail in several plants (22, 23). The enzymes are microsomal and each
oxidative step requires molecular oxygen and a reduced pyridine nucleotide
(e.g., NADPH) for activity. These properties are characteristic of the mixed­
function oxidase or mono-oxygenase enzymes. This type of enzyme catalyses
the insertion of one oxygen atom from molecular oxygen into an organic
substrate: the second oxygen atom is reduced to water by electrons derived
from a second substrate (e.g., NADPH). In the cucurbit, Marah
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macrocarpus, inhibition of the oxidation of ent-kaurene to ent-kaurenol, and
of ent-kaurenal to ent-kaurenoic acid by carbon monoxide can be reversed by
light of wavelength around 450 om. Thus in the Marah system cytochrome
P-450 is implicated as the electron acceptor at the active site of the enzyme.
Plant cytochrome P-450 enzymes catalyse the oxidative metabolism of

many important plant components. In addition to catalysing several steps in
GA biosynthesis, they have been implicated in the biosynthesis of lignin
phenolics, membrane sterols, phytoalexins, monoterpenes and indole alkaloids
(12). They also catalyse the detoxification of several herbicides. The
sequences of many cytochrome P-450 enzymes from microorganisms and
vertebrates are known (12). At the present time less information is available
for enzymes from plant origin, although several have been sequenced. One
cytochrome P450 from avocado (6) functions as a demethylase in herbicide
metabolism, although its natural role may be as a hydroxylase in the
terpenoid pathway. Work on the solubilization and purification ofGA mono­
oxygenases, particularly ent-kaurene oxidase, is proceeding in several
laboratories with the goal of cloning the gene(s) for these important enzymes.
The GA biosynthetic pathway proceeds with hydroxylation of ent­

kaurenoic acid at the 713-position to give ent-7a-hydroxykaurenoic acid.
(Alternatively ent-kaurenoic acid can be directed towards the synthesis of
kaurenolide derivatives which accumulate in G. fujikuroi and seeds of some
higher plants) (16).
At ent-7a-hydroxykaurenoic acid the pathway diverges once again. This

branch-point is of critical importance. One of the products, GA12-aldehyde,
is the first-fonned GA in all systems. It is fonned by contraction of the B
ring with extrusion of carbon-7. In contrast, the other product, ent-6a,7a­
dihydroxykaurenoic acid, cannot be converted to GAs, nor has it any known
function in plants. The enzymology of this reaction has been studied in detail
by Graebe and co-workers, leading to the conclusion that both GA12-aldehyde
and ent-6a, 7a-dihydroxykaurenoic acid are probably formed from a single
common intennediate (16).

Pathways from GA12-aldehyde (Fig. 3)

The biosynthetic pathway up to GA12-aldehyde appears to be the same in all
plants. In contrast, the conversion for GA12-aldehyde to other GAs can vary
from genus to genus, consequently giving rise to several alternate pathways
from GA12-aldehyde. There is, however, a basic sequence of reactions
starting from GA12-aldehyde which is common to all pathways. This
sequence, which is outlined below, involves the successive oxidation of
carbon-20 leading to its elimination from the molecule as CO2 and the
formation of C19-GAs.
Gibberellin A12-aldehyde is first oxidized at carbon-7 to give the

dicarboxylic acid, GA12 (see Fig. 3). A carboxyl group at C-7 is a feature of
all GAs, and it is essential for biological activity. Next comes the sequential
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oxidation of carbon-20. First the C-20 methyl group of GA'2 is oxidized to
a hydroxymethyl group (CH20H), which lactonises on extraction and work-up
to yield GAls' The true intermediate is probably the open-lactone fOO11. In
the next step of the pathway this intermediate is oxidized to the C-20
aldehyde, GA24• At GA24 there is another branch-point in the pathway.
Carbon-20 can be oxidized to the acid, giving GA2S . Alternately, and more
importantly, carbon-20 can be eliminated from the molecule as CO2, resulting
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in the formation a C19-GA, GA9 (11, 31). It is the C19-GAs which have
biological activity (see later).
The introduction of additional functional groups into the GA molecule

can occur at any stage in this sequence of reactions. It is the position and
order of insertion of all these additional substituents which distinguishes the
metabolic pathways in different genera. Thus if GA12 were to be
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hydroxylated at carbon-3, or at carbon-13, or at both the 3 and 13 positions
then the GAs shown in Fig. 4 are fonned on three separate pathways
comparable to the route from GA12 .. GA9 discussed above. In reality, the
observed pathways are not always separate. They may converge or diverge
to fonn a metabolic grid depending on the timing of hydroxylation (see Fig.
7).
The following discussion of GA metabolism is selective, and centres on

two genera for which most infonnation is available, namely pea and pumpkin,
and on Arabidopsis thaliana. The data for pea are most straightforward and
are considered first. Most recent work has concerned the purification of
enzyme activities in order to characterise the enzymes, sequence the proteins
and clone the corresponding genes. Progress towards these goals is described.

Pathways in Pisum sativum

There are two parallel GA metabolic pathways in pea seeds. One route,
identical to the pathway shown in Fig. 4, leads to GA9 whilst the second
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Fig. 6. The metabolism of GA20 in shoots of Pisum sativum.

pathway leads to the 13-hydroxylated GA, GA20 (see Fig. 5). The pathways
were established by comprehensive feeding and refeeding studies using cell­
free preparations, coupled with investigations into the identity of native GAs
in pea seeds. The work is described here in some detail.
A high speed supernatant preparation from IS-day old pea embryos,

together with Fe2+ and either NADPH or ascorbate, converted radio-labelled
GAl2 to GAls, GAw GA9 and GAsl (Fig. 3) (29). Gibberellin A ls was not
metabolized but the open-lactone form, prepared by alkaline treatment of
GAls, was readily converted to GA24, G~ and traces ofGAsl ' In tum GA24
was converted to GA9 and some GAsl ' Subsequently when GA9 was
incubated with a high speed supernatant from older embryos it was 2{3­
hydroxylated in good yield to give GAsl ' Thus the pathway GAI2~ GA ls­
open lactone ~ GA24~ GA9~ GAsl was established (Fig. 5).

Alternatively, a low speed supernatant or washed microsomal pellet 13­
hydroxylated either GAl2-aldehyde or GA12 to give GAs3 (Fig. 5) (29). GAl2
was the better substrate. Both NADPH and molecular oxygen are essential

76



V. M Sponsel

for activity. Gibberellin A1S-open lactone and GA24 were 13-hydroxylated
less efficiently. Gibberellin A9was not an acceptable substrate.
When GAS3 was incubated with the high speed supernatant in the

presence of Fe2+ and ascorbate it was converted to GA44, GA19 and GA20 in
an analogous series of reactions to those shown in Figure 3, except all the
GAs are 13-hydroxylated (Figs. 5 and 6). Gibberellin A20 was 2{3­
hydroxylated by preparations from older embryos to give GA29 in ca. 75%
yield. Individual steps were confirmed by refeeding experiments and the
major pathway GAS3 ~ GA44-open lactone ~ GA19 ~ GA20 " GA29 was
established (Figs. 5 and 6) (29). This pathways is known as the early 13­
hydroxylation pathway and is a particularly common one, especially in shoots
of many mono- and dicotyledonous plants.
Seven GAs are known to be native to developing pea seeds (48). All but

one were observed as metabolites in cell-free preparations (29) confirming
that the two pathways demonstrated in vitro do indeed operate in vivo.
Quantitation of native GAs confirms that the early 13-hydroxylation pathway
is the major route to C19-GAs in pea seeds.
The 2{3-hydroxylation of GA20 to GA29 and of GA9 to GAs1 can be

observed in vivo by injecting labelled substrate into intact seeds. Applied
GA29 is further converted to an a,{3-unsaturated ketone named GA29­
catabolite. Although GA20 and GA29 are located in the cotyledons of
maturing seeds, the conversion ofGA29 to GA29-catabolite occurs only in seed
coats (47). This observation explains why GA catabolism cannot be observed
in cell-free preparations derived from pea embryos (29). Gibberellins which
are 2{3-hydroxylated (e.g. GA29 and GAS1 ) have low biological activity and
their catabolism may constitute a means for their removal and/or disposal.
An alternative method for the removal of 2{3-hydroxylated GAs by
conjugation to glucose appears to be of minor importance in pea seeds.
The soluble enzymes involved in GA metabolism have the properties of

2-oxoglutarate-dependent dioxygenases (26, 29). These enzymes have an
absolute requirement for 2-oxoglutarate, which acts as a co-substrate, and for
molecular oxygen and Fe2+. Ascorbate is also required. In the overall
reaction catalysed by this type of dioxygenase one oxygen atom oxidises 2­
oxoglutarate to succinate and CO2 while the other oxygen atom hydroxylates
the primary substrate (i.e., in this case the GA). 2-0xoglutarate-dependent­
dioxygenases play a central role in primary and secondary metabolism in
plants, animals and micro-organisms (40).
A catalytic mechanism for prolyl 4-hydroxylase, a 2-oxoglutarate­

dependent-dioxygenase which catalyses the formation of 4-hydroxyproline in
collagen, was proposed by Hanauske-Abel and Gunzler (21). Ferrous iron
(Fe2+) is bound at the enzyme active site. The formation of an iron-oxygen
complex is essential for oxidative decarboxylation of 2-oxoglutarate to give
succinate. This leads to the generation of a highly reactive ferryl ion which
hydroxylates the primary substrate. Divalent iron remains bound to the
enzyme's active site after the release of hydroxylated substrate, succinic acid
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and COz' Some decarboxylation of 2-oxoglutarate which is uncoupled from
substrate hydroxylation can also occur because of the generation of Fe3+
which blocks the enzyme's active site. Ascorbate, in its role as a cofactor,
functions to reduce this enzyme-bound Fe3+ back to FeZ+, consequently
allowing the coupled decarboxylation/hydroxylation to proceed.
A 20-oxidase, which catalyses the conversion ofGAs3 to GA« has been

partially purified from 20 day old pea embryos (32). The purified preparation
also catalysed the conversion of GA44 to GAI9. The relative proportions of
GA44 and GAl9 remained constant throughout the purification procedure
raising the possibility that a single enzyme catalyses the two reactions. An
alternate explanation, namely that two enzymes were being co-purified,
cannot be discounted as even the final enzyme preparation consisted of
several proteins. The properties of the purified 20-oxidase were consistent
with the known properties of 2-oxoglutarate-dependent dioxygenases. The
relative molecular mass of 44,000 is similar to that of other dioxygenases and
putative dioxygenases including a GA 213-hydroxylase which has also been
partially purified from pea embryos (45).
The early 13-hydroxylation pathway observed in pea seeds appears to

operate in pea vegetative tissues too. 13-Hydroxylated CI9-GAs are present
in seedlings, shoots and leaves of pea (10), although the levels are several
orders of magnitude lower than in seeds. An additional metabolic conversion
namely the 313-hydroxylation ofGAzo to GAl is observed in shoots but not
seeds of pea (Figs. 5, 6) (28). Like GAzo, GAl can also be 213-hydroxylated
giving GAg, which in turn is oxidized to GAg-catabolite (Figs. 5, 6).
Gibberellin AI has high biological activity, and it has been implicated in

the control of internode extension (28) (see Chapter Gl). 313-Hydroxylation
is therefore a very important metabolic conversion which has profound effects
on plant growth. The 313-hydroxylase from pea stems has not, to date, been
purified or characterized. The ontogenetic- and tissue-specific regulation of
this enzyme will be particularly interesting to study since it has clearly been
shown to be confined to immature tissues of the shoot.
Pea seeds cannot be used as a plentiful source of the 313-hydroxylase,

since this metabolic conversion does not occur in seeds of this genus.
Instead, a 313-hydroxylase which converts GAzo to GAt (and GAs and GAz9,
see later) has been isolated and purified from Phaseolus vulgaris (bean) seeds
(46). Whether there will be enough homology between the bean and pea
proteins to allow the use of the bean enzyme as a probe for the pea 313­
hydroxylase remains to be determined.
The 313-hydroxylase from bean seeds has several biochemical similarities

to the 213-hydroxylase from pea seeds (45, 46). Both are acid-labile,
hydrophobic proteins of similar size, whose activity is dependent on the
presence of 2-oxoglutarate, oxygen, Fez+ and ascorbate. Despite these
apparent characteristics of 2-oxoglutarate dependent dioxygenases, Smith and
MacMillan (46) were not able to demonstrate that succinate was a product of
the catalytic conversion ofGAzo to GAl' Instead they suggest that ascorbic
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acid, which is oxidatively degraded to threonic acid in incubation mixtures,
may be the oxygen acceptor, and that 2-oxoglutarate may be a cofactor, rather
than a cosubstrate. It should be emphasised that the 3{3-hydroxylase described
above has been isolated from bean seeds and is not necessarily identical to the
3{3-hydroxylase in pea stems.
Despite some remaining uncertainty as to the catalytic mechanism of

these oxidative enzymes, one of the most useful advances in this field over
the past five years has been the synthesis of acylcyclohexanedione plant
growth retardants which have some structural similarities to 2-oxoglutarate
(38, 42). These retardants, which inhibit GA oxidation, are thought to exert
their effect by competing with 2-oxoglutarate at the reaction center of the
enzyme (19) (see later).

Pathways in Cucurbita maxima

Cell free preparations from pumpkin endosperm have been used for the past
two decades to pioneer the study of GA biosynthesis and metabolism in
higher plants. During that time the system has been modified and refined
allowing the identification of new metabolic steps and additional pathways.
Parts of all four pathways shown in Fig. 4 can be demonstrated in endosperm
preparations, with additional hydroxylation at carbon-12 also occurring.
Unlike the pea system, the formation of CI9-GAs in pumpkin preparations is
low, and instead several polyhydroxylated C2o-GAs accumulate. The
following discussion draws largely from two recent papers (33, 34), which
describe the latest, most comprehensive feeding studies.
GA12 and GA12-aldehyde are metabolized to similar products by a gel­

filtered high speed supernatant from a pumpkin endosperm preparation,
though GAI2 is the more efficient precursor. When incubated with increasing
concentrations of protein and appropriate cofactors for 2-oxoglutarate­
dependent dioxygenases, labeled GA12 is converted in sequence to GAlS,
GAw GA2S and the 3{3-hydroxylated C2o-GAs, GA13 and GA43 (Fig. 7). At
highest protein concentrations GA43 and GA39 (both dihydroxylated
tricarboxylic acids) and 12aOH-GA43 accumulate. The 3{3-hydroxylated C19­
GA, GA4, was only a minor product and GA9 is not formed. Individual
metabolic steps were established by refeeding, giving the pathway shown on
the left-hand side of Fig. 7.
When the gel-filtered high speed supernatant was incubated with the

appropriate cofactors for NADPH-dependent mono-oxygenases nometabolism
ofGA12 was observed. In contrast, the microsomal preparation (washed pellet
from the high speed centrifugation) displayed both mono- and di-oxygenase
activity (33). When incubated in the presence of NADPH, GA12 was 13­
hydroxylated to give GAs3 (mono-oxygenase activity). In the presence of 2­
oxoglutarate etc. mono-oxygenase activity was suppressed and GA12 was
converted to the same products that were formed with high speed supernatant
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Fig. 7. GA metabolism in Cucurbita maxima (pumpkin). Thickened arrows refer to main
pathway in endosperm. ----~ refers to metabolic conversions occurring in embryos, and not in
endosperm (* = endogenous GA). CI9-GAs are shown in boxes.

incubations (dioxygenase activity).
GAS3 ' incubated with the high speed supernatant in the presence of

dioxygenase cofactors, was converted to GA44, GA23, and GAl (right hand
side, Fig. 7) (33). GA38, GAl9 and GA20 were minor products. The presence
of GA23 suggests that in pumpkin 3{j-hydroxylation of 13-0H GAs occurs at
the C2o-level (GAI9 ... GA23), in contrast to pea stems in which it occurs only
at the Cl9-1evel (GA20 ... GAl)' Therefore, unlike the situation in pea stems,
in pumpkin endosperm GA23, not GA20, appears to be the immediate precursor
ofGA\.
Reinvestigating the endogenous GAs in pumpkin endosperm, Lange et

al (33) were able to identify 13 GAs in total. Two of the major native GAs,
GAIJ and GA43, are major products in pumpkin endosperm preparations.
However, the metabolic origin of two 3{j,12a-hydroxylated CI9-GAs, GASH
and its 2{j-hydroxylated derivative GA49, which are major native GAs but
which were not detected in cell free incubations, remains obscure.

80



V. M Sponsel

Table 1. Enzymes catalysing reactions in the GA biosynthetic pathway--a summary of their
properties.

Reaction or sequence Enzyme Cosubstratesl Ref.
of reactions Properties Cofactors, etc.

MVA .... ent-kaurene soluble ATP, Mn2+/Mg2+ 4

ent-kaurene .... GAl2-aldehyde microsomal NADPH, O2 23, 24

GA12-aldehyde" GAI2 (I) microsomal NADPH, O2 33
(2) soluble 2-oxoglutarate, 33

Fe2+, O2

sequential oxidation of carbon-20 soluble 2-oxoglutarate, 26
Fe2+, O2

2{j-hydroxylation soluble 2-oxoglutarate, 45
Fe2+, O2

3{j-hydroxylation soluble 2-oxoglutaratel 46
ascorbate, Fe2+, O2

120/-hydroxylation (I) microsomal NADPH, O2 33
(2) soluble 2-oxoglutarate 33

Fe2+, O2

13-hydroxylation (I) microsomal NADPH, O2 29,33
(2) soluble 2-oxoglutarate 33

Fe2+, O2

There are some differences between pathways in pumpkin endospenn
and embryo preparations (33, 34). One of these differences concerns 2(3­
hydroxylation. In endosperm preparations 2(3-hydroxylation occurs only at
the Czo-Ievel, whereas in embryos only C I9-GAs are 2(3-hydroxylated. Thus
only endosperm preparations yield the 2(3-hydroxylated Czo-GAs, GA43 and
12a-GA43, and only embryo preparations give GAg and GA34 (see Fig. 7).

Of particular interest with the pumpkin system are the observations that
alternate enzyme activities exist for the same metabolic event. For example,
the oxidation of GAlz-aldehyde to GAI2 in pumpkin endospenn can be
catalysed by both microsomal and soluble oxidases. Similarly, 12a­
hydroxylation can be catalysed by microsomal and soluble enzyme activities.
The two 12a-hydroxylating activities appear to have different substrates
specificities, with the microsomal enzyme having GAlz-aldehyde as preferred
substrate, and the soluble enzyme hydroxylating the more polar tricarboxylic
acids.

A 20-oxidase has recently been purified from pumpkin endospenn (35)
and has similar properties to the 20-oxidase in pea cotyledons (17,32). The
pumpkin 20-oxidase has now been cloned from immature cotyledons (35).
In vitro translation of mRNA from cotyledons and endospenn produced
measurable 20-oxidase activity, suggesting very high levels of expression in
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these tissues. An antibody, raised against a peptide from a tryptic digest of
purified enzyme, was used to identify a clone in a Xgtll expression library
derived from cotyledons. The recombinant enzyme expressed in E. coli
catalysed the three-step oxidation ofGA12 to GA2s and, with lower efficiency,
ofGA2s to GAJ7. CI9-GAs were also produced by the enzyme in low (-1%)
yield. Thus a single enzyme can catalyse all oxidation steps at C-20. The
nucleotide sequence of this pumpkin 20-oxidase shows it to have 20-30%
amino acid identity with members of a group of soluble Fe-containing
dioxygenases. This group (40) includes I-aminocyclopropane-I-carboxylic
acid oxidase (ACC oxidase, previously known as the ethylene forming
enzyme), which in contrast to most members, does not utilise 2-oxoglutarate
as a co-substrate. There are several other dioxygenases such as prolyl 4­
hydroxylase and lysyl hydroxylase that utilise 2-oxoglutarate but have little
amino acid similarity to the GA 20-oxidase. This interesting group of
enzymes may require some reclassification as additional information becomes
available on enzyme mechanism, crystal structure, and sequence (40). A brief
summary of these and other enzymes of GA biosynthesis and metabolism is
given in Table I.

Pathways in Arabidopsis thaliana

The features of Arabidopsis which make it so ideally suited to molecular
genetic research have been repeatedly described (37). The identification of
GAs, elucidation of GA biosynthetic pathways, and characterization of new
dwarf mutants in Arabidopsis can therefore be expected to be particularly
rewarding, opening up the possibilities for cloning genes involved in GA
metabolism by chromosome walking, genomic subtraction and other
techniques which are appropriate for Arabidopsis but would be unsuitable for
pea or pumpkin. The cloning of the GA1 locus, the recessive allele of which
blocks the synthesis of ent-kaurene in Arabidopsis shoots, has recently been
achieved (50).
The routes for GA biosynthesis in Arabidopsis shoots have been inferred

from a knowledge of the native GAs in Arabidopsis shoots (51, 53). The
twenty known GAs are components of three pathways, the 313-hydroxylation
pathway leading to GA4, the early 13-hydroxylation pathway leading to GA20
and the 3,13-dihydroxylation pathway leading to GAl (Fig. 4, Fig. 8). The
individual pathways seem to be connected in a grid, because 313-hydroxylation
can occur at several levels (Fig. 8). The metabolic conversions of CI9-GAs
in Arabidopsis are particularly interesting as they differ from those in pea and
pumpkin. From feeding studies with CI9-GAs it has been demonstrated that
G~ can either be 313-hydroxylated to give GA4, or 13-hydroxylated to give
GA2o' In tum, GA4 can be 13-hydroxylated, and GA20 can be 313­
hydroxylated giving two alternate routes to GA I(51, 53). However, in
Arabidopsis GAl is not thought to be the active GA, instead GA4 appears to
fulfil the role of active hormone (see later).
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Fig. 8. GA metabolism in Arabidopsis thaliana. (* = endogenous GA).

The functionalization of Ring A in Phaseolus, Zea and Marah

Although the GA pathways in pea, pumpkin and Arabidopsis illustrate many
of the important steps in GA biosynthesis, some metabolic conversion cannot
be demonstrated in any of these genera. These conversions include the
insertion of a 2,3 double bond into ring A as in the fonnation of GAs,
insertion of a 3{3-hydroxyl group together with a 1,2 double bond as in the
formation of GAJ and GA7, and of a 2,3 epoxidation as in GA6• These
metabolic steps are considered briefly here.
In cell-free systems from Phaseolus vulgaris the enzyme which converts

GAzo to GAl also gives GAs and GAZ9 as additional products (2) (Fig. 9). All
three appear to be fonned by one enzyme since they always co-occur in
incubations, and in the same relative proportions (2). The enzyme has the
properties and cofactor requirements of a dioxygenase, although it may have
ascorbate rather than 2-oxoglutarate as its cosubstrate (46). The conversion
of GAzo to GAs does not involve the incorporation of oxygen into the
molecule yet requires the presence ofoxygen. This observation reinforces the
proposition that the conversion ofGAzo to GAs is mechanistically linked to
the hydroxylation ofGAzo'
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Fig.9. The metabolism of GA20 in Phaseolus vulgaris (bean) and Zea mays (maize).

Kamiya and Kwak (30), working with a partially purified 313-hydroxylase
enzyme from bean seeds, also reported the epoxidation of GAs to GA6•
Although the cofactor requirements were the same for epoxidation and 313­
hydroxylation, it is not certain yet whether the conversions are catalysed by
a single enzyme, or by two enzymes which are difficult to separate.
In in vivo feeds to maize, GA20, in addition to being converted to GAl'

is also converted to GAs (14). Furthermore, GAs is converted to GA3,
establishing conclusively the biosynthetic origin ofGA3 in a higher plant (Fig.
9). Although GAl is purported to be the primary GA with hormonal function
in maize stems (39), the presence of GA3 in some maize mutants, and the
verification of GA3 as a true metabolic product suggests that it may also be
important in the control of internode growth in Zea. GA3 is not a substrate
for 213-hydroxylation and would be expected to have more persistent
bioactivity than GAl' Unlike the bean system, there is no evidence for the
conversion of GAs to GA6 in maize.
In a set of biosynthetic reactions analogous to the conversion of GA20

..GAs" GA3, the non-13-hydroxylated GA, GA9 is converted to GA7 via 2,3­
dehydro GA9 in cell free systems from the Cucurbit, Marah macrocarpus (1).
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The stereochemistry of these A ring substitutions in preparations from
Phaseolus and Marah has been studied using stereospecifically labeled [2H]
GA20• The metabolism in each instance occurred with loss of the (3 protons:
2{3 and 3{3 protons were lost in the conversion of GA20 to GAs, and ofG~
to 2,3-dehydro GA9• The 1{3 proton was lost in the metabolism of 2,3­
dehydro G~ to GA, (I).

SYNTHETIC INlllBITORS OF GA BIOSYNTHESIS AND
METABOLISM.

Many chemical inhibitors are known which block GA biosynthesis. Several
inhibitors, e.g., AMO-16182 and cycocel, block the A activity of ent-kaurene
synthesis. Other inhibitors block the pathway at the next stage, i.e., during
the oxidation of ent-kaurene. These include ancymidol, tetcyclacis (structure
4), paclobutrazol (structure 5), and uniconazole (structure 6). These inhibitors
are known to perturb the activity of P-450 mono-oxygenases. The modes of
action and comparable activities of these inhibitors, all ofwhich are effective
growth retardants, have been extensively reviewed (20, 41).

I~~"-NYJ-N

$
a

(4) TclCycIacis

a

(5) Paclobutrazol (6) Uniconazolc

Recently a series of acylcyclohexanedione compounds have been
developed which act at even later stages in the pathway, namely at those
reactions which are catalysed by 2-oxoglutarate dependent dioxygenases (38,
42). These compounds correspond closely with the structure of 2­
oxoglutarate (Fig. 10) (19). Two of the compounds most commonly used are
BX-1I2 (structure 7) (or its free acid, prohexadione), and LAB 198 999
(structure 8). At lower concentrations they act as competitive inhibitors,
presumably competing with 2-oxoglutarate at the enzyme active site. For

2 The chemical names of the inhibitors referred to in this section are as follows:
AMO-1618 = 2'-isopropyl-4'-(trimethylammonium chloride)-5'-methylphenylpiperidine-I-carboxylatc;
cycocel = 2-chloroethyltrimethyl-ammonium chloride;
tetcycIacis = 5-(4-chlorophenyl)-3,4,5,9,lo-pcntaaza-tetraeyclo [5,4,1,Cfo6,O··11]-dodeca-3,9-diene;
pacIobutrazol = 1-(4-chloro-phenyl)-4,4-dimethyl-2-(IH-l ,2,4-triazol-l-yl)-pcntan-3-o1;
uniconazole = (E)-I-(4-chlorophenyl)-4,4-dimethyl-2-(IH-l ,2,4,triazol-I-yl)-I-penten-3-o1;
BX-1l2 (probexadione-c:alcium) = calcium 3,5-dioxo-4-propionylcyclohexanecarboxylic acid;
LAB 198 999 = 4 (n propyl-a-hydroxymethylcne)-3,5,-dioxocyc\ohexanecarboxylic acid ethyl ester.
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some unknown but highly
fortuitous reason, some
dioxygense-catalysed reactions
in the GA pathway seem to be
more sensitive to these
acylcyclohexanediones than are
other reactions. The 3{3­
hydroxylation of GA20 to GAl
is particularly susceptible to
the inhibitor (42). These
inhibitors have been used to
ascertain which GAs in a
sequence have biological
activity per se ( see below).

Fig. 10. Ball and stick representation of 2-oxoglutaric
acid (filled bonds) superimposed on LAB 198 999 in
its free acid form (open bonds) showing the structural
similarities between the two compounds. Hatched
circles represent oxygen atoms. (From (19) with
modifications).

2-

(7) BX-1l2 (8) LAB 198 999

PHYSIOLOGICAL CONSIDERATIONS: CONTROL OF
BIO-SYNTHETIC AND DEGRADATIVE PATHWAYS.

The objective of GA biosynthesis and metabolism is to provide carefully
regulated amounts of active GA to the appropriate tissue at the required time.
Now that a considerable amount of information has been collected on GA
pathways the focus of recent work is to ascertain which are the active GAs,
and how are their levels regulated within the plant and during ontogeny.
Some answers to these questions are now available.
In vegetative tissues the native GAs are less structurally diverse than in

reproductive tissues, and are formed on pathways which appear to have been
highly conserved (see Fig. 11). For instance in almost all species studied to
date (e.g., maize, pea, rice, spinach) the major or only pathway in shoot
tissues is the early 13-hydroxylated pathway. In this pathway the first formed
CI9-GA is GA2O' and it is converted to GAl by 3{3-hydroxylation. In pea and
maize the Ie and dJ mutations, respectively, block the conversion of GA20 to
GAl and cause a dwarf phenotype (28, 49). The evidence is therefore very
strong that GAl is the active GA controlling internode elongation in these
genera. In wildtype plants GA20 and other members of the early 13­
hydroxylation pathway are bioactive only because they are converted in situ
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to GAl' The acylcyclohexanediones, which preferentially inhibit 3(3­
hydroxylation, have also been used in several other genera for which suitable
mutants are unavailable. These experiments verify that 3-deoxy GAs have
little activity per se, and that in almost all species studied to date GA. is the
active hormone in shoot elongation.

GA3, GA. and GA7 are 3(3-hydroxylated CI9-GAs like GAl, and each of
them is potentially as bioactive as GAl' In Arabidopsis thaliana and Cucumis
sativus applied GA. is actually very much more active than GAl (53).
Although both genera do contain GAl in addition to GA., and applied GA.
is metabolised to GAl' the evidence is strong that in both genera GA. is the
primary GA for stem growth. Thus, G~ has activity in both cucumber and
Arabidopsis, yet is virtually inactive when applied in the presence of an
acylcyclohexanedione which would prevent its conversion to GA. (53).
Furthermore, synthetic GAs which are substituted at carbon-I3 have reduced
activity relative to the nonsubstituted parent compound in cucumber and
Arabidopsis, indicating that in these genera 13-substitution actually inhibits
bioactivity. One has to assume from these results that the GA receptors in
shoots of cucumber and Arabidopsis have less tolerance for structural
alterations on the C/O ring than do receptors from most other genera.
Now that it has been established that the active GAs for stem elongation

are 3(3-hydroxylated CI9-GAs, the next task is to determine what controls the
levels of these types of GAs within the target tissue of the plant. In general
terms it is a combination of rates of synthesis, degradation and transport. The
control of synthesis and degradation are considered briefly.

Certain steps in the GA metabolic pathway are known to be rate limiting.
Various factors can stimulate one or more of these steps, increasing the flux
through the pathway. Photoperiod enhances the oxidation ofGAs3 .. GA••
and of GAl9 .. GA20 in spinach (15), though how this is achieved at the
molecular level is not known. The conversion of GA.9 to GA20 is of
particular interest. By comparing the relative levels of GAI9, GA20 and GAl
in insensitive dwarfs, in wildtype plants and in slenders (in which the GAl
response is constitutive) Hedden and Croker (25) have concluded that GAl
exerts negative control on the conversion of GAl9 .. GA20 as a consequence
of its action. Thus in situations in which GAl has a growth response or in
which the response is constitutively expressed the levels of GAl9 are high.
Conversely if GA. is inactive because of a mutation conferring insensitivity
then GA.9 levels are low and GA20 and GA. accumulate. Scott (44) has
suggested that this type of feed back control could occur if GAl induced the
synthesis of a protein which down-regulated the transcription of mRNA for
the GAl9 20-oxidase.

The amount of GAl produced can also be finely tuned by balancing the
amount of GA20 which is 2(3-hydroxylated to give the inactive GA29 versus
the amount which is 3(3-hydroxylated to give GAl' The 2(3-hydroxylation of
GAl to form the inactive GAg is also an important factor in determining the
steady state level of GAl' Although GA hydroxylases from stems have not
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yet been isolated and purified, Smith and MacMillan (45, 46) have studied the
kinetic parameters of 2{3- and 3{3-hydroxylases from bean seeds and a 2{3­
hydroxylase from pea. In bean seeds it appears that 2{3-hydroxylation of
GA20 to GA29 is less important than the 2{3-hydroxylation of GA. to GAs in
controlling the steady state level of GA.. In pea, for which no data for 3{3­
hydroxylation is available, circumstantial evidence suggests that at high GA20
levels 2{3-hydroxylation of GA20 is an important factor. Additional
information on the regulation of these important enzymes is eagerly awaited.
The GA status of seeds is much more complex than that of shoots. In

seeds the GAs are more abundant and more structurally diverse. Multiple
hydroxylations, many observed only in seeds, lead to the accumulation of
polyhydroxylated GAs at specific developmental stages. The appearance of
these hydroxylating enzymes seems to be genetically programmed -- there is
no evidence for them being inducible. To date there is no firm evidence that
these polyhydroxylated GAs have a role in fruit maturation or seed
development, although at earlier developmental stages GAs may control fruit
growth.

CONCLUSIONS

The main pathways for GA biosynthesis and metabolism in higher plants are
well defined. The four pathways shown in Figs 4 and II are the main routes
to C.9-GAs. Not all pathways can be demonstrated in all plants, instead most
genera studied have one or two of the pathways functioning in stems, with
some additional structural elaborations to the basic pathways occurring
specifically in seed tissues. Since the first edition of this book appeared
seven years ago several new metabolic conversions have been studied,
including the conversion ofGA2o " GAs" GA3• Substantial progress has been
made with cell-free systems from pea and pumpkin, particularly with the
further purification and characterization of the oxidative enzymes involved in
GA metabolism. This work has recently come to fruition with the cloning of
the 20-oxidase from pumpkin. Cloning of the GAl locus in Arabidopsis
which is responsible for ent-kaurene synthesis has also been achieved. The
continued use of single gene dwarf mutants and the new
acylcyclohexanedione growth retardants which specifically inhibit GA
dioxygenases has confirmed that 3{3-hydroxylated C.9-GAs, primarily GA.
(but probably GA4 in Arabidopsis and cucumber) is the active hormone in
stem elongation. Future work must now address the mechanism for
regulating the levels of active GA. Of particular interest will be a study of
tissue-specific and developmental regulation of the enzymes involved in GA
metabolism.
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Appendix - Gibberellin structures

(F denotes fungal origin, P denotes plant origin)
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B3. Cytokinin Biosynthesis and Metabolism

Brian A. McGaw and Lindsay R. Burch
School of Applied Sciences, The Robert Gordon University, St Andrew
Street, Aberdeen, Scotland ABI IHG and Department of Cellular and
Environmental Physiology, Scottish Crop Research Institute, Invergowrie,
Dundee DD2 5DA, Scotland.

INTRODUCTION

The view that plant cell division is chemically controlled is not new, indeed
it can be traced back to the last century, but it was Haberlandt in 1913 (31)
who provided the first experimental evidence for this concept. He showed
that phloem diffusates could stimulate parenchymatous potato tuber cells to
revert to a meristematic state. However the identity of the active substance/s
in these diffusates was not established.
In the late 1940s and 1950s Folke Skoog and co-workers began a series

of investigations into the nutritional requirements of tissue cultures derived
from tobacco stem pith. On defined media in the presence of auxin the pith
tissue cells enlarged, but failed to divide. 'Normal' cell division was
restored, however, on the addition of several complex and undefmed
materials, most notably: coconut milk, vascular tissue extracts, autoclaved
DNA and yeast extracts (58). The conclusive identification of the first active
cell division promotor (or cytokinin as they are
now known) was achieved in 1959 (57) when
6-(furfurylamino) purine (Fig. 1) was purified from
autoclaved herring sperm DNA. This compound,
though one of the most biologically active
cytokinins (with activity recorded at levels of 10-9M
in tobacco callus growth bioassays (72» is an
artefactual rearrangement product of heated DNA
and is not found in plant tissues. The first Fig. 1. 6-(furfurylamino)
naturally occurring cytokinin was purified in 1963 purine or kinetin
by Letham (40) from immature kernels of Zea mays and identified as
6-(4-hydroxy-3-methylbut -trans-2-enylamino)purine,morecommonlyknown
as zeatin. Virtually all the naturally occurring cytokinins appear to be purine
derivatives (Fig. 2) with a branched 5 carbon N6 substituent (though this may
be lengthened by conjugation).

Cytokinins have been defined (80) "as substances which, in
combination with auxin, stimulate cell division in plants and which interact
with auxin in determining the direction which differentiation of cells takes".
The term is now loosely used to cover all purine compounds that possess the
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CH 20H H ribosyl t-zeatin riboside (9R)Zr< H glucosyl t-zeatin-9-glucoside (9G)Z

CH2 CH 3 H glucosyl t-zeatin-7-glucoside [7G1Z
H alanyl lupinic acid [9AlalZ
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Fig.2. Free and tRNA cytokinin structures, nomenclature and abbreviations. cis-[9R]Z is a
common cytokinin riboside in tRNA in which the -CH20H and -CH3 in R. are reversed.
Glucosyl [G] and ribosyl [R] refer to the B-D-glucopyranosyl and B-D-ribofuranosyl group.
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necessary 5 carbon N6 substituent, regardless of whether they exhibit
cytokinin activity. Thus the biologically inactive (42) conjugates (i.e., the 7­
and 9-D-glucosyl and 9-alanyl conjugates of zeatin and dihydrozeatin) are
referred to as 'cytokinins' although they are probably the products of
deactivation or control mechanisms designed to regulate levels of cytokinin
activity in the plant (52).
There are now many bioassays available for the estimation of cytokinin

activity. Some of these (i.e., tobacco pith callus and soybean callus growth,
radish cotyledon expansion etc.) are directly related to the role of cytokinins
in cell division, while other bioassay systems exploit their involvement in
more specific metabolic processes (i.e., (3-cyanin synthesis in Amaranthus
seedlings, chlorophyll retention in oat leaves etc.). The structure/activity
relationships of the various synthetic and naturally occurring cytokinins has
been extensively studied in a number of different bioassay systems (42, 45).
There is broad agreement, in these systems, on the activity of the cytokinin
bases and their various conjugates. Whilst iP, Z, (diH)Z, (see Fig. 2 for
abbreviations), benzyladenine (BAP) and their 9-ribosyl (and in the case of
Z and (diH)Z their O-glucosyl derivatives), are generally very active,
cytokinin activity is markedly reduced in the 7- and 9-g1ucosyl and 9-alanyl
conjugates.

OCCURRENCE, NOMENCLATURE AND MODES OF CYTOKININ
ACTION

Figure 2 shows the structures of the major naturally occurring cytokinins,
giving the trivial names for these compounds and a list of abbreviations.
There are several currently used abbreviation systems in use, but for
simplicity that proposed by Letham and Palni (41) (see Fig. 2) should perhaps
be generally adopted.
Several of the cytokinins in Fig. 2 occur as components of tRNA,

namely: [9R]iP, cis- and trans-[9R]Z, [2MeS 9R]iP, cis- and trans-[2MeS
9R]Z. The biologically active 2-methylthio compounds are exclusive to
tRNA in higher plants, but [9R]iP, trans-[9R]Z and, occasionally the
biologically inactive cis-[9R]Z have also been identified as free compounds
(41). These cytokinins constitute only a small proportion of the 30 or so
unusual bases that are known to occur in tRNA (44), but unlike the simple
methylated bases (i.e., 6-methyl adenosine, 2-methyl adenosine etc.) which
are found in several regions of the tRNA, they appear to be exclusively
located adjacent to the 3' end of the anti-codon (30). Recent work has shown
that these cytokinins always occur as the middle residue of a triple A
sequence and in tRNA species corresponding to codons with the initial letter
U (i.e., isoacceptors for Cys, Leu, Phe, Ser, Trp and Tyr) (44).
Since cytokinins (and indeed other classes of plant growth regulator)

appear to be important in so many aspects of plant growth and development
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(34, 73) a role in plant primary metabolic processes would go a long way
towards explaining their modes of action. The occurrence of cytokinins in
tRNA has inevitably led to the hypothesis that these compounds are involved
in the control of protein biosynthesis. That these cytokinins increase the
binding affinity of the aminoacyl tRNA to the ribosomes and facilitate codon
recognition is a commonly cited mechanistic explanation of their mode of
action.
Unfortunately this hypothesis fails to explain certain points. First, most

of the biologically active naturally occurring cytokinins do not occur as
constituents of tRNA. Second, when the highly active cytokinin
benzyladenine (BAP) was externally applied to tobacco callus tissue its
incorporation into tRNA was extremely low and non-specific in nature (i.e.,
not confined to the 3' end of the anti-codon) (2). Third, the tRNA of
cytokinin-requiring tobacco callus grown on BAP contains the usual
complement of naturally occurring cytokinins (12).
The tRNA cytokinins may be of great importance in protein synthesis at

the translational level, but it is clear that free cytokinin activity is not
mediated via tRNA. There is strong evidence that externally applied
cytokinins do stimulate protein synthesis in plants. The mechanism by which
this occurs is not fully understood, but there are several possibilities. Firstly,
cytokinins appear to cause an increased rate of RNA synthesis (including
tRNA, rRNA and mRNA) perhaps by activation of chromatin-bound RNA
polymerase (36). Secondly, cytokinins may act at the post-transcriptional
level by the stimulation of polysome formation and/or the activation of
polysomes in such a manner that increased recruitment of untranslated mRNA
occurs. However, despite much work in these areas we remain a long way
from understanding the exact mode of cytokinin action.

CYTOKININ ANALYSIS

The study of cytokinin biochemistry has benefited immensely from the
development of modem analytical techniques (especially high-performance
liquid chromatography and gas chromatography/mass spectrometry). For a
detailed discussion of these aspects the reader is referred to Chapter El on
instrumental methods in this volume.
Unfortunately many workers continue to rely on bioassay and

co-chromatography for the quantitation and identification of cytokinins. It is
nearly thirty years since the first isolation ofZ from com kernels (40) yet this
compound has only been conclusively identified in a few plant species.
There are less than ten plant tissues for which the application of rigorous
analytical techniques have been applied to the construction of a total
quantitative and qualitative picture (52). The data for some of these tissues
are given in Table I. These data are essential to our understanding of the
roles these compounds play in plant development. Coupled with an
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Table 1. Cytokinin levels in selected species and organs (expressed in nmoles 100 g.fwt"I).

Cytokinin V. rosea Tobacco Radish L. luteus L. lu/eus L. angus/i- L. angus/i-
Crown Crown Seed Develop- Mature folius folius
gall gall ing Seed Seed Seed pod wall

Z 6.0 3.4 0.0 8.4 6.2
[9R]Z 135.0 13.0 0.0 112.0 10.8 68.4 0.0
(diH)Z 0.7 188.7 0.01
(diH)[9R)Z 2.2 42.5 56.7 45.3
[7G]Z 20.3 178.5
[9G]Z 37.0 0.0 0.0
(OG)Z 13.0 1.6 0.5 0.5 1.8 1.6
(OG)[9R]Z 64.0 2.4 10.5 5.9 7.2 7.6
(diHOG)Z 4.6 l.l 4.4 21.2
(diHOG)[9R]Z 76.1 39.1 71.8 213.6
[9R-5'P]Z 78.9
(diH)[9R-5'P]Z 3.7

understanding of the sites of cytokinin action and the systems designed to
control the levels or expression of cytokinin activity (i.e., biosynthesis,
metabolism, transport and compartmentation) we can go some way towards
ascribing functions to the different cytokinin structures. Unfortunately we
know very little about the sites of cytokinin action and their cellular
compartmentation. There is, however, a considerable amount of data relating
to the biosynthesis and metabolism of these compounds in plant tissues and
an attempt is made, in the remainder of this chapter, to relate these data to
our understanding of the control of cytokinin activity and the possible roles
of the various cytokinin structures.

CYTOKININ BIOSYNTHESIS

The Biosynthesis of tRNA Cytokinins

The biosynthesis of tRNA cytokinins, and indeed other hypermodified tRNA
bases (i.e., the methylated purines), are known to occur at the polymer level
during post-transcriptional processing (32). The branched 5 carbon N6

substituent of these cytokinins is derived from mevalonic acid pyrophosphate
(16) which undergoes decarboxylation, dehydration and isomerisation to give
2-isopentenyl pyrophosphate (iPP) (Fig. 3). The latter then condenses with
the relevant adenosine residue in the tRNA to give the [9R]iP moiety. It is
not known whether the hydroxylation of the terminal methyl group (usually
the cis-, but sometimes the trans-methyl) occurs in the 2-isopentenyl
pyrophosphate or in the [9R]iP residues of the tRNA polymer.
Consistentwith the abovemodel at.2-iPP:tRNA-t.2-isopentenyl transferase

has been partially purified from Escherichia coli which can utilise tRNA, but
not oligoadenylic acids, adenosine-5-monophosphate (AMP) or adenosine, as
substrates (5). On the other hand, Holtz and Klambt (33) have purified a
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more catholic enzyme from
Zea mays which was able to
isopentenylate tRNA, oligo and
polyadenylic acids, and
adenosine. This work opens
the interesting possibility that
one enzyme may be
responsible for the formation
of both free and tRNA [9R]iP
(subsequent modification of
this cytokinin being dependent
on enzymes which can
discriminate between free and
tRNA cytokinins).
The biosynthesis of the

2-methylthio derivatives has
been extensively studied in E.
coli, and occurs at the polymer
level after isopentenylation.

Thiolation (cysteine being the Fig. 3. The biosynthesis of "z-isopentenyi
source of the sulphur atom pyrophosphate.
(29)) is followed by
methylation (l). S-Adenosyl methionine is the donor ofthe methyl group for
these compounds and also for the hypermodified methylated purines and
pyrimidines found in tRNA (29).

The Biosynthesis of the Free Cytokinins

Via tRNA
Since tRNA contains cytokinins, biosynthesis via the hydrolysis of tRNA

to its constituent mononucleotides is a possibility. In certain circumstances
(i.e., Agrobacterium tumefaciens and Corynebacteriumfascians, the causative
organisms of crown gall and fasciation diseases of plants) the cytokinins
present as constituent bases within tRNA (2-methylthio cytokinins, cis-[9R]Z,
[9R]iP and indeed the hypermodified methylated purines) are found as free
compounds (40, 41). It is possible that tRNA hydrolysis may account for all
the free cytokinins in these bacteria. In plant tissues, however, with the
exception of [9R]iP and to a lesser extent cis- and trans-[9R]Z, which are
common to both, the free and tRNA cytokinins are structurally distinct (e.g.,
free Z is mainly the trans isomer while Z present in tRNA is mainly the cis
isomer). This remains one of the principal objections to the view that tRNA
hydrolysis contributes to the pool of free cytokinins in plants. There is also
further evidence against this view: first, the tRNA ofcytokinin-requiring plant
tissue cultures contains cytokinins (16), and secondly, tRNA 'turnover' rate
is apparently not rapid enough in certain non-cytokinin-requiring tissues to
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account for the levels of endogenous cytokinins (32). In addition, the rate of
incorporation of externally applied ['4C]-adenine into free cytokinins is too
high to be accounted for by tRNA 'turnover' (76).
Counter to these arguments are the possibilities that there is selective

'turnover' of tRNA subpopulations rich in [9R]iP or trans-[9R]Z (there is
evidence of this in animal tumour tissues (6» or that a cis-trans isomerase
system exists which can convert tRNA derived cis-[9R]Z into its trans isomer.
In studies on the 'turnover' of labelled RNA, and the kinetics of its
conversion to labelled cytokinins, it has been claimed (46) that cytokinin
biosynthesis can only be accounted for in terms of an indirect pathway. This
view is based, however, on gross tRNA and oligonucleotide turnover. Since
the levels of cytokinins made available by this turnover is not known it is not
possible to assess its contribution to the free cytokinin pool (another difficult
parameter to measure when metabolism and other biosynthetic routes are
considered). Though most workers in this field would accept the possibility
that tRNA hydrolysis may contribute to the free cytokinin pool there are few
who would support the view that this is the principal or sole route by which
free cytokinins in plants are derived.
The situation is further confused by recent studies on cytokinin

biosynthesis in crown gall tumour tissues. Crown gall is a neoplastic disease
of dicotyledonous plants caused by the incorporation of a section of DNA
(known as T-DNA) from the tumour inducing or Ti plasmid of the causative
organism Agrobacterium tumefaciens into the DNA of the host cell. These
tumour tissues have greatly enhanced cytokinin levels (71) and have been
used by several laboratories as model systems for the study of cytokinin
biosynthesis and metabolism. The free cytokinins in these tissues (being
mainly trans-Z derivatives) have little in common with those in the bacterial
tRNA or culture media where the Z compounds are all cis isomers. This
indicated that the T-DNA genes are involved in the de novo (direct) synthesis
of cytokinins (probably of [9R-5'P]iP [see next section below] which is then
stereospecifically hydroxylated by the plant to give trans zeatin compounds).
The bacterial enzymes responsible for the synthesis of cis zeatin derivatives
(either by tRNA hydrolysis or stereospecific cis hydroxylation of free
[9R-5'P]iP) are presumably not coded for by any of the genes transferred on
the T-DNA. However, the most abundant cytokinin in the tRNA of Vinca
rosea crown gall tissue is trans-[9R]Z (64), while cis-[9R]Z and its
2-methylthio derivatives are the predominant cytokinins in the tRNA of
untransformed Vinca callus and the cultured bacteria, respectively. This is
circumstantial evidence for an indirect pathway via tRNA, but new and
important evidence on the function of the genes in the T-DNA has
conclusively demonstrated that one of the genes (ipt; gene4) codes for a
t.
2-isopentenyl pyrophosphate: AMP-2-isopentenyl transferase (4) (for the
biosynthesis of [9R-5'P]iP see next section below). Therefore, even in these
tumour tissues, which provided perhaps the best evidence for a tRNA
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turnover pathway there seems little doubt that their enhanced cytokinin levels
are due to the insertion of a de novo synthesising capability on the T-DNA.

De Novo (Direct) Cytokinin Biosynthesis
The above transferase enzyme from the T-DNA ofA. tumefaciens is not

the first enzyme to be investigated that could be responsible for de novo
biosynthesis. Indeed an enzyme has been characterised in cell-free
preparations of the slime mould Dictyostelium discoideum that catalyses the
synthesis [9R-5'P]iP from AMP and 2-iPP (78). More recently an
AMP-thsopentenyl transferase has been partially purified from
cytokinin-autonomous tobacco callus tissue (14) and its substrate requirements
have been studied in detail. The reaction does not occur at the base or
nucleoside level (i.e., adenine or adenosine are not substrates) and the side
chain must be the correct isopentenyl isomer and contain a pyrophosphate
group (14) (Fig. 4). The enzyme has not been studied with tRNA,
oligoadenylic acids, polyadenylic acids or other potential polymeric substrates.
Infection of plants with Agrobacterium tumefaciens, which contains a

tumour inducing (Ti) plasmid with genes coding for the biosynthesis of both
auxins (genes 1& 2) and cytokinins (ipt gene; gene 4), causes overproduction
of auxin and cytokinin when transferred from the bacterium to the host
genome, with the resulting characteristic tumour morphology.
The role of ipt in the de novo synthesis of endogenous cytokinins (as

opposed to cytokinins supplied exogenously) has been shown in a number of
experiments where plants have been transformed with the gene for ipt, and
where a number of phenotypic changes were observed (50, 53, 61, 70, 74).
Tobacco and Arabidopsis thaliana transformed with the ipt gene from A.

tumefaciens under the control of a heat shock (hsp) 70 promoter, resulted in
an observable accumulation of ipt mRNA and an increased level of Z (52
fold), [9R]Z (23 fold) and [9R-5'P]Z (2 fold), after heat induction. A marked
developmental effect was seen on the release of axillary buds, reduced stem
and leaf area and an under-developed root system. It is interesting to note

0:>
®-OH~

OHOH

AMP [9R-S'P] iP

Fig. 4. De novo cytokinin biosynthesis.
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that the observed large differences were in the trans-Z fonn of cytokinin.
The stereospecific hydroxylation of the product of the reaction catalysed by
ipt, [9R-5'P]iP, must be extremely rapid, as was the interconversion from
nucleotide to the base, since this was the predominant product observed in
both transgenic plants. In fact this hydroxylation step must nonnally occur
with some rapidity in plants, since [9R-5'P]iP, [9R]iP and iP are rarely found
as free compounds in most plants. Similarly when [14C]-adenine was fed to
Vinca rosea crown gall tissue labelled Z derivatives were readily recovered,
but no radioactivity was detected in HPLC fractions corresponding to the
elution volume of iP cytokinins (66, 76). From feeding studies the indication
is that the hydroxylation step occurs at the level of the nucleotide; with
[14C]-adenine application to Vinca rosea crown gall tissue the peak of
radioactivity in AMP preceded that of [9R-5'P]Z, but unlike the transgenic
plants transfonned with ipt, the amount of radioactivity in [9R-5'P]Z always
exceeded that of the [9R]Z (76). A microsomal cytochrome P-450
preparation has been shown to be involved in the hydroxylation of iP and
[9R]iP to Z and [9R]Z. The activity required NADPH and was inhibited by
CO and metyrapone (a cytochrome P-450 inhibitor) (19). Where [14C]_iP has
been supplied to plant tissues it is always stereospecifically trans
hydroxylated to give labelled Z derivatives (65). Very little iP or [9R-5'P]iP
was recovered in this study.
The results of these experiments and the enzyme/cell free studies indicate

that a de novo biosynthetic route is a strong possibility in plant tissues.
However, there are great difficulties in studying the biosynthesis of
compounds that occur at extremely low levels whose putative precursors (i.e.,
AMP and .tl,2_iPP) are major products of plant metabolism. Very careful
consideration should be exercised in interpreting these results. For instance,
the 'high' incorporations of adenine into the cytokinins is taken as
circumstantial evidence for a de novo route, but it is possible that aberrant
synthesis is occurring as a result of exogenous application. Second, it is not
possible to accurately measure specific activities of cytokinin metabolites that
are probably not pure (i.e., co-chromatography of radioactivity with a
cytokinin metabolite on HPLC is no guarantee that we are dealing with a
radioactive cytokinin). In our experience quite high levels of'incorporation'
of [14C]-adenine into cytokinins can be observed in crude preparative HPLC
runs. On further purification with different HPLC systems most of the
radioactivity could be separated from the cytokinin fractions. We were
unable to purify to constant specific activity. Future work in this area must
attempt to adopt those standards set by biosynthetic studies in other areas of
natural product chemistry. Convincing evidence for either biosynthetic route
will not emerge until this approach is adopted.
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CYTOKININ METABOLISM

The fonnation of the free cytokinins is presumed to begin with the
biosynthesis of [9R-5'P]iP. This compound can be considered the precursor
of the remaining twenty or so free cytokinins illustrated in Fig. 2 and
quantified, for certain tissues, in Table I. As already discussed it appears that
the [9R-5'P]iP is rapidly and stereospecifically hydroxylated to give Z
derivatives. This hydroxylation, therefore, is the first important metabolic
event. From this point on many metabolic reactions occur with the
consequent generation of aglycones, glucosides, ribosides, ribotides, amino
acid conjugates, reduction and oxidation products (Fig. 5). These metabolic
events can be categorised under four broad headings, namely: conjugation,
hydrolysis, reduction and oxidation. The occurrence of these events is
discussed in relation to our knowledge of their enzymology and an attempt
is made to assign a role to the various metabolites in the regulation and
expression of cytokinin activity.

Conjugation

Ribosides and Ribotides
The cytokinin ribosides and their 5' mona-, di- and tri-phosphates are

probably the most abundant naturally occurring cytokinins (42, 52, 71).
Ribosyl conjugation is always confmed to the 9 position of the purine ring.
When 14C labelled zeatin is externally applied [9R]Z and [9R-5'P]Z are
usually important metabolic products (37). Where time course studies have
been perfonned it has been found that the nucleotides are the dominant
metabolites in the early stages following the feed and that rapid hydrolysis of
these compounds then occurs to give more 'stable' or less biologically active
products (i.e., N-glucosides or products of oxidative side chain cleavage).
The metabolism of externally applied [9R]Z and [9R]iP have also been
studied and again phosphorylation was followed by hydrolysis and further
metabolism (14, 43). The process involved in metabolic interconversion of
cytokinin bases, ribosides and nucleotides are extremely important in all plant
tissues studied, and there is evidence that they may be catalysed by the same
enzyme system that metabolises the corresponding adenine base, riboside and
nucleotide. However, the enzyme systems involved have been much less well
defined than either the biosynthetic processes discussed above or the
degradative processes discussed in the succeeding section.
The reactions catalysed by 5'-nucleotidase and nucleosidase have been

shown to occur in wheat genn extracts (17, 18) and in tomato leaf and root
extracts (9, 10), but in each case the enzyme showed lower affmities for the
N6-substituted purine than for the purine analog. That cytokinin
interconversions involve purine metabolising enzymes has also been supported
by feeding studies in vivo (38). Even so, we still understand very little
concerning the control of these processes in vivo, particularly as the
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concentrations of adenine, adenosine and AMP in cells are nonnally several
orders of magnitude higher than those of cytokinins. However, it has been
suggested that even those enzymes which are substantially inhibited may be
catalysing reactions at rates fast enough to account for the low rates, in
absolute tenns, of interconversion of cytokinins (75).
The enzyme adenine phosphoribosyl transferase, probably the main

salvage route in plants for converting adenine to AMP, has been shown to
catalyse the phosphoribosylation of cytokinin bases from a number of plant
sources, including wheat genn (20) tomato (11), A. thaliana (55), and Acer
pseudoplatanus (23, 69). Again the affinity of the enzyme for the cytokinin
base was lower than that for adenine.
Uptake of externally applied cytokinin bases into cells has been

associatedwith rapid fonnation of the corresponding nucleotide (3) involving
phosphoribosylation by a cell wall bound adenine phosphoribosyl transferase
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(APRT). However, the importance of APRT in the uptake of externally
supplied cytokinin bases has been questioned in work carried out on APRT
deficient mutants ofA. thaliana (54), in which BAP is effectively metabolised
to the riboside and glucosides even when conversion to BAMP is strongly
reduced (55). This may of course be an alternative pathway which of
necessity is utilised by the mutant plant, with the pathway using APRT
predominating under normal circumstances.

An alternative pathway for conversation of the cytokinin base to the
nucleotide would be by a two step reaction catalysed by adenosine
phosphorylase and adenosine kinase. Both enzymes have been partially
purified from wheat germ extracts and shown to ribosylate the cytokinin base
(adenosine phosphorylase) (21) and phosphorylate the cytokinin riboside to
give the corresponding nucleotide (adenosine kinase) (15). Again the affinity
of both enzymes for the N6-substituted purine was less than for the adenine
analogue.
In the APRT-deficient A. thaliana (55) there would appear to be a

significant activity of an adenosine phosphorylase, giving rise to the observed
riboside formation. An active adenosine kinase, which would phosphorylate
[9R]BAP to the corresponding nucleotide, would appear to be either reduced
or absent in APRT deficient mutants, since there was little [9R]BAP formed.
Although the action of an APRT may predominate in the uptake of
cytokinins, the work with APRT mutant shows that there are alternative
pathways that may also be responsible for cytokinin uptake, which would act
in concert with APRT.
The ribosides and their aglycones (i.e., Z and iP) are extremely active in

bioassay (42). Whether or not one or all ofthese compounds are the 'active'
molecules is not known because of the extensive interconversions that they
undergo when externally supplied. The same applies to the readily
hydrolysable nucleotides.

Glucosides
Unlike the ribosyl conjugates glucosylation is not confined to the 9

position of the purine ring (Fig. 2). The 7- and 9-glucosides and side chain
O-glucosides are major cytokinins in certain tissues (Table I) and
3-glucosides (43, 47) have also been detected as metabolites of externally
applied cytokinins. N-glucosylation has been studied in great detail in radish
tissues (where [7G]Z is the predominant free cytokinin). Two
glucosyltransferases, which separated on DEAE columns, have been partially
purified from radish cotyledons (24). Both enzymes catalyse the formation
of7- and 9-glucosides of benzyladenine using UDPG or TDPG as the glucose
source. However, the ratio of their products ([7G]BA/[9G]BA) was very
different, being approximately 10 and 1.5. The latter enzyme has now been
studied in relation to a large number of different naturally occurring and
synthetic cytokinins (25). In all cases the rate of glucosylation and the
[7G]/[9G] product ratio were determined. Interestingly, some cytokinins
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(e.g., cis-Z and trans-Z and BA) gave appreciable quantities of9-g1ucosides,
but others (e.g., (diH)Z and (OG)Z) gave only traces of9-g1ucosyl products.
There was little difference in the overall rates of N-glucosylation for these
cytokinins.
In radish tissues N-glucosylation is the predominant fate of externally

applied cytokinin. However, in contrast to the cell free work, [9G]Z was not
identified as a metabolite when labelled zeatin was externally applied (51)
and (diH)Z gave considerable quantities of its 3- and 9-g1ucosides. It is
possible that other, as yet unidentified, enzyme systems are also involved in
the formation of cytokinin glucosides.
N-Glucosyl conjugation is considered to be important in the regulation

of cytokinin activity levels. The 7- and 9-g1ucosides are biologically inactive
(42) and are extremely stable (i.e., are not hydrolysed to their active
aglycones) in the tissues in which they are formed (67). However, cytokinin
N-glucosides do appear to be available as a source of active cytokinins in
plant cells transformed with the Ri plasmid ofA. rhizogenes, the Ri plasmid
containing specific genes (rol C) for l3-g1ucosidases which are capable of
hydrolysing cytokinin N-glucosides (27). Some plant tissues do not appear
to form N-glucosides (either as endogenous compounds or on exogenous
application of other cytokinins) and in these cases other methods of
inactivation are adopted (i.e., oxidative side chain cleavage and/or the
formation of amino acid conjugates).
In contrast, the O-glucosides appear to be candidates for cytokinin

storage forms rather than as a means of inactivating cytokinins, as with the
N-glucosides. They do seem to be biologically very active, either as the
glucoside itself or as the products of l3-glucosidase activity. Indeed several
metabolic studies (51, 52) with labelled (OG)Z indicate that it is readily
hydrolysed to its aglycone. However, in several other studies it has been
noted that exogenous application of labelled Z can lead to the formation of
large amounts of O-glucosyl derivatives which remain unmetabolised over
long periods (68). These findings have lead to the proposal that O-glucosides
may be cytokinin storage forms, being stable and yet readily metabolised
under certain conditions to yield biologically active cytokinins when required.
Further evidence for this view has been found in work on the endogenous
cytokinins ofPhaseolus vulgaris during different stages ofdevelopment (62).
Decapitation of these plants leads to a rapid rise in the amount of (diHOG)Z
in their leaves. On lateral bud development the levels of this compound fall
dramatically.

Amino Acid Conjugates
[9Ala]Z (Iupinic acid) and (diH)[9Ala]Z (dihydrolupinic acid) are minor

endogenous cytokinins in the immature pod walls and root nodules ofLupinus
luteus (77). The 9-alanyl conjugates of Z and BAP have been identified
when these cytokinins were exogenously supplied to Lupinus spp. (68),
immature apple seeds and derooted Phaseolus seedlings (41).
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An enzyme, a J3-(6-allylaminopurine-9-yl) adenine synthase, has been
characterised (26) from developing seeds of L. [uleus. This enzyme utilises
O-acetyl serine as the donor of the alanine residue, but is capable of
conjugating a large number ofdifferent purine substrates (though the presence
of an N6 substituent greatly increases the rate of conjugation).
The role of these conjugates is probably similar to that of the N-glucosyl

cytokinins. They are biologically inactive (42) and extremely stable
compounds (68). As with glucosylation, the formation of amino acid
conjugates is a common response of plant tissues to xenobiotic material and
presumably, by rendering them more water soluble, facilitates their deposition
in the vacuole.

Hydrolysis

The hydrolysis of cytokinin ribosides and ribotides is a major component in
the metabolism of externally applied cytokinins, especially in the early stages
of experiments associated with uptake. Two 5'-ribonucleotidase enzymes
(differing in molecular weight) which catalyse the hydrolysis of [9R-5'P]iP
to [9R]iP (17) and an adenine nucleosidase (18) which converts [9R]iP to iP
have been characterised in wheat germ. Unlike the conjugating enzymes
from wheat germ, N6 substitution made little difference to the enzyme affinity
(i.e., AMP or adenosine were equally good substrates as [9R-5'P]iP or
[9R]iP).
The N-glucoside and N-alanyl conjugates are extremely stable (67, 68)

in the tissues in which they are synthesised and therefore no enzymes capable
of hydrolysing these compounds have been investigated. In certain
circumstances, however, the O-glucosides are readily hydrolysed. Almond
J3-glucosidase (emulsin) preparations can cleave the O-glucosyl group in these
compounds (though it is not capable of hydrolysing N-glucosyl conjugates),
but this important enzyme has not been studied in any of the tissues where
the endogenous cytokinins have been accurately quantified or their
metabolism studied. Since the O-glucosides may occupy a key role as
cytokinin storage forms this is an important area where future research could
focus in an attempt to manipulate plant growth/development by controlling
the size of the active cytokinin pool.

Reduction

Dihydrozeatin derivatives are commonly found in plant tissues and are
frequent metabolites of applied Z (usually conjugated as their 9-ribosides,
9-ribotides or O-glucosides) (41, 52). In bioassay (diH)Z and its conjugates
are equally as active as their zeatin analogues (42). In studies where (diH)Z
has been externally supplied to plants it appears to be more 'stable' than Z
(63). This may be because it is not a substrate for cytokinin oxidase (an
enzyme which cleaves the N6 side chain - see next section). As a more
'protected' species (diH)Z may be important in the maintenance of cytokinin

111



Cytokinin biosynthesis and metabolism

activity levels in an oxidative environment. An enzyme which converts Z to
(~iH)Z has been partially purified from Phaseolus embryos and appears to be
an NADPH-dependent Z reductase. The enzyme was specific for Z while the
affinity of the enzyme for iP and [9R)Z was negligible and would support the
central role of the free base in cytokinin action (56).

Oxidation

Oxidative side chain cleavage of externally applied Z, iP, [9R]Z and [9R]iP
to give adenine, adenosine and adenine nucleotides is the major fate of these
cytokinins in many tissues (52) (Fig. 6). Like the formation of N-glucosyl
or N-alanyl conjugates, side chain cleavage leads to the irreversible loss of
cytokinin activity and may be important in the regulation ofcytokinin activity
levels. An enzyme, cytokinin oxidase, has been partially purified from
tobacco tissue (81), com kernels and Vinca rosea crown gall tissue (49)
wheat (37), Phaseolus, vulgaris (13) and purified from kernels Z. mays (8).
In some of these tissues the specificity of the enzymes has been investigated
with a large number of naturally occurring and synthetic cytokinins. Z,
[9R]Z, iP, [9R]iP, [7G]Z, [9G]Z and [9Ala]Z all served as substrates for the
enzymes, but side chain reduction (Le., (diH)Z derivatives), the relocation of
the t:..2 double bond to t:..3, the substitution of other functionalities (i.e.,
benzyladenine, kinetin) and the presence of an O-glucosyl group rendered the
cytokinin resistant to oxidation. Some tissues (notably radish) seem to be
unable to cleave the N6 side chain. In these cases N-glucosylation is the
mechanism by which cytokinin activity is controlled. In other tissues, for
instance the Lupinus spp., both methods of inactivation are utilised (52).
The mechanism of the oxidative cleavage is not fully understood, but

3-methyl-2-butenal (7) and adenine (48) have been unambiguously identified
by Ge/MS as the products of cytokinin oxidase action on iP (Fig. 6). It has
been postulated (81) that an unstable imine intermediate is formed and this
appears to have been confirmed by physico-chemical studies (37).
Work with Phaseolus spp. (13, 35), suggests that oxidase levels can be

iP

3-Me-2- BUTENAL

Fig. 6. The products of cytokinin oxidase action on iP.
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regulated by the supply of cytokinin substrate, after the supply of exogenous
cytokinin a rapid increase in oxidase activity was observed in these tissues.
Much information has been accrued concerning the biochemistry of

oxidase (now known to be a copper containing amine oxidase (8) in Z. mays),
but we are still unclear about its role in vitro; especially its
compartmentation in tissue with both high levels of cytokinin and high
apparent enzyme activity (e.g., Z. mays kernels and Vinca rosea crown gall
tissue (49». Immunohistochemistry using antibodies to cytokinin oxidase
may help to resolve some of these questions.

CONCLUSION

The purification and identification of cytokinin bases, ribosides and
nucleotides is now a relatively straightforward matter. With the development
of selected ion monitoring/isotope dilution mass spectrometric quantitation
and radio-immunoassay we are now able to accurately quantify extremely low
levels of cytokinins. For the first time, therefore, it is possible to study the
endogenous metabolism of cytokinins without recourse to the artificial
application of labelled material. More recently genetically engineered
mutants with and without genes responsible for cytokinin biosynthesis have
been produced. These are now yielding important information on cytokinin
biochemistry/physiology. It is hoped that these developments will eventually
lead to an understanding of the mechanism and site/s of cytokinin action. If
the quantitation of cytokinins at the cellular level can also be achieved we
should then be in a position to explain how endogenous cytokinin activity
levels are controlled.
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INTRODUCTION

Ethylene is a plant hormone that is involved in the regulation of many
physiological responses (2, 39). In addition to its recognition as a "ripening
hormone", ethylene is involved in other developmental processes from
germination of seeds to senescence of various organs and in many responses
to environmental stresses.
In many ways, ethylene is the ideal plant hormone to investigate. As a

simple gaseous hydrocarbon, it is readily isolated from plant material and is
easily quantified at concentrations well below the physiologically active level.
Recent progress has increased the understanding of enzymes involved in
ethylene production and elucidated their genetic control, leading to the
development of several ways to manipulate ethylene production by genetic
alteration of plants (29).
Ethylene was recognized as a plant-produced hormone over 50 years ago,

yet the biosynthetic pathway of ethylene in plants remained elusive until the
key intermediate ACC I was shown to be the immediate precursor of ethylene.
In the time elapsed since the first edition of this volume, considerable
progress has been made in understanding ethylene biosynthesis and action, yet
there are challenges remaining. The purpose of this chapter is to describe
both the progress in ethylene biochemistry and avenues for future research.

1 Abbreviations: ACC = l-Aminocyclopropane-l-carboxylic acid;
AdoMet =S-Adenosyl-L-methionine;
AEC = l-Amino-2-ethylcyclopropane-l-carboxylic acid;
AOA = amino-oxy acetic acid;
AVG = Aminoethoxy-vinylglycine;
EFE =Ethylene fonning enzyme (ACC oxidase);
KMB = a-Keto-'Y-methylthiobutyric acid;
MACC =N-Malonylaminocyclopropane-l-carboxylic acid;
MTA = 5'-Methylthioadenosine;
MTR = 5-Methylthioribose;
MTR-I-P = 5-MethYlthioribose-l-phosphate;
SDS-PAGE = Sodium dodecyl sulfate-polyacrylamide gel electrophoresis

118

P. J. Davies (ed.), Plant Hormones, 118-139.
© 1995 Kluwer Academic Publishers.



T. A. McKeon, J C. Fernandez-Maculet and S. F. Yang

ELUCIDATION OF THE ETHYLENE BIOSYNTBETIC PATHWAY

The pathway for ethylene biosynthesis is shown below. Although a number
of ethylene precursors were proposed after testing in plant tissue or in model
systems, it was eventually shown that methionine was rapidly converted to
ethylene in a chemical model system consisting of Cu2

+ and ascorbic acid
(35). Following up this work on the model system, Lieberman and coworkers
showed that L-methionine labeled at the C-3,4 positions was readily
converted by apple fruit tissue to labeled ethylene (35). Later, AdoMet was
inferred as an ethylene precursor because the conversion of methionine to
ethylene was inhibited by oxidative phosphorylation inhibitors, implying an
energy (ATP) dependent step in the biosynthesis of ethylene from methionine.
Adams and Yang (4) confirmed this proposal by demonstrating that the
labeled eSS]-methionine and [3H-methyl] methionine released labeled MTA
and its hydrolysis product MTR upon its conversion to ethylene in apple
tissue. Thus, they deduced that methionine must be converted into AdoMet
before ethylene is released.

------------ ............
MACC

1
I
I
I
: 02 H H

H21' Coo- -L- )C=C;::
'-C~ H H

H2 / '-...NH~

Methionine SAM ACC Ethylene

The next step in the pathway is the conversion of AdoMet to ACC.
Adams and Yang (5) identified ACC, MTA and MTR as the labeled products
which accumulated when L-[U14C]methionine was incubated with apple tissue
under anaerobic conditions which block ethylene production. Subsequent
incubation of the tissue in air resulted in the production of labeled ethylene
from the accumulated labeled ACC. Coinciding with these findings, Liirssen
et al. (38), while screening a number of compounds as possible plant growth
regulators, demonstrated that ACC dramatically stimulated ethylene
production in plant tissues. By analogy to the chemical synthesis of ACC
from a sulfonium intermediate, they deduced that ACC would be derived
from AdoMet and were thus able to propose the correct biosynthetic pathway
for ethylene.
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ACC was first isolated in 1957 from ripe cider apples and perry pears
(13) and was postulated to be involved in ripening. However, interest in this
unusual, non-protein amino acid· was not sparked until its recognition as an
ethylene precursor.
In addition to its conversion to ethylene, ACC can be metabolized to N­

malonyl-ACC (MACC). This conjugate was identified independently by two
separate groups. Amrhein et al. (6) sought alternate pathways for ACC
metabolism based on the fact that some bacteril:\ and yeast metabolize ACC
to products other than ethylene. They identified MACC as a conjugate of
ACC formed in buckwheat hypocotyls. Hoffinan et al. (28) sought an
alternate pathway for ACC metabolism on finding that wilted wheat leaves
lost more ACC than could be accounted for through conversion to ethylene.
They subsequently demonstrated that this tissue metabolizes ACC to MACC.

An important consideration in ethylene biosynthesis is the limited amount
of methionine present in plants. It was recognized that in order to maintain
a high rate of ethylene production in apple fruit, the sulfur of methionine
must be recycled back to methionine. It was first demonstrated that the 5'­
methyl group ofMIA is readily recycled to methionine (72), and then, using
dual-labeled [3SS, 14C-methyl]-MIA, it was shown that the CH3S-group of
MIA is converted as a unit to re-form methionine (4). Later work showed
that the ribose moiety of MIA provides the carbon-skeleton for the 2­
aminobutyrate portion of methionine (75).

Enzymes Involved in the Biosynthesis and Regulation of Ethylene

Knowing how ethylene is synthesized is essential to understanding its
regulation. The following section is subdivided under headings of the
individual enzymes or enzymatic reactions associated with ethylene
biosynthesis and regulation. Although the first studies were carried out in
vivo or with crude enzyme preparations, they allowed considerable progress
toward understanding of the biochemical regulation of ethylene biosynthesis.
Recently, important advances have been achieved in the characterization of
ACC synthase and ACC oxidase at the biochemical and genetic levels (29).

ACC Synthase
ACC synthase (BC 4.4.1.4), which catalyzes the conversion of AdoMet

to ACC and MIA, plays a key role in regulating ethylene production. Levels
of ACC synthase are affected by changes in the growth environment, by
changes in hormone levels and by physiological and developmental events
(29, 72).
ACC synthase was first characterized and partially purified from tomato

slices by ammonium sulfate fractionation and hydrophobic chromatography
(10, 74). The enzyme requires pyridoxal phosphate for activity and is
sensitive to pyridoxal phosphate inhibitors, especially AVG (K. = 0.2 JLM)
and AOA (K. = 0.8 JLM). These inhibitors have proven invaluable in
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studying the regulation of ethylene production by distinguishing effects on
ACC synthase from effects on ACC conversion to ethylene (5). The
preferred substrate for the ACC synthase is (-)-S-adenosyl-L-methionine
(which has the S-configuration at the sulfonium position), the naturally
occurring isomer ofAdoMet with a Km of 20 JLM, whereas (+)-AdoMet is an
effective inhibitor, (Iso= 15 JLM). It has also been shown that the ACC
synthase is inactivated upon incubation with AdoMet (60). The authors
proposed that AdoMet, when activated by the ACC synthase, can irreversibly
modify the enzyme in a "suicide-inactivation". The substrate-induced
inactivation ofACC synthase has been extensively studied by Satoh and Yang
(61) who, by specifically radiolabeling ACC synthase with [3,4J4C]AdoMet,
demonstrated that the inactivation involves covalent linkage of a fragment of
the AdoMet molecule to the active site of the enzyme. This AdoMet­
dependent radiolabeling of the enzyme proved especially useful as a tool for
confirmation ofthe identity ofACC synthase on SOS-PAGE. The interaction
of ACC synthase with its substrate AdoMet is the basis for the rapid
inactivation (turnover) of the enzyme observed both in vitro and in vivo (32).
Because of the very low levels of ACC synthase present with respect to

other proteins, and its instability, progress in purification was slow. Since
ACC synthase activity was known to be greatly induced under various
conditions, the enzyme was isolated from various plant tissues following
induction by IAA application, wounding, LiCI stress and the ripening of
climacteric fruits. Several research groups have purified ACC synthase from
wounded and ripe tomato fruits (8, 67), wounded winter squash fruit (46),
wounded and IAA-induced zucchini fruit (58) and ripe apple fruit (20, 73).
In most cases, partially purified enzyme preparations were suitable for
preparation of antibodies to ACC synthase, and these antibodies subsequently
provided the final, immunopurification step for the enzyme. This approach
produced homogeneous ACC synthase that allowed determination of partial
amino acid sequences.
Several different laboratories independently cloned ACC synthasecDNAs

from zucchini fruit (59), winter squash fruit (45), tomato fruit (47, 68) and
apple fruit (19) using either oligonucleotide probes deduced from peptide
sequences or antibodies for immunoscreening expression cDNA libraries.
Comparison of the deduced amino acid sequences ofACC synthases from the
above species reveals about 40% identity and about 80% overall similarity
with seven highly conserved regions (Fig. 1). Recently several more ACC
synthase cDNAs have been reported from IAA-induced winter squash fruit
(44), tomato fruit (55), carnation flowers (48) and mung bean hypocotyls (11,
31). Several observations indicate that ACC synthase exists in isoforms
which are derived from a multigene family and that different members are
expressed preferentially in response to stimuli such as wounding, IAA
application, ripening and various stresses (19, 44,47, 55).
ACC synthase plays a major role in regulating ethylene biosynthesis.

Increased ethylene production is involved in developmental processes
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Fig. 1. Comparison of deduced amino acid sequences ofACC synthases from apple (revised
from (19); Genbank accession number U03294), tomato 1 (68), tomato 2 (47), winter squash
(45) and zucchini (58). • = amino acid residues identical among all species; - = sequence
gap. The seven highly conserved regions among all species are boxed in; the active site resides
in Region 5 (73). (A = alanine; C = cysteine; D = aspartic acid; E = glutamic acid;
F =phenylalanine; G =glycine; H =histidine; I = isoleucine; K = lysine; L =leucine;
M =methionine; N = asparagine; P =proline; Q=glutamine; R =arginine; S =serine;
T = threonine; V =valine; W =tryptophan; Y =tyrosine).

including gennination, ripening, and senescence, and in stress responses to
wounding, drought, water logging, chilling, toxic agents, infection or insect
infestation (35, 72). In all these cases, it has been shown that the higher
levels of ethylene are accompanied by increased ACC production, due to
induction or activation of ACC synthase (72). This stimulation has been
shown by direct measurement of increased ACC levels and by the ability of
AVG to block or diminish the increase in ACC synthesis and the consequent
increase in ethylene production. A true induction of ACC synthase has been
inferred since cycloheximide, an inhibitor of protein synthesis, effectively
blocks the increased ethylene production as do inhibitors of RNA synthesis
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(72). With the availability of cDNA probes for ACC synthase, it is now
known, in all cases examined, that the increases are due to a true induction,
based on increased transcription of ACC synthase gene(s) (19, 44, 46, 47,
55).
Ethylene production rates are influenced by ethylene and other plant

honnones. Auxin, cytokinins, abscisic acid and ethylene all regulate ethylene
production at the level of ACC synthesis, although they may exert their
effects by different biochemical mechanisms.
Auxin (IAA) promotes ethylene production by inducing the synthesis of

ACC synthase, resulting in higher levels of ACC; the increase in ethylene
production parallels the increase in ACC, and treatment with Ava blocks the
IAA-induced ethylene increase (72). This auxin induction of ACC synthase
is inhibited not only by protein synthesis inhibitors, but also by inhibitors of
RNA synthesis. These data suggest that the induction of ACC synthase by
auxin occurs at the transcriptional level, and Northern blotting confinns that
auxin application results in increased mRNA for ACC synthase (44).
Moreover, only a limited number of ACC synthase isofonns are induced in
response to auxin (44, 47).
ABA effectively reduces wilting-induced ethylene production in wheat

leaves (72). Pretreatment of wheat leaves with ABA inhibits ACC
accumulation during the subsequent wilting treatment but does not
significantly affect ACC levels in unwilted turgid leaves (72). In addition,
when IAA-stimulated mung bean hypocotyls are co-treated with ABA, ACe
accumulation is blocked as a result of reduced ACC synthase activity (72).
It appears that ABA does not repress ACC synthase in uninduced tissue but
may inhibit the induction of the enzyme caused by wilting or by IAA
treatment. In citrus, tomato and some other plant tissues, ABA appears to
promote ethylene production by stimulation of ACC levels (53).
Conversely, cytokinins stimulate ethylene production in conjunction with

other treatments that increase ethylene synthesis. Thus, ethylene production
from IAA-treated or water-stressed tissues rises in response to application of
benzyladenine as a result of greater ACC synthase activity and the
consequently increased ACC accumulation (72). Because cytokinins alone do
not markedly affect ACC levels, their effect on ACC synthase must be
through some other factor which affects the level of induction. Since
cytokinins and ABA affect ACC synthase levels only under induced
conditions, the induction of ACC synthase represents an ideal system for
understanding the effect of these plant honnones on gene expression.
Depending on the tissue, ethylene can either promote ethylene production

(autocatalysis) or inhibit ethylene production (autoinhibition). During
autocatalysis in ripening fruits, ethylene initially affects ethylene production
by promoting the conversion ofACC to ethylene, although a massive increase
in ACC synthesis occurs later (36). ACC synthase is also the principal target
of ethylene during autoinhibition. Excised grapefruit flavedo tissue treated
with ethylene for 10 hours evolved ethylene at 6% of that treated with air
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(control)~ and this autoinhibitory effect of ethylene resulted from inhibited
ACC synthesis (72).
One difficulty in interpreting hormone studies is that there is rarely a

determination of how much of the hormone is taken up~ translocated and
metabolized by the tissue; this is the case for the studies described.
Nevertheless~ considerable progress has been made in understanding the role
of hormones in ethylene biosynthesis. As analysis of plant hormones and
their metabolism becomes more generally available~ a clearer view of plant
hormone interactions and their influence on ACC and ethylene production
will result.

ACC oxidase
The conversion of ACC to ethylene is carried out by an oxidative

enzyme that is now known as ACC oxidase. The enzyme was formerly
named as ethylene-forming enzyme (EFE) by Yang and his colleagues (72)
because the reaction mechanism was not known at that time. The ACC
oxidase activity was first described by Adams and Yang (5)~ who trapped
ACC in apple tissue incubated in a nitrogen atmosphere and demonstrated its
conversion to ethylene under aerobic conditions. For more than a decade~

authentic ACC oxidase activity could not be demonstrated in vitro. Hence~

work on the characterization ofACC oxidase was carried out using an in vivo
assay~ in which ACC-dependent ethylene production was measured after
uptake of exogenous ACC. Authentic ACC oxidase was ultimately isolated
as a result of the expression of ACC oxidase activity in yeast and Xenopus
transformed with a tomato ripening-specific cDNA clone (17~ 25~ 65).
While the conversion of ACC to ethylene by plants was initially

considered to be a highly unusual reaction~ a number of plant enzymes were
shown to be capable of oxidizing ACC to ethylene in the presence of various
cofactors. This includes IAA oxidase~ peroxidase~ lipoxygenase and H202­
generating oxidases (72). Although these systems could generate ethylene
from ACC~ their K".'s for ACC were very high relative to observed levels of
ACC in vivo. This lack of specificity for substrate led to the conclusion that
these enzymes did not represent authentic ACC oxidase. Thus~ one of the
early problems in demonstrating ACC oxidase activity in vitro was proving
that it was authentic.
The in vivo conversion of ACC to ethylene provided suitable conditions

for validating putative ACC oxidase systems. The criteria developed are
fundamental characteristics ofenzymes: substrate specificity~ stereospecificity~

and competitive inhibition of activity.
When one of the ring hydrogens of ACC is substituted with an ethyl

group, four stereoisomers of l-amino-2-ethylcyclopropane-l-carboxylic acid
(AEC) are generated as shown at the top of the next page:
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Hoffman et al. (27) showed that in apple, cantaloupe fruit and etiolated mung
bean hypocotyls the ACC oxidase preferentially utilized one of the
stereoisomers, (lR, 2S)-AEC, for the synthesis of the ethylene analogue 1­
butene. Both ACC and AEC appear to be degraded by the same enzyme,
ACC oxidase, since both reactions are inhibited to the same extent under
varying levels of oxygen depletion and C02+ concentrations, and since, when
both substrates are present simultaneously, they are mutually inhibitory (27,
41). The substrate stereospecificity ofACC oxidase remains a key to validate
authentic activity (22, 33,40,41, 70).

In addition to stereoselectivity among AEC isomers, the ACC oxidase
displays high affinity of the ACC as its substrate. This was first
demonstrated in vivo, based on the dependence of ethylene production rate
upon the internal ACC concentration in pea epicotyl segments (41). The
estimated~ of 66 1J.M for ACC found in vivo compares favorably with the
~ of 6.4 to 85 1J.M for the isolated ACC oxidase (22, 33, 40, 70). Other
important characteristics of authentic ACC oxidase based on properties
determined in vivo are its dependence on O2 (5), inhibition by C0

2
+when

applied in the range of 10 to 100 1J.M(38, 72), and competitive inhibition by
a-aminoisobutyrate (37).
Unlike ACe synthase, ACC oxidase was first identified by its cDNA (see

Chapter E4). While studying gene expression during ripening, Davies and
Grierson (17) isolated a cDNA, pTOM13, by differential cloning techniques.
Based on the observation that ACC oxidase activity in tomato plants was
greatly reduced with a pTOM13 antisense gene, Hamilton et al. (26)
suggested that the pTOM13 gene product is related to ACC oxidase. Later
work confirmed that pTOM13 and its homologous sequence pHTOM5 confer
ACC oxidase activity when expressed in yeast (25) or Xenopus oocytes (65).
These cDNA sequences are homologous to cDNA for ACC oxidase from
other species (Fig. 2). The deduced amino acid sequence of pTOM13 shows
homology to those offlavanone-3-hydroxylase and other known hydroxylases
(26). Although Yang (72) suggested as early as 1981 that ACC oxidase
might be an ACC hydroxylase, attempts to assay ACC oxidase as a
hydroxylase were not pursued. Ververidis and John (70) first demonstrated
authentic ACC oxidase activity in vitro by extracting melon fruit and assaying
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pTOM13
pAV0e3
pSRI20
pAEI2

MEN---FP11NLEKLN---GDERANTMEM1KDACENWGFFELVNHG1PHE
*D---S**V1NMEKLE---*Q**AATMKL*N***E*****EL***S1PV*
*AN1VN**1IDMEKLNNYN*V**SLVLDQ*K***H*****QV***SLSH*
*AT---**VVDLSLVN---*E**AATLEK*N***E*****EL***GMST*

44
44
50
44

VMDTVEKMTKGHTKKCMEQRFKELVASKGLEAVQAEVTDLDWESTFFLRHLPTSN1SQV 103
LM*E**RLT*E*Y**CM**R**ELMASK-VEGAVVDAN*M******F1**L*V**L*E1 102
LM*K**RMT*E*Y**FR**K**DMVQTKGLVSAESQVN*1******YL**R*T**1*EV 109
LL*T**KMT*D*Y**TM**R**EMVAAKGLDDVQSE1H*L******FL**L*S**1*EI 103

PDLDEEYRE-VMRDFAKRLKLEKLAEELLDLLCENLGL~KGYLKNAFYGSKG--PNFGT 159
***TDEH*KNV*KE**EK--L*K*A*QV************G***MA*A*TTTGL*T*** 159
***DDQY*K-L*KE**--AQI*R*S*QL************A***NA*Y*ANG--*T*** 163
***EEEY*K-T*KE**--VEL*K*A*KL************G***KV*Y*SKG--*N*** 157

KVSNYPPCPKPDL1KGLRAHTDAGGI1LLFQDDKVSGLQLLKDEQW1DVPPMRHS1VVN 218
*********R*E*F******T****L*******R*A*******GE*V*****N****1* 218
*********K*D*1******T****1*******K*S*******GH*V*****K****V* 222
*********K*D*1******S****1*******K*S*******GE*V*****H****1* 216

LGDQLEV1TNGKYKSVIHRV1AQTDGTRMSLASFYNPGSDAV1YPAKTLVEKEAEESTQ 277
****V***********M***V*****N***L*******S*AV*F**PALV**EA*EKKE 277
****L***********M***1*****N***I*******S*AV*Y**PTLV**E-*EKCR 280
****1***********M***1*****T***1*******N*SF*S**PAVL**KT*DAP- 274

VYPKFVFDDYMKLYAGLKFQAKEPRFEAMKAMESD-----PIASA 317
V*****-E***N**AG****A******V**MKAVETANLS*I-TT 320
A*****FE***N**LK****E*********AMETT----G*1PTA 321
T*****FD***K**SG****A*********AKEST-----*VATA 314

Fig.2. Comparison of the amino acid sequences of ACC oxidase deduced from pTOM13
(tomato) (25), pHTOM5 (tomato) (65), pAVOe3 (avocado) (40), pSR120 (carnation) (71),
pAE12 (apple) (18), and PCH313 (peach) (14). • =amino acid residues identical among all
species; - = sequence gap.

the enzyme under the conditions for flavanone-3-hydroxylase. Their enzyme
preparation requires Fe2+ and ascorbate for full activity, and meets all the
criteria described above for ACC oxidase in vivo. Others have since detected
ACC oxidase activity in homogenates of apple (22, 33) and avocado (40)
fruits. All these enzyme preparations are soluble and require Fe2+ and
ascorbate for activity. The failure of previous attempts to demonstrate ACC
oxidase activity in vitro is now attributed to the loss of these factors during
the enzyme extraction (22).
Recently, ACC oxidase has been purified to near homogeneity from

apple fruits (18, 21). The enzyme is a monomer with a molecular mass of
35 kDa. Using the purified ACC oxidase, Dong et al. (18) determined the
stoichiometry of the reaction catalyzed by the enzyme as follows (where AH2
and A stand for ascorbate and dehydroascorbate, respectively):

ACC (C4N02H7) + O2 +AH2 Fe
2
\ CO2..- C2H4 + CO2 +HCN + A +H

2
0

Ascorbate serves as a co-substrate, and is concurrently oxidized to
dehydroascorbate in an amount equivalent to that of ethylene produced. The
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stoichiometry agrees with the results obtained for ACC oxidase in vivo by
Peiser et al. (49). The exact mechanism of the reaction is still unknown, but
if it proceeds via the formation of N-hydroxyl-ACC, ACC oxidase can be
referred to as ACC N-hydroxylase.
Study of the reaction products of ACC oxidase have provided insights

in elucidating the enzyme's mechanism. Noting that 1­
phenylcyclopropylamine is oxidized chemically by various oxidants to
ethylene and benzonitrile via the intermediacy of the nitrenium ion, it was
proposed (72) that ACC is oxidized by ACC oxidase to form N-hydroxy-ACC
which could be considered equivalent to the nitrenium ion, similar to the
proposed mechanism for the ACC chemical assay (72). This intermediate
would then be degraded into ethylene (derived from C-2,3 of ACC) and
cyanoformic acid (derived from carboxyl and C-I of ACC), the latter being
further degraded spontaneously into HCN (derived from C-I of ACC) and
CO2 (derived from the carboxyl group of ACC). Support for the proposed
reaction products was provided by Peiser et al. (49), who showed that the
carboxyl group of ACC is liberated as CO2, whereas C-I ofACC yields HCN,
which is then rapidly metabolized to yield /3-cyanoalanine and asparagine:

• •+ C02 + HeN

Additional information on the mechanism can be derived from the
stereochemistry of ACC o~idation. When cis- and trans-2,3-dideutero-ACC
are incubated with apples slices, the label is scrambled and equal amounts of
cis- and trans-dideutero-ethylene are produced. When each of these
dideutero-ACC's are oxidized with hypochlorite (72), the label is not
scrambled, confirming that this reaction occurs by a concerted mechanism,
probably via nitrenium ion (72).
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These observations indicate that the ACC oxidase reaction does not proceed
in a concerted manner, but occurs by a stepwise mechanism involving an
intermediate that allows scrambling of the ring hydrogens. With the
availability of cloned ACC oxidase, it is now possible to generate large
amounts of pure enzyme and use chemical and spectroscopic means to test
putative mechanisms for this intriguing enzyme.
Kao and Yang (72) proposed in 1982 that CO2 stimulates ethylene

production in vivo by direct modulation of ACC oxidase activity. Using
purified ACC oxidase, Dong et al. (18) showed that CO2 and bicarbonate
stimulate ACC oxidase activity markedly. Upon removal of CO2, ACC
oxidase activity was abolished, indicating that CO2 is an essential activator of
the enzyme. The concentration of CO2 in the gas phase giving half maximal
activity is 0.5%. The mechanism of this activation is not known, but is
clearly reminiscent of ribulose-bis-phosphate carboxylase activation by CO2•
Recently FerOlindez-Maculet et al. (23) identified CO2 as the species
responsible for the activation of ACC oxidase and presented evidence that
CO2 forms a carbamate with an amino group of the enzyme.
ACC oxidase, as measured by ethylene production in the presence of a

saturating concentration of ACC, is present in most tissues of higher plants
(72). However, under some stress conditions, in response to ethylene, or
during certain development stages (such as fruit ripening), the level of ACC
oxidase increases markedly and effectively regulates ethylene production (72).
Intact preclimacteric (unripe) cantaloupe and tomato fruits have low levels of
ACC oxidase that increase markedly following treatment with ethylene (36).
It is now known that the senescence and ripening induced increase in ACC
oxidase is a result of increased transcription (17, 25, 71). ACC oxidase also
responds to environmental stress, increasing up to eight-fold within one hour
of wilting treatment and decreasing upon rehydration (72). In response to
high temperature (>35°C) ACC oxidase activity drops and at 40°C is lost
(72). The availability of cDNA and antisense technology to control the
expression ofACC oxidase should allow the molecular dissection ofethylene­
regulated development.

ACC N-Malonyltransferase
Because endogenous levels of ACC can increase during development or

in response to stress, it is logical that the plant would require some means to
sequester ACC to prevent overproduction of ethylene. The N-malonylation
of ACC serves this purpose, as ethylene production in vivo is reduced by
malonylation of ACC and promoted by blocking malonylation (66,72). The
transferase is present in a wide range of plant tissues. The expression of
malonyltransferase activity in preclimacteric tomato fruit is markedly
promoted by ethylene treatment (66), thereby providing an autoregulatory
mechanism for limiting ethylene production.
The ACC N-malonyltransferase has been isolated and partially purified

from mung bean hypocotyls. The malonyl donor is malonyl-CoA, with a K.n
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of 0.25 mM; at concentrations greater than 0.75 mM, malonyl-CoA inhibits
the transferase. The Km for ACC is 0.15 mM; ABC, non-polar D-amino acids
(D-methionine, D-phenylalanine, and D-alanine) and a-aminoisobutyric acid
can also be malonylated (37, 66). Based upon several observations it is
thought that D-amino acid malonyltransferase and ACC malonyltransferase
are the same enzyme (66). These observations include (a) enzyme
preparations malonylate both D-amino acids and ACC, (b) the I<m values of
those amino acids serving as substrates ofmalonyltransferase agree with their
corresponding ~ values when the same amino acids act as competitive
inhibitors ofACC malonyltransferase, and (c) the (lR,2S)- and (lR,2R)-ABC
isomers, which have a D-amino acid configuration, are more effective
substrates and inhibitors ofmalonyl-transferase than the (lS,2R)- and (lS,2S)­
AEC isomers, which have an L-configuration.
What is the physiological role of MACC? It was initially hypothesized

that MACC serves as a means for storing ACC in an unreactive form that
could be hydrolyzed to ACC when needed for ethylene production. Such a
system might, for example, be suitable for ethylene production in a
germinating seed. Yet in germinating peanut seed, which contains a high
level of MACC (50 to 100 nmol/g tissue), ethylene is derived almost
exclusively from ACC produced de novo and MACC is converted to ethylene
at less than 2% of the rate that ACC is (72). Previously, Satoh and Esashi
(72) have reported that application of D-amino acids increases ACC content
and promotes ethylene production in cocklebur cotyledons. When mung bean
hypocotyls are fed D-amino acids, MACC formation from ACC is inhibited,
leading to higher endogenous levels of ACC, a concomitant increase in
ethylene production, and malonylation of the D-amino acid (66). The D­
amino acids competitively inhibit malonylation of ACC, resulting in a higher
ACC level and, thereby, a higher ethylene production rate. Malonyl-ACC is
not an in vivo source of ACC; rather, it serves as a sink that allows depletion
of ACC levels and thereby reduces ethylene production.

Recycling of5 '-Methylthioadenosine to S-Adenosyl-methionine
As described earlier, the recycling of the methylthio-group from AdoMet

is important to the maintenance of ethylene production due to the limited
amounts of sulfur present in plants. The known products and intermediates
of the MTA-recycling pathway in plants (Fig. 3) and animals are the same
with one exception: animals use MTA phosphorylase to metabolize MTA to
MTR-I-P in one step, but plants utilize MTA nucleosidase, which converts
MTA to MTR, and in tum, MTR kinase, which converts MTR to MTR-I-P
(41). In both systems the MTR-I-P is then converted to methionine through
several enzymatic steps which have been partially characterized (Fig. 3). The
MTR-I-P is ultimately converted to K.MB and equivalent amounts of formate
(42) and the overall reaction represents a 4-electron oxidation. Since a
requirement for molecular oxygen could not be demonstrated, it is probable
that dehydrogenases rather than oxidases are involved in this oxidation. To
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Fig. 3. Methionine cycle in relation to ethylene biosynthesis.

complete the cycle, KMB is transaminated to methionine by a specific
transaminase (42), for which L-glutamine is the most effective amino donor,
and finally the methionine fonned is adenosylated to fonn AdoMet. The
overall result of this cycle is that the ribose moiety of ATP furnishes the 4­
carbon moiety of methionine from which ACC is derived; the methylthio­
group of methionine is, however, conserved for continued regeneration of
methionine (72). At this time, little is known about the regulation of this
recycling pathway, although the conversion of MTR to methionine seems to
be ample and does not appear to be a limiting factor of ethylene production
(43).
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In addition to its role in ethylene production, AdoMet is involved in the
biosynthesis of polyamines and in methylation reactions. The enzyme
methionine adenosyltransferase (AdoMet synthase) is responsible for the
conversion of methionine to AdoMet. The partially purified methionine
adenosyltransferase from pea seedling (1) appears to be similar to the enzyme
from non-plant sources: in addition to similar Km's for methionine (0.4 mM)
and ATP (0.3 mM), the enzyme is also inhibited by high levels of AdoMet.
Moreover, the transferase is inhibited by AMP and stimulated by ADP,
suggesting possible regulation of the enzyme by adenylate energy charge (l).
A gene for AdoMet synthase has been cloned and used to probe gene
expression in Arabidopsis (50). Although described as a housekeeping gene,
it is expressed differentially. The highest levels of expression for this gene
are in vascular tissues, which require AdoMet for lignification. One study
with senescing carnation petal demonstrated diminished transcription of the
AdoMet synthase gene while those for ACC synthase and ACC oxidase are
greatly increased (71). These results suggest that levels of AdoMet synthase
activity are adequate to allow for the autocatalytic production of ethylene that
occurs during flower senescence. It remains to be seen whether AdoMet
synthase expression might be involved in regulation of ethylene production
in any other plant system.
The polyamines and ACC each incorporate the aminopropyl group from

AdoMet, and under certain conditions their competition for AdoMet can
restrict biosynthesis of ethylene or polyamines. Inhibition of ACC synthesis
by AOA results in increased polyamine production while inhibition of
polyamine biosynthesis results in increased ACC and ethylene levels (54).
These results indicate stimulation of one AdoMet-dependent pathway when
the other is blocked, leading to the inference that ACC and polyamine
biosynthesis are mutually inhibitory. Consistentwith this interpretation is the
delayed senescence and reduced ethylene production observed when senescing
tissue is treated with polyamines (43) and decreased ethylene production
concomitant with increased putrescine levels during ripening of a slow­
ripening tomato cultivar (56). High levels of putrescine, whether added
exogenously or produced endogenously, can interfere with ACC biosynthesis.
When there is no competition for the availability of AdoMet due to low
demand for polyamine or ACC, or due to compensation by increased levels
of the MTR-recycling enzymes, there is no interaction between ethylene and
polyamine production (34). It remains an open question whether
ACC/polyamine interference represents a generally relevant means for
controlling ethylene production.

ETHYLENE ANALOGUES AND ETHYLENE ANTAGONISTS

Burg and Burg (12) tested the ability of a number of ethylene analogues for
ethylene-like action in the pea straight-growth test and found that the
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effectiveness of olefins that exert ethylene-like biological activity correlated
with their ability to fonn a complex with Ag+. They have proposed that the
ethylene receptor site contains a metal ion. Among ethylene analogues,
propylene and acetylene were found to require 100 and 2800 times,
respectively, the concentration of ethylene to give half-maximal response
(Table 1); alkanes are, however, inactive with no detectable response to
ethane at 300,000 #LIIl (12). Sisler (62) extended the Burgs' idea by
postulating that ethylene acts via the "trans" effect on ligand-metal ion
coordination, altering the geometry of the metal-binding site on the receptor
protein when ethylene binds. He demonstrated that a number of or-acceptors
(e.g., carbon monoxide, isocyanide, phosphorus trifluoride), with chemical
structures quite different from ethylene, were effective in eliciting ethylene­
like responses without any induction of ethylene synthesis.

There are three known types of antagonists that can be applied
exogenously to inhibit ethylene action. These inhibitors have been used as
diagnostic tests for ethylene action. The first, CO2, prevents or delays many
ethylene responses when ethylene concentration is low (l #LIII or below). The
mechanism of action is not known, but CO2 has been suggested to be a
competitive inhibitor of ethylene action presumably by competing with
ethylene for the binding site, with a ~ of 1.5% (gas phase concentration)
(12). CO2 is used commercially in controlled atmosphere storage of fruits
where high CO2 levels help to delay the ripening action of ethylene.
Interestingly, CO2 is required for the conversion of ACC to ethylene by the
ACC oxidase. The second, silver ion, inhibits ethylene action in a wide
variety of ethylene-induced responses (7) and is used commercially to extend
the shelf-life of cut carnations. It is thought that Ag+ blocks ethylene action
by interfering with ethylene binding. Finally, 2,5-norbomadiene, trans­
cyclooctene, several other cyclic olefins, and cis-butene inhibit ethylene action
competitively. It is assumed that they compete with ethylene for the binding
site to form olefin-receptor complexes that do not induce an ethylene-like
response but do block ethylene binding (64). Since these olefins are volatile
and can readily diffuse away, they have proven useful for the elucidation of
ethylene action and for characterization of the putative ethylene receptor. An
interesting new analogue is diazo-cyclopentadiene (DACP), which also blocks

Table 1. A Comparison of ethylene analogues for inducing ethylene-like response and for
inhibiting ethylene binding (7, 12).

Compounds

Ethylene
Propylene
Carbon Monoxide
Acetylene
I-Butene

Relative Concentration
for 1/2 Maximal Response

1
100
2,700
2,800
270,000
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Relative Concentration for
Inhibiting Ethylene Binding

1
128
1,068
1,1013
601,277
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ethylene action competitively. Additionally, it appears to be a photoaffinity
label for the ethylene receptor: plants treated with the compound and then
irradiated with fluorescent light irreversibly lose most sensitivity to ethylene
(64). DACP thus provides a powerful new tool for detecting potential
ethylene receptor proteins.

MODE OF ETHYLENE ACTION

Ethylene has been shown to induce the synthesis of new mRNA's and
proteins (16). Experimental evidence points to ethylene binding, as opposed
to ethylene metabolism, as the general mediator of ethylene action. First, the
products of ethylene metabolism do not evoke ethylene-like responses;
ethylene oxide has no ethylene-like effect (57). Secondly ethylene effects can
be mimicked by some hydrocarbons (12) and counteracted by certain olefin
antagonists (64) at levels which correlate to their ability to compete with
ethylene binding to silver ion. Third, there are several inorganic compounds,
such as phosphorus trifluoride, which cannot be metabolized to products
related to any of the metabolic products of ethylene, yet they evoke ethylene
effects (62, 64). Finally, CS2, a potent inhibitor of ethylene oxidation, has no
effect on ethylene action (3). It is now generally accepted that ethylene
action is mediated by a receptor (9, 57, 64).
Possible ethylene receptors have been isolated and partially purified from

several plant sources including tobacco, beans and tomatoes (63, 64). The
binding of ethylene to these sites is saturable at physiological levels of
ethylene and the Ko for ethylene in the gas phase is 0.1 to 0.3 ILl/I (or
approximately 10-10 M in the liquid phase), in agreement with the value of0.1
to 1 ILl/I ethylene causing a half-maximal response in a number of plant
systems (2, 12). In all cases, the ethylene-binding component is membrane
bound and detergent soluble. It appears to be a protein, based on heat­
sensitivity, protease sensitivity, solubility and chromatographic behavior, and
sensitivity to sulfhydryl agents (63,64). The isolated receptor displays
properties similar to those expected from studies of ethylene action in vivo.
Ethylene binding to the isolated receptor is competitively inhibited by
propylene at 128 times and by acetylene at 1013 times the concentration of
ethylene (gas phase), corresponding to the in vivo activity of these analogues
(Table 1). Moreover, the ethylene antagonist 2,5-norbomadiene is similarly
effective in blocking binding of ethylene to the receptor (64).
There is an important question remaining: What does the ethylene­

binding protein do after ethylene binds? It is known that ethylene elicits
many physiological responses (2). Furthermore, it has been shown that
ethylene induces specific changes in genetic expression (16). Presumably,
these changes would be mediated by the ethylene-binding protein.
Increasingly, the study of ethylene perception is yielding to analysis of
mutants. By screening Arabidopsis seedlings for elongation in the presence
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of ethylene, Bleecker et al. (9) first obtained a class of ethylene insensitive
mutants, etr, which are lacking in a number of ethylene responses. The etr
mutants are dominant and have reduced ethylene bindihg. Other ethylene
insensitive mutants have been isolated, einl and ein2 (24) and ainl (69); The
einl maps near etr, has a similar phenotype and may therefore be identical.
The ainl mutant is recessive, selected by resistance to ACC and is also
resistant to ethylene. Based on chromosomal mapping, ein2 and ainl are
distinct from the other ethylene resistant mutants. Another class, the etr1, is
a recessive that displays the triple response in the absence of exogenous and
endogenous ethylene (30). The etr1 mutation results in constitutive
expression of ethylene regulated genes and, based on the gene sequence of the
etr1 locus, it encodes a protein homologous to a family of eukaryotic protein
kinases. Moreover, the carboxy-terminal half of the etr gene has conserved
regions homologous to the prokaryotic signal transduction system (15). These
homologies suggest that the ethylene response is transmitted by a
multicomponent protein phosphorylation pathway (30), which could explain
the involvement of calcium ion in the ethylene transduction pathway (52).
The question of how the ethylene-receptor complex induces the known

physiological changes is proceeding from two complementary approaches,
biochemical and genetic. Purification of ethylene-binding proteins will
continue until a putative receptor can be assigned on the basis of amino acid
sequence to an allele, such as etr, that is involved in ethylene perception.

ETHYLENE METABOLISM

Although ethylene metabolism by plants was considered for some time to be
an artifact (2), it is now clear that in some plant tissues ethylene is oxidized
(OX) to CO2, in others it is incorporated in tissue (TI) by conversion to
ethylene oxide and ethylene glycol and, in certain plants, both processes occur
(57). The diversity of plants involved in ethylene metabolism suggests that
it is a general phenomenon. In most instances, the rate of metabolism of
ethylene is nearly first order with respect to ethylene, even at fairly high
levels of ethylene (> 40 mill). These results indicate a very high I<.m for
ethylene metabolism, suggesting a chemical reaction as opposed to a
controlled physiological process. In the pea, the concentration of ethylene
giving a half-maximal rate for ethylene metabolism is approximately 1000
times the concentration necessary for half-maximal response in the pea
growth test (7). However, the I<.m for ethylene in TI by Vicia faba
corresponds closely to the levels evoking physiological response (57).
Although it was first demonstrated that oxygen deprivation and Ag+ treatment
similarly inhibited ethylene metabolism and action (7), later work (51, 57)
demonstrated that the physiological effects of ethylene analogues and
antagonists do not correlate with their metabolism or their effect on ethylene
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metabolism. Ethylene metabolism thus has no role in effecting ethylene
action.
It is likely that ethylene metabolism is a nonessential consequence of

ethylene action, resulting from high levels of ethylene production and an
endogenous hydrocarbon oxidation system. It remains to be seen whether the
TI and OX systems have any role in vivo.

CONCLUSION

Considerable progress has been made in understanding the biosynthesis of
ethylene and its regulation. First, both ACC synthase and ACC oxidase have
been isolated and purified from plant tissues. This will allow a systematic
characterization of the enzymes and their catalytic mechanisms. Second, the
cloning of the genes involved in ethylene biosynthesis during fruit ripening
has permitted scientists to use biotechnology to genetically engineer crop
plants with limited ethylene production. It is now possible to alter the timing
and the extent of ethylene production by manipulating the expression ofACC
synthase or ACC oxidase genes. This is an excellent illustration of the
importance of fundamental research, initially elucidating the regulation and
role of ethylene in plant development, but ultimately leading to applications
for improving the quality of crops by extending shelf-life and reducing
spoilage.
The mode of action of ethylene is not yet understood. It is known that

ethylene elicits many physiological responses and induces specific changes in
genetic expression. All of these changes must somehow be mediated by
ethylene receptors. The means to explicate the ethylene response system are
now available: ethylene response mutants and genes, the ability to genetically
manipulate ethylene production in planta, and ethylene analogues and
antagonists that can be used to control ethylene responses. With these tools,
the understanding of the plant hormone ethylene will soon approach, and
perhaps surpass, the level of sophistication that exists for knowledge of
steroid hormone action in mammalian systems.
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INTRODUCTION

One of the questions that plant physiologists ask about a honnone is how its
cellular levels are regulated. The concentration of a honnone, or of any other
cellular constituent, will depend on its rate of synthesis and metabolism and
on its rate of import into and export from the cell. Abscisic acid (ABA, Fig.
1) is a particularly interesting honnone with regard to regulation of its levels,
since they rise and fall dramatically in several kinds of tissues in response to
environmental and developmental changes. When leaves ofmesophytic plants
are water stressed, ABA levels can rise from 10- to 50-fold within 4 to 8
hours, apparently due to a greatly increased rate of biosynthesis. When the
plants are rewatered, the ABA levels drop to pre-stress levels within 4 to 8
hours. The drop in concentration is due to a reduced biosynthetic rate, a
vigorous metabolism and possibly export from the leaves. In developing
seeds of various plants, ABA levels can rise a hundred-fold within a few days
and then decline to low levels as the seeds mature and desiccate. Synthesis
and metabolism, as well as import, are involved in changing the ABA levels.
Donnant buds and seeds of woody plants accumulate high levels of ABA
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Fig. 1. Naturally occurring S-ABA and
its R enantiomer.

P. J. Davies (ed.), Plant Hormones, 140-157.
© 1995 Kluwer Academic Publishers.



D. C. Walton and Y. Li

which then decrease when the tissues are exposed to low temperatures. A
combination of synthesis, metabolism, import and export is probably involved
in determining the ABA levels in these issues.
In order to understand how ABA levels are regulated by biosynthesis and

metabolism, it is first necessary to know the identity of the compounds which
are involved in the pathways. Enzymes which interconvert these compounds
must be characterized and the enzyme co-factors identified. Only then is it
possible to begin to determine how the pathways are regulated. In the case
of ABA, we have only recently unravelled many of the constituents of the
pathways, particularly for biosynthesis. We have little knowledge of the
enzymes involved. Consequently, our understanding of how these pathways
are regulated will require considerably more information than we currently
possess.
A number ofmore detailed reviews of the subject matter included in this

chapter have been written during the past decade (I, 8, 22, 29, 34, 44).

BIOSYNTHESIS

ABA is a sesquiterpene which like other sesquiterpenes has been shown to be
derived from mevalonic acid (MYA). Although ABA is a relatively simple
molecule, most of the details of its biosynthesis have remained obscure until
recently. We now know that in higher plants ABA is derived from the
cleavage product of a xanthophyll (Fig. 2). Why was progress so slow in
working out the ABA biosynthetic pathway since ABA was first described in
1965? As is the case for other hormones, ABA is usually present in the plant
in very low concentrations. In most tissues the levels are from 10 to 50 nglg
fresh wt (4xlO·8M to 2xl0·'M). Only in water-stressed leaves, developing and
mature seeds and dormant buds are levels higher than 10-6M. A second
problem in studying ABA biosynthesis has been the poor incorporation of
presumed precursors into ABA when they are applied in radioactive form.
Even in water-stressed leaves in which ABA levels rise dramatically due to
increased rates of synthesis, 14C_MYA and 14C02 are poorly incorporated into
ABA. Thus, one of the important tools used to study metabolic pathways in
tissues has been of little use in studying ABA biosynthesis.

Although there had been suggestions that several C-15 compounds are
intermediates on a direct ABA biosynthetic pathway, no convincing evidence
was produced that they are involved. The suggestion that ABA may be
derived from a xanthophyll came from several observations. Violaxanthin
can be photo-oxidized to xanthoxin, a C-15 compound with similarities to
ABA in its carbon skeleton and in its ring oxygen substitution (Fig. 2).
Xanthoxin is a naturally-occurring compound in a variety of plants, and it
was shown to be converted to ABA when fed in radioactive form to bean and
tomato plants (37). Despite these observations direct evidence that ABA is
derived from xanthoxin, was still lacking. Even that the xanthoxin found in
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plants originated from a carotenoid was still not certain, since as indicated in
Figure 2, xanthoxin could be derived directly from farnesyl pyrophosphate
(FPP). The inability to unequivocally demonstrate ABA intermediates,
coupled with the poor conversions of presumptive precursors to ABA,
brought work on biosynthesis in plants to a virtual halt by the mid 1970s.
The discovery in 1977 that a rose pathogen, the fungus Cercospora

rosicola, produces and excretes relatively large quantities of the naturally
occurring enantiomer of ABA into its growth medium initiated work on the
biosynthetic pathway in that organism (2). The hope was that the pathway
in C. rosicola would be similar to, or identical with, the pathway in higher
plants, and that the relatively large production of ABA by the fungus would
allow its pathway to be determined more readily than can be done in higher
plants. The discovery also stimulated investigators to look for ABA
production in other fungi, with the result that at least a dozen fungi have been
reported to produce ABA (6). Since only a relatively few fungi have been
investigated for ABA production, it seems likely that the list will grow
longer. The intriguing possibility that ABA may playa role in pathogenesis
is still to be determined.
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While studies proceeded with C. rosicola, investigators were restimulated
to look at ABA biosynthesis in plants, using different techniques than
previously. The results of these studies have shown almost conclusively that
ABA is produced from the cleavage of a xanthophyll. The next 2 sections
of this chapter will describe work done with Cercospora and with higher
plants.

ABA Biosynthesis in Cercospora

The discovery that C. rosicola secretes a considerable amount of ABA into
its growth medium led to the rapid development of a simple defined medium
in which cell suspension cultures grow well, and into which they begin to
secrete ABA after about 5 days growth (Fig. 3) (12, 30). The fungus
converts both 14C-acetate and 14C_MVA into ABA with a reasonable yield,
unlike the results obtained with plants (3, 29). When either of these
compounds was fed in radioactive form to the fungus, another radioactive
compound was isolated from the growth medium and identified as I'-deoxy
ABA (3 in Fig. 4a) (28). This compound was converted to ABA in good
yield when refed to the fungus. l'-Deoxy ABA was isolated from the fungal
medium when neither 14C-acetate nor 14C_MVA had been added to the growth
medium, so that it is a naturally occurring fungal metabolite. Since ABA and
I'-deoxy ABA differ by only a hydroxyl group at the I' position, it is likely
that l'-deoxy ABA is an immediate precursor to ABA. Other compounds
related to I'-deoxy ABA, such as a-ionylidene acetic acid (I in Fig. 4a) and
4'-hydroxy-a-ionylidene acetic acid (2 in Fig. 4a) are converted by the
fungus to both I'deoxy ABA and to ABA (29). Figure 4a shows one
possible route for the later stages of ABA biosynthesis in C. rosicola based
on these studies. The sequence of side-chain and ring oxidations shown in
Figure 4 is not meant to imply a unique pathway, since it is possible that they
could occur in one or more different sequences. Work with the related
fungus, C. cruenta, has led to the suggestion that a variation of the apparent
C. rosicola pathway may operate in this organism (31) (Fig. 4b). Whether

Fig. 3. Dry weight and ABA
accumulation in cell suspension
cultures of C. rosico/a.
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the two organisms really have the same pathways, or whether they vary
slightly remains to be detennined. Inhibitors of carotenoid biosynthesis did
not affect the accumulation of ABA by C. cruenta so it is assumed that a
direct pathway from FPP is involved (31). In neither fungus, nor in the
others studied, has the presumptive first cyclic intennediate been isolated.
The steps immediately after the fonnation of FPP are also still unknown (4).
After the discovery that a-ionylidene acetic acid and l'-deoxy ABA may

be intennediates on the ABA biosynthetic pathway in C. rosicola, these
compounds were fed in radioactive fonn to several plant tissues (29). The
results differed depending on the tissues fed. In the case of bean leaves,
immature bean seeds, and avocado fruit, these compounds were not converted
to ABA. a-Ionylidene acetic acid was converted to l'-deoxy ABA and
various polar compounds were fonned from both compounds. These results
were similar to those previously obtained with barley plants (18). In the case
of Vicia laba leaves, however, convincing evidence was obtained for the
conversion of both a-ionylidene acetic acid and l'-deoxy ABA to ABA.
Although these results appear to be genuine it seems likely that they were
anomalous and due to the presence of an enzyme which is not universally
distributed in higher plants. Thus, the hoped for similarity between the
fungal and plant pathways was not supported by the evidence.

ABA Biosynthesis in Plants

As indicated earlier in this chapter, a major problem in studying the ABA
biosynthetic pathway in higher plants is the poor incorporation of radioactive
precursors such as MVA and CO2 into ABA. The poor incorporation of
MVA led Milborrow to propose that the chloroplast is the site of ABA
synthesis on the assumption that transport of 14C_MVA across the
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chloroplastic membrane was the rate-limiting step in incorporation. He
reported that lysed chloroplasts incorporated 14C_MVA into ABA, although
the yields were very low (24). Subsequently, other investigators reported that
chloroplasts did not incorporate 14C_MVA into ABA (13). One explanation
for both of these results is that ABA is derived from prefonned precursors
present at high levels relative to ABA, and that the precursors are synthesized
at low rates in mature leaves. The consequences of prefonned precursors
with such attributes is that radioactive compounds will be incorporated into
them very slowly and the radioactivity that is incorporated will be diluted by
the high concentrations of precursor already present. Little radioactivity
would appear in the ABA subsequently produced from the precursor. The
major leaf xanthophylls such as lutein, violaxanthin and neoxanthin fit the
requirements for such a precursor (Fig. 5). They are present at levels more
than 103 times greater than ABA in unstressed leaves and their rates of
synthesis in mature leaves are low.

Although the work with C. rosicola and C. cruenta suggested a direct
C-15 pathway to ABA, evidence began to accumulate that an indirect
pathway from the carotenoids is involved in higher plants. For example,
several com mutants were described which lack the ability to synthesize
carotenoids due to specific defects in their biosynthetic pathway. These
mutants also have a reduced ability to accumulate ABA in their leaves and
roots (27). In addition, inhibitors of carotenoid synthesis, such as fluridone
and norflurazon, also inhibit the accumulation ofABA under some conditions
(15, 26).

A crucial experiment of a different type by Creelman and Zeevaart (6)
also pointed to the possible role for xanthophylls as ABA precursors. These
investigators water-stressed bean and Xanthium leaves in the presence of 180 2,

a heavy isotope of oxygen. Their rationale was that if 1-'deoxy ABA is the
immediate precursor to ABA in plants, as it apparently is in C. rosicola, then
one 180 atom should be incorporated into the ABA ring at the l' position.
This assumes that the hydroxyl oxygen is derived from O2 as nonnally would
be expected, and as is the case for ABA made in C. rosicola. Their results
showed, however, that one atom of 180 was incorporated into the ABA, but
it was in the carboxyl group and not in the ring. The results suggested that
(a) l'-deoxy ABA is not the immediate precursor to ABA, at least in water­
stressed leaves and (b) ABA formed in the water stressed leaves was derived
from a preformed precursor containing the oxygens which would become the
l' and 4' oxygens of ABA. One explanation for these results is that a
xanthophyll, such as violaxanthin, was cleaved by oxygen to fonn an
aldehyde containing 180. The aldehyde in the case of violaxanthin cleavage
would be xanthoxin. If the xanthoxin were oxidized by dehydrogenases when
converted to ABA, there would be only one atom of 180 in the carboxyl
group. The second oxygen atom would have been obtained from water which
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Fig. 5. Structures of several leaf xanthophylls.

would not contain 180. These conversions are summarized in Figure 6.
Although the experiments described in the previous paragraphs suggested

that xanthophylls are ABA precursors, they did not give any information
about the identities of the xanthophylls. In order to test whether violaxanthin
is an ABA precursor, intact leaves were treated so that the epoxide oxygens
were partially replaced by 180 (20). The leaves were then water-stressed and
both violaxanthin and ABA were isolated and analyzed by mass spectrometry.
If the ABA produced during the water stress period had been derived from
violaxanthin containing 180 in its epoxide group, one would expect to observe
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2

Fig.6. Hypothetical cleavage ofviolaxanthin to xanthoxin by 1102with subsequent conversion
to ABA by dehydrogenases.

180 at the ABA l'-hydroxyl group (Fig. 7). The results suggested that a
portion of the ABA was derived from the violaxanthin which had been
labelled with 180, but that this violaxanthin accounted for only about 25% of
the ABA produced.
As indicated above, one of the difficulties in establishing a precursor role

for the xanthophylls in ABA biosynthesis is their high cellular concentrations
compared with ABA. An attempt was made to reduce this problem by
treating dark-grown barley seedlings with fluridone (10). Although the
xanthophyll levels were reduced more than 95% by the fluridone treatment,
ABA accumulation as a result ofwater stress still occurred albeit to a reduced
level. Under these conditions there was also an indication that violaxanthin
and neoxanthin levels dropped during water stress. These results were
extended by Li and Walton with etiolated bean seedlings (21). In the
etiolated bean tissue xanthophyll levels were greatly reduced, but ABA
production during water stress was at least as great as it was in green
seedlings. Xanthophyll levels, as well as ABA and its metabolites, were
analyzed prior to and during a short water stress. It was observed that there
was a 1: 1 stoichiometry between the loss of violaxanthin, 9'-cis-neoxanthin
and 9-cis-violaxanthin and the increase in ABA and its two major metabolites
PA and DPA (Table 1). Treatments which inhibited ABA production also
inhibited the loss of the xanthophylls. The results suggested that all-trans
violaxanthin is a major source of ABA and that 9'-cis-neoxanthin, derived
from all-trans violaxanthin, is cleaved to form one C-15 compound which
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Fig. 7. Conversion of violaxanthin containing 110 in the epoxide to ABA containing 110 at
the l'-hydroxyl position.

is then converted to ABA. The finding that 9'-cis-neoxanthin is the apparent
cleavage substrate is particularly significant since the stereochemistry at its
9' position is the same as that occurring in the side chain of ABA. The
participation of 9'-cis-neoxanthin also helps to explain why there was only
an apparent 25% incorporation of 180 from trans-violaxanthin into ABA as
described above (20). A portion of the ABA would have been formed directly
from the pool of unlabelled 9'-cis-neoxanthin thus diluting the incorporation
of 180.
These results were confirmed and extended to tomato roots by Parry et

al (33). Further evidence that these xanthophylls are ABA precursors has
been obtained from work with Arabidopsis ABA-deficient mutants which

Table 1. Kinetics of xanthophyll reduction and increase in ABA and its metabolites after
water stress. (Adapted from 21)

Stress Time 9'-cis 9-cis Vx total ABA PA DPA ABA+
min -Nx· -Vx Xt PA+DPA

decrease nmol. g fresh wt- I increase nmol. g fresh wt- I

40 -0.3 0.0 0.7 0.4 0.9 0.0 0.0 0.9
90 2.6 0.7 8.8 12.1 6.7 0.7 0.0 7.4
270 3.6 0.9 17.6 22.1 5.8 13.4 2.0 21.2

• Nx - neoxanthin; Vx - violaxanthin; Xt - xanthophylls; PA - phaseic acid; DPA = dihydrophaseic acid.
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have a greatly reduced capacity to epoxidate zeaxanthin to violaxanthin and
consequently to produce 9'-cis-neoxanthin (9, 35).

As previously indicated, xanthoxin had been implicated as an ABA
precursor almost from the beginning of the work on ABA biosynthesis, but
direct evidence for its involvement was lacking. Evidence that xanthoxin is
a precursor has now been obtained with ABA-deficient mutants which convert
xanthoxin to ABA very poorly (32, 39). Further work has shown that the
lesion occurs in the enzyme which oxidizes ABA aldehyde, the intermediate
between xanthoxin and ABA, to ABA (36, 38). Instead, the ABA aldehyde
is converted to t-ABA alcohol which accumulates (39). A number of ABA­
deficient mutants have now been described which are unable to convert ABA
aldehyde to ABA (34). These results taken together indicate that 9'-cis­
neoxanthin, derived from all-trans violaxanthin, is cleaved to form xanthoxin
which is converted to ABA via ABA aldehyde (Fig. 8). The figure shows the
two possible ways in which violaxanthin could be converted to 9'-cis­
neoxanthin. While the work described above has now given us an
understanding of the basic ABA biosynthetic pathway there are still a variety
of questions to be answered. There is indirect evidence to suggest that the
rate of ABA synthesis in leaves is controlled by the activity of the 9'-cis ­
neoxanthin cleavage enzyme, but since this enzyme activity has not been
directly demonstrated we cannot be sure that it is rate controlling. The
localization of the enzymes on the pathway are unknown although xanthoxin
conversion to ABA appears to be cytoplasmic. Although the xanthophylls are
localized within the chloroplast we do not know whether 9'-cis -neoxanthin
cleavage occurs within the chloroplast, at the chloroplastic membrane, or
outside the chloroplast. We also lack sufficient evidence about the conversion
of all-trans violaxanthin to 9'-cis-neoxanthin and whether this conversion
plays a role in the regulation of ABA biosynthesis.

METABOLISM

Research into ABA metabolism, which began shortly after its discovery, has
been successful in identifying ABA metabolites. This success was due in part
to the early availability of 14C_ABA, and also to the rapid and extensive
metabolism of 14C_ABA when it is applied to plant tissues.
In discussing the metabolism of a compound which is administered to a

plant, we must be careful to distinguish between those metabolites which are
later shown to occur naturally in the plant and those which are not. This
distinction is particularly important in the case ofABA in which most feeding
experiments have been done with a racemic mixture of the naturally occurring
S-enantiomer and the unnatural R-enantiomer (Fig. 1). There is evidence that
the two enantiomers are metabolized not only at different rates, but in some
instances to different compounds. Care must be taken to determine that a
metabolite has in fact been derived from the S-enantiomer. Ultimately, the
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Fig.8. The putative biosynthetic pathway from all-trans violaxanthin to ABA. Modified from
(21).

isolation of the metabolite as a naturally occurring plant constituent is
required in order to demonstrate that the compound is not an artifact of
feeding. A number ofABA metabolites have been shown to occur naturally,
while others have not been isolated from plants which have not been fed 14C_
RS ABA.

The initial ABA metabolites described were ABA glucose ester (ABA­
GE, 6, Fig. 10), phaseic acid (pA, 3, Fig. 9) and 6'-hydroxymethyl ABA
(HM-ABA, 2, Fig. 9). ABA glucose ester was first isolated as a naturally
occurring compound from Lupinus luteus fruit and then shown to be produced
when 14C_ABA was fed to several plants (17). Although this compound is a
naturally occurring ABA metabolite, feeding experiments with 14C_RS ABA
can exaggerate its importance since the R-enantiomer is often converted

150



D. C. Walton and Y. Li

HII"

HO 4

COzH S
OH
o 0

HO
OH 5

Fig. 9. Metabolic pathways for the conversion of ABA to DPA-GS.

7

o

6

oHOCH2 /j

~
O-C

OH -
HO

OH

preferentially to the glucose ester. HM-ABAwas isolated from tomato shoots
which had been fed 14C-ABA. This compound has been isolated Qnly once,
apparently because of the ease with which it rearranges to PA. PA had
actually been isolated prior to the discovery ofABA, but its correct structure
was only determined as the rearrangement product of HM-ABA (23). The
observation that lIM-ABA so readily rearranged to PA in the absence of
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Fig. 10. Naturally occurring ABA metabolites not shown in Fig. 9.
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enzymes, made it unclear whether PA was a natural ABA metabolite or an
artifact of isolation. The discovery that an apparent PA reduction product
dihydrop~aseic acid (DPA, 4, Fig. 9) was present in very high concentrations
in bean seeds suggested that PAis a naturally occurring ABA metabolite
subject to further metabolism (42). Since the initial descriptions ofPA and
DPA, these compounds have been found in a wide variety of plants, and
appear to be on the major pathway ofABA metabolism. An epimer ofDPA,
epi-DPA (8, Fig. 10) has also been shown to be a naturally occurring ABA
metabolite although it usually occurs in lower concentrations than DPA (43).
Although DPA exists in high concentrations in some tissues, it is clear that
it is not necessarily the endproduct ofmetabolism. The 4'-glucoside ofDPA
(DPA GS, 5, Fig. 9) has been isolated from several tissues (16, 25) and there
are indications from 14C-ABA feeding experiments that even it may be further
metabolized.
Figure 10 shows 2 other naturally occurring ABA metabolites. The 1'­

glycoside of ABA (ABA-GS, 6) may be widespread in plants, although
probably in low levels, and 3-hydroxy-3-methyl glutaryl lIM-ABA (9, Fig.
10) which has so far been isolated only from the seeds of Robinia
pseudoacacia (22). Feeding experiments with 14C_RS ABA show that other
metabolites can be formed, such as base-labile conjugates of PA, DPA and
epi-DPA. These compounds have not yet been characterized, nor have they
been shown to occur naturally (22).

Effects of Metabolism on Physiological Activities

The identification of metabolites and the elucidation of metabolic pathways
are intellectually challenging and interesting in their own right. In the case
of a hormone, however, the plant physiologist is more interested in the role
that metabolism plays in controlling the levels of active hormone.
Metabolism can playa number of roles, including activation and inactivation
of hormonal activities and conversion of a hormone to storage and/or
transport forms. Unfortunately, it is often difficult to assess the effects of
metabolism on hormone activity. The effectiveness of any applied substance
will depend on factors besides its intrinsic activity. These will include its rate
of uptake into the tissue, its metabolism to more or less active compounds
after uptake, and its rate of entry into the proper cellular compartment.

We often do not know whether the results observed when a hormone is
applied to plant tissue are indicative of its actual role in the plant, so it is
hard to assess the significance of the apparent changes in the activities of the
metabolites. We may not even be aware of the proper activity to measure.
Regardless of these caveats, we think it is still useful to discuss how
metabolism may affect physiological activities.
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Inactivation
When analogues of ABA are compared with ABA in their ability to

affect various physiological processes, it has been found that almost any
change in the ABA molecule reduces the apparent activity. The activity of
ABA in the full range of bioassays tested appears to depend on the presence
of a free carboxyl group, a 2-cis,4-trans-pentadienoic side chain, a 4'-ketone
and a double bond in the cyclohexane ring (41) although a few synthetic
compounds do show activity without all of these attributes. Many of the
metabolites described so far lack one or more of these functional groups.
ABA-GE lacks the free carboxyl, PA the ring double bond, and DPA and its
further metabolites lack both the ring double bond and the 4'-keto group.
HM-ABA, its 3-hydroxy-3-methyl glutaryl derivative and ABA-I'-glycoside
all appear to have the necessary functional groups ofABA intact. Neither PA
nor DPA appear to inhibit cell elongation in various tissues which indicates
that the presence of the 4'-ketone and the ring double bond are both
necessary for this activity. ABA glucose ester has been reported to inhibit
cell elongation, but it seems likely that the activity depends on its hydrolysis
to ABA as has been shown to be the case for other ABA esters. The 3­
hydroxy-3-methyl conjugate of lIM-ABA has been reported to inhibit cell
elongation. Whether the activity requires the intact molecule was not
determined. PA has been reported to have only about 10% of the activity of
ABA in an abscission bioassay, and has reduced activity in stomatal closure
bioassays in several plants, although apparently no activity in closing the
stomata of V. laba. DPA has no activity in any of the bioassays in which it
has been tested. It seems reasonable to conclude that DPA synthesis, and
that of its further metabolites, is a primary mode of ABA inactivation,
Although PA is inactive, or has a greatly reduced activity, in several

bioassays compared with ABA, it does appear to be as active as ABA in
reducing the GA3-stimulated synthesis of a-amylase in barley aleurone layers
(40). DPA, however, has no activity in this assay, so that the 4'-keto group,
but not the ring double bond, is necessary for the results observed with PA
and ABA. One explanation for PA activity in this assay is that both ABA
and PA are able to bind to and activate the necessary receptor equally well.
A second explanation is that PAis the active molecule and that the apparent
ABA activity is derived from its conversion to PA, which does occur readily
in barley aleurone layers.
HM-ABA contains all of the ABA functional groups and has in addition

a hydroxyl group at the 6'-methyl position. One intriguing possibility is that
it is HM-ABA, rather than ABA, which is the active molecule in many of the
ABA bioassays. Since all of the tissues which have been fed 14C_ABA
produced PA, and therefore lIM-ABA, it is not possible to rule out an active
role for HM-ABA. It is also not possible to test HM-ABA's activity directly.
Even if it could again be isolated, it would be difficult to keep it from
isomerizing to PA during any bioassay.
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Storage and Transport Forms
One requirement that a metabolite must meet in order to be a storage or

transport form of ABA is that it must be reconvertable to ABA. Of the
various metabolites that have been described, only ABA-GE and ABA-GS
seem likely to be able to meet this requirement, since esterase and glycosidase
activity could release ABA from ABA-GE and ABA-GS, respectively. There
is no evidence that either PA or DPA can be reconverted to ABA. ABA was
shown to be released when ABA-GE was fed to tomato plants. It is difficult,
however, to determine whether hydrolysis of endogenous ABA-GE occurs.
The evidence obtained so far suggests that ABA-GE is not a major source of
ABA, but is sequestered in the vacuole (14). When plants were subjected to
a series of stress and rewatering cycles, ABA-GE continued to increase in
concentration (5). ABA-GE has been shown to occur in the phloem and
xylem. If it were hydrolyzed when it reached the sink tissue, it could be
considered a transport form of ABA. ABA has also been shown to occur in
the xylem and phloem, so it seems unlikely that ABA-GE is necessary as a
long distance transport form of ABA. There is no evidence about the fate of
ABA-GS. Since it appears to be a minor metabolite, it seems unlikely that
it plays a major role as an ABA storage and/or transport form (22).

LOCALIZATION AND REGULATION OF METABOLISM

The capacity to metabolize applied ABA is widespread in plant tissues.
14C_ABA has been shown to be metabolized by leaves, stems, roots, seeds and
fruit, and ABA metabolites have been isolated from all of these tissues (22).
However, since ABA metabolites have also been found in the xylem and
phloem, the occurrence of metabolites in a particular tissue does not
necessarily indicate that it was formed there. There is less evidence about the
subcellular localization ofABAmetabolism. The conversion ofABA to lIM­
ABA by a cell-free system obtained from the liquid endosperm of
Echinocystis Zobata was suggested to involve a mixed-function oxygenase
(11). The report that the oxygen inserted into ABA to form lIM-ABA is
derived from O2 is further evidence for the participation of an oxygenase (6).
Since mixed function oxygenase activity is generally associated with the
endoplasmic reticulum, these results suggest a cytoplasmic location for the
initial step of ABA metabolism. The conversion of PA to DPA in the E.
Zobata system appeared to involve a soluble enzyme, presumably also of
cytoplasmic origin. The conversion of ABA by spinach mesophyll
protoplasts to PA and DPA was shown to occur in the extraplastidic fraction,
indicating that chloroplasts do not metabolize ABA (14).
An enzyme which catalyzes the transfer of glucose from UDP-glucose

to form ABA-GE has been isolated from cell suspensioncultures ofMac/eaya
microcarpa (19). Presumably the enzyme is of cytoplasmic origin.
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Because little is known about the ABA metabolic enzymes, our
knowledge of the regulation of metabolism is also limited. There is an
indication, however, ofpossible regulation in barley aleurone layers. If layers
are pretreated with 10-sM ABA for several hours, the subsequent metabolism
of exogenous ABA is from 2 to 5 times greater than it would have been
without the pretreatment (40). The increased metabolic rate can be eliminated
by inhibitors of protein and nucleic acid synthesis. These inhibitors also
eliminate several new proteins which appear after ABA pretreatment. The
suggestion has been made that ABA induces the synthesis of the ABA
hydroxylating enzyme in this tissue since PA does not cause the new proteins
to appear, nor does it increase ABA metabolism. The isolation of the
hydroxylating enzyme from the aleurone layers has not been successful, so
it has not been possible to demonstrate an increased level of the enzyme
directly.
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c. OTHER HORMONAL
COMPOUNDS

C1. Polyamines as Endogenous Growth
Regulators

Arthur W. Galston and Ravindar Kaur-Sawhney
Department of Biology, Yale University, New Haven, Connecticut 06511,
USA.

POLYAMINES AS ESSENTIAL CELLULAR COMPONENTS

It is probable that all cells contain the diamine putrescine (put; 1,4­
diaminobutane) and the triamine spermidine (Spd), while eukaryotic cells
contain the tetramine spermine (Spm) as well (3, 8). In both prokaryotes and
eukaryotes (54), including higher plants (13), mutants lacking the ability to
biosynthesize polyamines (PAs) are unable to grow and develop normally (13,
54). Since the addition of PAs to these mutants generally restores normal
growth and development, it is reasonable to conclude that PAs are essential
to all cells. This conclusion is reinforced by the demonstrable effects of
"suicide inhibitors" of the main PA-biosynthetic enzymes, ornithine
decarboxylase (DOC) and arginine decarboxylase (ADC: Fig. 1). These
compounds,a-difluoromethylornithine(DFMO)anda-difluoromethylarginine
(DFMA), specifically and irreversibly bind to and inhibit ODC and ADC,
respectively. The ensuing decline in cellular PA titers is accompanied by a
diminution or cessation of growth and development, which are restored upon
the addition of the relevant PA.
Given the biological ubiquity and apparent indispensability of PAs, we

need, as plant physiologists, to ask at least the following basic questions:
1. How are PAs biosynthesized and metabolized in plants?
2. What is their location in the cell?
3. What is their probable function?
4. Do PAs normally regulate growth and development of "normal"
plants?

5. Can changes in PA titer help explain the action of physical (light,
temperature, stress) and chemical (nutrients, hormones) agents
affecting plant growth?

6. Are PAs translocated?
7. What is the effect of the administration of exogenous PAs or PA
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Polyamines

analogs on entire plants, excised organs, individual cells and
protoplasts?

8. Are any of these effects potentially important in agriculture?

THE BIOSYNTHESIS AND METABOLISM OF POLYAMINES IN
PLANTS

Evidence supporting the biosynthetic scheme in Fig. 1 for plants has recently
been extensively reviewed (13, 16, 19,49,53). While much of the original
evidence came from microorganisms and animals, a recent spate of activity
in the plant field has led to considerable documentation of similar systems in
plants, especially in the angiosperms. Considerable interest has been
displayed in the participation of S-adenosylmethionine (SAM) in the
biosynthesis of Spd and Spm, since SAM is also the source of the plant
hormone ethylene, by way of the intermediate l-aminocyclopropane-l­
carboxylic acid (ACC). Ethylene is well known as a senescence-inducer and
PAs have antisenescence activity, particularly with excised plant parts (24).
Thus, any system that controls the flow of carbon atoms through SAM could
control the developmental fate of the cell, tissue or organ involved. It is
noteworthy that many stress conditions will lead to an increased production
of both ethylene and Put (see below), but not other PAs.
Put is oxidized by a diamine oxidase (DAO), yielding 4­

aminobutyraldehyde, which then cyclizes spontaneously to form pyrroline:
other products of the reaction are NH3 and H20 2 (53). DAO activity is
especially high in the Leguminosae, where it may represent up to 3% of the
total protein of the cell. In some plants, the 4-aminobutyraldehyde is further
oxidized to 4-aminobutyric acid (GABA) and then to sugars, glutamate and
other organic acids (44). Polyamine oxidase (PAO), especially abundant in
the cereals, catalyzes an analogous reaction, yielding pyrroline, 1, 3­
diaminopropane (Dap) and HZ0 2 (53). When Spm is the substrate,
aminopropylpyrroline is formed instead of pyrroline. In tomato fruit, the
action of PAO leads to the formation of Put and l3-alanine (44). Since PAO
in cereals is localized in the cell wall, it has been suggested that it may be
involved in lignification, since it produces the HzOz needed for peroxidative
conversion of precursors to lignin (49, chapter 3).
The DAO of pea contains two identical subunits, each containing Cuz

+

and sharing one carbonyl group; DAOs from other sources contain -SH
groups in addition to Cu2+ and carbonyl (53), while other DAOs contain FAD.
PAO in several cereals seems to be especially associated with lignified tissues
(25, 53) or guard cells (25), and at least some activity is in the cell wall (25).
Put and other PAs may exist in the form of conjugates with such

phenolic acids as cinnamic and ferolic (53). Under certain conditions, these
conjugates may constitute up to 90% of the total PAs of the cell. Put is also

160



A. W. Galston and R Kaur-Sawhney

the source of carbon atoms for the formation of the 5-membered pyrrolidine
ring of nicotine and related alkaloids. The fate ofPut in alkaloid synthesizing
cells appears to be determined by auxin: thus, at low levels ofNAA (c. IIlM)
tobacco callus grows little but makes lots of alkaloid, while at higher levels
(c. IOIlM), growth is stimulated and alkaloid synthesis falls, the Put being
diverted into conjugate formation (55).

Cadaverine (Cad: I, 5-diaminopentane) is formed from lysine in some
plants (53). It is found free in actively-growing leguminous roots and is
converted, via oxidation and cyclization, to the 6-membered piperidine ring
of anabasine and other alkaloids. A lysine oxidase is apparently responsible
for the initial oxidation.

LOCALIZATION OF POLYAMINES AND THEIR BIOSYNTHETIC
ENZYMES

Since PAs are relatively small, soluble, diffusible molecules at cellular pH's,
their immobilization in the cell for localization purposes is difficult to
achieve. Disruption of the cell to achieve particle separation may result in
many artifacts, especially if pH changes, affecting protonation of PAs, cause
altered distribution patterns. The fact that endogenous and exogenous
arginine may have entirely different metabolic fates en route to PAs and that
endogenous and exogenous PAs are metabolized differently probably indicates
some compartmentation of enzymes and substrates in the metabolic pathways
related to PAs.

Several approaches (49, chapter 6) have been used to study the
localization of PAs and their biosynthetic enzymes, including (1) subcellular
fractionation (2) cytochemical and immunocytochemical stainingmethods and
(3) autoradiographic localization of labelled PAs and their biosynthetic
enzymes. Becauseofvarious limitations ofthe above techniques, information
about localization of PAs and their biosynthetic enzymes is still rather
limited. There are reports that a large portion of the intracellular PA pool in
plants is sequestered within the vacuole, but PAs have also been found in
isolated mitochondria and chloroplasts. As for cell walls, whose usually
negative charge would be expected to absorb protonated PAs, studies
comparing uptake of radiolabeled PAs by carrot cells versus protoplasts
suggest that approximately two thirds of the total PAis bound to the cell
wall. These results agree with earlier reports that PAs in mature plant tissues
were associated primarily with the cell wall.

Little is also known about the localization of PA biosynthetic enzymes
(49, chapter 6). The availability of DFMO and DFMA, which undergo
irreversible covalent bond formation with ODC and ADC, respectively,
affords a means of localizing these enzymes within tissues, but so far not
conclusively within the structure of the cell. Labeling these inhibitors with
14C or 3H permits autoradiographic techniques to be employed, as it has been
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for ODC in animals (41). In plants, it appears by the use of 3H-DFMO that
ODC is localized in the nuclei of tobacco ovules (49, chapter 6), a conclusion
in agreement with cell fractionation studies based on centrifugal separations.
On the same basis, ADC seems to be in the cytosol, while Spd synthase, once
reported to occur in chloroplasts,can now only be said to be particulate (49).
PAO is probably wall-localized, at least in the cereals (25).
Most of the enzymes involved in plant PA metabolism have been at least

partially purified and characterized and therefore specific antibodies for these
enzymes should be available for localization studies in the near future. It
would thus appear that immunocytochemistry has the best potential to provide
unambiguous information about the tissue and subcellular localization ofthese
enzymes. However, the localization of PAs and the enzymes of their
metabolism within the plant cell is still largely terra incognita, and much
remains to be done.

FUNCTIONS OF POLYAMINES

At cellular pH's, PAs are polycations (3, 8) and thus bind readily to such
important cellular polyanions as DNA, RNA, phospholipids and acidic protein
residues and cell wall components. Through such binding, PAs could affect
the synthesis of macromolecules, the activity of macromolecules, membrane
permeability, and partial processes of mitosis and meiosis. This has been
shown convincingly in vitro, but the in vivo evidence is still scanty.

Membrane Structure and Function

Effects on the cellular plasma membrane are perhaps easiest to demonstrate.
PAs can stabilize otherwise labile oat protoplasts against lysis, decrease the
leakage of betacyanin from wounded root tissue and preserve thylakoid
structure in excised barley leaves. The activity of membrane-localized
enzymes in both animals and plants can be affected by PA-mediated changes
in membrane fluidity and fine structure. One important example is the
ethylene-generating system, whose activity is regulated in part by
temperature-dependent inhibitory effects of Ca2+ and Spm. Similarly, PAs
can counteract hormone-induced changes in membrane permeability and can
affect membrane-localized proton-secreting systems, one of the probable
targets for auxin (17, 51, 53, 54).

Interactions with Nucleic Acids

Spm-DNA complexes have a regular conformation, stabilizing the DNAs
against thermal denaturation in vitro. Spd and Spm also facilitate
conformational changes, such as the B .. Z transition in methylated
polynucleotides (4), and together with other basic cellular components such
as histones, may control DNA conformation important in nucleosome
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assembly and gene expression. Depletion of intracellular PAs sensitizesDNA
to alkylating agents, perhaps by exposing previously protected groups on
DNA. These studies have been extensively reviewed (1, 51, 53, 54).
The structure and function ofmicrobial tRNA's is affected by PAs (47),

a fact that has led investigators with plant tRNA and rRNA to postulate
similar action of PAs bound to those entities. PAs are also found as integral
components of a plant virus and a bacteriophage, affect the organization of
DNA in bacterial nucleoids (14) and control chromosome condensation and
nuclear membrane dissolution during pre-prophase. Specific PAs are
apparently required for maintenance of several yeast double-stranded RNA
plasmids (51, 54).

Control of Protein Structure and Enzyme Activity

PAs have been reported to control the phosphorylation of a nucleolar protein
in Physarum polycephalum, a slime mold (29) and in pea nuclei (11). This
protein was identified as ODC, and the authors suggest that PAs control their
own synthesis through phosphorylative inactivation of their main biosynthetic
enzyme. Another worker suggests that ODC inactivation is brought about by
direct linkage to Put. PAs have also been reported to stimulate various
kinases in animals and plants, probably by virtue of their size and charge.
Other enzymes whose activities are affected by PAs include an NADPH
oxidizing enzyme and fructose 1, 6-bisphosphatase. While most of the effects
are produced by ionic binding ofPAs to the macromolecule, there is evidence
ofcovalent binding ofPAs to proteins, possibly mediated by transglutaminase
(17, 51, 54).

Effects on the Synthesis of Macromolecules

In many types of cells, correlations have been reported between PA
biosynthesis and titer on the one hand and cellular proliferation on the other
(1). This is consistent with the finding that various systems for the in vitro
synthesis of proteins are stimulated by the addition of PAs. Inhibition of PA
biosynthesis retards growth in microbial (54), animal (32) and plant cells
(18). In some instances, these inhibitions can be reversed by the addition of
PAs (7, 51, 54). The suicide inhibitor of ODC, DFMO, was in fact
synthesized in order to control the growth of malignant cells in cancer
patients (37). MGBG, an inhibitor of SAM decarboxylase, is also able to
inhibit the growth of some types ofmalignant cells, especially in concert with
DFMO or other drugs.
When DFMO is added to rat hepatoma tissue culture cells, Spd titer

declines, followed by a decline in polysome content, decreased 3H-Ieucine
incorporation into protein, and a prolongation of the G} phase of the cell
cycle. It appears that a high titer of Spd or Spm is required for entry into the
S phase, when DNA synthesis occurs. Similar events occur in a wide variety
of prokaryotic and eukaryotic cells, both plant and animal (51, 54).
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Buffering of Cellular pH

In plants showing Crassulacean acid metabolism (CAM), Put is synthesized
along with secretion of malate into the cytoplasm (39). Put is also increased
by increased external acidity, by S02' or by excess NH/ (49, chapter 15), all
of which produce an acid stress on the exterior of the plasma membrane.
This raises the possibility that the reversible protonation ofthe multiple amino
groups of PAs may thus serve to buffer cellular pH. Quantitatively, this
seems possible, since the titer of Put in stressed cells may reach OAmM.
Other stress stimuli that also result in the accumulation of Put (see below)
may possibly act through a common effect on pH.

POLYAMINES IN PLANT GROWTH AND DIFFERENTIATION

Through the development of a series of mutants in Escherichia coli and
Saccharomyces cerevisiae (54), PAs have been shown to be obligate growth
factors for both prokaryotic and eukaryotic cells. In yeast, Put is required for
attainment of optimal growth and development, while the higher PAs are
required for sporulation. Mammalian cells, especially in tissue culture, have
also been shown to require PAs for normal growth and development (3, 8).
In plants, PAs have been linked to a variety of growth and

developmental processes, including cell division, vascular differentiation,
embryoid formation in tissue culture, root initiation, adventitious shoot
formation, flower initiation and development and control of fruit ripening and
senescence (13, 16, 19,49).
PA titer and plant growth rate are positively correlated in a wide variety

of plant growth systems (I 8, 51, 53), and the interruption ofPA biosynthesis
by inhibitors (19,49, 53) or mutation results in altered growth patterns (13),
some ofwhich can be reversed by the application of particular PAs. In a few
cases, the application of exogenous PAs to protoplasts or cells in tissue
culture has resulted in a temporary or sustained increase in cell division (13).
The ratio of diamines to higher polyamines (Put/Spd + Spm) is generally

directly correlated with elongation rate, especially in seedling organs (Fig. 2,
48). It appears that the Put ... Spd transformation is especially important in
controlling the rate of cell division. Put appears to be injurious to, while high
Spd (and Spm) seem essential for the G, ... S transition (49, chapter II).

Polyamines and Flowering

Martin-Tanguy and colleagues, while studying the conjugated PAs of tobacco
and other plants (34) found, in general, that hydroxycinnamoyl acid amides,
formed by the coupling of phenolic acids and PAs were absent from young
plants, but accumulated progressively in apical leaves and then in large
quantities in various organs of the flower. Clearly, at the time of flowering
these amides are either translocated from apical leaves to the floral buds or
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Fig. 2. Relation of Put/Spd ratio (----) to the
length of root (-) during germination and
growth of Alaska pea seedlings germination.
From (45).
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are metabolically converted while
the floral apex synthesizes large
quantities of conjugated PAs de
novo.
The different sex organs also

have different spectra of PA-
I

containing conjugates (6),
indicating a possible relation to I 4

sexual differentiation. In com, a
i

male-sterile line has a very low c

titer of PA conjugates and a
complete absence of feruloyl-Put
conjugates (34).
A role for PAs in flowering

has also been made probable by
Malmberg and his colleagues (13).
Presumptive PA tobacco mutants
obtained by regenerating plants
from mesophyll protoplasts that
survived exposure to high levels of
PA-biosynthetic inhibitors
exhibited aberrant flowering
behavior, including altered patterns of floral organ morphogenesis. For
example, in one MGBG resistant mutant (M~), the resulting high titers of
Spd and Spm are correlated with the development of anther-like ovules. In
contrast, in a temperature sensitive revertant (Rtl), the altered PA metabolism
showing substantially low titers of Spd and Spm produced flowers with a
second row of petals in place of anthers. Since stamens and carpels are the
spore-producing organs of the angiosperms, and since PA deprivation had
been shown to affect sporulation in fungi, we decided to investigate the
effects of PA deprivation and supplementation on patterns of flowering in
tobacco, using a thin layer tissue culture technique (27). Cultures
programmed to produce flowers showed high endogenous titers of Spd and
progressively converted to the vegetative state as the Spd titer was decreased
by increasing concentrations of cyclohexylamine, an inhibitor of Spd
synthase. Contrariwise, cultures programmed to produce only vegetative buds
showed low endogenous Spd titer, and were induced to produce some flowers
with the addition of 0.5 to 5.0 mM Spd (Fig. 3) (27). While Spd is
apparently specific for inducing such flowering in Wisconsin-38 tobacco,
Flores and co-workers found that spermine is more effective with the variety
Xanthi. Several other investigators have, however, found no involvement of
PAs in the control of flowering in tobacco-thin layer cultures (13, 16, 19).
More convincing correlations between PAs and flowering have been

observed in whole plants. Our studies on the relation between photoperiodic
induction and PA titer in a well characterized short day plant, Xanthium
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Fig.3. Effect ofspermidine on bud differentiation in thin-layer explants oftobacco. Explants
were cultured in the presence (right) or absence (left) of 5mM spermidine. Photographs were
taken when the cultures were one month old and buds fully developed (x 2.5). From (26).

strumarium L. revealed that exposure to one or two consecutive induction
long nights greatly increases the titer of conjugates of the higher PAs in
leaves, and later in buds (19). This investigation has also been extended to
a long day plant, Sinapis alba L. Results on leaf exudates show that free Put
increases quite early and dramatically during the floral transition, coinciding
closely with movement of the floral stimulus out of the induced leaves.
Recently, Kushad and colleagues (21) have also reported a close involvement
of PAs in flowering in the long day plant Rudbeclda hirta. A rise in free
PAs was linked to important cytological events during floral initiation and
after 4 long days, the PA level was consistently higher in photoinduced plants
than in non-induced controls. Studies from the same lab showed that 80%
of the total PA content in fully developed citrus flowers is localized in the
reproductive organs and only 20% in corolla and calyx.
The development of the ovary and ovules during maturation seems

highly sensitive to PA titer, especially in tomato and other solanaceous plants
(7, 50). Application of DFMO to young tomato pistils immediately after
pollination blocks the subsequent growth and development of the ovary (7).
This inhibition can be overcome in part by the subsequent application of Put
or Spd, indicating that reduction ofPA titer below some critical value inhibits
the prolific cellular division that prepares the way for fruit development.
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Polyamines and Embryogenesis

The involvement of PAs in embryogenesis was first observed in carrot cell
cultures (13, 16, 19). Studies on somatic embryogenesis in carrot reveals
three very important facts: (1) Embryogenic growth is suppressed by the
presence of an auxin in the medium (2). Increased synthesis of PAs
accompanies, and is required for, embryogenesis upon removal of auxin. (3)
Ethylene suppresses embryogenesis. Just prior to embryoid formation, ADC
activity increases rapidly, accompanied by elevated Spd titer. Application of
DFMA to the cultures inhibits embryogenesis, and the inhibition is reversed
by addition of Spd. In a non-embryogenic line of carrot, the rise of ADC
activity and Spd titer do not occur. Similar effects have been noted in
protoplast-derived cultures of Vigna. Recently Minocha and his colleagues
(46) have shown that carrot-cells grown in the presence of auxin produced
more ethylene and less PAs than those grown on minus auxin medium.
DFMO promoted PA biosynthesis, inhibited ethylene production and
permitted somatic embryogenesis even in the presence of auxin. Based upon
the above observations and the fact that auxins generally promote ethylene
biosynthesis in plant tissues, it was hypothesized that a competitive interaction
between PAs and ethylene biosynthesis may be an important regulatory factor
controlling embryogenesis in carrot cell culture.

Polyamines and Senescence

Senescence in many plant organs, both in situ and upon their excision from
the plant, is correlated with a decline in PA titer (49, chapter 14). Since the
addition of exogenous PAs in the millimolar concentration range delays or
prevents such senescence-related processes as the decline of chlorophyll,
protein and RNA content (measured by decreases in protease and RNase
activities) in a wide range of monocot and dicot leaves (Fig. 4) (24), it has
been proposed that PA titer controls senescence, at least in leaves (24). ADC
activity is usually well correlated with leaf well-being (26). Thus inhibitors
or other agents conducing to a decline in ADC activity generally promote
senescence (26), while light, hormones and other treatments that inhibit
senescence lead to an increase in ADC activity (26). Exogenous PAs seem
to interact with a Ca2+ -specific site on the outer membrane (24), and only a
brief contact between leaf and PA (a few minutes in a 48 h period) suffices
to prevent senescence. PAs act through an inhibition of ethylene formation
or action (49, chapter 5).
The apparent inverse relation between PAs and senescence has been

tested in ripening fruits (49, chapter 5). Alcobaca and other varieties of
tomato with retarded senescence and extended shelf lives have higher than
usual levels of endogenous Put, which increases rather than showing the usual
decline during ripening. Tomato over-ripening has also been delayed by
infusion of exogenous Put via the peduncle (30). While at higher

167



12 24 36 48
TIMElh)

Polyamines

(0)
o--<l Control

(b) •• :>

• :> Ci
" '0 e --e Sper mine ,.
Ci 300 ,. 300 :2 120,.

~
~ i :E
:! - -0

0- ~0

~ 200~ 200 80
z .,;

~ I&l III
<:> 0!: 0 ..J

~ a:
..Jr !: ..J

~ 100 z 100 >- 40
I :z:

• 0 ...... II... Z ......-----. 0
a i a:z -e____ -e 0
a: c( ..J. :z:a

U

0 12 24 36 48 0 12 24 36 48 0
T1MElhl TIMElh)

0--0 Control

e--e Spermine

(e)

Fig. 4. Kinetics of the effect of I mM spermine on (a) RNase activity; (b) free a-amino
nitrogen content a (a measure of protease activity) and; (c) chlorophyll loss in excised peeled
oat leaf segments incubated in the dark. From (23).

concentrations, PAs inhibit both ripening and ethylene fonnation, at lower
concentrations they still affect ripening with no effect on ethylene fonnation.
This indicates that PAs may have their own independent action on the
ripening process (19, 49).

Spermidine Binding To Proteins

One possible mechanism through which PAs might act as growth regulators
involves their binding to specific regulatory proteins which have been
observed in many organisms. We reported the binding ofexogenous labelled
Spd to a specific 18kD protein in thin-layer tobacco tissue cultures (2) and
to a larger protein in oat protoplasts (38). Mehta et al (36), using two rice
cell cultures, were also able to demonstrate stable incorporation of label from
CH) Spd into an 18 kD protein, which has subsequently been identified as the
eukaryotic translation initiation factor elF-SA. The binding of exogenous
labeled Spd increased in the presence of inhibitors of endogenous PA
biosynthesis, suggesting that exogenous and endogenous PAs bind to the same
site. More recently we have shown a close correlation between PA binding
proteins and mitotic activity in a comparison of young and mature tissues of
tobacco leaves, internodes and ovaries (23).

REGULATION OF POLYAMINE TITER IN THE PLANT

The synthesis of PAs is sensitive to several externally-manipulable variables,
including light, hormones, excision and stress. Control seems to be exerted
through ADC, ODC and Spd synthase in different plants.
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Light

In excised oat leaves, ADC activity and PA titer fall in darkness and rise in
white light (26). In etiolated peas, the Pr ~ Pfr phytochrome transition
increases ADC activity in buds, while decreasing it in epicotyls (9). Thus,
Pfr effects on ADC in each organ parallel Pfr effects in growth of the organ.
This may be the only known case of simultaneous photoinduced induction
and repression of the same enzyme in different organs. Changes in PA titer
reflect the altered ADC activity and growth, and the altered ADC activity is
not simply a consequence of altered growth rate, as shown by subsequent
kinetic studies and surgical procedures.

Hormones

Either PAs or auxin will stimulate dormant Helianthus tuberosus explants to
grow in vitro. Since auxin application results in an increase in PA titer and
macromolecular synthesis, it has been proposed that auxins act through PAs
to induce growth in that tissue. A similar situation exists in the tomato ovary,
where auxin application that induces parthenocarpy requires active ODC.
Auxin-induced rooting in mung bean seedlings is also reduced in the presence
of MGBG, an inhibitor of SAM decarboxylation, and the inhibition is
reversed by the application of arginine or ornithine (17, 51).
Auxin effects on PA biosynthesis have recently been reviewed (49,

chapter 13). Auxin treatment was shown to induce a four fold increase in
ODC activity during barley grain germination. This was correlated with a
decrease in the titer of an ODC "antizyme" by auxin treatment. IAA also
promoted ADC activity in rice embryos. In a few cases, auxins have been
shown to have an inhibitory effect on PA levels and their biosynthesis. The
reasons for these discrepancies are not clear.
The gibberellin-induced elongation of dwarf pea internodes in the light

is accompanied by a rise in ADC activity and PA titer, while application of
DFMA partially prevents these effects (49, chapter 13). A similar GA-PA
interaction exists in lettuce hypocotyls. In the GA-induced elongation of pea
internodes, which involves both cell division and cell elongation, PAs appear
to playa role in cell division and not cell elongation (52). The GA-induced
increase in a-amylase in barley aleurone is inhibited by MGBG, but there is
no change in PA titer following GA administration. GA and PA both induce
a large increase in ODC activity in this same barley system (17, 49, 51).
Cytokinins increase PA biosynthesis and titer in lettuce and cucumber

cotyledons and in red-irradiated etiolated pea buds. In cucumber, cytokinins
can also reverse an inhibitory effect of abscisic acid on PA biosynthesis (49,
chapter 13). In a recent report (33) the growth stimulation of suspension
culture ofOryza sativa L. var IR 20 by conditioned medium containing 2, 4­
D and kinetin could be mimicked by Spd, but not by Put or Spm.
We have already mentioned the quantitative interplay of PAs and
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ethylene, possibly resulting in part from competition for SAM, a common
precursor. PAs and ethylene also inhibit each other's biosynthesis and action
(49, chapter 5). Thus, exogenous PAs reduce auxin-induced ethylene
production in petals, leaves and fruits, and in senescing orange peel. PAs
apparently block ethylene biosynthesis at the ACC ~ ethylene step, known
also to be Ca2+ -sensitive, as well as at the prior ACC synthase step. When
ACC synthesis is blocked by PAs, there is apparently an increased flow of
carbons from SAM into PAs. Conversely, when PA synthesis is blocked by
MGBG or DFMA, ethylene synthesis is promoted. In etiolated pea seedlings,
exogenous application of ethylene inhibits ADC activity, while depletion of
endogenous PAs increases ADC activity. Thus fluctuations in the
comparative rates of ethylene and PA production could produce consequent
changes in ADC activity.
Knowledge of the uptake and transport of PAs is still scant, mainly

because at cellular pHs, PAs are polycations and thus bind readily to
important cellular polyanions. Recent reports from Bagni's lab in Bologna
details the pH dependent uptake of Put into Saintpaulia petals. Results from
the Altman and Martin-Tanguy labs indicate the intertissue and interorgan
translocation of polyamines in several plant species (49, chapter 7).

Stress

Physical and chemical
More than thirty years ago, K+ -deficiency was found to increase Put

levels in plants, and this effect has been widely confmned (53, 60). The
increased Put "replaces" 30% of the cationic loss represented by K+
deficiency. K+ deficiency rapidly and reversibly induces higher ADC
activities in young oat seedlings grown in sand culture on modified
Hoagland's solution (60). The increase required de novo protein synthesis
(60), and is correlated with an increased stress-induced incorporation of 3SS_

methionine into a 39 kD band on a denaturing polyacrylamide gel.
Put accumulation and ADC increase also result from osmotic stress (15,

Fig. 5), acid feeding (59, Fig. 6), high NH4+ feeding, or exposure to the
atmospheric pollutants S02 or Cd2+ (13, 16, 19,49). The response to osmotic
stress in excised oat leaves occurs within minutes, as shown by timed
application of cycloheximide to stressed systems. There is evidence that Put
accumulation results not only from ADC activation, but also from a decrease
in Spd synthase activity (57). This may also be true with acid feeding and
the Put/Spd ratio increases with increase in acidity (Fig. 7).
The stress-increased Put could represent (a) the cause of the injury

syndrome (b) the plant's defense against injury, or (c) a metabolic side-effect
unrelated to stress. Recent experiments with simultaneous application of
stress and DFMA indicate that the first possibility is closest to the truth (56).
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Chilling

Injury caused by chilling results in significant increases in Put levels in
a variety of fruits and vegetables (28, 35, 58). The results do not indicate
whether the increase in Put is a protective response or whether Put itself is
the cause of the stress-induced injury. However, the results of others indicate
that PAs protect plants from chilling injury. For example the cold hardening
of several plant species correlates with increases in PAs; also, the reduction
of chilling injury in squash, Chinese cabbage (58) and apples (28) by
controlled atmosphere storage is coupled with increased PA titers. These
results are consistent with the suggestion that PAs preserve membrane
integrity, resulting in increased cell viability during chilling.

Heat and Drought
Plant cells can be induced to synthesize novel PAs when subjected to

high temperature or drought. These PAs were first detected in the
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Fig. 6. Time-course of changes in A) arginine decarboxylase activity B) putrescine titer in
peeled oat leaf segments incubated in buffer at pH 4.0 or 6.0. 0 = pH 4.0; b. = pH 6.0.
Enzyme activity is expressed as pkat/mg protein (1 katal = 1 molls). From (59).
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Fig. 7. Effect of external pH on polyamine
titers in peeled oat leaf segments. Oat leaf
tissue was incubated for 8 hours at various
pH values. Perchloric acid extracts were
dansylated and separated by thin-layer
chromatography along with known
polyamine standards. The thin-layer
chromatograph was photographed in
ultraviolet light to reveal dansylated
polyamines. Note the rise in putrescine and
decline in spermidine as the pH decreases.
From (58).

thennophilic bacteria that usually contain an abundance of Spd when grown
under more usual physiological conditions (25 to 35°C). However, a series
ofmostly symmetrical analogs of Spd and Spm appear when the temperature
is increased above 50°C (40). The most common induced
"thennopolyamines", norspennidine and norspennine, are apparently essential
for continued protein synthesis at high temperature, both in vitro and in vivo.
It is only recently that these "thennopolyamines" have been detected in plants.
When cell cultures of drought-tolerant alfalfa lines are exposed to water
deficit, significant amounts of norspennidine and norspennine accumulate
(49, chapter 8). Pollen and cell suspension cultures of heat-tolerant cotton
genotypes also accumulate these uncommon PAs when exposed to high
temperature. The biosynthesis of these "thennopolyamines" may be related
to stress responses in drought or heat tolerant plants.

Biological stress
Yeast and other fungi have only the ODC pathway for Put biosynthesis

(54), while higher plants have bothADC and ODC. This led us to inquire
whether phytopathogenic fungi might be selectively inhibited by DFMO. In
petri dish culture on Czapek's medium, both DFMO and DFMA produced
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Fig. 8. The inhibition of mycelial
growth ofBotrytis sp. by DFMO and its
reversal by putrescine. Upper left,
control; upper right, 0.5 mM DFMO;
lower left, 0.5 mM DFMO + 0.1 mM
Put; lower right, 0.5 mM DFMO + 1.0
mM Put. From (41).

marked growth inhibitions that were reversible with applied Put or Spd (42,
Fig. 8). The DFMA inhibition turned out to be trivial, since DFMA is
converted to DFMO by arginase, in an analog of the arginine .. ornithine
conversion. When DFMO was sprayed on a unifoliate leaf of bean infected
with uredospores ofUromyces phaseo/i, partial or complete protection against
infection was achieved, depending on the concentration and timing (Fig. 9,
43). Both pre- and post-infection sprays were effective, and it appeared that
some protective effect moved from sprayed to unsprayed tissues. It appears
crucial to inhibit fungal growth with DFMO before hyphal penetration of leaf
cells, where the uninhibited leaf ADC could furnish Put to the fungus (43).
Since several other diseases of plants are also benefitted by DFMO
application, this differential and specific inhibition of PA biosynthesis could
turn out be an important new method of disease control.
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MOLECULAR ANALYSIS OF POLYAMINE BIOSYNTHESIS AND
ACTION

The genes for ADC, ODC, SAMDC, spennidine synthase and spennine
synthase have been isolated from E. coli, yeast and mammalian tissues (22,
54) and cloned. Restriction maps and coding sequences for these genes have
been worked out in considerable detail, and regulatory mechanisms have
been studied, both in the original organism and in heterologous tissue. By
contrast, studies with corresponding genes from plants are in their infancy.
Malmberg and colleagues (5) have studied the ADC system of oats because
of its induction by various stresses (15,59,60). The amino acid sequence of
the purified oat enzyme was used to generate a cDNA for oat ADC, which
resembled that of E. coli (54) in many respects. The open reading frame
(ORF) encoded a 66 kD protein, but only a 24 kD ADC polypeptide could
be isolated, from the C-tenninus of the ORF. Part of this cDNA was
expressed in E. coli, and a polyclonal antibody developed against the
expressed polypeptide. The antibody detected only 34 and 24 kD
polypeptides (5). Later work (31) indicated that oat ODC consists of two
polypeptides, 42 and 24 kDs in mass, clipped from a precursor and
reassembled, probably through disulfide linkages. The full length precursor
could not be detected in plants, but showed up in E. coli, along with the 42
and 24 kD fragments. The nature of the clipping and reassembling
mechanism, as well as its effect on enzyme activity, are currently under
investigation. More recently Rastogi et al. (45) have isolated and
characterized the ADC gene from tomato during the ripening of nonnal and
Alcobaca (alc) fruit. The gene contains an open reading frame encoding a
polypeptide of 502 amino acids and a molecular mass of about 55 kD. The
predicted amino acid sequence shows 47% and 38% identity to oat (5) and
E. coli (54) ADCs respectively. The tomato ADC is encoded by a single
gene and is expressed as a transcript of ca. 2.2 kilobases in the fruit pericarp.
The amount of the ADC transcript appeared to peak at the breaker stage of
fruit ripening. Although alc fruit contain elevated Put and ADC activity at
the ripe stage no significant differences were seen when steady-state ADC
mRNA levels were compared between nonnal versus long-keeping ale fruit.
This lack of correlation suggests a translational and/or post-transcription
regulation of ADC gene expression during tomato fruit ripening.
Studies with transgenic plants have been made by Hamill et al. (20), who

inserted the yeast ODC gene, linked to the cauliflower mosaic virus 358
promoter, into tobacco, where it was frequently over-expressed. The higher
ODC expression in tobacco depended on the stage of the growth cycle,
sometimes resulting in a trebling of ODC activity and a doubling of the
content of nicotine in roots, where the alkaloid is synthesized from the
putrescine presumably produced by ODC activity. DeScenzo and Minocha
(12) introduced full length or truncated mouse ODC gene, under CaMV 35S
promoter control, into strains ofAgrobacterium tumefaciens, which were then
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used to transfonn tobacco plants. Transfonned plants contained a unique 50
kD polypeptide and higher ODC activity, shown to be mouse one by pH
studies which distinguished it from the plant enzyme. Cellular putrescine
content was augmented 4-12 fold. No infonnation is yet available on any
phenotypic effects of the extra putrescine.

Several research groups have reported that various polyamines can act
like calcium in promoting the activity of kinases. Daniels et al. (10) reported
that Spd and Spm can activate an enzyme from nuclei and nucleoli of the
slime mold Physarum polycephalum that transfers labeled phosphate from
ATP to a non-histone 70 kD protein. Datta et at. (11) showed that spennine
stimulates the phosphorylation of a 47 kD nuclear protein from pea plumules,
as well as a cyclic AMP-independent casein kinase. In producing the latter
effect, Spm acted by lowering theMi+ requirement of the kinase. It is thus
possible that polyamines contribute to regulation of the cell cycle by
controlling the phosphorylation of proteins essential to the process.

CONCLUSIONS

While the precise physiological role of the PAs remains unclear, we are
compelled to consider them as candidates for active regulators ofplant growth
(17), since they are present in all cells, and essential to nonnal growth and
development in at least some organisms. Their approximately millimolar titer
is responsive to such physiological controls as light, honnones, injury and
stress, and external application can affect important physiological processes.
While their endogenous levels are about two orders ofmagnitude higher than
those of the traditional plant honnones, they clearly have a regulatory role
distinct from a simple nutritional requirement. Effects of added PAs and
inhibitors of their biosynthesis, both in vivo and in vitro, are impressive. The
next few years should yield much exciting new infonnation, including that
from transgenic plants, pennitting an evaluation of the true role of PAs in the
control of plant growth.
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INTRODUCTION

Until recently jasmonic acid (JA) and its fragrant methyl ester, methyl
jasmonate (MeJA), had been studied only modestly since their discovery in
plants over 30 years ago. Early research focused primarily on their potential
role in plant growth and development. However, after jasmonate was shown
to increase the expression of genes involved in plant defense, there was a
surge in activity aimed at clarifying the function ofthese potentially important
signaling molecules. Although considerable work remains, increasing
evidence supports the hypothesis thatjasmonate is involved in signaling stress
responses in plants.
In this discussion references to the jasmonate literature will be limited to

some of the more significant and most recent. Work on the biosynthetic
pathway for JA was summarized in earlier reviews describing
lipoxygenase-dependent metabolism of fatty acids in plants (I, 20). Structural
and possible functional similarities between jasmonate, other related plant
compounds, and animal eicosanoids are also discussed therein. General
reviews of jasmonate action in plants have also appeared recently (15, 18).
Both JA and MeJA are widespread in the plant kingdom and both exhibit

biological activity. Unless a specific compound is intended, I will refer to
them collectively as jasmonate, since it is not known whether one or the other
plays a more significant role in plant signaling.

THE OCCURRENCE OF JASMONIC ACID IN PLANTS

JA (3-oxo-2-(2'-cis-pentenyl)-cyclopentane-l-acetic acid) is one of several
plant fatty acid derivatives that may regulate growth and development, as well
as signal stress responses. Jasmonate biosynthesis involves a
lipoxygenase-mediated oxygenation of a-linolenic acid followed by several
steps, including a cyclization to form the cyclopentanone ring, and
B-oxidations to shorten the resulting side chain. A simplified scheme for JA
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Fig. 1. Pathway for jasmonic acid biosynthesis in plants.

biosynthesis is illustrated in Figure 1; more detailed descriptions can be found
in the references mentioned earlier. Interest in lipoxygenase has increased
recently, as this enzyme is potentially an important regulatory step in JA
biosynthesis. In contrast to the seed lipoxygenases, relatively little is known
about this enzyme in vegetative tissues or about the other enzymes involved
in JA biosynthesis.
Jasmonate is found in a variety· of plant species and apparently in most

if not all plant organs. The quantities that have been estimated by various
methods are typical of other plant hormones, ranging from about lOng to as
much 3 ILg per gram fresh weight (14). Although the acid seems to be more
prevalent, MeJA is usually more active than JA when applied exogenously.
This may result from the volatility of the ester, and the fact that it is
lipophilic.
MeJA is a fragrant oil which contributes to the distinctive aroma of certain
fruits and flowers (e.g., jasmine). These characteristics have led to its
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synthesis for the perfume industry. Unfortunately the commercial product,
which has been widely used by plant researchers, is not optically pure. Four
stereoisomers of jasmonate are possible. As noted by others (20) evaluating
the efficacy of jasmonate is complicated by the fact that (-)-jasmonate is
easily epimerized to the (+) isomer, which is reported in some studies to have
lower biological activity.
The picture is further confused by an array of closely related compounds

which have been isolated from both plants and fungi. Several hydroxylated
cyclopentanones occur, as do various amino acid conjugates and glucosyl
esters of JA. A glucoside derivative induces tuberization in potato while
growth inhibitor activity is associated with cucurbic acid. The latter is
identical to JA except that a hydroxyl replaces the ketone function (1). The
role of these compounds in plants has not been established.

JASMONATE ELICITS A VARIETY OF PLANT RESPONSES

The first reported effect of exogenously applied jasmonate was the inhibition
of plant growth. Subsequent studies have described a wide variety of other
activities. Among the stimulatory responses recently cataloged by Parthier
(15) are those promoting senescence, abscission, tuber formation, tendril
coiling, fruit ripening and pigment formation. Diverse processes are also
inhibited by exogenous jasmonate including seed germination, callus growth,
root growth, photosynthesis, and biosynthesis of ribulosebisphosphate
carboxylase. It should be noted that these are probably not all hormone-like
responses. Some may be more general stress responses brought on by the
relatively high concentration of jasmonate applied in some studies (1).

JASMONATE AND PLANT DEFENSE

The list of genes or gene products (Table I) influenced by jasmonate
continues to grow rapidly since the first report that proteins of unknown
function were induced in many plant species (15). Many of these genes are
implicated in plant defense of one sort or another. Whether this reflects the
primary endogenous function of jasmonate or is an artifact of the limited
kinds of genes that have been investigated is not yet clear.
Induction by jasmonate of protease inhibitors, which appear to be

targeted primarily against certain insects, has been noted in several species.
Enzymes ofthe phenylpropanoid pathway (e.g., phenylalanine ammonia lyase,
chalcone synthase) on the other hand, are more important for defense against
microorganisms. The phenylpropanoid pathway has been extensively studied
in plants, especially regarding phytoalexin biosynthesis in response to
pathogens and fungal elicitors. Recent evidence suggests, that jasmonate
plays a role in this response (10). Barley thionins are also toxic to plant
pathogenic fungi (3), but it is not known whether their induction in plants is

181



Jasmonates

Table I. Genes and gene products induced by jasmonate

Gene or Protein Plant, Organ Reference,
Year Reported·

Vegetative storage Soybean, leaf and (2), 1989
protein suspension cells

Proteinase inhibitor Tomato, Tobacco, Alfalfa (8), 1990
leaf

Napin and cruciferin Brassica napus, seed (21), 1991
seed storage proteins

Lipoxygenase Soybean, leaf and (4), 1991
suspension cells

Trypsin inhibitor Potato, leaf (II), 1992
Leucine aminopeptidase
Threonine deaminase

Chalcone synthase Soybean, suspension cells (5), 1992
Proline-rich cell wall protein

Phenylalanine ammonia lyase Soybean, suspension cells (10), 1992

Thionin Barley, leaf (3), 1992

Late embryogenesis Barley, leaf (16), 1992
abundant-related Cotton, cotyledon

Soybean VSP-related Arabidopsis tha/iana, leaf (19), 1992

Lipoxygenase Arabidolsis thaliana, root (13), 1993

Kunitz-type proteinase inhibitor Potato, tuber (22), 1993

·List is not exhaustive. Only the first of multiple reports for a species is cited.

for defensive purposes.
The induction of lipoxygenase, a potential regulatory step In Jasmonate

biosynthesis, raises the interesting possibility of a signal amplification
mechanism. Localized jasmonate synthesis or release of sequestered
jasmonate in response to wounding might stimulate lipoxygenase and other
enzymes of the jasmonate biosynthetic pathway, leading to further jasmonate
production. This enhanced signal may then stimulate other defense pathways
more effectively. However, it is not presently known whether the
lipoxygenases induced by jasmonate play a direct role in jasmonate
biosynthesis, or whether other lipoxygenases m:e involved.
Some of the genes induced by jasmonate, such as the developmentally

regulated seed storage proteins of Brassica napus (21) are unlikely to be
involved in plant defense. This suggests that jasmonate may also be an
important signal controlling gene expression during plant growth. Even genes
induced by wounding via jasmonate, need not be directly involved in plant
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defense. Some of these may assist in altering plant metabolism during times
of stress. Under adverse conditions metabolites normally used for growth and
development might be stored, possibly in an insoluble form (e.g., protein), for
reuse when growth resumes. This appears to be the role of soybean
vegetative storage proteins (VSPs), for which a defensive role is unknown.
It has been postulated that the normal developmental control of VSPs in
response to source-sink status may be partly controlled by an inter-organ flux
of jasmonate in the vascular stream (18).
In addition to its putative roles in development and in signaling plant defense
responses, jasmonate may be more directly involved as an antifungal agent.
Jasmonate is produced by at least some fungi and limited evidence suggests
fungi development is influenced by jasmonate (K. Nickerson, personal
communication). Oxidation products of lipoxygenase also affect fungal
growth phase and some lipoxygenase inhibitors are anti-fungal agents. The
latter also convert Ceratocystis ulmi, the causative agent in Dutch Elm
disease, from the mycelial to the yeast form (12).
The presence of jasmonate in fungi also raises the interesting possibility

that fungal-derived jasmonate may be perceived by plants and elicit localized
defense responses. Evidence that jasmonate signaling is more widespread in
biology comes from the pheromone properties of MeJA in Oriental fruit
moths. The pleasant fragrance of MeJA and its consequent widespread use
in perfumes notwithstanding, it is perhaps pertinent examine whether
jasmonate, which is related to important eicosanoid signaling molecules in
animals, elicits additional biological responses in animals.

SIGNALING BY GASEOUS METHYL JASMONATE

The volatile nature of MeJA led Anderson (l) to suggest that, like ethylene,
MeJA may be effective as a gaseous hormone in plants. This hypothesis was
subsequently confirmed by others, who demonstrated that airborne MeJA
stimulates tomato proteinase inhibitor gene expression (8) and induces tendril
coiling in Bryonia dioica (6). The latter is a developmental response
normally triggered by mechanical stimulation of tendrils. The concentration
of atmospheric MeJA effective in these responses was estimated to be around
80 nM, indicating that plants are quite sensitive to jasmonate. Farmer and
Ryan (8) also concluded that MeJA volatilized from one plant signals a
defensive response in another, when both are enclosed together in a small
chamber. The efficacy ofjasmonate as an interplant signal remains unproven
in nature, however.

JASMONATE AS AN ENDOGENOUS REGULATOR

A variety of evidence now supports the idea that endogenous jasmonate plays
a role in plant gene regulation. In general, the concentration of JA andlor
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MeJA in plant organs is in the range found for ABA and thus appears
sufficient for a physiological role (5, 14). To some extent at least, variation
in the amount ofjasmonate in organs during their development also correlates
with developmental changes in the expression of certain genes. For example,
soybean VSP genes are most active in young tissues, which is where highest
levels of jasmonate and the enzymes for its biosynthesis occur. Jasmonate
levels are also now known to increase coordinately with VSP gene expression
in soybean seedlings following wounding (5), and with phytoalexin
biosynthesis in suspension cell cultures of various plant species in response
to fungal elicitors (l0).
Further evidence for a regulatory role of endogenous jasmonate comes

from studies involving the feeding of precursors of jasmonate or of putative
inhibitors of jasmonate biosynthesis to leaves. Tomato proteinase inhibitors
were induced by intennediates of jasmonate biosynthesis, but closely related
compounds that are not JA precursors were ineffective (9). The implication
is that the authentic intennediates were metabolized to jasmonate, which was
active in gene induction.
On the other hand, induction of the soybean VSP genes by wounding

was repressed by pretreatment with various inhibitors of Iipoxygenase
activity, while exogenously applied MeJA remained fully effective (18).
Although Iipoxygenase inhibitors have not been shown to inhibit jasmonate
accumulation in wounded tissue, these results are consistent with the
hypothesis that de novo synthesis of jasmonate is necessary for signal
transduction in some wound response pathways.
An additional result supporting jasmonate's role in gene expression

involves the restricted expression of soybean VSP genes in specific cells
associated with leaf vasculature. The limited pattern of gene expression can
be overcome by exogenously applied MeJA, which induces the VSP genes in
all leaf cell types (18). MeJA is reportedly most abundant in the vascular
regions of soybean pericarp tissue, also a site of relatively high VSP gene
expression. One interpretation of these results is that endogenous jasmonate
concentration and/or a cell's sensitivity to jasmonate conditions cell-specific
expression of the VSP genes. Taken together, the evidence is consistent with
the hypothesis that endogenous plant jasmonate is involved in both
developmentally and environmentally modulated gene expression.

SYSTEMIC SIGNALING

The nature of systemic signaling in plants has remained enigmatic despite
much effort in this area. Jasmonate is one of several possible transported
chemical signals in plants. Although protease inhibitors are induced in distant
untreated leaves following exposure of single leaves to jasmonate (9) or by
wounding, it is not known whether jasmonate itself is mobilized to signal a
response in untreated leaves in these cases. However, MeJA in aqueous
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solution is readily assimilated through leaf petioles and then distributed to
leaves where gene expression is induced in leafexplants. Further study of the
movement of jasmonate in plants, both naturally and in response to stimuli
such as wounding, would provide needed information about whether
jasmonate is an important systemic signal in plants.

Several other transported compounds including systemin, a novel
I8-amino acid peptide from tomato leaves and a powerful inducer of the
protease inhibitors, have been proposed as systemic plant signals (17). It is
also possible that entirely different mechanisms are also involved, such as
electrical signaling. The diversity of stimuli that are effective towards a
number of stress-responding genes suggests the signaling pathway, and the
role of individual components such as jasmonate, will be complex and
challenging to understand.

JASMONATE RESPONSE MUTANTS

Mutants affecting plant hormone response have been a valuable resource to
study hormone action and potentially for the isolation of the genes involved
in these signal transduction pathways. An Arabidopsis thaliana mutant with
impaired response to MeJA was recently characterized (19). Not only was
the ability of MeJA to inhibit root growth diminished, also suppressed was
the induction of two polypeptides which were detected immunologically with
soybean VSP antisera. Response to abscisic acid (ABA) was not diminished
in the mutant, nor was the response to cytokinin or auxin (Staswick and
Stasinopolous, unpublished results). These results suggest the mutation
affects a fundamental step in a signaling pathway that is specific to
jasmonate.

Further study of this and additional mutants should help to define the
mechanism for jasmonate action. As suggested for other plant hormones,
jasmonate signalingmay occur through specific receptors that bind jasmonate.
Response mutants may define defects in binding ability, or subsequent steps
in the signaling pathway. Other mutants deficient in JA biosynthesis or
metabolism would also be useful for investigating the role ofjasmonate in the
great variety of plant responses in which it has been implicated.

RELATIONSHIP TO ABSCISIC ACID

Similarities in structure, physical properties, and activities for ABA and JA
have been highlighted by others (1,20). Both can inhibit growth, inhibit seed
germination and promote senescence. Potato proteinase inhibitors, as well as
seed storage and oilbody proteins in Brassica (2), are also induced by both
ABA and MeJA. The latter result suggested an overlapping function for
ABA and MeJA, which may account for the fact that ABA-deficient mutants
still produce seed storage proteins. There is also evidence for synergism
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between ABA and MeJA (19).
Other studies show there are distinct differences between ABA and

jasmonate. For example, only MeJA induced the soybean VSP genes while
ABA alone inhibited Arabidopsis seed germination (19). The isolation of
Arabidopsis mutants that are deficient in their response to either jasmonate
or ABA, not both, also indicates that to at least some degree the signaling
pathways are independent. However, this does not preclude the possibility
that the pathways merge at a later point, beyond what is defined by currently
described mutants. Hopefully, these and other approaches will allow the
genetic dissection of jasmonate signaling in plants and eventually, isolation
of the genes involved.
The fact that many plant responses are influenced by multiple growth

regulators suggests these responses result from a complex interaction of
endogenous signaling molecules. This makes the mechanisms controlling
plant growth, development, and response to the environment challenging to
understand. Jasmonate is emerging as an important new piece to the puzzle
and further clarification of its activity will assist in assembling a more
complete picture of regulation in plants.
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mSTORY AND PROPERTIES OF SALICYLIC ACID

Centuries ago, the American Indians and Ancient Greeks independently
discovered that the leaves and bark of the willow tree cured aches and fevers.
It was not until 1828 that Johann Buchner, working in Munich, successfully
isolated a tiny amount of salicin - the glucoside of salicyl alcohol, which was
the major salicylate in willow bark (56). The name salicylic acid (SA), from
the Latin word Salix for the willow tree, was given to this active ingredient
of willow bark by Raffaele Piria in 1838. The first commercial production
of synthetic SA began in Germany in 1874. Aspirin, a trade name for
acetylsalicylic acid, which is not a natural plant product, was introduced by
the Bayer Company in 1898 and the compound rapidly became one of
world's best-selling drugs. In spite of the fact that the mode of medicinal
action of salicy1ates is a subject of a continual debate, they are being used to
treat human diseases ranging from the common cold, to heart attacks. Since
even in aqueous solutions, aspirin undergoes spontaneous hydrolysis to SA,
both compounds have similar effects in plants and will be treated together in
this review.
Several recent reviews summarize various aspects of SA biology in

plants (34, 37, 40,41). This compound belongs to an extraordinary diverse
group of plant phenolics which are usually defined as substances which
possess an aromatic ring bearing a hydroxyl group or its functional derivative.
In the past, plant phenolics have often been referred to as secondary
metabolites. The term "secondary" implies that such compounds are only of
minor importance to the plant and were sometimes previously equated with
waste products. However, in recent years this opinion has been gradually
replaced by the view that many phenolic compounds play an essential role in
the regulation of plant growth, development, and interaction with other
organisms (18). For example, phenolics are essential for the biosynthesis of
lignin, an important structural component in plant cell walls. Furthermore,
phenolics, most notably phytoalexins (17), have been associated with the
chemical defenses of plants against microbes, insects and herbivores (37).
Several phenolics function as alle10pathic compounds influencing germination
and growth ofneighboring plants (10). Phenolic molecules produced by plant
roots are essential for germination, haustorium formation, and host attachment
in parasitic Striga species (31). Experimental evidence increasingly suggests
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that phenolics function as signals in plant-microbe interactions.
Agrobacterium tumefaciens virulence gene expression was shown to be
activated specifically by the plant-produced phenolic compounds
acetosyringone and a-hydroxyacetosyringone (51). Species-specific
flavonoids exuded from legume roots and seeds are essential for the induction
of the nod genes of Bradyrhizobium and Rhizobium species (30).
According to a recently developed mathematical model (19, 25) the

physical properties of SA (pKa = 2.98, log Kow (octanoVwater partitioning
coefficient) =2.26) are nearly ideal for long distance transport in the phloem.
Therefore, unless free SA is actively transported, metabolized, or conjugated,
it should translocate rapidly from the point of initial application or synthesis
to distant tissues.

Salicylic Acid Levels in Plants

A comprehensive survey of SA levels in the leaves and reproductive
structures of agronomically important species (43) and in foods derived from
plants (52) has confirmed the ubiquitous distribution of this compound in
plants. Rice leaves contained the highest levels of SA, as much as 30 p.g g'.
fresh weight. Unusually high levels of SA were also recorded in the
inflorescences of thermogenic plants and in plants infected with necrotizing
pathogens (see below).

Salicylic Acid and Flowering

Most people learn of the effects of salicylic acid on flowering from the
finding that a tablet of aspirin dissolved in water will make cut flowers last
longer. The origin of this observation could not be traced to the scientific
literature. However, some indications of the mechanisms by which SA may
increase flower longevity can be found in the discovery that SA or aspirin
inhibits ethylene biosynthesis in pear cell suspension culture by blocking the
conversion of l-aminocyc1opropane-l-carboxylic acid to ethylene (28). SA
also prevented the accumulation ofwound-inducible ACC synthase transcripts
in tomato (29). It is unlikely that the endogenous levels of SA present in the
floral tissues are sufficiently high to affect ethylene formation in the flower
tissue. In addition, ethylene is not always involved in flower senescence.
While aspirin will delay the senescence of roses, this effect is likely due to
the acidification of the medium used to feed cut flowers and can be
duplicated with other organic acids (D. Kuiper, unpublished information).
The first indication of the flower-inducing effects of SA was obtained in

an organogenic tobacco tissue culture supplemented with kinetin and indole
acetic acid (26). All monohydroxybenzoic acids were found to promote
flower bud formation from tobacco callus, with SA being active even at 4 ILM
concentration. These observations have never attracted much attention since
a number of different molecules were found to be active in inducing flower
bud formation in tobacco cell cultures (9). The first suggestion that SA may
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be involved in the regulation of flowering in plants came from experiments
in which aphids were allowed to feed on vegetative and reproductive plants
of the short-day plant Xanthium strumarium. It was hypothesized that a
phloem-transmissible factor responsible for the induction of flowering could
be found in the honeydew excreted by aphids. Different fractions of
honeydew were tested in a bioassay system using Lemna gibba strain G3, a
long-day plant, kept under a non-photoinductive light cycle. Flower-inducing
as well as flower-inhibiting components were identified in the collected
honeydew (4). The regulatory substances were thought to be of plant origin
since the honeydew produced by aphids feeding on a synthetic diet lacked
any flower-inducing activity. The flower inducing substance from X
strumarium was identified as SA which at 5.6 ~M caused a maximal
induction of L. gibba flowering (5). SA accelerated flower induction in
Lemna, while having little effect on the rate of subsequent flower
development. The stimulatory effects of SA on flowering were demonstrated
in other species of Lemna, both short and long-day (6). In addition, SA,
aspirin, and related phenolics triggered flowering under non-inductive
photoperiods in Spirodella and Wolffia species (22,23) which belong to other
genera of Lemnaceae. The reports of the florigenic effects of exogenous SA
in Lemnaceae were soon followed by demonstrations of its ability to induce
or promote flowering in various plants belonging to different families.
However, just as in Lemnaceae, the flower-inducing effect of SA in these
plants was not very specific.
The possibility that SA functions as the endogenous regulator of

flowering in Xanthium and Lemnaceae was diminished by the fact that SA
did not induce flowering in X strumarium and that the levels of SA were not
different in honeydew collected from vegetative and flowering plants. Also
no changes in the endogenous levels of SA in vegetative or flowering Lemna
have been reported. In addition, the SA effect on flowering is not specific:
a variety of other chemicals also stimulate Lemna flowering. The mechanism
by which SA may induce flowering in plants is not known. One hypothesis
suggests that SA induces flowering by acting as a chelating agent, because the
free o-hydroxyl group confers metal chelating activity on benzoic acids. This
view is supported by the fact that chelating agents, can induce flowering in
Lemnaceae (39).

Other Effects of Exogenous Salicylic Acid

Application of SA to plants was shown to elicit a plethora of responses. The
most prominent effects of salicylic acid and its close analog, aspirin include:
inhibiting ethylene biosynthesis and seed germination; blocking wound
responses; interfering with membrane ion transport and absorption in roots;
induction of rapid membrane depolarization and collapse of the
transmembrane electrochemical potential; affecting nastic leaf movements;
reducing transpiration in leaves and epidermal strips; reversing of ABA-
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induced stomatal closure, leaf abscission, and growth inhibition (34, 41).
Other effects of SA on plant development include inducing anthocyanin
production in maize seedlings (20) increasing the pod number and yield in
mung beans and increasing the height and grain number of cheena millet. In
combination with indoleacetic acid (IAA), SA stimulated adventitious root
initiation in mung beans. SA also increased the in vivo activity of nitrate
reductase in maize seedlings. Aspirin and related hydroxy-benzoic acids
blocked the wounding response of tomato plants (8).

THERMOGENIC PLANTS AND THE SEARCH FOR CALORIGEN

Thermogenicity (heat production) in plants, first described by Lamarck in
1778 for the genus Arum, is now known to occur in the male reproductive
structures of cycads and in the flowers or inflorescences of some Angiosperm
species belonging to the families Annonaceae, Araceae, Arist%chiaceae,
Cyc/anthaceae, Nymphaeaceae, and Pa/mae (35). The heating is believed to
be associated with a large increase in the cyanide-insensitive non­
phosphorylating electron transport pathway unique to plant mitochondria.
The increase in this so-called alternative respiratory pathway is so dramatic
that oxygen consumption in the inflorescences of Arum lilies at the peak of
heat production is as high as that of a hummingbird in flight. In addition to
the activation of the alternative oxidase, thermogenicity involves activation
of the glycolytic and Krebs cycle enzymes which provide substrates for this
remarkable metabolic explosion.
In one oftheArum lilies, Sauromatum guttatum Schott (voodoo lily), the

inflorescence develops from a large corm, and can reach 80 cm in height
(Fig. 1). Early on the day of anthesis, a large bract (spathe) which surrounds
the central column of the inflorescence (spadix) unfolds to expose the upper
part of the spadix known as the appendix. Soon thereafter, the appendix
starts to generate heat, which facilitates the volatilization of foul-smelling
amines and indoles attractive to insect pollinators. By early afternoon the
temperature of the appendix can increase by 14°e above ambient, but it
returns to ambient in the evening. The second thermogenic episode in the
lower spadix starts late at night and ends the following morning after
maximum temperature increases of more than lOoe. In 1937 Van Herk (54)
suggested that the burst of metabolic activity in the appendix of the voodoo
lily is triggered by "calorigen", a water-soluble substance produced in the
male (staminate) flower primordia located just below the appendix. Van Herk
believed that calorigen began to enter the appendix on the day preceding the
day of anthesis. Van Herk's ideas encountered some skepticism, partially
because attempts to isolate and characterize calorigen were not successful
until recently.
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Fig. 1. The inflorescence of Sauromatum guttatum on the day of blooming and heat
production. (A) Entire inflorescence. (B) Longitudinal cross section ofthe floral chamber. The
drawing is not entirely to scale. Inset: Proposed action of salicylic acid in thermogenesis. On
the day before blooming calorigen, identified as SA, moves from the male flowers to the
appendix. There it induces heat and the production of odor attractive to insect pollinators. The
heat is a product of cyanide-insensitive respiration which, along with the enzymes of Krebs
cycle and glycolysis, is induced by SA.

Salicylic Acid as a Natural Inducer of Thermogenesis in Arum Lilies

In 1987 an attempt to identify the elusive calorigen ended in success. Mass
spectroscopic analysis of highly purified calorigen extracted from the male
flowers of voodoo lily indicated the presence of SA (42). Application of
salicylic acid at 0.13 p.g go' fresh weight to sections of the immature
appendix, led to temperature increases of as much as 12°C. These increases
duplicated the temperature increases produced by the crude calorigen extract
both in magnitude and timing, indicating that SA is the calorigen (Fig. 2).
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The sensitivity of appendix tissue to salicylic acid increased daily with the
approach of anthesis and was controlled by the photoperiod. On the day
preceding the day of blooming the levels of SA in the appendix of the
voodoo lily increased almost IOO-fold reaching the level of I p.g g-I fresh
weight (44). The level of SA in the appendix began to rise in the afternoon
and reached its maximum late in the evening, while the maximum
accumulation of SA in the lower spadix occurred late at night. The
concentration of SA in both thermogenic tissues promptly returned to basal,
pre-blooming, levels at the end of the thermogenic periods. The observed
kinetics of SA accumulation in the appendix was consistent with the original
suggestion by Van Herk that calorigen is made in the male flowers and
moves to the appendix during the day preceding the day of blooming. Of 33
analogs of SA tested, only 2,6-dihydroxybenzoic acid and aspirin were
thermogenic. The activity of 2,6-dihydroxybenzoic acid exceeded that of SA.
SA, 2,6-dihydroxybenzoic acid and aspirin also induce the production oflarge
quantities of amines and indoles on the first day of blooming (44). The
thermogenic effect of SA could not be separated from its odor-producing
effect, suggesting that the transduction pathways for these processes are
closely linked.
The levels of SA determined during heat production in thermogenic

inflorescences of five other aroid species, and in male cones of four
thermogenic cycads exceeded I p.g g-t fresh weight (43). However, SA was
not detected in the thermogenic flowers of the water lily, Victoria regia
Lindle (Nymphaeaceae), and Bactris major Facq (Palmae).
The nuclear gene from Sauromatum guttatum encoding the alternative

oxidase protein with the calculated molecular mass of 38.9 kD was recently
isolated and characterized (46). Both calorigen extract (11) and SA (12)
cause the induction of the alternative oxidase gene, providing additional
confirmation of the chemical identity of calorigen. Application of SA to the
immature appendix ofSauromatum guttatum caused an increase in alternative
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Fig. 2. Dose response of Sauromatum
guttatum appendix tissue to salicylic acid
and calorigen extract. Crude calorigen
extract or salicylic acid solution (200 ~I)

was placed on top of the 3-cm-long
appendix sections excised 2 days before
blooming. From (42).
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pathway capacity and a dramatic accumulation of the alternative oxidase
proteins (47). SA can also induce alternative respiration in non-overtly
thermogenic plants. For example, addition of 20 ILM SA to young tobacco
cell suspensions increased cyanide-resistant respiration and associated heat
production (21). SA was also shown to induce the activity of alternative
oxidase in Chlamydomonas (15). While the mechanism involved in SA
induction of alternative respiration is being unraveled, the mechanism by
which SA induces glycolysis, Krebs cycle, and odor production during the
thermogenic syndrome still remains a mystery.
The discovery of the role of SA in the flowering of thermogenic plants

was the first demonstration of an important regulatory role played by
endogenous SA. The study ended a sO-year-long search for calorigen and
laid the foundation for ongoing investigations of other processes in plants
which may be regulated by SA. This discovery also moved SA research from
the stage of phenomenological observations to serious attempts to understand
the mechanisms of its action and the search for other plant processes which
might be regulated by SA.

SALICYLIC ACID AND DISEASE RESISTANCE

Plants face a constant barrage of potentially pathogenic microorganisms, but
infection and disease rarely develop from these contacts. In addition to
chemical and physical barriers such as the cuticle, cell wall, and antimicrobial
chemicals that are constitutively present, plants frequently restrict the spread
of fungal, bacterial, or viral pathogens to a small area around the point of
initial penetration where a necrotic lesion appears. This protective cell
suicide is referred to as the hypersensitive reaction (HR.). The HR. may lead
to systemic acquired resistance (SAR) defined as a resistance to subsequent
pathogen attack which develops after the initial inoculation in the uninfected,
pathogen-free parts of the plants (48). SAR develops following plant
interactions with lesion-forming pathogens, is detected several days after the
initial infection, can last for several weeks and is effective against a broad
range of pathogens which may be unrelated to the inducing organism. SAR
is sometimes referred to as plant immunization.
Associated with HR. and SAR is the systemic synthesis of at least five

families of serologically distinct, pathogenesis-related (PR) proteins.
Chitinasesand {3-1 ,3-glucanases are among the best studied proteins belonging
to this group. The localization, timing of appearance and defense-related
functions of at least some PR proteins suggest their possible involvement in
SAR. However, definitive proof that the induction of PR proteins causes
SAR is still lacking.

It is well established that resistance to pathogens and the production of
most, if not all, PR, proteins in plants can be induced by SA or acetylsalicylic
acid, even in the absence of pathogenic organisms. The discovery of a
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protective function of salicylates was made in 1979, in tobacco (Nicotiana
tabacum cv. Xanthi-nc) (57). Xanthi-nc tobacco contains the N gene from
N glutinosa and confers HR response to tobacco mosaic virus (TMV).
Salicylate treatments also resulted in the induction of PR proteins in treated
leaves. The level ofPR protein induction and TMV protection increased with
increasing aspirin concentrations. A recent comprehensive study utilizing
modern molecular approaches showed that nine classes ofPR protein mRNAs
that are induced during the development of systemic acquired resistance to
TMV in tobacco can be induced by SA to a similar degree (55).
In TMV-susceptibleNicotiana tabacum containing the recessive n allele,

TMV does not trigger the induction of PR proteins and HR. Instead, the
virus spreads systemically causing a characteristic mosaic in younger leaves.
However, aspirin induced PR proteins in n tobacco, and simultaneously
reduced the spread and total accumulationofTMV (58). The extent to which
SA-induced resistance is based on the induction of PR proteins is still
unknown. It is certainly possible that SA activates other resistance
mechanisms.
Since SAR can be induced systemically by localized infections, the

existence of a systemic signal that activates PR proteins and/or other
resistance mechanisms has been hypothesized for at least 25 years (49).
Evidence from stem girdling and grafting experiments suggests that the
putative signal moves through the phloem tissue of the vascular system of the
plant (16).
The observations that exogenous SA applications induce resistance and

PR proteins in plants, that SA is an important endogenous messenger in
thermogenic plants, together with the development of analytical methods to
quantify its endogenous levels in plant tissues, prepared the way to test the
possibility that SA is an endogenous messenger which activates important
elements of host resistance to pathogens. The single-gene inheritance of
TMV resistance in tobacco, provided a suitable experimental system to
investigate this possibility.
A new chapter in SA research started from the observation that SA levels

in TMV-resistant (Xanthi-nc), but not susceptible, (Xanthi) tobacco increase
almost 50-fold in TMV-inoculated leaves, and at least 10-fold in uninfected
leaves of the same plant (32). The highest concentration of free SA, almost
20 J.Lg g.1 fresh weight, representing a 400-fold increase over basal levels was
observed in and around hypersensitive lesions, with relatively lower increases
observed in other tissues (14) (Fig. 3). Induction of PRI genes in virus­
inoculated and systemically protected leaves always paralleled the rise in SA
levels (32). While TMV induced PR proteins only in Xanthi-nc tobacco, SA
was effective in both Xanthi n and Xanthi-nc N plants (32). By feeding SA
to excised leaves of Xanthi-nc (NN) tobacco it was shown that the observed
increase in endogenous SA levels is sufficient for the systemic induction of
PR-l proteins (60) and increased resistance to TMV (14). At 32°C TMV
infection becomes systemic and Xanthi-nc plants fail to accumulate PR-I
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proteins. This loss of HR at high
temperature was associated with an
inability to accumulate SA. However,
spraying leaves with SA induced PR-l
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.2inhibitors. In addition, mechanical leaf >.
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SA was also exported from the

primary site of infection to the
uninfected tissues. When leaves of
Xanthi-nc tobacco were excised 24 hr
after TMV inoculation and exudates
from the cut petioles collected, the

Fig. 3. Accumulation of salicylic acid in
increase in endogenous SA in TMV- TMV-tobacco. (A) Salicylic acid levels in
inoculated leaves paralleled SA levels in inoculated tobacco leaf tissue expressing a
exudates (60). Exudation and leaf hypersensitive response, and (B) in the
accumulation of SA were proportional basal uninoculated portion of an inoculated
to TMV concentration. In cucumber a leaf (squares) and in the untreated leaf
fl t tab l't 'd t'fi d SA immediately above the inoculated leaf
. uorescen me .0 I e, ~ en I Ie as , (triangles). Plants were inoculated at zero
Increased dramatically In the phloem of time.
plants inoculated with tobacco necrosis
virus (TNV) or the fungal pathogen Colletotrichum /agenarium (36) (Fig.
4A). Levels of SA increased transiently after inoculation, and reached a peak
before SAR was detected (Fig. 4B). However, analysis of phloem exudate
from cucumber leaves demonstrated that the earliest detectable increase in SA
occurred 8 hours after inoculation with Pseudomonas syringae pv. syringae
(45). The systemic accumulation of SA was observed even when the
inoculated leaf remained attached to the plant for only 4 hr. While
supporting the role of SA as a component ofthe transduction pathway leading
to resistance, these results suggest that another chemical signal may be
required for the systemic accumulation of SA in cucumber.
If SA is the natural signal for induced resistance, then treatments that

inhibit or enhance SA accumulation should have a corresponding effect on
levels of resistance. In fact it was demonstrated that environmental (see
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Fig. 4. Time course of the appearance of
salicylic acid in the cucumber phloem (A) in
relation to the induction ofresistance against
Colletotrichim lagenarium after the initial
infection with TNV (B). At time zero the
first leaves of cucumber plants were
inoculated with TNV. At each point, two
cucumber plants were cut with a razor blade
through the stem above the first and below
the second leaf and the phloem exudate
collected. At the same times the other group
of inoculated plants were challenged with a
secondary inoculation of C. lagenarium.
Adapted from (36)

above), genetic, and developmental
changes in pathogen resistance and PR
protein expression correlate with SA
levels. Other evidence for the
involvement of SA in plant disease
resistance comes from an amphidiploid
hybrid generated from Nicotiana
glutinosa and N. debneyi. This hybrid
is known for high levels of constitutive
expression of PR proteins and high
resistance to viral, bacterial, and fungal
pathogens when compared to its 8
parental species or N. tabacum cv. 30

Xanthi-nc (1). Healthy hybrid plants
have levels of SA 30-times greater
than less resistant Xanthi-nc plants (61)
supporting an involvement of SA in
resistance. Finally, PR proteins and
increased TMV-resistance can be
detected in the leaves of healthy,
flowering Xanthi-nc tobacco. These
developmentally-induced increases in
resistance are also correlated with
elevated leaf levels of SA (62).
Changes in SA levels upon infection
with necrotizing pathogens were not
specific to the Xanthi-nc cultivar of
Nicotiana tabaccum. Inoculating
different tobacco cultivars and species
with necrotizing viral, bacterial, and
fungal pathogens inevitably resulted in
increased levels of SA (SO).
Little is known about the

transduction pathway preceding and
following the increases in salicylic acid
during development of SAR. However
it was established that ethylene, a stress
honnone commonly produced during pathogenesis, is not likely to be a part
of the SA signal transduction pathway leading to SAR (SO). Recently a SA­
binding protein with a physiologically relevant K.J for SA, was identified in
tobacco leaves (3). However, the role of this protein in SA action remains
to be elucidated. It was also shown that SA is not involved in the
transduction pathway by which cultured rose cells respond to UV-C radiation
and Phytophthora cell-wall elicitor (38). Another observation suggests that
SA may be involved in rapid defense responses. One such response
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mimicked by SA, involves stimulation of oxidative cross-linking of cell wall
structural proteins which leads to strengthening of the cell wall (2).

BIOSYNTHESIS OF SALICYLIC ACID

Fig. 5. Accumulation of SA and its
putative precursors in TMV-inoculated
tobacco leaves following temperature shift
from 32°C to 24°C. Seedlings were
inoculated with TMV on one leaf and
kept at 32°C for 96 h. At time =0 h, the
incubation temperature was lowered to
24°C. Unhydrolyzed leaf extracts were
examined. Each point is the mean of
triplicate samples (:t SE). From (62)
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Biochemical logic and some of the previously published reports (40) suggest
that, in plants, SA is likely synthesized from t-cinnamic acid, an intermediate
of the phenylpropanoid pathway which yields a variety of phenolics with
structural and defense-related functions. The formation of SA from t­
cinnamic acid may occur by a chain-shortening reaction followed by 2­
hydroxylation or vice versa. Feeding both healthy and TMV-inoculated
tobacco leaf tissuewith different putative precursors showed that only benzoic
acid was capable of increasing tissue levels of SA. On the other hand,
feeding p4C]-labeled cinnamic acid resulted in formation of labeled benzoic
acid and SA (62). No radioactive o-coumaric was formed from cinnamic
acid. Feeding leaf tissue with labeled benzoic acid resulted in the formation
of SA with specific radioactivity almost equal to that initially supplied as
benzoic acid, suggesting that most of the SA in tobacco is formed from
benzoic acid. Figure 5 shows the time course of accumulation of SA and its
possible precursors in TMV-inoculated tobacco leaves following the
temperature shift described previously. Large increases in the levels of free
benzoic and SA were detectable by 7.5 h. By 10.5 h, TMV-inoculated leaves
contained 15 p.g benzoic and 19 p.g SA per g fresh weight compared to less
than 2 p.g benzoic and 0.7 p.g SA at time 25...----------.
O. Levels of free cinnamic and 0- -§,
coumaric acid did not change .~ 20

significantly. The data suggests that "£i
benzoic acid is a direct precursor of SA ~ 15

in tobacco. ~
The monooxygenase activity which c: 10

.Q
catalyzes 2-hydroxylation of benzoic acid ~

to SA was recently isolated from tobacco ~ 5

leaves. Benzoic acid 2-hydroxylase g ~~~~~~*;;a~BJ
(BA2H), required NAD(P)H or reduced U 0-1,1

methyl viologen as an electron donor 0

(27). BA2H activity was detected in
healthy tobacco leaf extracts, but
increased significantly following
inoculation with TMV. This increase
paralleled the levels of free SA in the
leaves and was particularly strong
following the transfer of inoculated plants
from 32°e to 24°e (Fig. 6). The effect
of TMV-inoculation on BA2H could be
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duplicated by infiltrating leaf discs of
healthy plants with benzoic acid at the §"
levels observed in vivo after virus LL

inoculation. BA2H appears to be a {30
pathogen-inducible protein with an E.simportant role in the SA accumulation 20
during the development of induced :f
resistance to TMV in tobacco. ~ 10
However, the observed induction of ~

this enzyme by increased benzoic acid III

levels suggests that BA2H is not the
primary regulator of SA production,
and that the rate limiting step may be
the formation of benzoic acid from [
cinnamic acid. Further identification .g:
of the intermediate(s) in the formation ~
of benzoic acid from cinnamic acid (/)

Q)

and characterization ofthe rate-limiting £
enzymes of SA biosynthesis will be
important for designing strategies for
increasing the resistance of plants to
pathogens.

Fig. 6. BA2H activity (A) and free SA
content (B) in TMV-inoculated leaves of
Xanthi-nc tobacco incubated at 32°C (0-96 h)
and then transferred to 24°C. The arrows
indicate the time of temperature shift. Each
value is the mean of three replicates ::I:SE.
From (27)

Various hydroxybenzoic acid
glucosides have been reported to occur
in higher plants. For example,
sunflower hypocotyls incubated with
carboxy-labeled benzoic acid formed trace amounts of SA and larger amounts
of glucosyl-SA (GSA) (24). Leaves of Xanthi-nc tobacco rapidly metabolize
exogenously supplied, or endogenously produced, SA to /3-0-0-glucosyl-SA
(14). More interestingly, endogenous SA produced in the TMV-inoculated
leaves was also rapidly metabolized to the same conjugate. Actually, most
of the SA in TMV-inoculated leaves of tobacco is present in the form of /3-0­
O-glucosyl-SA (14, 33) which could be converted back to SA following the
in vitro enzymatic digestion with /3-glucosidase. Large amounts of /3-0-0­
glucosyl-SA was found only in leaves that exhibited HR with the highest
levels present in and around lesions. Phloem sap and pathogen-free leaves
of TMV-inoculated tobacco did not contain significant levels of /3-0-0­
glucosyl-SA (14), indicating that only free SA can move in the plant.
SA-inducible UDP-glucose:SA-glucosyltransferase (GTase), an enzyme

which can catalyze the glucosylation of SA to /3-0-0-glucosyl-SA, has been
partially purified from cell suspension cultures ofMallotus japonicus (53) and

METABOLISM OF
SALICYLIC ACID
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Fig. 7. I3-GTase activity expressed as (n) mU g'.
FW and (s) mU mg· l protein (A), free SA content
(B), and total SA (SA + 13-0-D-glucosyl-SA)
content (C) in TMV-inoculated leaves ofXanthi-nc
tobacco at various times after inoculation. Vertical
bars denote ± SE. (.) denotes a significant level of
I3-GTase induction at the~O.05Ievel. GSA content
is derived by subtraction of (B) from (C); for
example, GSA is 67% of the total SA at 84 h after
inoculation. From (13)

from oat roots (59). It was soon
discovered that healthy tobacco
tissues also have constitutive SA­
glucosyl-transferase a~tivity of ~ 0.5

0.076 mU g.1 fresh weight (13). ~ 0.4

This activity started to increase ~
48 h after TMV-inoculation i 0.3

reaching its maximum (6.7-fold '-'_>-
0.2

induction over the basal levels) :E
by 72 h (Fig. 7A). This increase ~ 0.1 •• --

in SA-glucosyltransferase activity •
coincided with the accumulation
of free SA and {3-0-D-glucosyl­
SA (the difference between total ~ 8

SA released after hydrolysis with ~

(3-glucosidase and initially pres- 1: 6

ent free SA) in the inoculated ,:­
leaf (Fig. 7B,C). No significant ~ 4

{3-0-D-glucosyl-SAaccumulation t
or elevated SA-glucosyl-trans- ~ 2

ferase activity could be detected
in the healthy leaf immediately
above the TMV-inoculated leaf.
The effect of TMV-inoculation ~ 25

~

on the SA-glucosyltransferase ~ 20

and {3-0-D-glucosyl-SA ~

accumulation could be duplicated ~ 15

by infiltrating tobacco leaf discs CI.l 10
i;

with SA at the levels naturally '0
produced in TMV-inoculated Eo- 5

leaves (13). Of 12 analogs of
SA tested only 2,6-dihydroxy­
benzoic acid induced {3-GTase
activity. The ability of SA to
induce SA-glucosyl-transferase
activity may serve as an effective
mechanism for the feed-back
regulation of SA levels in plant
tissues. This regulation of tissue
SA may be an important control
point in the signal transduction
pathway leading to the activation
of disease resistance mechanisms
in plants. The available data demonstrate that {3-GTase is one of the many
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proteins induced during the HR response. Therefore, it may be appropriate
to refer to this enzyme as a PR protein.

CONCLUSIONS

Centuries have passed since the healing substance from willow bark was
shown to have value not only for humans but for the plants which synthesize
it. However, only in the last six years has rapid progress in understanding
SA biology, biosynthesis and metabolism in plants has been made. Fig. 8
summarizes current knowledge ofSA biosynthesis and metabolism and shows
the steps which are activated during pathogenesis. Surprisingly, some of the
effects of SA in plants are also associated with reduction of disease
symptoms. Unfortunately, we still do not know whether there are any
connections between the therapeutic effects of salicylates in plants and
animals. In addition, we still do not understand the biochemical link between
the action of SA in plant disease resistance and its thermogenic and odor­
producing effects in Arum lilies. It is also important to identify genes
involved in SA biosynthesis, metabolism and reception. Furthermore, the
molecular components of the SA signal transduction pathway(s) should be
elucidated, and other possible regulatory functions for SA in plants
investigated.
The growing appreciation of the role of SA in plants may bring some

practical applications. For example, manipulating the level of SA in plants
may be a promising area for the application of biotechnology to crop
protection. Increases in endogenous SA may be achieved via enhancing
transcription and translation of the genes for SA biosynthesis or by blocking
the expression of genes involved in SA metabolism. Engineering transgenic
plants with elevated SA levels may be the first step in the creation of crops
with increased resistance to agronomically important pathogens.

The commonly used definition of a plant hormone, simply states that it
is a "natural compound in plants with an ability to affect physiological
processes at concentrations far below those where either nutrients or vitamins
would affect these processes" (7 and Chapter AI). All the information on the
role of SA in thermogenesis and disease resistance suggests that SA meets
these qualifying criteria for a plant hormone.
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INTRODUCTION

In the early 70's John Mitchell and co-workers at the USDA's Department
of Agriculture Research Center began screening pollens in search of new
plant hormones. It had been known for many years that pollen is a rich
source of plant growth regulating substances, thereby, making it a logical
choice for screening. Nearly 60 species of plants were screened and about
half caused increased growth in the bean second internode bioassay. The
greatest growth increases were obtained from alder tree (Alnus glutinosa L.)
and rape plant pollen (Brassica napus L.). Extracts from these two pollens
caused such rapid growth in the bean second internode bioassay that the stem
would split above the second pair of leaves. The USDA workers proposed
that this was a new class of lipoidal hormones, which they termed brassins
(defined as a crude lipoidal extract from rape pollen). In 1972 Mitchell and
Gregory (18) showed that brassins could enhance crop yield, crop efficiency
and seed vigor. Milborrow and Pryce (17) believed that brassins was a crude
extract containing gibberellins and other compounds rather than endogenous
lipids. In an effort to isolate the active components of brassins 500 pounds
of bee-collected rape pollen, which was more readily available then alder
pollen, was extracted and purified resulting in 10 mg of active crystalline
material. In 1979 Grove and co-workers (10) identified brassinolide (Fig. 1)
as the active component in brassins. Shortly after the identification of
brassinolide by the USDA group it was also identified in Distylium extracts
(16). Much of this and subsequent work has been outlined in reviews (1, 9,
15, 21).

Fig.t. The structure of brassinoIide (2a, 3a, 22a, 23a-tetrahydroxy-24a-methyl-B-homo-7­
oxa-5a-cholestan-6-one).
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Brassinolide is the first plant honnone shown to have a steroidal structure
and the only naturally occurring steroid which has a seven-membered lactone
ring as part of a fused ring system (15). Since the discovery of brassinolide,
sequential numerical suffix-designated brassinosteroids (BR,.) have been used
to describe a class of compounds having activity similar to brassinolide (BR1)
in the bean second internode bioassay. At the present time over sixty kinds
of brassinosteroids have been found. Thirty-one are fully characterized,
including 29 free compounds and 2 conjugates (14). Many are ubiquitous in
the plant kingdom (14) and thought to be another class of plant honnones.

BRASSINOSTEROIDS AND THEIR DISTRIBUTION IN PLANTS

Brassinosteroids (BR) have been found in a wide range of plants, including
dicots, monocots, gymnospenns and algae (14), and in various plant parts
such as pollen, leaves, flowers, seeds, shoots, galls and stems. Although plant
roots have not yet been investigated, it is likely that they will also contain
brassinosteroids (22). Among the naturally occurring brassinosteroids,
brassinolide and castasterone are considered to be the most important, because
of their wide distribution, as well as their potent biological activity.

BIOSYNTHESIS OF BRASSINOLIDE

At the present time the biosynthesis of brassinolide has not yet been
thoroughly investigated, though a proposed pathway for the biosynthesis of
brassinolide has been outlined (15, 21, 28).

STRUCTURE/ACTIVITYRELATIONSHIPS

All naturally-occurring brassinosteroids are known to be derivatives of S-a­
cholestan. Variation of kinds and orientation on this skeleton have been
shown to have an effect on activity. It has been shown, using the bean first
and second internode bioassay (25, 26), BR-induced ethylene production in
mung bean (3, 4) and radish and tomato hypocotyl elongation assays (22),
that in order to have brassinosteroid activity the following structural
requirements must be meet:

1. trans AlB ring system (Sa-hydrogen);
2. 6-ketone or a 7-oxa-6-ketone system in ring B;
3. cis a-oriented hydroxyl groups at C-2 and C-3 positions;
4. cis hydroxy groups at C-22 and C-23 as well as a methyl or ethyl
group at C-24;

207



Brassinosteroids

5. a-orientation at C-22, C-23 and C-24 are more active then ~-oriented

compounds.

TRANSPORT AND METABOLISM OF BRASSINOSTEROIDS

At the present time the mode of brassinosteroids transport is not known.
When brassinosteroids are applied to the roots of tomato plants there is a
stimulation in ethylene biosynthesis resulting in epinasty (23). Prior to this
work indirect evidence was presented by several workers indicating that BR
could be transported from the roots to the shoots of plants. It was shown that
when BR was applied to the roots little or no ACC was found in the xylem
sap, indicating that there was a signal (presumably BR) from the roots which
stimulated ACC synthesis in leaf tissue. Others have shown that when BR
is applied to the roots of tomato and radish plants there was an increase in
petiole and hypocotyl elongation, and when applied to the base of mung bean
cuttings it promoted elongation of the epicotyls (22).
The application of [3H]BR to the roots of tomato plants for 12 h led to

the production of two unknown metabolites. When the plants were returned
to a solution minus BR, the ACC content in these tissues decreased after 24
h, and there was a large increase in the two BR metabolites, suggesting that
the plant metabolizes BR to inactive fonns resulting in a decrease in ethylene
production (24). The feeding of radiolabeled castasterone or brassinolide to
mung bean or rice seedlings also led to an increase in polar metabolites (28).

PHYSIOLOGICAL EFFECTS OF BRASSINOSTEROIDS

Comparisons with other hormones in different bioassays
Since the discovery of brassinolide its biological activity in bioassay

systems designed for auxins, gibberellins and cytokinins has been
investigated. One of the main effects of brassinolide appears to be the close
relationship between IAA and BR. Typically they show a synergistic
relationship. Although in most cases brassinolide acts in a similar manner to
auxins, gibberellins or cytokinins, bioassays based on root fonnation,
including those on the mung bean hypocotyls, lateral bud growth in
decapitated pea shoot, and cress seedling root elongation, BR and IAA act
differently. In the dock leaf disc senescence bioassay BR promotes, whereas
gibberellins delay senescence. Cytokinins and BR also act differently in the
dwarf pea apical hook and tip expansion, pigweed betacyanin fonnation, and
cocklebur leaf disc senescence bioassays (29).

Promotion of ethylene biosynthesis and epinasty
In etiolated mung bean hypocotyl segments BR increases ethylene

biosynthesis by stimulating ACC synthase activity. BR-induced ethylene can
be inhibited by AOA, C02+, fusicoccin (a fungal toxin) and the auxin transport
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inhibitors 2,3,5-triiodobenzoic acid
and 2-(p-chlorophenoxy)-2­
methylpropionic acid. In ethylene
production, BR acts synergistically
with active auxins and calcium,
whereas it has an additive effect
when used in combination with
cytokinins. Light has been shown
to inhibit BR-induced ethylene
production while having little
effect on ethylene produced in
response to IAA (2). BR
applications to the roots of
hydroponically-grown tomato
plants have been shown to promote
dramatic increases in ACC,
ethylene and petiole bending (Fig.
2) (23).

Shoot elongation
Brassinosteroids have been

shown to promote elongation of Fig. 2. Epinasty resulting from BR (1 JLM)
vegetative tissue in a wide variety applied to the roots of tomato plants grown
of plants at very low hydroponically, picture show response 24 hours
concentrations. The promotive following treatment.
effects of BR on elongation have
clearly been shown under white, green or weak red light conditions.
However, little or no effects have been found in complete darkness suggesting
that brassinolide action may result by overcoming the inhibitory effects of
light (13). In a recent report by Wang and co-workers (27) it was shown that
brassinosteroid can stimulate hypocotyl elongation in Pakchoi by increasing
wall relaxation without a concomitant change in wall mechanical properties.

Root growth and development
Brassinosteroids are powerful inhibitors of root growth and development.

BR and IAA effects are generally similar, and a synergism between the two
is typically reported. However, in the case of root elongation they act quite
differently, IAA stimulating and BRhaving an inhibitory effect. The possible
reasons for these differences may be that BR acts independently of IAA in
roots, or it acts as an antagonist of IAA. As ethylene has an inhibitory effect
on root growth (20) and BR stimulates ethylene, it is possible that the
inhibition of root growth is due to BR-induced ethylene production.
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Plant tissue culture
24-epibrassinolide has been shown to mimic culture conditioning factors

and to synergize with these factors in promoting carrot cell growth (6).
However, in transformed tobacco cells brassinosteroids have been shown to
significantly inhibit cell growth at concentrations as low as 10-8 M (5).

Antiecdysteroid effects in insects
Structurally brassinosteroids are very similar to ecdysteroids which are

molting hormones of insects and other arthropods. Brassinosteroids have
been shown to interfere with ecdysteroids at their site of action, and are the
first true antiecdysteroids observed thus far. Since brassinosteroids are
natural products they are good candidates for safer insect pest control.
However, their cost must be reduced before becoming economically feasible
(19).

Other biological effects
Brassinosteroids have been shown to induce changes in plasmalemma

energization and transport, assimilate uptake, enhancement of xylem
differentiation, enhance resistance to: chilling, disease, herbicides and salt
stress, promote germination, and decrease fruit abortion and drop (9, 11).

EFFECTS OF BRASSINOSTEROIDS ON NUCLEIC ACID AND
PROTEIN SYNTHESIS

When bean plants were treated with BR there was a significant increase in
RNA and DNA polymerase activities and synthesis of RNA, DNA and
protein (12). Putative inhibitors of RNA and protein synthesis have since
been shown to interfere with BR-induced epicotyl elongation indicating that
the growth effects induced by BR depend on the synthesis of nucleic acids
and proteins (15). In a two dimensional gel analysis of in vitro-translated
mRNA produced during BR-stimulated elongation of soybean epicotyls, it
was found that gene expression patterns were altered by BR either plus or
minus IAA, indicating that BR was having its effect alone (8). However, the
possibility still exists that it could be acting with endogenous auxin. In order
to take this work one step further the effects of BR on several known auxin
regulated genes was evaluated. This work indicated that the molecular
mechanism of BR-induced elongation is different than auxin-induced
elongation in this system (8).
There is a synergistic relationship in the stimulation of ACC synthase

when BR and lAA are used in combination in etiolated mung bean hypocotyl
sections. Recently, a full length cDNA (pAlM-I) for IAA-induced ACC
synthase was identified and characterized in this tissue (7). Using this cDNA
as a probe it was shown that BR could tum on the same gene for ACC
synthase.
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BR can protect cereal leaf cells from heat shock and salt stress.
Pretreatment with both 22S, 23S-homobrassinolide and 24-epibrassinolide
activated total protein synthesis and de novo synthesis of different
polypeptides, when wheat leaves were heat shocked by subjecting them to
40°C as well as at normal temperatures. In addition, 22S, 23S­
homobrassinolide stimulated heat shock granules in the cytoplasm and
increased thermotolerance of total protein synthesis under heat shock. 24­
epibrassinolide protected the leaf cell ultrastructure in leaves under salt stress
and also prevented nuclei and chloroplast degradation.

PRACTICAL APPLICATIONS OF BRASSINOSTEROIDS

In the early 80's USDA scientists showed that BR could increase yields of
radish, lettuce, bean, pepper and potatoes. However, subsequent results under
field conditions were disappointing because inconsistent results were obtained.
As a result testing was phased out in the United States. More recently large
scale field trials in China and Japan over a six year period have shown that
24-epibrassinolide, an alternative to brassinolide, increased the production of
agronomic and horticultural crops (including wheat, com, tobacco,
watermelon and cucumber). However, once again, depending on cultural
conditions, method of application and other factors, the results sometimes
were striking, while other times they were marginal. Further improvements
in the formulation, application method, timing, and investigation ofthe effects
of environmental conditions and other factors need to be undertaken in order
to identify the reason for these variable results (9).

ARE BRASSINOSTEROIDSANEWCLASS OF PLANTHORMONES?

Brassinosteroids are thought by some to be a new class of plant hormones
(22). However, there are gaps in our knowledge in some areas which allow
for a degree of skepticism. The first line of evidence supporting the idea that
brassinosteroids are a new class of plant hormones is that they are widely
distributed in the plant kingdom. Second, they have an effect at extremely
low concentrations, both in bioassays and whole plants. Third, they have a
range of effects which are different from the other classes of plant hormones,
and there are strict structural requirements for a brassinosteroid to be active
in promoting a physiological response. Fourth, they can be applied to one
part of the plant and transported to another where in very low amounts elicit
a biological response. At the present time the actual mechanism ofBR action
remains unclear. Recent studies using molecular technology suggest that BR
have the ability to regulate gene expression resulting in elongation (8) and
ethylene production. However, before definitive conclusions on the
mechanism of action can be made more work is necessary.
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Dl. Auxin and Cell Elongation

Robert E. Cleland
Department ofBotany, University ofWashington, Seattle, Washington 98195,
USA.

INTRODUCTION

One of the most dramatic and rapid hormone responses in plants is the
induction by auxin of rapid cell elongation in isolated stem and coleoptile
sections. The response begins within 10 minutes after addition of auxin,
results in a 5-10 fold increase in the growth rate, and persists for hours or
even days (18). It is hardly surprising that this may be the most studied
hormonal response in plants.
How do auxins produce this response? To answer this, the process of

cell enlargement must first be considered. Cell enlargement consists of two
interrelated processes; osmotic uptake of water, driven by a water potential
gradient across the plasma membrane, and extension of the existing wall area,
driven by the turgor-generated stress within the wall. The process of cell
enlargement can be described (32) by two equivalent equations:

dVldt :::;: Lp.ill/; Equation 1

dVldt :::;: m(P-Y) Equation 2

where dVldt is the rate of increase in cell volume, Lp is the hydraulic
conductivity, ill/; is the water potential gradient across the plasma membrane,
m is the wall extensibility, P is the turgor pressure and Y is the wall yield
threshold (the turgor that must be exceeded for wall extension to occur).
These two equations can be combined into a third equation:

dV/dt = m.Lp (1J1 - 71'- Y) Equation 3
m+Lp 8

where l/;a is the apoplastic water potential and 11" is the osmotic potential of the
cell. In the absence of auxin, the growth rate is low because of a low m, low
Lp, low P or high Y (or a combination of these). When auxin initiates rapid
cell enlargement, it must do so by increasing m, Lp, l/;. or P, or by decreasing
11" or Y. No matter what the initial effect of auxin is (e.g., gene activation,
ATPase activation, or change in membrane permeability), increased cell
enlargement can be initiated only if the ultimate effect is a change in one of
these cellular growth parameters.
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Characteristics of Auxin-induced Cell Elongation

Auxin-induced cell elongation has a number of distinct characteristics (Table
1). The first is its time course (Fig. 1). Upon addition of auxin there is a lag
of at least 8 minutes before the growth rate begins to increase. Then the rate
rises until a maximum is reached after 30-60 minutes. The length of the lag
can be increased from 8-10 minutes by lowering the temperature or by using
suboptimal auxin concentrations, but it cannot be decreased below 8 minutes
by raising the temperature, using superoptimal auxin or by removing the
cuticle surrounding the tissue (18). Thus we must conclude that the lag is not
the time needed for auxin simply to penetrate to its site of action. This is
further indicated by the fact that in some, but not all cases, the growth rate
actually decreases immediately after addition of auxin (18). The lag is
independent of the rate of protein synthesis; thus it is unlikely to reflect the
time required to synthesize some new protein (19). The rapidity with which
the maximum growth rate is achieved, and the actual rate, are dependent on
the tissue and can be influenced by the past history of the tissue. For
example, freshly cut maize coleoptile sections respond slowly and rather
poorly to auxin, while sections "aged" in water for 3 hours are far more
responsive (51). The maximum growth rate in this tissue is 8-10% per hour.
In contrast, oat coleoptiles show no
such change in sensitivity to auxin,
but have a maximum growth rate of
only 4-6% per hour (7). Once a 2

maximum rate is achieved, it can be I~A /
maintained for up to 18 hours in oat ~'J

coleoptiles, as long as auxin and - 0 "- ...J

?fi 90 orabsorbable solutes are both present -
(7). If auxin is removed the growth g
rate soon declines to the control level 'en 60
(22). In most dicot stem sections g
there is a decrease in the growth rate ~ 30

Sue
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Fig. 1. Time course of auxin-induced growth
of Avena coleoptile sections. Section
incubated in 10 mM phosphate buffer, pH
6.0, :t 2% sucrose and with 10 I'M lAA
added at time zero. Rapid elongation is
initiated after an 8-10 minute lag. The initial
rate is independent ofthe presence or absence
ofabsorbable solutes(sucrose), but absorbable
solutes are required for continual rapid
elongation.

1) Minimum lag 8-10 minutes
2) Growth rate = log(IAA)
3) Requires:

a) ATP synthesis
b) Active ATPase
c) Continual protein synthesis
d) Turgor in excess of yield
threshold

4) Not required:
a) Exogenous sugars
b) Exogenous K~ or Ca++

Table 1. Characteristics of the initial
growth response to auxin.
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Fig. 3. A comparison of the auxin
concentration curves for Avena coleoptile (8)
and green pea stem sections (23). For both,
the growth rate is proportional to the 10g(IAA)
over a 300-fold range, but the range differs
between the two tissues.
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Fig. 2. Comparison of the growth kinetics
forAvena coleoptile and soybean hypocotyl
sections, incubated with lAA (10 ~M) and
sucrose (2%). The growth rate is enhanced
after a lag of 10-12 minutes for both. The
rate for Avena sections reaches a maximum
after 30-45 minutes and then remains nearly
constant for 18 hours. The rate for soybean
hypocotyls increases to a first maximum
after 45-60 minutes, then declines before
climbing to a secondmaximum, after which
it steadily falls over the next 16 hours as
turgor falls due to dilution of the osmotic
solutes during growth.

after the first maximum is reached, followed by a rise to a second, lower
steady-state rate (Fig. 2). Unlike coleoptile sections, dicot stem sections
rarely maintain a constant growth rate for more than 2-3 hours; thereafter the
growth rate falls continuously so that by 16-20 hours growth has ceased (23).
In most tissues, the growth rate over the first 2-4 hours is proportional

to the log of the external auxin concentration over a range of about 2 1/2
decades, but the concentration range varies from tissue to tissue (Fig. 3).
Thus for oat coleoptiles the range is from 3 nM to about I ILM (7), while for
light-grown peas stems it is 300 nM to 50 ILM (23). This initial rate of
auxin-induced growth is not increased by the addition of any particular ion
or sugar; auxin, alone, is sufficient to initiate this response (8). This makes
it unlikely that the uptake of any specific solute is directly involved in the
initiation of cell enlargement.
Auxin-induced cell enlargement is an energy-requiring process. All

inhibitors of ATP synthesis (e.g. KCN, 2,4-dinitrophenol, azide) or ATPase
activity (vanadate, N,N'-dicyclohexyl-carbodiimide [DeCD], diethylstilbe­
sterol [DES]) block auxin-induced growth within minutes (18). These data

indicate that the energy of ATP drives
some critical step and that an ATPase
must be involved. Inhibitors of protein
synthesis also inhibit auxin-induced
growth within minutes after they inhibit
protein synthesis (16). It has been
suggested that some short-lived protein
is required (6), but the identity of the
protein has not been determined. RNA
synthesis antagonists inhibit growth

! 5 IP:~::::
~ 0 t---"---------1
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THE INITIATION OF CELL
ENLARGEMENT BY AUXIN

with a slightly longer lag (16).
Another requirement for auxin action is a sufficient cell turgor. Addition

of osmoticum sufficient to reduce (y,.-1r-y) to zero inhibits elongation by
eliminating the driving force for wall extension, but it also largely blocks the
ability of auxin to change any of the cellular parameters. This is shown (Fig.
4) by the fact that when turgor is restored after a period of time with auxin
at reduced turgor, there is no burst of growth, as would be expected if auxin
had been acting normally on the cellular parameters during the period of low
turgor (43).
It must be remembered that auxin-induced growth is a tissue response;

because the cells are linked together by their common cell walls, all cells
must elongate or not elongate together. Individual cells, however, may differ
in their response to auxin. In dicot stem sections, the outer cell layers
(epidermis and collenchyma) appear to be the major targets of auxin (34),
although the inner cells can respond to auxin under certain conditions.
Studies on the cellular nature of auxin-induced cell elongation in dicots
should focus on these outer cell layers. In coleoptiles, on the other hand,
both epidermal and mesophyll cells are capable of responding to auxin (10).
In conclusion, then, we can say that the initiation of auxin-induced

growth requires the continued
presence of auxin, a continued
supply of ATP and active
ATPases, protein synthesis and
turgor in excess of Y. Any
mechanism to explain auxin­
induced elongation must take into
account these requirements, as well
as the 8-10 minute lag which
always occurs.

Fig. 4. Demonstration that turgor is required for
auxin-induced wall loosening in Avena coleoptile
sections (lack of stored growth). Sections were
treated in water with IAA (10 ILM) at A, then
transferred to IAA + 0.2 M mannitol at M.
Curve a is a projection of the growth if the
section had remained in A. Upon return to A,
rapid growth resumes (b). If auxin-induced wall
loosening had occurred during the period of low
turgor, the extension would have followed curve
C, since the growth potential would have been
stored up.

The Cellular Parameters

Auxin must initiate cell elongation
by changing one or more of the
cellular growth parameters. Which
one? Direct measurement of cell
turgor, P, using a micro-pressure
probe (13), has shown that auxin
causes no increase in P in pea
stem cells. On the other hand,
measurement of wall extensibility
(m) by any of several techniques

o 1 2 3

Hours
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including Instron stress-strain analysis, stress-relaxation, creep, or a pressure­
block technique always gives the same answer: auxin causes a large and
rapid increase in wall extensibility (5, 12, 49). Any condition other than a
reduction in turgor that inhibits auxin-induced elongation also blocks the
auxin-induced increase in wall extensibility.
The situation with the wall yield threshold is less clear. When measured

by a pressure-jump technique, the P of Vigna hypocotyls appears to be only
slightly greater than Y, and an effect of auxin is to cause a significant
decrease in Y (38). On the other hand, if the steady-state growth of Avena
coleoptile sections is measured as a function of the solution osmotic potential,
Y appears to be considerably below P and auxin does not affect Y (8). This
confusion about Y reflects the fact that the actual physical basis for a yield
threshold is unknown.
The following picture has emerged as to how a cell elongates (Fig. 5).

The walls are extended elastically by the force of turgor until the turgor is
sufficient to reduce Ilt/l to zero. The wall is kept from further extension by
load-bearing bonds; by crosslinks between wall polymers or by entanglements
between the polymers. The first step in cell elongation is breakage of load­
bearing bonds, with a consequent rearrangement of wall polymers. This
reduces tension in the wall and cell turgor, permitting additional water uptake
and thus additional elastic extension. In essence, elastic extension is
converted to irreversible extension, and elastic extension is then regenerated;
this is a form of viscoelastic extension.

a) b) c) d)

0.50.30.5oTP
(MPa)

Fig. 5. Model of wall extension. In a cell at incipient plasmolysis (a), cellulose microfibrils
are crosslinkedby polymerswhich are not under tension or elastically extended. Water uptake
results in elastic stretching of the crosslinks until the wall stress causes turgor to rise
sufficiently to bring the cell to equilibrium with the apoplastic solution (b). The crosslinks are
not under equal tension. Cleavage of the crosslink under the most tension (c) results in a
reduction in stress in the wall and therefore turgor. This also converts the elastic extension
into irreversible extension. The cell then takes up water again, resulting in additional elastic
extension until water equilibrium is again achieved (d).
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Two major questions arise from this picture. First, how does auxin bring
about cleavage of load-bearing bonds? Secondly, what bonds are cleaved?
Each of these questions will be discussed in tum.

The Wall-loosening Factor Concept

In order to act, auxin must first attach to a receptor. This receptor may be
on the outside of the plasma membrane or at some internal site in the cell
(42), but it certainly is not in the wall itself (30). And yet it is the wall
which undergoes the biochemical wall loosening. This means that there must
be some communication between the cell, when stimulated by auxin, and the
cell wall. This must occur by means of one or more chemicals, which can
be called wall-loosening factors (WLF, Fig. 6).
To date, only one WLF has been positively identified: protons. In 1970­

71, Hager et at. (26) and Rayle and Cleland (42) independently suggested that
when coleoptile or stem cells are stimulated by auxin, they excrete protons
into the apoplastic solution, where the lowered pH activates wall loosening
enzymes (Fig. 6). This "acid-growth theory" can be tested by means of four
predictions. If it is correct, it should be possible to show: 1) auxin causes
growing cells to excrete protons, 2) addition of acid to tissues should
substitute for auxin and induce rapid cell enlargement, as long as the acid can
penetrate into the walls, 3) neutral buffers infiltrated into the walls should
prevent auxin-induced growth by preventing the decline in wall pH, and 4)
any other agent which induced proton excretion should also induce rapid cell
elongation. These predictions have been tested for only a few tissues, but in
each case, the predictions have been confirmed qualitatively (44), although
doubts have persisted about some details (31). While acid-induced wall
loosening may explain the initiation of growth, it is not sufficient to explain

Fig. 6. The waH-loosening factor (WLF) concept and the acid-growth theory. Auxin enters
the cell (I) and interacts with a receptor. A WLF is then exported to the wall (2), where it
induces wall loosening (3). In acid-growth, the WLF is H+, and the resulting lowered
apoplastic pH activateswall polysaccharidaseswhich cleave load-bearing bonds in the wall (3),
permitting turgor-driven wall expansion (4).
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long-tenn auxin-induced cell elongation (11). There must be other WLFs, but
whether they are excreted wall-loosening enzymes, substrates for wall
synthesis or some other agent is totally unknown.

The Mechanism of Auxin-induced Proton Excretion

Auxin-induced acidification of the wall is due to excretion of protons, not
organic acids. Hager et al. (26) originally suggested that auxin activates a
proton ATPase located in the plasma membrane (PM). Such an enzyme
exists in the PM of all plant cells, causing an electrogenic export of protons
into the apoplastic solution (47). The fact that ATP is required for auxin­
induced proton excretion, and that the H+-excretion is blocked by inhibitors
of ATPase activity strongly supports this idea. In addition, auxin can cause
the expected hyperpolarization of the membrane potential, with a time-course
which matches that of the proton excretion; i.e., both have a lag of about 6-8
minutes (2).
The auxin-induced increase in proton excretion could be due to an

enhanced amount of PM ATPase, or to greater activity of existing ATPases.
Hager et al. (24) have found that the amount ofATPase protein in the plasma
membranes of Zea mays coleoptiles, as detennined by antibody binding,
increased rapidly, starting about 5 minutes after addition of auxin, and nearly
dOl..bled by 40 minutes. After addition of cycloheximide, the ATPase protein
level in the plasma membrane decreased to the control level within an hour.
The PM ATPase, then, might be the labile protein that must be synthesized
following addition of auxin (16). Although it is not known whether ATPase
activity showed parallel changes, these results suggest that auxin- induced
increases in ATPase activity could be due to greater amounts of ATPase.
This mechanism is similar to the "bucket-brigade" mechanism proposed by
Ray (41).
On the other hand, auxins have been shown to enhance the activity of

preexisting PM ATPases. For example, both the ATPase activity and the
ATP-driven proton transport of plasma membrane vesicles isolated from
tobacco leaves was enhanced up to 50% by auxin (45). Since no
physiological auxin response is known to occur in most of these leafcells, the
significance of the increased activity is uncertain. A comparable response has
not been demonstrated yet for ATPases isolated from an auxin-responsive
tissue.
Auxin does not bind directly to the PM ATPase (IS), which means that

auxin must exert its effect via a signal cascade. The receptor involved may
be the 20-22 kDa auxin-binding protein isolated from maize, since antibodies
to this protein block the auxin-induced hyperpolarization of tobacco leaf
mesophyll protoplasts (1). But what happens after auxin binds to the receptor
is uncertain.
One possibility is that the critical step is a reduction in cytoplasmic pH

(PHc). The pH optimum of the PM ATPase is 6.5, but the pRe of most cells
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Fig. 7. Effect ofpHe on the PM ATPase activity
from maize coleoptiles. Plasma membrane
vesicles were purified and ATPase activity was
assayed in solutions of pH between 5.5 and 8.1.
Hatched region denotes the proposed pHe change
that occurs in response to auxin; the right margin
is the pH in the absence of auxin, while the left
margin is the pH after auxin. A decrease in pHe
of 0.2 units results in a doubling in ATPase
activity.
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is 7.3- 7.6, at which pH the activity of the ATPase is definitely suboptimal
(Fig 7). An auxin-induced decrease in p~ of 0.2 units has been recorded by
two different methods (20, 24); such a decrease in pH should cause a large
increase in ATPase activity. But how does auxin cause this cytoplasmic
acidification? One possibility is that proton channels on the plasma
membrane or the tonoplast are opened by auxin. A problem with this idea
is that the required proton channels have not been shown to exist. Auxin
does alter the characteristics of Vida laba guard cell PM chloride channels
(33); this would not alter the cytoplasmic pH, but may be the cause of the
initial membrane depolarization that is induced by auxin.
A second possibility is that the activity of the PM ATPase is enhanced

by phosphorylation of the ATPase, mediated by an auxin-sensitive protein
kinase cascade. This cascade might involve the IP3 (L-a-phosphatidylinositol
4,5- bisphosphate) cycle, with an increase in diacylglycerol or cytoplasmic
Ca2+, resulting in an activated protein kinase. A rapid increase in cytoplasmic
calcium occurs in maize coleoptiles after addition of auxin (20, 24), and
effects of auxins on IP3 formation have been reported (17). Alternatively, an
auxin-activated G- protein might be the cause of the activated protein kinase.
Although there is some evidence for all parts of this mechanism, a problem
is that it has not been shown that
the PM ATPase is phosphorylated
differently in the presence and
absence of auxin.
A third possibility is that _ 0.3

auxin activates a phospholipase,
resulting in the formation of
lysophospholipids(LPL) in the PM
(46). LPLs have been shown to
increase the activity of the PM
ATPase, and alter its pH profile so
that the activity at pHs more
alkaline than its pH optimum are il:
greatly increased (39).
There is no lack, then, or

ways in which auxin might lead to
activation of the PM ATPase.
What is needed is concrete
evidence which supports or rejects
each of the possible steps. It
must also be explained why a lag
of 5-10 minutes occurs between
binding of auxin to its receptor and
the enhancement of ATPase
activity.
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The Mechanism of Auxin-induced Wall Loosening

A result of the export ofwall-loosening factors in response to auxin, whether
they be W or something else, is the cleavage of load-bearing cell-wall
crosslinks. The identity of these crosslinks has been a matter of some
controversy. The wall is a complex mixture of polymers, with at least three
distinct networks coexisting; cellulose crosslinked by hemicelluloses, pectic
chains crosslinked by calcium, and structural proteins (4). It is unlikely that
calcium crosslinks between pectic chains are major load-bearing crosslinks,
as removal of up to 95% of soybean hypocotyl cell wall calcium with Quin-2
(2- [(2-bis- [carboxymethyl]-amino-5-methylphenoxy)methyl]-6-methoxy-8­
bis[carboxymethyl]aminoquinoline) resulted in little loosening of these cell
walls (52). Likewise, treatment of isolated walls with proteases failed to
cause measurable wall loosening (43). Most of the attention has focused on
the hemicellulose components of the wall as the site of auxin- induced wall
loosening.
In dicot walls, one of the major hemicelluloses, the xyloglucans (XG),

seem to undergo bond breakage in response to auxin. For example, their
molecular weight has been shown to decrease after auxin treatment of azuki
bean epicotyls (27), and XG is lost from pea epicotyl walls upon auxin
treatment (50). Treatment of azuki bean epicotyl sections with a lectin that
binds the fucose of XG inhibited auxin-induced wall loosening (27). These
data are consistent with xyloglucans as load-bearing crosslinks that are
cleaved during auxin-induced growth.
The enzyme which may be responsible for degradation of XG is

xyloglucan endotransglycosylase (21), which reduces XG chainlength by
transferring large blocks of XG to small xyloglucan acceptors. This enzyme
will reduce the molecular weight of XG, and is localized in the growing
region of pea epicotyls. The ability of a small oligomer of XG (XG9) to
promote auxin-induced elongation in pea stem sections would be compatible
with such an idea (35). However, purified xyloglucan endoglycoslase failed
to cause any loosening of isolated cucumber walls (37), raising real doubts
as to whether this enzyme can be a wall-loosening enzyme.
The cell walls of grass coleoptiles are rich in (l-3,1-4)-~-glucans rather

than in xyloglucans (4). During growth of coleoptiles this mixed-linked
glucan is extensively degraded. Antibodies to either the mixed-linked glucan
(28), or to a ~-glucanase that degrades this polymer (29) block auxin-induced
growth of maize coleoptiles. The possibility exists, therefore, that these
glucans are load- bearing crosslinks, and that their degradation is a
mechanism of wall loosening in coleoptiles.
A pair of proteins have been isolated from cucumber hypocotyl cell walls

which are able to cause wall loosening when added to isolated dicot walls
which are under tension and at acidic pHs (optimum 3.5-4.5) (36). These
characteristics suggest that these proteins may be the native wall loosening
enzymes involved in acid-mediated wall loosening. They do not appear to
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be glycosylases, as no sugars or small oligomers were released during wall
loosening. Thus they are unlikely to be the proteins involved in XG
breakdown. Cosgrove and Li have shown that it is not the level of this
protein, which they call "expansin", that controls the rate of cell elongation,
but rather the capacity of the walls to undergo loosening in the presence of
this enzyme and an acidic wall pH. The importance of this capacity was
pointed out earlier by Cleland (1976).
In conclusion, breakdown ofxyloglucans in dicot walls and mixed-linked

glucans in coleoptile walls occurs during auxin-induced growth, and inhibition
of these degradations by lectins or antibodies prevents the growth. But the
only proteins yet isolated from walls which are capable of causing walls to
become loosened in a manner consistent with normal extension do not seem
to cause degradation of either of these polymers. Thus the identity of the
load-bearing crosslinks which are cleaved during auxin-induced wall
loosening remains a mystery I .

THE MAINTENANCE OF !\UXIN-INDUCED GROWTH

An analysis of long-term auxin-induced growth shows that it is more complex
than the initial growth response. While the primary effect of auxin during the
initial growth response may be to cause wall acidification, during the
prolonged growth other unknown wan-loosening factors appear to be involved
(11). In addition, at least two additional processes are required for prolonged
growth. The first is osmoregulation. As the cells start to enlarge and take
up water, the dilution of the osmotic solutes will reduce the effective turgor
unless additional solutes are taken up or are manufactured in the cells. Thus
when Avena coleoptile sections are incubated with auxin but without
absorbable solutes, the growth rate declines after the first hour in parallel with
the decline in osmotic concentration, while in the presence of absorbable
solutes such as sucrose or KCI, both the growth rate and the osmotic
concentration remain nearly constant for hours (48). While the enhanced rate
of uptake of solutes into Avena coleoptile sections in the presence of auxin
is actually in response to the cell enlargement rather than to auxin itself (48),

1 Editors note (6/96): Cosgrove and coworkers (PNAS 91, 6574-6578, 1994) have
demonstrated that expansin causes paper to fall apart under acid conditions through the
breaking of hydrogen bonds between the cellulose microfibrils. This thus provides a possible
mechanism for the increase in wall extensibility induced by acidification ofthe cell wall. They
have also shown (Plant Physiol. 107, 87-100, 1995) that expansin has no glycanase activity,
can restore extension under acid conditions to heat-inactivated cell walls, and only has activity
when the walls are under tension. Cosgrove and colleagues conclude that expansin binds at
the interface between cellulose microfibrils and wall-matrix polysaccharides and, when the
walls are under tension, induces extension at acid pH by reversibly disrupting non-covalent
hydrogen bonds. The evidence that expansin is the acid-activated, wall-loosening enzyme fits
what we know about auxin-induced cell extension better than do the various cell-wall
glycanases.
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in intact stems auxin may play a direct role in facilitating movement of
solutes through the phloem to the growing zone (40).
A second important process is the maintenance of the ability of cell walls

to undergo auxin-induced wall loosening. When cell walls are isolated by
freezing/thawing tissues, then placed under tension and given acidic solutions,
they undergo acid-mediated wall extension (42,43). The capacity for this in
vitro extension depends on the past history of the tissue (Fig. 8). If coleoptile
or hypocotyl sections are incubated in water, this capacity is slowly lost (9).
On the other hand, if sections are given auxin, this capacity increases for at
least 6-8 hours (9). It would appear that one of the effects of auxin is to
regenerate the capacity of walls to undergo this acid-mediated extension.
This might involve renewal of the wall-loosening enzymes. Alternatively, it
might involve synthesis of new cell wall polymers that are susceptible to the
wall-loosening enzymes. Synthesis of new wall cannot lead directly to wall
loosening, but if wall components are intercalated in after cleavage of load­
bearing bonds, it may facilitate further cleavage. The orientation of the wall
polysaccharides is another important factor. In order for walls to extend the
cellulose must be in a transverse orientation. In maize coleoptiles, auxin
causes the newly synthesized cellulose microfibrils in the outer epidermal
wall, which are longitudinal in the absence of auxin, to assume a transverse
orientation (3).

CONCLUSIONS

Auxin-induced elongation is initiated when auxin binds to a receptor,
probably located on the outside ofthe plasmamembrane, and sets into motion
a cascade of events leading to enhanced proton excretion by the PM ATPase.

Fig. 8. The effect of auxin on the
capacity of Avena coleoptile cel1
walls to undergo loosening in
response to acid (CAWL) depends
on the past history of the tissue.
Sections were incubated 0-20 hours
in phosphate buffer without
(control) or with 10 IlM fAA or
fusicoccin (FC). The sections were
then frozen-thawed, and the rate of
extension in response to 20 g
tension at pH 3.0 was determined,
one hour after addition of acid.
Auxin, but not fusicoccin has
increased the capacity (CAWL).
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This may involve an increase in amount of ATPase in the PM, or an
activation of pre-existing ATPase by a lowering of cytoplasmic pH or by
phosphorylation ofthe enzyme. During the first critical few minutes there are
changes in a number of components of possible signal cascades, such as IP3
and cytoplasmic Ca2+.

The resulting acidification of the apoplast activates proteins which cause
cleavage of load-bearing wall crosslinks. Two proteins isolated from cell
walls appear to loosen walls without the release of wall fragments, but other
evidence suggests that degradation and solubilization of xyloglucans in dicot
walls or mixed-linked glucans in coleoptiles are an integral part of wall
loosening.
After the initiation of elongation, prolonged auxin-induced growth

probably involves release of additional but yet unknown wall loosening
factors. In addition, osmoregulation is required to maintain sufficient turgor,
and regeneration of the ability ofwalls to undergo loosening must also occur.
If these processes are all integrated, elongation of stem or coleoptile cells in
response to auxin can persist for considerable periods of time.
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INTRODUCTION

Auxin has been shown to be involved in a variety ofdiverse plant growth and
developmental responses, including cell division, cell elongation and cell
differentiation. The mechanism(s) by which auxin affects such diverse
processes is unknown, but the suggestion that auxin-mediated changes in
growth are accompanied by alterations in nucleic acid metabolism was made
40 years ago (37). In the ensuing years, the relationship between auxin action
and gene expression has been pursued in a number of laboratories. Major
advances in identifying specific, auxin-induced changes in gene expression
have come from the application of high-resolution biochemical techniques,
and the use of recombinant DNA technologies. Taken together, the results
of these molecular studies clearly indicate that when auxins are applied to
intact plants, excised plant organs and tissue culture cells from a variety of
monocot and dicot species, rapid and specific changes in gene expression can
be detected. As will be discussed below, a number of auxin-responsive
sequences have been characterized. They represent potentially valuable
probes to define macromolecules involved in auxin-regulated growth
processes and to dissect the auxin signal transduction pathway.
Following a brief review of some of the plant systems that have been

used and molecular approaches that have been taken to study auxin effects on
gene expression, this chapter will summarize selected information on
auxin-responsive sequences that have been characterized. The reader is
directed to a number of reviews on auxin-regulated gene expression, which
provide additional information, historical perspectives and an extensive
reference list (13, 16, 21, 22, 23, 44).

PLANT SYSTEMS

The effects of auxin on cell division responses have been examined in
several, different plant systems. In dicot seedlings, such as in three-day old
etiolated soybean seedlings, auxin application at high doses (most frequently,
the synthetic auxin 2,4-dichlorophenoxyacetic acid or 2,4-D at l-2mM) causes
the cessation of cell division in the apical meristem and cell elongation in the
elongation zone directly below the apical hook (21). In general, at these
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levels of applied auxin, nonnal growth of intact plants is inhibited. Within
12-24 hours after auxin application, the basal or mature region of the
hypocotyl (a nonnally quiescent region below the elongation zone) begins to
enlarge radially due to massive cell proliferation. Early studies demonstrated
that prior to or concomitant with these morphological changes, there are
dramatic increases in DNA, RNA and protein content. Further molecular
characterization has shown that changes in gene expression include increases
in RNA polymerase I (the enzyme involved in the transcription of ribosomal
RNA genes) amount and activity (13), ribosomal RNA levels (21), messenger
RNA (mRNA) levels for ribosomal proteins (10, 11) and polyribosome pools
(21).
Two additional systems that have been used to study auxin effects on cell

division are tobacco cell suspension cultures (48, 49) and cultured tobacco
mesophyll protoplasts (38). Cell division in both systems is auxin-dependent.
In suspension cultures, division can be detected within 10-12 hours after
auxin addition to auxin-deprived cultures; in cultured mesophyll protoplasts,
division can be observed after 24 hours. As will be discussed below, rapid
changes in gene expression have been detected in auxin-treated tobacco cells
and protoplasts, prior to the cell division response.
Perhaps the best characterized auxin-regulated growth response is that of

cell elongation. This may be due in part to the fact that, in many systems,
elongation growth occurs rapidly in response to auxin and this growth can be
easily measured. In excised, incubated monocot and dicot organs that are
capable of elongation, such as maize coleoptile, pea epicotyl or soybean
elongating hypocotyl, the growth response to auxin addition can be observed
after a short lag (10-15 minutes; 21, 23). Results of early studies indicated
that sustained elongation in these systems requires continued RNA and protein
synthesis (21), suggesting that alterations in gene expression are important in
this growth response. Excised, elongating organ systems offer many technical
advantages, and have been used extensively in molecular studies of auxin
action.

MOLECULAR APPROACHES

Early attempts to detect specific auxin-induced changes in gene expression
involved the resolution ofpolypeptides that were newly synthesized following
auxin application (13). For these studies, excised organs were incubated in
solutions containing radioactive amino acid precursors, in the presence or
absence of auxin. When in vivo labeled polypeptides were isolated and
separated using one-dimensional or high-resolution, two-dimensional (2D)
polyacrylamide gel electrophoresis, a limited number of auxin-induced
changes were observed (13, 57). This technical approach has a major
disadvantage in that the analysis is dependent upon the time that is required
to achieve sufficient radiospecific activity of the polypeptides. In some cases,
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labeling times of up to several hours were required (57), which precluded an
analysis of rapid auxin-induced changes in protein profiles.
An alternative method that has been used to study changes in protein

profiles involves in vitro translation of purified mRNA in cell-free extracts
(such as wheat germ extracts or rabbit reticulocyte lysates). With this
technique, it is possible to isolate mRNA from untreated organs or organs that
have received a brief exposure to auxin, translate the mRNA in vitro in the
presence of a labeled amino acid precursor and resolve hundreds of labeled
translation products on 2D gels. Early studies of in vitro translation products
revealed that up to 40 translation products undergo either an upward or
downward shift in relative levels over a period of 5 hours following auxin
treatment of intact soybean seedlings (4). An analysis of the patterns of in
vitro translation products on 2D gels revealed that a similar, specific set of
10-12 products was induced by auxin treatment of either elongating sections
or basal sections of the soybean hypocotyl. Most of the translation products
showed no change between auxin-treated and untreated samples (58, 59).
Based on a comparison of 2D gel patterns, the same set of products was also
induced in intact, auxin-sprayed seedlings (Fig. 1). These data were of
particular interest, as they suggested that although there are differences in
growth potential (elongation verses division) within different regions of the
hypocotyl, there may be common, primary gene targets in auxin action (59).
Some of the changes in in vitro translation products occurred very

rapidly (within minutes) after auxin application. In soybean, one translation
product was induced in elongating sections within 15 minutes following auxin
treatment, and the remaining products were induced within 30 minutes (58).
Rapid, auxin-induced changes in translation products have also been detected
within 15-20 minutes of treatment of excised pea epicotyl sections (46), and
within 10 minutes of treatment of elongating maize coleoptile sections (60).
The rapid modulation of specific in vitro translation products following

auxin treatment could result from the regulation of gene expression at several
levels. For example, a change in mRNA levels for specific polypeptides
could be controlled at the level of transcription, mRNA processing and/or
mRNA stability. Alternatively, auxin treatment could affect the efficiency of
in vitro translation of specific mRNAs. A molecular strategy that has been
taken to define the level(s) at which auxin regulates gene expression has
focused on the isolation and characterization of mRNAs and genes that are
specifically modulated by auxin. This has been accomplished using a wide
range of molecular and recombinant DNA techniques (for specific details on
methodologies, see 36). The general approach has been to construct
complementary DNA (cDNA) libraries and to select auxin-responsive
sequences by differential hybridization screening techniques. This approach
has resulted in the identification of numerous auxin-responsive cDNA clones.
Characterization of the different auxin-responsive cDNA clones has

revealed that they can be grouped into 2 classes, based on the kinetics of
induction. One class represents sequences that are induced after one hour (or
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Fig. 1. Two-dimensional polyacrylamide gel analysis of in vitro translation products from
poly(A)+RNA isolated from intact soybean hypocotyl of seedlings that were untreated (A) or
(B) treated with 2,4-D for 2 hr. Several of the in vitro translation products that are induced
with auxin treatment are indicated.

more) of auxin exposure ("long tenn" responses). The other class of clones
represents sequences that are modulated within minutes after auxin exposure
(short tenn responses). Sequences exhibiting the "long tenn" response to
auxin have been isolated from Arabidopsis peduncles (2), strawberry
receptacles (35) and mung bean hypocotyls (55, 56). The auxin-responsive
cDNA clones that have been characterized most extensively are those
representing rapidly-induced mRNAs. To date, these include sequences
isolated from soybean (18,30,50), pea (45) and tobacco (38, 40, 48). These
clones are potentially important molecular probes to study auxin action at the
level of gene expression, as well as to study auxin action on growth. The
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rapid induction kinetics, for example, suggest that the genes encoding these
mRNAs may be primary targets for auxin action. Thus, elucidation of
sequence elements within the promoters of these genes that are required for
auxin inducibility, and the protein factors that interact with these elements,
have become primary goals of current studies. Additionally, the polypeptides
encoded by the auxin-inducible mRNAs may represent critical regulatory or
structural macromolecules involved in auxin-regulated growth. In a broader
sense, the information gained from studying the rapidly induced sequences
may be of value in linking the components of the auxin signal transduction
pathway.
The following section will focus primarily on summarizing the

information obtained from studies of the rapidly-induced, auxin-responsive
sequences.

CHARACTERIZATION OF AUXIN-RESPONSIVE SEQUENCES

RNA Studies

Three groups of rapidly induced, auxin-responsive mRNAs from soybean
have been described. Each group was selected using different isolation
strategies. The cDNA clones pJCWI and pJCW2were isolated from mRNAs
of elongating hypocotyl sections of untreated, intact seedlings (50, 51). The
pGH series (pGH1, pGH2/4, pGH3) of cDNA clones were selected from
2,4-0 treated, intact seedling mRNAs (18). The SAURs <£mall Auxin
Up-regulated RNAs) were isolated from a library ofcDNA clones made from
elongating hypocotyl sections that were incubated in the presence of auxin
(30). In pea, 2 cDNA clones (pIAA4/5, pIAA6) from auxin-treated, third
internode epicotyl sections have been described (45). Several
auxin-responsive cDNA clones have been characterized from tobacco tissue
culture cells. These cells were first depleted of auxin and subsequently
treated with 2,4-D (48). Recently, one of these clones (pCNTl03) has been
characterized further (47). From auxin-treated tobacco mesophyll protoplasts,
several cDNA clones (par A, 38; par B, 40; par C, 41) have been isolated.
The cDNA clones from all plant systems have been used as probes in RNA
blot hybridization analyses to study the induction/accumulation processes in
response to auxin application.
For many of these sequences, the mRNA levels in intact plants (Fig. 2)

or organ sections (Fig. 3A) not treated with auxin range from undetectable to
moderately high. When organ sections are excised and incubated in the
absence of auxin for up to 24 hours, the mRNA levels generally decline,
often to undetectable levels. Addition of auxin at concentrations ranging
from 10-8 to 10-5M causes a rapid (within 10-30 minutes) increase in mRNA
levels. In most systems, the mRNA levels increase over a period of hours,
with maximum induction ranging from 2-50 fold over untreated controls;
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Fig. 2. RNA blot analysis of auxin-responsive
clones. Three-day old etiolated soybean seedlings
were untreated (U) or sprayed once with
2,4-dichlorophenoxyacetic acid (2,4-D), indole
3-acetic acid (IAA), 2,4,5-trichlorophenoxyacetic
acid (2,4,5-T), 2,4,6-trichlorophenoxyacetic acid
(2,4,6-T) or Ethephon (E, an ethylene generating
compound) for the times indicated, and RNA was
extracted. Two micrograms of poly(A)+ mRNA
were "slot blotted" and hybridized to labeled cDNA
plasmids GH3(18) and JCW2(47). For details, see
(18). The cDNA clone JCW2 was a gift of lC.
Walker and lL. Key.

GH3 JCW2

mRNA levels generally decline by 24 hours of incubation (Fig. 2). A notable
exception to the rapid kinetics observed with most of these sequences is the
very rapid accumulation kinetics of the SAURs (30). The levels of these
mRNAs increase within 2-5 minutes after auxin treatment (Fig. 3B), with the
accumulation rate reaching half-maximal by 10 minutes and steady state by
30 minutes. For most sequences, a linear increase in mRNA levels is
observed over several orders of log increase in auxin concentration ranging
from 10-7 to 10-3M. In some cases, saturation of the induction response is
not observed even at millimolar concentrations (Fig. 3C; 30).
The rapid increase in mRNA levels could be controlled at the level of

gene transcription and/or by post-transcriptional events such as mRNA
processing, transport and stability. Using in vitro nuclear "run-on"
transcription assays, it has been shown that the auxin-induced increase in
mRNA levels of 6 soybean sequences (17, 33) and 6 tobacco sequences (48)
is, at least partially, the result of increased transcription rates on the
corresponding genes. The transcriptional response to auxin is rapid; for the
soybean GH3 sequence, transcription rates increase within 5 minutes ofauxin
exposure (Fig. 4A; 17). Interestingly, increased transcription rates of the
SAURs are observed only after 5-10 minutes of auxin treatment (33), which
contrasts with the observed steady state accumulation kinetics of 2-5 minutes.
This observation has led to the suggestion that auxin may affect SAUR
mRNA stability, as well as transcription.
In soybean, transcriptional induction in response to auxin has been shown

to occur in the presence of protein synthesis inhibitors such as cycloheximide
(9, 17). This result suggests that the transcriptional induction is a direct
response to auxin, in that protein synthesis is not required to induce
transcription on auxin-responsive genes. Additionally, protein synthesis
inhibitors do not affect auxin-induced mRNA accumulation of the pea (45)
and tobacco (48) sequences. In the presence of cycloheximide alone,
however, mRNA levels for the 2 pea (45), several tobacco (48) and the
SAUR sequences (9) are elevated. Using in vitro nuclear "run-on"
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Fig. 3. Characterization of the auxin-responsive SAUR 15 sequence in soybean elongating
hypocotyl sections (EHS). A). Autoradiogram of SAUR 15 mRNA accumulation. EHS were
excised (U), preincubated (P, 4h) in the absence of auxin, and incubated in 2,4-D for the times
indicated. Poly(A)+ mRNA was isolated, separated in gels, blotted and hybridized to labeled
cDNA clone SAUR 15. B). Short term kinetics of RNA accumulation in response to added
auxin. EHS were preincubated and incubated in 2,4-D for the times indicated, mRNA was
isolated, blotted and hybridized as in A. Autoradiograms were scanned by a densitometer and
relative areas ofeach peak were determined and plotted. C). 2,4-D dose response curve. EHS
were preincubated and incubated for 2h at the 2,4-D concentration indicated. mRNA was
isolated, blotted and hybridized as in A. Autoradiograms were scanned by a densitometer,
relative areas determined and plotted. Data from (29).

transcription assays, it has been shown that, unlike auxin, cycloheximide does
not activate transcription on SAUR genes. These results suggest that in the
presence of protein synthesis inhibitors, SAUR mRNA levels increase due to
a stabilization of SAUR mRNAs (9).
Studies designed to determine whether the observed mRNA accumulation

or transcriptional induction is specific to added auxins have indicated that,
with several exceptions, the response is specific to both naturally occurring
and synthetic auxins (Figs. 2 & 4B). The magnitude ofthe response differs,
however, depending on the auxin and the plant system being used. Nonauxin
analogues, other plant growth regulators and environmental stresses such as
heat shock, cold shock and anaerobiosis generally do not induce mRNA
levels. Clones that fail to exhibit strict auxin specificity are the soybean
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GH2/4 (17), several of the tobacco CNT
clones (47,48) and the tobacco parA clone
(39). The GH2/4 mRNA has been shown
to be induced by several nonauxin
analogues and some heavy metals (17, 20).
The tobacco pCNT sequences are most
strongly induced by auxins, but are also ~ I

induced by salicylic acid at high j
concentrations and slightly induced by ~

some heavy metals (47). The tobacco
parA sequence is induced by cadmium
(39). As will be discussed below, these
sequences appear to belong to a related
family of polypeptides, based on deduced
amino acid sequence comparisons.
Tissue and organ expression patterns

of the auxin-responsive mRNAs have been
analyzed, and they show some interesting
differences. RNA blot analysis has
revealed that some of the sequences
(pJCWI, pJCW2 and SAURs from soybean
and pIAA4/5 and pIAA6 from pea) are
primarily expressed in organ regions
undergoing elongation growth (30, 45, 50).
In contrast, pGHI and pGH2/4 show little
organ-specific expression, while pGID is Fig. 4. Characterization of the
difficult to detect in any organ unless expression of GH3 ~~ng in vit~o

treated with auxin (18). The techniques of ?uclear run-on transcnptlOn ass~ys In
. .. (32) d' . Isolated soybean plumule nucleI. A.
tISSU~. p~ntmg an In .Sltu Kineticsofinductionby 2,4-0 (IO-4M).
hybrtdlzatlon (12) have further localIzed B. Specificity of induction. Plumules
the expression of SAURs to the epidermal were untreated (U) or treated with
and cortical cells, while GH3 mRNAs are 2,4-0, 2,4,5-T, (X-naphthaleneacetic
expressed at low levels in soybean roots acid (NAA), IAA or tryptophan (Tryp).
and transiently expressed in soybean florai For details, see (17).
organs. In these organs, GH3 transcripts
were found predominantly associated with the vascular system. A striking
difference between the SAURs and GH3 is that when intact soybean seedlings
or excised organs are treated with auxin, induction of SAUR transcripts
remains confined to cortical and epidermal cells of elongation regions, while
GH3 transcripts are induced in virtually all tissues and organs examined.
Results of the RNA studies clearly demonstrate that auxin can rapidly

and specifically modulate mRNA levels. The observation that the induction
of transcription by auxin is rapid, specific to auxin and direct (not dependent
on protein synthesis) suggests that these transcriptional events may be close
to the primary site of auxin action. The studies of tissue localization of
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SAUR and GH3 transcripts (12) indicate that the auxin response pathway(s)
may be complex. These studies showed that most, if not all, tissues within
a soybean organ (both external and internal tissues) are capable of responding
rapidly to auxin at the gene expression level. Therefore, these tissues must
possess the requisite components of an auxin signal transduction pathway.
However, results indicating tissue-specific expression of SAUR and GH3
transcripts suggest that there may be tissue-specific auxin receptors and/or
response pathways. Further, the observation that GID transcripts are induced
in multiple tissues by auxin application suggests that some tissues may
possess multiple auxin receptors or signal transduction pathways.

DNA Analysis

Auxin-responsive Genes
Genomic and cDNA sequence information has recently been reported for

most of the rapidly induced, auxin-responsive clones. Based on deduced
amino acid sequence, some clones appear to be related (Fig. 5). The genes
for pJCWI and pJCW2 (Aux 28 and Aux 22, respectively) are homologous
in that they share 5 regions of amino acid identity or similarity (1). Four of
the same regions of amino acid homology are also found in 2 Arabidopsis
genes (which were selected by homology to Aux28 and Aux22; 5), in 2 mung
bean cDNAs selected as auxin-responsive (56), and in the soybean GHI gene
(Hagen, unpublished).
A second group of related, auxin-induced sequences includes the genes

for GH2/4, CNTI03 and parA. The DNA sequence ofGH2/4 was found to
be identical to the soybean Gmhsp 26A gene (6, 20), which was originally
isolated as a heat shock-inducible sequence (6). Characterization of the
Gmhsp 26A gene has shown that a variety of compounds (2,4-D, ABA,
sodium arsenite and heavy metals) will cause an increase in mRNA levels (6).
The tobacco pCNT 103-like clones show a high degree (58%) of amino acid
identity to Gmhsp 26A (47), and 42% identity to the tobacco parA gene

GHl
AUX28
AUX22
An·27
AT2·"
AAGS
MG.

ZlLJ~~
T v· P YES R
S VCY Y F I PI YES R
S VCY Y V A I PI K A LGS R

VY YIP VSS R
N VCY Y F" PI YES R

IQ Y P OVTS R

Fig. 5. Comparison of conserved amino acids within polypeptides encoded by
auxin-responsive sequences. Deduced amino acid sequences were derived from cDNA and
gene sequence analysis. Four "islands" of homology (black boxes) have been identified and
sequences within these "islands" are compared. Only amino acid differences are listed. Data
for GHI from soybean (Hagen, unpublished); AUX 28 & AUX 22 from soybean (I); At 2-27
& At 2-11 from Arabidopsis (5); ARG 3 & ARG 4 from mung bean (56).
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product (47); the parA sequence is also homologous (37%) to Gmhsp 26A
(39). Related members of this gene family have been shown to be induced
in other plant systems. They include a transcript that was induced after
treatment of potato leaves with fungal elicitor (43) and a transcript that was
cytokinin-responsive (7). Based on deduced amino acid sequence, computer
searches of protein databases revealed homology to an E.coli stringent
starvation protein (7, 14, 39) and glutathione S-transferases (GST; 34).
Additionally, the products ofthe auxin-responsive tobacco cDNAs par B (40)
and CNT 103 (8) and the soybean cDNA GH2/4 (14), when expressed in E.
coli, were shown to have in vitro GST activity.
The GH3 gene in soybean is part of a small multigene family and

encodes a polypeptide of 70 kD (19). A computer search has failed to
identify any homologous sequences in the nucleotide or amino acid sequence
databases. Two highly homologous Arabidopsis GH3-like genes have been
sequenced (G. Hagen and T. Ulmasov, unpublished).
The genes encoding the soybean SAURs possess several striking features

(33). Five SAUR genes have been found to be clustered within about 7
kilobase (kb) pairs. They are transcribed in opposite orientations giving rise
to small (0.5-0.6 kb) transcripts, the open reading frames of these genes
contain no introns, and the genes encode small (9-10 kD) polypeptides that
share a high degree of homology. Sequences homologous to the SAURs have
been identified in pea (Hagen and McClure, unpublished), Arabidopsis
(Hagen and Hong, unpublished) and mung bean (56).

Auxin-responsive Promoters
Elucidation of the sequence of auxin-responsive genes has focused

research efforts on determining how these genes are regulated by auxin. The
initial focus has been on defining regulatory cis elements within the promoter
of these genes. From sequence comparisons alone, it appears that there may
not be a simple, single DNA sequence element that functions as an
auxin-response element. A comparison of all the auxin-responsive soybean
genes, for example, shows little conservation of sequence elements in the
promoters. Within gene families, conserved promoter sequences have been
identified, such as the DUE-NDE element found in soybean SAUR genes
(33). However, while common promoter sequence elements may be shared
between homologous family members, these elements may not be found in
homologous genes of another plant species. For example, there are several
sequences that are found in both the soybean Aux28 and Aux22 promoters,
but these same elements are not found in theArabidopsis homologues (5; Fig.
6).
To define the auxin response elements more precisely, promoter

fragments are being fused to reporter genes such as the E. coli uidA gene
which encodes t3-glucuronidase (GUS), the lacZ gene which encodes
l3-galactosidase. or the cat gene which encodes chloramphenicol
acetyltransferase. Promoter activity can be assayed following delivery of
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AUX 22 TGATAAAAG

AUX 28 TGATAAAAG

22 GGCAGCATGCA

28 GGCAGCATGCA

AIAUX 2·11 GACTATGAATATGTT

AIAUX 2·27 GACCATGAATATGTT

2·11 GAGAGAGA

2·27 GAGAAAGA

2·11 AAACAATCTTCTTCACAAAGCC

2·27 AAACAAGCTTGTCTCAAACGCC

SAUR 15 CTTAAGAAAGTCCTCTAAGACA

SAUR 6 CTTGATAAAGTCCTCCAAGGCA

SAUR 10 CTTGA AAGACCTCTGAGACA

15 CCATATGCCA TGTCTCTCATTTGGT CCCAT

6 CCATATGCCCCTGTCTCT GTCGGT CCCAT

10 CCATGTGATCCTTTCTCCCTCAGTAGACCCCAT

Fig. 6. Comparison of conserved promoter
sequence elements found in
auxin-responsive gene families. Gene
families are AUX 22 & AUX 28 from
soybean (I), AtAUX 2-11 & AtAUX 2-27
from Arabidopsis(5) and SAUR 15, 6 & 10
from soybean (33).

constructs into protoplasts (transient expression studies), or after stably
incorporating constructs into plant genomes (using Agrobacterium-mediated
transfonnation, for example). Promoter activity can be detected by measuring
reporter enzyme activity and, depending on the reporter gene used, monitored
in planta using histochemical stains. An additional advantage of using
histochemical stains is that expression patterns in specific organs, tissues and
cell types can be examined throughout plant development in the absence of
exogenous aUXlD.

Promoter fragments with auxin-responsive activity have been identified
from several soybean genes (19,26), a tobacco gene (47) and an Arabidopsis
gene (54). In these studies, large promoter fragments (ranging from 0.6 to
4.5 kbp) were fused to a reporter gene. Results of these studies confirm and
extend the infonnation obtained using RNA blot, tissue print and in situ
hybridization analyses. To define minimal auxin-inducible elements within
promoter fragments, reporter gene constructs containing promoter deletions
(or mutations) have been used. In the tobacco parA gene promoter, alII bp
region has been shown to be important for auxin inducibility in tobacco
protoplasts (42). Promoter deletion constructs have also been used to identify
sequences involved in auxin induction of 2 bacterial plasmid genes. A 10 bp
sequence in the promoter of the nopaline synthase gene (3) found in the
Agrobacterium tumefaciens Ti plasmid, and a 90 bp region in the Ti plasmid
gene 5 promoter (25) have been shown to be important for auxin inducibility.
Alignment of the 90 bp region of gene 5 with promoter sequences of other
auxin-responsive genes revealed that certain groups of bases are shared in
some genes (25). To date, however, there is no clear understanding of what
constitutes an auxin-response element.
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AUXIN-REGULATED GENES AS PROBES TO STUDY GROWTH

The auxin-responsive genes are providing new tools to study growth and
developmental processes. Tropistic growth, such as gravitropism and
phototropism, involves asymmetric elongation growth in response to a
stimulus such as gravity or light. It has been proposed that the stimulus
causes a directional transport of auxin, creating an asymmetric distribution of
auxin. This auxin gradient would differentially affect rapid elongation
growth, resulting in the observed asymmetric growth or curvature of an organ
(52). The data indicating that the SAURs are specifically induced by auxins
in tissues capable of rapid elongation led McClure and Guilfoyle (31) to
examine SAUR expression in gravistimulated soybean hypocotyls. Using
tissue print hybridization, it was shown that in a vertically grown seedling,
SAURs are symmetrically distributed in the cortex and epidermis of the
elongating region of the hypocotyl. During gravistimulation, SAURs rapidly
disappear from the upper part of the hypocotyl and accumulate on the lower,
more rapidly elongating side of the hypocotyl (Fig. 7). This asymmetric
SAUR expression pattern is detected well before elongation growth of the
hypocotyl is observed. These results suggest that there is a redistribution of
internal auxin during gravitropism, which would activate transcription of the
SAUR genes and cause the asymmetric accumulation of SAURs (31).
Support for auxin redistribution during tropisms has come from studies of
transgenic plants expressing fusion constructs containing auxin-responsive
promoters fused to reporter genes. Gravistimulation of transgenic tobacco
plants expressing either the SAUR promoter-GUS fusion (26; Table 1) or the
GH3 promoter-GUS fusion (28) and transgenic Arabidopsis plants expressing
the AtAux 2-11 promoter-lacZ fusion (54) resulted in higher detectable levels
of reporter gene activity associated with the more rapidly elongating side of
gravistimulated stems. Studies of transgenic tobacco plants expressing the
SAUR promoter-GUS construct (26) showed that during phototropism, GUS
activity increased on the non-illuminated side of tobacco stems, although the
kinetics of this response were slower than that observed during gravitropism.
Additional studies with these plants revealed that auxin transport inhibitors
and manipulations that reduce endogenous auxin supply affect the differential
GUS expression, as well as asymmetric growth.

In tobacco plants expressing the GH3 promoter-GUS construct, there is
little endogenous reporter gene activity except for a low level in mature roots
and a transient detectable level in developing flowers (19). The promoter can
be activated in almost every tissue, however, by exogenous auxin application.
Recently, it was reported that this promoter is activated in the basal end of
cut transgenic tobacco stems within several hours after cutting (28). This was
thought not to be due to wounding, as the promoter was not activated in the
region of the stem below the cut. It was suggested that the accumulation of
auxin at the cut basal end was responsible for activation of the GH3
promoter. The GH3 promoter was also shown to be activated at an early
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Fig. 7. Tissue print hybridization autoradiograms ofgravistimulated hypocotyls of 3-day old
etiolated soybean seedlings. Hypocotyls were sectioned longitudinally at the different times
indicated after being reoriented from a vertical to a horizontal position. The cut surface was
blotted onto a nylon membrane and hybridized with a mixed SAUR 6, lOA, and 15 antisense
35S-labeled RNA probe. From top to bottom, the time of horizontal displacement is 10, 20,
45, 90, and 180 minutes. Figure from (15), reprinted with permission.

stage in adventitious root formation. The studies reported to date would
suggest that auxin-responsive promoter-reporter gene fusion constructs may
be useful as probes to study growth processes that are controlled, at least in
part, by auxins. Further, these constructs might be used to monitor qualitative
changes in auxin concentration that occur during tropisms and other
auxin-regulated growth responses (14).
Auxin-responsive gene promoters have also been used to drive the

expression of honnone biosynthetic and conjugating enzyme genes in
transgenic plants (14, 27). These constructs are being used to gain new
insights into honnone action bymanipulating internal honnone concentrations
(24; see Chapter E2). Auxin-responsive gene promoters provide a means to
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Table 1. Shoot bending and GUS expression during gravitropism in transgenic tobacco plants
expressing a SAUR-GUS construd (26).

Curvature GUS Activity
(degree) (% in lower side)

KINETICS

0 0 50.4
1 hr 0.3 55.6
2 hr 20.5 66.5
3 hr 34.3 72.7
5hr 45.9 83.3

TREATMENTS

TIBA (ImM, 5hr) 2.3 53.1
NPA (ImM, 5hr) 3.5 52.6

Control, 4hr 43.7 76.8
Removal of leaves 28.3 67.0
Removal of apex 12.5 56.3
Removal of leaves & apex 3.6 52.5

Removal of leaves & apex; addition of
lAA (50#LM) to tip 20.3 68.5

alter honnone levels in a tissue-, organ- and, in some cases, developmental
stage-specific manner. Initial results indicate that such constructs will provide
valuable infonnation. Expression of a construct consisting of the SAUR
promoter fused to the Agrobacterium tumefaciens iptZ gene in tobacco, for
example, resulted in some dramatic alterations in morphology and physiology,
which were correlated with elevated cytokinin levels in specific organs (27).

CURRENT RESEARCH CHALLENGES

Research efforts on auxin-regulated gene expression are being focused in
several areas. One major challenge is to detennine the function of the
polypeptides encoded by auxin-responsive genes and to define the role they
play in auxin-regulated growth. As mentioned earlier, based on amino acid
sequence homology and some biochemical studies, it appears that one group
of sequences is related to glutathione S-transferases. The evidence that these
genes are induced by a variety of chemical and nonchemical stresses, in
addition to auxin, suggests that the gene products may be induced as part of
a general stress response, and may function solely as detoxifying enzymes
(34). On the other hand, some members of this family of sequences may be
important to auxin action. To date, their role as auxin-induced gene products
has not been detennined. For the other groups of auxin-responsive genes,
deduced amino acid sequence infonnation gives no clue as to function.
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Current approaches being used to probe for function include the use of
antibodies raised against the auxin-responsive gene products (53) and
transgenic plants that either overproduce the polypeptides or that express
antisense constructs to deplete the polypeptide levels.
The other major research effort continues to focus on defining promoter

sequence elements that are important for induction by auxins. This
information is essential in order to achieve the goal of isolating trans-acting
factors that specifically interact with the auxin-response elements. This goal
represents another major challenge, especially in view of the evidence that
there may be multiple auxin-response elements. Ultimately, the information
gained from these studies should contribute in defining the components of the
auxin signal transduction pathway.
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INTRODUCTION

The study of the response of cereal aleurone to gibberellin and abscisic acid
(GA and ABA, respectively), particularly with reference to a-amylase
synthesis, has made a significant contribution to our understanding of GA
action in plant cells, especially as it relates to the control of protein synthesis,
and also to the function of the endosperm during germination. While much
of the work has been carried out using isolated aleurone from a single cultivar
of barley ("Himalaya"), it seems so far that the principles which have
emerged from this system can be applied to in vivo behaviour of barley and
other cereal grains.
The incubation of isolated aleurone layers in media containing specified

concentrations of GA3 andlor ABA, has been extensively studied as a model
for hormone action in plants. The main observation is that GA3 can stimulate
aleurone cells to secrete a range of hydrolytic enzymes, the major one being
a-amylase (Fig. 1). These enzymes are responsible for the mobilisation of
stored endosperm reserves which provide the growing seedling with a supply
of fixed carbon, reduced nitrogen and other nutrients. The interest in ABA
lies in the observation that it can prevent the action of GA3 if present in
excess, and it also induces its own set of proteins in isolated aleurone.

ENDOSPERMEMBRYO
.----...." 1""'-------,

Fig. 1. Schematic diagram illustrating
some of the principal features associated
with reserve mobilization in a wheat or
barley grain (and probably other cereals
as well) following germination.
Gibberellin produced by the embryo
stimulates cells of the aleurone layer to
synthesise and secrete a-amylase and
other hydrolaseswhich degrade starch and
other polymeric reserves in the
endosperm, providing nutrients for the
developing seedling.
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This article is a synopsis of our understanding of mainly GA) action in
germinating cereal grains, focusing on aleurone, but also ABA in the same
system. It very briefly discusses the role of GA and ABA in grain
development, and the influence of environment and genotype of the
developing grain on hormone responsiveness of mature aleurone. The major
part of our attention is given to endosperm degradation, the response of
aleurone to hormones and to our knowledge of the molecular mechanisms of
hormone action which has progressed considerably since the first edition of
this chapter was published in 1987 (37). Background information is provided
in previous reviews (2, 13, 40).

HORMONES IN DEVELOPING GRAIN

While the responses of mature isolated aleurone to applied GA or ABA are
fairly well understood, quantitative aspects of the response can vary between
different harvests of the same cultivar. This observation suggests that
environmental conditions during grain development can influence the eventual
hormone responsiveness of aleurone. For example, it has been shown that
aleurone from barley grown in relatively high temperatures produces high
levels of a-amylase in the absence of added GA (57). In normal
development, cereal grains accumulate significant levels of both GA and
ABA. The activity of these hormones during grain development, or their
residual levels in the dry seed, may influence subsequent aleurone (and
embryo) behaviour during and following germination. It is unknown whether
high temperature during development causes accumulation ofabnormally high
amounts of GA resulting in the production of high levels of a-amylase in
germinated grain. Low temperature during development strengthens
dormancy in barley grain. Perhaps such conditions cause accumulation of
high levels of ABA and this produces stronger dormancy. The accumulation
and role of GA and ABA in developing grain has been discussed previously
(37). The responses of aleurone from mature grains to these hormones is
discussed below.

EMBRYONIC CONTROL OF ENDOSPERM FUNCTION

Gibberellin Production During Germination

The high levels of GAs present in developing grain usually decrease during
maturation so that the dry grain normally contains very low levels. Following
germination, GA levels again rise with GAl being the predominant species in
barley although low amounts of other GAs (GA), GAs, GAI7, GAI9, GA2o,
GA29, GA)4 and GA4S) are also present (5, 12, 14). Many of these are
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products of the early I3-hydroxylation GA synthesis pathway which is the
major pathway in vegetative tissues of many higher plants. Similar changes
in GAs would appear to occur in wheat (46).
In barley, if the embryo is removed from the endosperm earlier than

about 24 h after germination, there is no increase in GA in the endosperm
and very little subsequent production of ex-amylase. This indicates that it is
GA from the embryo which stimulates the production of ex-amylase in the
aleurone (Fig. I). However, inhibition of GA biosynthesis does not affect
ex-amylase production indicating that although GA is produced by the embryo,
the supply ofGA to the endosperm during germination may not arise directly
by new synthesis but from a pre-formed GA pool (17). The alternative
interpretation of these results is that GA is not the signal for ex-amylase
production although there is a large amount of circumstantial evidence which
argues against such an interpretation. GAl (plus perhaps GA3) is probably the
major factor controlling shoot elongation as well as aleurone response (5).
The pathway by which GA leaves the scutellum and reaches the aleurone

is not well understood although there is evidence that there is asymmetric
transport of GA towards the apex of the scutellum from which it is released
into the aleurone layer (60). GA movement has usually been thought of as
occurring by diffusion in free space, but movement within the scutellum
could occur via the vascular system, and symplastic movement between
aleurone cells via plasmodesmata has also been suggested.

Patterns of Endosperm Breakdown During Germination

Morphological evidence (based on scanning electron microscopy) showed that
initial starch degradation in barley occurred adjacent to the scutellar
epithelium (52) and proceeded symmetrically along the grain towards the
distal end (Fig. 2). This indicated that the scutellum was the major source of

~ ."

~
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~

c
~

Fig.2. Theories ofendosperm hydrolysis in germinated grains. A, The "symmetrical" pattern
of endosperm hydrolysis. Dashed lines represent approximate areas of modified endosperm
after 2, 3, 4 and 5 days of hydration at 15°C. B, The "assymetric" pattern of modification.
C, The pattern of enzyme movement suggested to produce the modification outline in A. The
size of the arrows indicate the relative importance of scutellum and aleurone in hydrolase
production. D, The pattern of enzyme movement suggested to produce the modification
outlined in B. From (55).
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hydrolases involved in endospenn degradation (Fig. 2A and C), particularly
at early stages of endospenn hydrolysis. However, there is also evidence that
the hydrolysis of endospenn begins at the apex of the scutellum (Fig. 2B and
D), primarily under the control ofhydrolytic enzymes released asymmetrically
from the aleurone. This enzyme release is under the control of GA that
accumulates in (and is released from) from the scutellar apex (60).
Hydrolysis probably begins near the embryo and proceeds distally along the
grain on a front, which is at first approximately parallel to the scutellar
surface and moves faster immediately beneath the aleurone layer on the dorsal
surface of the grain.
The relative contributions of scutellum and aleurone to the hydrolytic

enzyme complement of the endospenn has been a major focus of research.
It now seems that in barley, scutellum accounts for only a minor part (5-10%)
of total a-amylase and that scutellum produces a-amylase in 1-2 days
whereas aleurone production peaks after 3-4 days. In genninating grain, the
sites of endospenn hydrolysis are not necessarily adjacent to the sites of
enzyme production and thus endospenn hydrolysis may not be a reliable
indicator of the localisation of the enzyme production. It is now possible to
assess relative mRNA levels for particular hydrolases in scutellum versus
aleurone by tissue section (or in situ) hybridisation. By hybridising
radioactive cloned DNA molecules for (1-3, 1-4)-I3-glucanase to longitudinal
sections of genninating grains, it was shown that over the first 2-3 days,
message accumulated in the scutellum (confined to the epithelial cells) and
that subsequently, while scutellar mRNA decreased, levels increased strongly
in the aleurone progressing distally along the layer (48). Studies using
Northern analysis of tissue specific RNA preparations have confinned these
results (70). While the relative mRNA levels may not necessarily reflect
levels of hydrolase production (and subsequent endospenn hydrolysis), in the
case of (1-3, 1-4)-I3-glucanase, quantitative and temporal aspects of mRNA
appearance are in general accord with the results of enzyme assays (13). In
situ hybridisation studies examining a-amylase production in genninated rice
grains have produced results which are very similar to those for l3-glucanase
and in this case it was also shown that there was differential expression of
different isofonns in aleurone and scutellum (61). In summary, it is now
clear that initiation of endospenn hydrolysis adjacent to the scutellum early
in gennination is accomplished by enzymes (perhaps specific isofonns)
produced and secreted by the scutellar epithelium. Studies of numerous
enzymes involved in the hydrolysis of l3-glucan, starch, protein and nucleic
acids in the starchy endospenn (13) show that a proportion of the enzyme
activity (or perhaps specific isozymes) of most or all of these enzymes
originates in the scutellum. As gennination progresses, enzyme production
by the scutellum appears to decline and the aleurone becomes the major
source. The situation in some of the sub-tropical cereals, e. g. sorghum,
maize, millet and rice may be different in that the scutellum might be a more
significant source of a-amylase and other enzymes (1).
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Although there is abundant evidence that hydrolase synthesis in aleurone
is under honnonal control, the question of whether hydrolase synthesis in
scutellum is similarly controlled has been more difficult to answer. In the
main, experiments involving isolated embryos of barley as well as the sub­
tropical cereals have shown that scutellar enzyme synthesis is largely
insensitive to applied GA indicating either that hydrolase genes were not
honnonally controlled in embryonic tissue, or that there were already high
endogenous levels of GA. Using a GA-deficient mutant of barley, it has
now been shown that high-pI a-amylase gene expression is also induced by
GA in the scutellum (10).

ALEURONE RESPONSE

Reserve Degradation

During early seedling development, the stored reserves (protein, carbohydrate,
lipid, nucleic acid and mineral complexes) in the aleurone and starchy
endospenn are degraded and mobilised via the scutellum to the developing
seedling. The battery of enzymes required for eventual hydrolysis and
solubilization of the stored reserves (13) originates mainly in the aleurone
layer, but some are also produced in the starchy endospenn and the scutellum,
and many of these are also under GA control.
The progression of aleurone cell and endospenn hydrolysis has been

examined mainly by light and electron microscopy. Changes in the aleurone
include vacuolation of the cells and digestion of the cell walls (Fig. 3). In
the sub-aleurone and starchy endospenn cells, cell wall and starch grain
hydrolysis and general disorganisation of the cells can be seen. Aleurone cell
walls appear to be impenneable to proteins so that hydrolysis of aleurone
(and probably also endospenn) cell walls is probably necessary for efficient
release of hydrolytic enzymes from the aleurone layer and for maximal access
of the hydrolytic enzymes to the starch grains and surrounding protein matrix
in the endospenn. a-amylase is distributed evenly throughout the cell
(endoplasmic reticulum (ER), Golgi and other locations?) and it is initially
released into the cell wall mostly on the inner (starchy endospenn) side of the
cell (Fig. 3A). Figure 3B shows the tunnelling of walls which occurs in the
early stages of aleurone cell wall hydrolysis. Digestion is originally localised
around plasmodesmata but ultimately involves the whole wall. The gold
grains over the digested areas in the micrograph show the localisation of a­
amylase in the digested areas. a-amylase does not appear to exist in
undigested wall in agreement with their apparent impenneability. Hydrolysis
of aleurone cell walls leaves an innennost layer of wall material (IW) (Fig.
3B) which is apparently resistant to degradation. This layer could be similar
to cell wall connections which persist around plasmodesmata connecting
digested aleurone cells, and it may contribute to mechanical stability of the
aleurone layer as a whole as wall digestion progresses.
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A

Fig.3. Localization ofa-amylase in aleurone cells and in digested pockets within the cell wail
ofGA-treated tissue as determined by immunofluorescence (A) and by immunogold labelling
(B). From (18).
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Arabinoxylans (about 80%) and (1-3, 1-4)-(3-glucan (about 20%) are the
major cell wall polysaccharides of barley aleurone. There are five
arabinoxylan degrading enzymes which are released from aleurone in
response to GA3, and of these endo-(1-4)-(3-xylanase is the one most likely
to be involved in the initial cell wall hydrolysis. However there is a
discrepancy (13) between the relatively late appearance of endoxylanase
activity and the relatively early beginning of cell wall hydrolysis, which at
present is unresolved. The other major polysaccharide is believed to be
degraded by two endo-(l-3, 1-4)-(3-glucanases which have been extensively
characterised (13).
The starch deposits ofwheat and barley exist in two size classes of starch

granules embedded in a protein matrix throughout the endosperm. The two
glucose polymers forming the starch are amylose, a linear (1-4)-a-glucan and
amylopectin, a highly branched form ofamylose containing (1-6)-a-branches.
Following germination of barley the small starch granules are first degraded,
primarily from the surface. Large starch granules frequently suffer initial
surface pitting, but hydrolysis may then occur inside the granule and proceed
through a hollow shell stage.
Starch hydrolysis proceeds through the action of four different enzymes,

collectively known as diastase. a-Amylase, an endohydrolase is probably
very important in the initial degradation of amylose and amylopectin within
starch grains, and there is evidence (49) that different isozyme groups of a­
amylase (see later) have different activities on intact starch grains, low-pI a­
amylase being able to digest starch grains more efficiently than high-pI a­
amylase both in barley and wheat. Although it was once thought that a­
amylase was the only enzyme capable of attacking whole starch grains, it is
now evident that a-glucosidase, an exohydrolase liberating glucose, has the
same ability and that together, the two enzymes are strong synergistic (73).
Thus it would appear that these two enzymes are responsible for the initial
attack on starch grains in vivo and that the other diastatic enzymes, l3-amylase
and limit dextrinase, are involved in reducing the size of the initial products
of hydrolysis. The latter, known also as debranching enzyme, hydrolyses a­
I, 6 links in amylopectin.
a-amylase and a-glucosidase are synthesised in the aleurone layer during

germination. (3-amylase accumulates in the starchy endosperm during
development and at maturity, it exists in the endosperm of the dry grain
mostly in an inactive form, disulphide bonded to a component of protein
bodies. The increase in (3-amylase activity which follows germination results
from the activity of GA-induced cysteine endopeptidases which cleave the (3­
amylase-protein complex, releasing active (3-amylase (20). These
endopeptidases are synthesised in the aleurone in response to GA3• The
situation with limit dextrinase seems to be complex. Although it is newly
synthesised by aleurone cells, it becomes bound in starchy endosperm during
germination and, as with (3-amylase, proteolysis is required for its activation
in the later stages (47).
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Although relatively little is known about enzymes causing storage protein
hydrolysis compared to starch and {3-glucan, it is clear that protein is reduced
to amino acids and peptides by a number of exo- and endopeptidases (13).
Carboxypeptidases appear to be the main exopeptidases involved.
Aminopeptidases appear to play no part.
Other reserves which survive in mature starchy endosperm in small

quantities are also hydrolysed during germination (13). Nucleic acids appear
to be hydrolysed by nuclease 1, ribonuclease and nucleosidases and (I-3)-{3­
glucan which occurs extracellularly mainly in the sub-aleurone cells, is
hydrolysed by GA-induced (I-3)-{3-glucanase.
What controls reserve degradation? Is it limited only by the availability

of hydrolases? In the early stages of germination and seedling growth, it
would seem that endosperm hydrolysis is initiated by hydrolases which are
newly synthesised and secreted by the scutellum and aleurone. However, as
seedling growth progresses, the products of reserve hydrolysis accumulate in
the starchy endosperm cavity up to 570 milliosmolar and the concentrations
of some of the component products are high enough to inhibit further
hydrolase synthesis. Thus several days after germination, osmotic controls
may come into play. Are there other controls? One possibility is that pH
within the starchy endosperm may exercise some limitation. Many
endosperm hydrolases have pH optima in the vicinity of pH 5, and thus
would function best in an acidic environment. Such an environment is
established in the endosperms of germinating barley and wheat by protons
apparently released by the aleurone layer. Barley endosperm is acidified
during the latter stages of development as well as during germination (53),
but while mature wheat aleurone can acidify (21), developing wheat does not
(lV. Jacobsen, unpublished). Gradients of pH in the endosperm may favour
hydrolysis of reserves by providing an optimum environment for the enzymes
to function or by increasing accessibility of enzymes to substrates which
become more soluble at acid pH (21). However, little is known about
endosperm pH and its control. Reduced pH in developing barley endosperm
is associated with the release of hydrogen ions (as malic acid) from the
aleurone cells.

Enzyme Response

The observation that isolated aleurone layers of barley respond to
exogenously applied GA3 in a manner similar to intact aleurone layers
following seed germination has made this a favourite system for studying the
effect of GA3 on the activity of the hydrolases associated with mobilisation
of seed reserves. From a theoretical viewpoint we can envisage GA having
either a direct effect on the amount, cellular location, or activity of an
enzyme, or an indirect effect as found for the appearance of {3-amylase and
limit dextrinase activity in the endosperm (see preceding section). GA3 has
been found to cause increased activity of about 29 enzymes in the aleurone
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layer (40) Most of the secreted enzymes are hydrolytic and are involved in
cell wall and reserve hydrolysis, while enzymes which are not secreted are
mostly metabolic enzymes. Therefore, in aleurone cells, GA3 appears to
regulate not only the production ofhydrolytic enzymes, but also the metabolic
machinery. Numerous studies of GA3-induced changes in ultrastructure of
aleurone cells in the early 1970's, mainly by R. L. Jones and colleagues, are
consistent with major metabolic changes during hydrolase synthesis. More
recently, it has been shown that GA3 and ABA regulate other processes such
as calcium transport into the endoplasmic reticulum, and this is associated
with the synthesis, stabilisation and secretion of a-amylase (39). ER­
associated proteins including calmodulin, a calcium transporting ATPase, and
a BiP-related protein (calcium binding protein), increase simultaneously (15).
It would seem likely that as other GA3-controlled processes are studied in
greater detail more hormonally-regulated proteins will be described.
The responses to GA3 of about 18 aleurone hydrolases have been

classified into four groups (35). The first group is characterised by a rapid
change in activity of the enzyme, with, presumably, little change in amount.
Enzymes involved in phospholipid metabolism fall into this group, and at
present there is little information concerning the mechanism of their
regulation. The second group includes enzymes whose synthesis and
secretion are stimulated by GA3 such as a-amylase (Fig. 4) and protease.
Many aspects of hormonal control of gene expression in aleurone have been
studied with particular reference to a-amylase, and this topic will dominate
the remainder of this chapter. The third group includes J3-glucanase, acid
phosphatase and ribonuclease, which increase in activity by new synthesis in
the absence of added GA3, but which may show an additional increase in
activity if GA3 is added. Finally, there are some enzymes (xylopyranosidase
and arabinofuranosidase) whose activity is constant in the absence ofGA3 but
increases in the presence of GA3 and also show secreted activity. For
enzymes of the last two groups, the precise relationship between isozymes
formed in the absence or presence of GA3 is frequently not known, so it is
difficult to assess whether GA3 is stimulating levels of existing isozymic
forms, or causing de novo accumulation of new isozymes.
Much of the research on hormone-induced enzyme changes has been
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Fig. 4. Rates of ex-amylase
accumulation in isolated barley
aleurone (plus surrounding
medium) incubated for the
indicated time without
hormone. in the presence of 1
I'M GAl' or in the presence of
1 uM GAl plus 25 I'M ABA.
From (23).
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done on a total activity basis, but, as is often the case, examination of enzyme
production at the isozyme level has produced interesting results. For
example, studies of (1-3, I-4)-~-glucanase (13, 48, 70) indicate that the early
enzyme increase in germinating grain occurs in the scutellum and consists of
only isozyme El whereas later, most of the enzyme is produced in the
aleurone and consists of both Eland Ell. Study of a-amylase at the
isozyme level has also been rewarding. A particularly interesting result is
that the kinetics of production of low- and high-pI a-amylases in aleurone of
genninating grains and in isolated aleurone layers is different. In whole
grains, high-pI isozymes dominate early in germination while low-pI fonns
appear later. In isolated layers, a-amylases appear to accumulate co­
ordinately, but whereas high-pI fonns decrease, low-pI fonns persist (9).
Such results highlight the fact that different isozymes can be controlled
differentially by hormones, and that the full story of the aleurone response to
GA and ABA is unlikely to unfold unless individual isozymes are studied.
Studies of the aleurone response to honnones has been dominated by up­
regulation of enzymes, but some enzymes are also down-regulated (40). That
GA3 caused both up- and down-regulation of synthesis of proteins was
evident from the very early studies of protein synthesis in aleurone. Studies
of the molecular mechanisms of hormone action are also dominated by up­
regulation (see later), and little is known about down-regulation.

ACTION OF GmBERELLINAND ABSCISIC ACID

Hormone Perception

Although a considerable amount of infonnation about transcriptional and
post-transcriptional events in a-amylase induction has accrued in recent times,
little is known about honnone perception and the events which lead to
regulation of gene transcription and other honnone-associated changes. For
a cell to respond to a honnone, the cell must perceive the honnone. As in
the case of the steroid hormone receptor proteins in animal cells, honnone
perception in plants is thought to involve binding proteins, and the result of
this recognition would be to set in motion a sequence of processes, commonly
referred to as a signal transduction pathway, leading to regulation of gene
expression or some other hormonally regulated response. Such a binding
protein would then qualify as a receptor (56), but clearly not all honnone
binding proteins (for example hormone metabolising enzymes) are receptors.
In general, despite a considerable amount ofwork, there is no strong case

for soluble (cytosolic?) GA receptor proteins in plants (56, 71). Although a
number of GA-binding proteins have been described, few have had the
desired characteristics of specific, saturable and reversible honnone binding,
and none have been shown to be involved in mediating honnone responses.
Similarly, studies of aleurone cells have not revealed proteins likely to be
receptors. Early studies using photoaffinity labelling for both GA and ABA
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were hampered by high levels of non-specific binding of the probes to many
proteins, but refinement of the procedures may now be paying dividends. In
vivo labelling of oat aleurone layers with photoaffinity labelled GA has
identified a 60 kD protein which appears to bind biologically active GA's
specifically (27). Such a protein must be characterised extensively and shown
to be involved in the signal transduction pathway.
The possibility that GA perception might occur by interaction with

membrane components has been considered for some time, but recently the
notion has received some experimental support. One approach involves the
use of anti-idiotype antibodies. An anti-idiotype antibody is an antibody to
the idiotype or antigen-binding region of another antibody, and, as such, may
resemble some of the configuration of the antigen against which the first
antibody was raised. If the antigen was a hormone, then the anti-idiotype
antibody may recognise the hormone receptor, and either mimic the hormone
action or compete with the hormone. An anti-idiotype antiserum raised
against antibodies to GA was found to block GA action in oat aleurone
protoplasts (26). Because antibodies are not thought to enter intact cells, and
because the anti-idiotype antiserum agglutinated the oat protoplasts, this
indicates that the receptor is on the outer membrane (26). However, anti­
idiotype antibodies may also recognise GA-uptake or metabolising proteins,
so any moiety recognised by the probe is not necessarily a receptor. The full
potential of the anti-idiotype approach does not appear to have been exploited
yet. Another approach facilitated by the development of hormone sensitive
aleurone protoplasts has also provided evidence that GA does not have to
enter the cell to be effective. GA immobilised on agarose beads was found
to be able to induce a-amylase synthesis in protoplasts, indicating that
perception occurred at the protoplast surface and that GA receptors may exist
in the plasmalemma (25). However, efforts to isolate GA-binding proteins
from solubilised aleurone membrane proteins using affmity chromatography
with immobilised GA have not yet been achieved. Although there would
appear to be a long way to go before a GA receptor is isolated from aleurone
cells and its role in a-amylase induction proven, the approaches described
above offer the hope that such a result is achievable. It is hoped that
elucidation of the steps downstream of hormone perception and the steps
upstream of gene regulation, will soon arrive at the same point. However, the
possibility that the GA receptor in some mobilised or modified form may be
a DNA-binding factor which interacts with the promoters of GA-regulated
genes, seems unlikely at this time, and it appears more likely that there is a
much more complex signal transduction pathway.
No studies of ABA perception in aleurone cells have yet been reported

even although all of the above approaches are as applicable to the study of
ABA action as they are to GA.
When probes for GA receptors and signal transduction pathway

components (are they proteins?) become available, there exists the possibility
for studying hormone perception in mutants with altered hormone sensitivity
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to GA and ABA which are potentially receptor or signal transduction pathway
mutants. In wheat and com respectively, the Rht 3 and D8 dwarf mutations
are insensitive to GA, and in barley, "slender" appears to be a GA "full-on"
mutation (7, 43). These mutations are also reflected in aleurone response.
Although there is little information on GA-insensitive mutants in barley, some
have been isolated and are in the process of being characterised (8).

«-Amylases and Their Genes

Cereal a-amylases are highly conserved proteins (29, 30, 63). They have
428-440 amino acids, there are large tracts of homology, and they diverge at
three locations, the carboxy terminus, the signal peptide, and in a region of
about 20 amino acids centered around amino acid 280, termed the a-amylase
signature region (Fig. 5). One of the highly conserved features relates to the
arrangement of introns and exons in the genes. All cereal a-amylase genes
so far examined have 2 or 3 introns similarly placed within the genes.
Introns I and 2 occur close together at the 5' end of the gene, and intron 3
occurs at the 3' end of the gene. Introns 1 and 3 occur in all high- and low­
pI a-amylase genes, whereas intron 2 occurs only in the low-pI forms. The
same occurs in wheat, but there is also a third group of a-amylases (on
chromosome 5) with 2 introns. In rice, a-amylase genes have 2 or 3 introns,
with a distribution across all of the 5 groups. These comparisons indicate
that cereal genes arose from a common ancestor with three introns. Sequence
comparisons by Rodriguez and colleagues have led to an understanding of the
phylogenetic relationships between a number of cereal and dicot a-amylases
(29).
The a-amylases of barley have been studied extensively and many of the

characteristics have been described previously (13,35,37,40). The isozymes
separate into two isoelectric point (pI) groups (Fig. 6), high-pI and low-pI,
and these two groups of isozymes differ in many ways while isozymes within
groups are more alike. Proteolytic fingerprinting studies, cell free translation

Fig. 5. The placement of 11 12 13

introns and exons in a-
E1. E2 • E3 0 E4

A.OSg2 (R)

amylase genes from barley LFQlGFN GEQlGYM PCUFYD

(B) and rice (R). The
lettersbelowthehorizontal • 0 Amy6-4(B)
lines correspond to the one LFQlGFN PCUFYD

letter codes for amino • 0
acids occurring before and gKAmy141 (B)

after the intron splicing
LFQlGFN PCVFYD

sites. The slash (I) • • 0 gKAmy155 (B)
indicates the intron splice LFOIGFN AGE/GYM PCIIFYD
sites in the DNA sequence. • • 0 Amy32b(B)I = intron; E = exon; LFQlGFN SNE/GYM L.-.J PCIIFYD
from (30). SIGNATURE

REGION
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Fig.6. Zymogram ofa-amylases from germinated cereal grains. The enzymeswere separated
by isoelectric focusing on a pH 3.5-9.5 gradient. From (50).

studies, and the demonstration that the genes for the low- and high-pI
isozymes occur on different chromosomes (chromosomes 1 and 6
respectively) indicate that there are genetic differences, not only between
groups of isozymes, but also between isozymes within·groups. Nucleotide
sequence heterogeneity has been demonstrated for various cDNA clones, and
the clones also fall into two groups corresponding to the two pI groups (13,
40). Nucleotide sequence homology between clones of the two groups is
about 75%, while within groups it is about 90-95%.
The two enzyme groups also have different enzymatic characteristics.

The specific activity of the high-pI group is 2.3 times that of the low-pI
group (51), and low-pI enzyme is more efficient in attacking starch grains
than high-pI (49). The groups are also differentially regulated by GA3 (see
later). It seems likely that there is still a good deal to be learnt about
heterogeneity among the isozymes, their behaviour within the starchy
endosperm, and their interaction with a heterogeneous population of starch
grains.
Is each isoform encoded by a different gene? Analyses have been done

at the mRNA, cDNA and gene levels (40). Primer extension analysis of
mRNAs has demonstrated that there are two or three low-pI products
(mRNAs), and three to five high-pI products (Fig. 7) (9). At least five
different high-pI cDNAs have been described. Southern blots of genomic
DNA using group specific probes have demonstrated about seven or eight
DNA fragments containing a-amylase gene sequences, three of them falling
into the low-pI group, and five into the high-pI group. Studies of wheat­
barley addition lines demonstrate that about three genes occur on chromosome
1, and about six on chromosome 6. These numbers are in substantial
agreement with the numbers of enzyme isoforms indicating that probably
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Fig. 7. Primer extensions on RNA from aleurone protoplasts, isolated aleurone layers and
germinated grain of barley. All incubations occurred in the presence of I ~M GA3. Primers
specific for either low-pI or high-pI mRNAs were used. Extended primers were visualised by
autoradiography after electrophoresis. The numbers define individual primer bands according
to the length of the 5' untranslated region ofthe mRNA from which each primer was extended.
From (9).
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most or all of the genes are functional and not pseudogenes, and that most of
the isoforms are encoded by different genes.
The situation in wheat is very similar to that in barley (33). Wheat

isozymes also fall mainly into two pI groups (Fig. 6) (50) and although there
are many more isozymes in wheat (about 25) due to the presence of the A,
B and D genomes, most of them have been located on chromosomes 6 and
7 (45), which correspond to chromosomes 6 and 1 of barley respectively.
The kinetics of synthesis also resemble those of barley. The rates at which
the low- and high-pI groups digest starch grains differ as in barley (68). A
third class of genes which is expressed only in developing wheat grain has
been mapped to chromosome 5 (3). The a-amylases in rice are considerably
more complex than in wheat or barley, but they all seem to have low
isoelectric points (Fig. 6). Ten genes have been cloned and they have been
divided into five subfamilies occurring spread out over five chromosomes (1,
2,6, 8, and 9) (62). These genes are expressed widely in the rice plant (28)
with a strong tendency for tissue specificity, especially between aleurone and
embryo (63). The only a-amylase gene cluster to be characterised in cereals
is in rice. Three genes have been shown to occur in 28 kb of DNA (72). It
is also of interest to note that within this cluster, two of the genes are
expressed primarily in aleurone and the other primarily in embryo-derived
callus tissue.
Not all cereals have high- and low-pI groups of a-amylase isozymes.

Figure 6 shows that while wheat and barley have two groups, oat, corn,
millet, sorghum and rice appear to have only one group with low-pI values.
Although one gene from rice has been classified as high-pIon the basis of
deduced amino acid sequence, its isozyme (if there is one) has not yet been
detected.

Control of gene expression

It is envisaged that plant hormones act solely or in part by controlling
transcription of genes, and thus levels of mRNA, which would, in turn,
regulate rates of synthesis of specific hormone-induced proteins. It follows
therefore that if this were the case for the hormonal regulation of a-amylase
synthesis in aleurone cells, one would expect the level of a-amylase mRNA
to accumulate in the presence of GA. There is an abundance of evidence
indicating that this occurs.
The first specific assay for a-amylase mRNA was developed in 1976

(24), and involved indirect (cell-free translation) assay of the message.
Results of this and other similar studies agreed that GA3 caused translatable
mRNA for a-amylase to accumulate (35). These studies did not discriminate
between different a-amylase mRNAs. However, using two dimensional gel
electrophoresis, it was demonstrated that in vitro synthesised a-amylase had
components corresponding to both the high- and low-pI a-amylase groups,
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thus indicating that GA3 caused mRNA for both a-amylase groups to
accumulate.
Cell-free mRNA translation studies presented the opportunity of

observing the effects of GA3 and ABA on mRNA species other than a­
amylase mRNA (37). GA3 causes many changes in the translatable mRNA
population, some increasing, some decreasing and some remaining constant,
whereas ABA inhibits the accumulation of translatable a-amylase mRNA.
At the same time, ABA causes increased levels of some mRNAs and has no
effect on others. It was also shown that ABA-induced mRNAs were
prevented from appearing by GA3• In principle, GA3 and ABA act in similar
but opposing ways at the level of mRNA. Both cause increased levels of
some mRNAs and decreased levels or no change in others, and each hormone
appears to antagonise the other's action. The effects of GA and ABA on
mRNA levels in aleurone are usually reflected in their effects on the pattern
of protein synthesis (35). Together, these results indicate that many of the
effects of both hormones on protein synthesis are likely to be mediated by
regulation of mRNA levels, as in the case of a-amylase. However, the
mechanism involved in the down regulation of expression of many genes
remains obscure. There is essentially no indication whether it occurs at the
protein, mRNA or gene levels (or some combination of them).
The availability of a-amylase cDNA clones, made from isolated a­

amylase mRNA, presented the opportunity for direct analysis ofmRNA, and
the possibility of assaying total a-amylase gene transcripts (as opposed to
translatable transcripts which perhaps did not reflect the total). By using the
dot blot or Northern blot techniques, hybridisation analysis of RNA from
control and hormone treated aleurone has provided evidence which supports
the cell-free translation studies. Results of several studies on barley indicate
that total a-amylase mRNA accumulates in the presence of GA3, but not in
its absence, and that ABA inhibits a-amylase mRNA accumulation (Fig. 8).
Hybridisation analyses of the accumulation of a-amylase mRNA in isolated
aleurone layers, using group specific cDNA probes (31, 58, 64) as well as
primer extension analysis of individual isozyme mRNAs (Fig. 8) (9, 64), have
shown that mRNA for the low-pI a-amylase is already present in hydrated
aleurone. It increases gradually to about 10-20 fold over 24 h in response to
GA3, and responds maximally to a low level (about 10'~ or below) ofGA3•
In contrast, mRNA for the high-pI a-amylase is present in very low amounts

Fig. 8. Hybridisation of an a-amylase cDNA
(pHV 19) clone to size fractionated RNA
isolated from aleurone layers which were
incubated with and without (control) hormones
for 24h. From (11).
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in hydrated tissue, increases by 50-100 fold over 12-16 h and then decreases,
and responds maximally to a high (10-6 M or above) level of GAJ. In
general, all of these results are in accord with the responses of the low and
high-pI groups of a-amylase isozymes to GAJ (37), and they reinforce the
notion that the two groups of a-amylase genes are differentially regulated.
The studies reported above were done with isolated aleurone layers, but

there is evidence that the timing of synthesis of isozyme groups can change
depending on the aleurone system used (9). Primer extension studies (Fig.
7) demonstrated that in protoplasts, the induction of low- and high-pI mRNAs
was co-ordinated for all mRNAs both within and between isozyme groups.
For isolated aleurone layers, the major differences were that high-pI mRNA
reached a maximum at 16 h and then declined, whereas low-pI lORNA
increased to a maximum at 24 h and remained high. In germinated grain,
high-pI mRNAs dominated at 2-3 days and then decreased, whereas low-pI
isozymes began to accumulate after 3 days and decreased only after 7 days.
Thus synthesis of high-pI isozyme mRNAs in germinated grains occurs 2
days ahead of low-pI, whereas, in the other systems, it occurs either at the
same time or after low-pI, indicating that expression of the two groups of a­
amylase genes can be regulated
differentially, and that perhaps different
mechanisms are involved.
The results described above «

demonstrate clearly that GAJ and ABA B
regulate levels of mRNAs for a- ,-g
amylase and other proteins. How does ::J....
this mRNA arise? Is it by an increased ~

rate of transcription or by increased .?:'
lORNA stability, or both? Inhibitors of ~
transcription prevent a-amylase ~

induction, indicating that new or ~

continued RNA synthesis is necessary, (l) lOLL'"
~hU~:~~d~ ~~::~f~::i~~~~s~e:th~i;;~: I 05 ::::.:::.::::.1:. a-Amylase
t e m uctlon 0 new syn eSlS came
with the development of procedures for 0 ...:

producing hormonally responsive C GA3 GA3

protoplasts from aleurone of oat and A;A

barley, which permitted the isolation of
transcriptionally active nuclei in good Fig. 9. The ~ffects of GAl and ABA,on
yield. Detection of the synthesis of the accumul~tton of total and two spect~c

. .. . RNA transcrtpts (rRNA and or-amylase) In
specIfic gene trans~npts m such nuclei nuclei isolated from barley aleurone cell
showed that nuclei from GAJ-treated protoplasts incubated for 24 h. C =control
barley cells made less total RNA, more nuclei; GAl = nuclei from GAl-treated
a-amylase lORNA, but less rRNA than protoplasts; GAl + ABA = nuclei from
nuclei from control cells (Fig. 9) (36). protoplaststreated with both GAl and ABA.

Data from (36).
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If ABA was present during incubation of protoplasts with GA3 at levels which
were inhibitory to a-amylase synthesis, all of the effects of GA

3
on

transcription were prevented. Studies using oat nuclei (76) have given
essentially similar results, and together the results indicate that both GA3 and
ABA control a-amylase synthesis at least in part by controlling events within
the nucleus, probably through the transcription of the a-amylase genes.
These effects ofGA3 and ABA on a-amylase gene transcription are consistent
with the effects of the hormones on levels of a-amylase mRNA described
above. The studies of transcription described above employed cDNA probes
and hybridisation conditions which probably favoured assay of transcripts
from all a-amylase genes. By using appropriate hybridisation conditions and
more selective cDNA probes, it would be possible to measure the
transcription of each major group of a-amylase genes, and perhaps even
individual genes.
Is there a role for hormonal control of translation? The studies relating

mRNA levels to synthesis of a-amylase have shown that the accumulation of
a-amylase mRNA is correlated with the rate of a-amylase synthesis under a
number of experimental conditions (see above). This indicates that mRNA
is probably translated without delay, and that a-amylase synthesis is regulated
mainly by the level of newly synthesised mRNA. On the quantitative level,
it has been estimated, using cell-free translation techniques, that a-amylase
mRNA accumulates to a maximum of about 20% of the total translatable
mRNA, while in vivo protein labelling studies indicate that a-amylase
constitutes about 30% of total protein synthesis (41). Thus, there would seem
to be little reason to invoke control of a-amylase synthesis at post­
transcriptional levels. The case for ABA acting on translation of a-amylase
mRNA is also not strong (35).

Promoter studies: Cis- and trans-acting factors

Results indicating that a-amylase synthesis is controlled, at least in part, at
the level of transcription, led to the belief that control was probably exerted
through hormone response elements located in the gene promoter (cis-acting),
and that proteinaceous transcription factors (trans-acting) were involved. This
belief was strengthened when chimeric genes containing promoters of wheat
and barley a-amylase genes fused to reporter genes were introduced into
barley or oat aleurone protoplasts, and the expression of the reporter genes
was shown to be regulated by GA3 and ABA in a dose-dependent manner
(16, 32, 38, 67). More recently, similar results have been obtained by using
the particle gun (biolistics) to introduce DNA into intact aleurone, as an
alternative transient expression system to protoplasts (44).
Deletion analysis ofwheat, barley and rice a-amylase promoters showed

that the hormone response elements were within the proximal 200-300 bp
upstream of the transcription start (32, 38, 42, 44). This region of each of
the promoters contains three short sequencemotifs, CrrClTITCrr, called the
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pyrimidine box, and TAACANGA and TATCCAcrr boxes, which are
highly conserved among promoters of GA3-responsive a-amylase genes of
wheat, barley and rice (28). The placement, order and orientation of the
sequences also appears to be highly conserved in these promoters. The
functional roles of these conserved elements have been tested in the two
different expression systems above. The results based on expression analyses
of a barley high-pI a-amylase promoter (Amy6-4) in barley aleurone
protoplasts indicate that the TAACAAA box can act alone as a gibberellin­
response element (GARE) (69). Gain-of-function experiments showed that
six copies of the -148 to -128 sequence (GGCCGATAACAAACTCCGGCC)
from a barley a-amylase promoter conferred GA3-regulated expression on a
reporter gene. Removal of the TAACAAA sequence by site-directed
mutagenesis virtually abolished the GA3 response of the barley a-amylase
promoter/reporter gene constructs in aleurone protoplasts (19). Mutagenesis
of the TATCCAC box resulted in a loss in GA3-induced expression, but less
so than for TAACAAA. In contrast, mutation of the pyrimidine box had
little effect on GA3-regulated expression. These results indicated that both the
TAACAAA and TATCCAC boxes act co-operatively and that together they
may form a gibberellin-response complex (GARC). This was supported by
evidence from functional analyses of a wheat a-amylase promoter in oat
aleurone protoplasts (34). Partial deletion of both the TAACAGA and
TATCCAT boxes virtually abolished GA3-regulated expression.
Expression analysis in whole aleurone tissue has revealed both qualitative

and quantitative differences in the roles of two of the conserved boxes in GA3
regulation of gene expression as compared with data obtained with aleurone
protoplasts. Mutation of the pyrimidine box in a low-pI barley a-amylase
(Amy32b) promoter resulted in decreased expression from the promoter in
response to GA3 (44). The importance of the pyrimidine box has been
confirmed (Gubler and Jacobsen, unpublished) in a study ofa different (high­
pI) barley a-amylase promoter of the gene corresponding to the cDNA clone,
pHV19. Thus it seems that all three conserved boxes are required for a full
GA3-response. Mutation of the individual conserved boxes caused large
decreases in the levels of expression in GA3 treatments, but failed to abolish
the GA3 response. This evidence argues against the TAACAAA box acting
as an autonomous GARE as found in protoplasts, but instead indicates that
the three conserved boxes comprise a gibberellin response complex. Further
evidence for this was obtained by gain-of-function experiments with
individual conserved boxes in front of a minimal a-amylase promoter.
Tandem copies of oligos containing either the pyrimidine box, or the
TAACAAA or TATCCAC boxes, failed to confer GA3-responsiveness onto
the minimal a-amylase promoter.
These differences between the two expression systems appear to reflect

differences in the control of gene expression depending on the state of
aleurone cells. It would seem likely that the transcriptional controls present
in whole tissue can be disturbed during preparation of protoplasts. The
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absence of a cell wall following treatment with crude mixtures of cell wall
hydrolases may change the way aleurone cells respond to GA3 and the results
highlight the need to select transient expression systems carefully and to
interpret results cautiously. Until efficient stable transformation procedures
for wheat and barley are available, use of biolistics and intact aleurone would
seem to be the best expression system for analysing GA3-regulation of
expression of a-amylase promoter/reporter gene constructs. Procedures for
the stable transformation of rice have already been developed.
There are interesting differences emerging between high- and low-pI a­

amylase gene promoters in the composition of cis-acting elements involved
with GA action. Low-pI promoters of both barley (44) and wheat (34) have
a number of cis-acting elements upstream of the GARC (as defined here)
which are required for a full GA3 response. Upstream of the pyrimidine box
in a low-pI a-amylase promoter (Amy32b) there is an Opaque-2 like element
and another sequence (from -192 to -158), both of which play an important
role in GA3-regulation of gene expression (44). Deletion of an Opaque-2 like
element and the other sequence virtually abolished GA3 induction of
transcription. However there do not appear to be similar elements in a barley
high-pI a-amylase promoter (19,38). Functional analysis of a wheat low-pI
promoter has also identified two regions upstream of the pyrimidine box
which are required for high level of expression in response to GA3 (34).
Although there has been considerable progress made towards

understanding molecular mechanisms involved with GA3-regulation of a­
amylase gene expression, functional analysis of promoters of other GA3­
regulated genes has only recently been initiated. Two genes encoding barley
(1-3, 1-4)-{j-glucanase isoenzymes have been isolated, one ofwhich has been
shown to be under GA3-regulation in barley aleurone cells (70, 75)
Functional analysis of the promoter of isoenzyme II (Ell) has shown that the
promoter confers GA3-responsiveness onto a reporter gene in barley aleurone
protoplasts (75). Deletion analysis indicates that the hormone response
elements lie downstream of -310. This region contains two motifs,
TAACAAC and TAACCTC, which closely resemble the TAACAA/A and
TATCCAC/T motifs present in the GARC in a-amylase promoters. There
are also several putative pyrimidine boxes present upstream of the
TAACAAC sequence. Analysis of another GA3-regulated gene, a cathepsin­
like gene from wheat, has shown that GA3-responsive region of the promoter
lies downstream of -276 (6). Sequence comparison ofthis downstream region
failed to identify any TAACAA/GA homologue. Further functional analysis
is required to identify the hormone response elements within this region.
Sequence analysis of a promoter of GA3-regulated rice carboxypeptidase has
revealed a number of pyrimidine boxes in the region from -171 to -135
upstream of the transcription start (74). No obvious TAACAA/GA and
TATCCACrr motifs appear to be present downstream of these pyrimidine
boxes. These results indicate that the occurrence of all three conserved
elements is associated with strong GA3 regulation, but perhaps a somewhat
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reduced strength of expression can be obtained from fewer elements, or from
elements which more or less resemble the conserved gene sequences in a­
amylase genes. A number ofother GA3-regulated genes from both monocots
and dicots have elements similar to the a-amylase gene elements discussed
above. No doubt, as time passes, there will be more functional analysis of
these genes and it will be possible to test the hypothesis that there is a single
basic type of GARC.
A number of promoter studies have also investigated whether ABA

antagonism ofGA3-regulation of a-amylase gene expression is mediated via
an autonomous ABA response element, or via components of the GARC.
Evidence to date indicates that ABA action occurs via elements in the GARC,
probably the TAACAAA box (18,69). Whether ABA acts at the level ofthe
regulated gene, perhaps directly on transcription factors which bind to the
GARC, or at sites further up the GA-signal transduction chain, remains to be
determined.
Hormonal regulation of transcription is likely to involve trans-acting

factors which interact with cis-acting elements in the GARC. Regulation of
trans-acting factors may occur at the level of synthesis, or by activating pre­
existing forms. There is some evidence to support the former.
Cycloheximide, a protein synthesis inhibitor, inhibits GA3-induced
transcription of a-amylase genes in barley aleurone layers, indicating that de
novo synthesis of at least one protein is required to activate transcription (54).
DNase I footprinting experiments, which detect zones of DNA that bind
protein, have shown that rice and wheat a-amylase gene promoters have
multiple sites of DNA-protein interaction with nuclear proteins (62, 66, 82),
and no clear protein-binding pattern has yet emerged. Also, whether or not
all of these interactions play roles in GA regulation of gene expression is yet
to be determined.
How cis- and trans-acting factors interact to regulate gene transcription

is unknown, however, two possibilities for a high-pI a-amylase gene are
depicted in figure 10. Proteins may bind to the GARC elements in such a
way as to stabilize a transcription initiating complex involving RNA
polymerase. Alternatively, protein binding may give rise to a "hair-pin"
structure in which GARC elements would be relocated adjacent to the
transcription initiating site. In this position, the elements would be more
directly involved in formation of the transcription initiating complex.
Possible proteinlDNA interactions have also been proposed to explain
operation of a low-pI a-amylase gene promoter (65).
Sequence analysis of the GARC ofa barley high-pI a-amylase promoter,

indicates that the sequence TAACAAACTCCG has two possible
MYB-binding sites (underlined) (4). MYBs are transcription factors which
regulate growth and development. Preliminary evidence based on Northern
analysis indicates that expression of myb-gene-transcripts is under GA3­
regulation in barley aleurone layers (Gubler, unpublished data). The
expression of two myb-gene transcript size classes is down-regulated by GA3
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Fig. 10. Diagram of two hypothetical structures depicting the role of the gibberellin response
complex in transcription initiation of a high-pI a-amylase gene.

while a third is induced by GA3• These results lead to speculation that a
GA3-induced MYB protein(s) is responsible for trans-activation of a-amylase
gene expression. It is relevant to note that-ABA has also been shown to
regulate myb gene expression in maize (22). It will be of interest to
determine if the antagonistic action of GA3 and ABA at the level of gene
expression is mediated by GA3- and ABA-regulated myb genes.
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INTRODUCTION

Communication between cells in multicellular organisms is required to
regulate their differentiation and organization into tissues, to control their
growth and division and to regulate their diverse activities. When the
organism becomes more complex during its development, communication
between its different parts requires signaling systems which operate over
relatively long distances. Hormonal systems belong to such long-range
communication systems. Both plants and animals make use of hormonal
systems, but in higher plants, which do not possess a nervous system, long­
range communication is largely dependent upon a complex hormonal system.
In a hormonal system, cells of the different tissues and organs not only

transmit signals, but they are also capable of detecting signals which they
receive from other parts and responding to those signals in their own
characteristic way. In this chapter we will discuss the molecular mechanisms
by which target cells for plant hormones translate the signals into a specific
response. Assuming that those mechanisms are largely unknown, which is
very close to reality, how should one proceed to unravel them? Of course,
the first thing to do is to study what we know about such mechanisms from
investigations with other organisms and to try to elucidate a few general
principles. As a working hypothesis one might then assume that these
principles are, mutatis mutandis, also valid for higher plants. It is along this
line that we will discuss the mechanism of primary action of plant hormones.
We know from other organisms that target cells are equipped with a

distinctive set of receptors for detecting a complementary set of chemical
signals. Receptors are (glyco)proteins which specifically and reversibly bind
chemical signals but, unlike enzymes, do not convert them chemically. Upon
binding, the receptor molecules are, through a conformational change,
transformed into an activated state. This causes the initiation of a molecular
program that ultimately leads to the characteristic response. Thus, receptor
proteins act both as signal detectors and transducers.
Honnones often have pleiotropic effects, i.e., different types oftarget cell

all respond to the same set of signals, but in a different way. In many cases
these types of target cell have similar perception-and-transduction
mechanisms, but the molecular programs which are elicited by these
mechanisms are different. This is illustrated in a very simplified way by Fig.
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1. In this example, receptor activation triggers a molecular program which
is simply a direct activation of a distinct set of enzymes. If the set of
responsive enzymes is different in another type of target cell, then the same
signal elicits a different response via a similar perception-and-transduction
chain.
Of course, hormones not only modulate enzyme activities in target cells.

In general, most chemical signals ultimately influence target cells either by
altering the properties (activities) or rates of synthesis of existing proteins or
by altering the synthesis of new ones. Moreover, perception-and-transduction
chains may be more complex than the ones shown in Fig. 1. This can be

A A

() ~s. DC PA

~ Ds• f)(
SA

()

~

B B

) J )
Hormone Receptor Hormone-receptor Inactive and active Inactive and active

complex form of enzyme A form of enzyme 8

SAlSa; Substrate A or 8 PA IPa ; Product A or 8

Fig. 1. Simplified hormone perception-and-transduction mechanism. Two different target
cells, A and B respectively, contain the same receptor protein for a certain hormone. In cell
A enzyme A, and in cell B enzyme B is transformed into an active state upon binding of the
hormone. In this way the same signal triggers a different molecular programme in different
target cells.
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inferred from current models on perception and transduction of animal
hormones. These models also show that, although each hormone is detected
by a specific receptor, transduction follows only a limited number of
pathways. Figs. 2 and 3 represent two major pathways of hormone trans­
duction in animal systems. In one pathway (Fig. 2) the receptors are
localized at the plasmamembrane, with the hormone-binding moiety facing
outside the cell. These receptors function as sensory systems for external
hormone levels and transduce the signal into intracellular signals, either via
activation of adenylate cyclase which converts ATP into cyclic AMP and/or
activation of phospholipase C which converts the membrane lipid
phosphatidylinositol-4,5-biphosphate into inositol triphosphate (lP3) and
diacylglycerol (DG). These signals activate c-AMP-dependent protein kinase,
liberate Ca2+from internal sources thus increasing the levels of free Ca2+, and
activate protein kinase C, respectively. These processes somehow trigger the
cell's response, which may include alterations in gene expression. Many
peptide hormones, for example, follow such transduction routes.
Fig. 3 represents a transduction pathway for hormones, like steroids,

which are readily taken up by the target cells by simple diffusion through the
plasmamembrane. These target cells are equipped with internal receptors
detecting intracellular hormone levels. These receptors are regulatory proteins
which may directly interact with target-cell-specific non-histone proteins and
DNA sequences of the chromatin. This interaction results in increased rates
and/or altered patterns of gene transcription. Target cells for steroid
hormones also have plasmamembrane-bound receptors which detect external
hormone levels and might be responsible for steroid-induced rapid responses
in Na+/lr fluxes over the plasmamembrane and in c-AMP and Ca2+levels.
Transduction chains as shown by Figs. 2 and 3 are multistep regulatory

circuits, of which many details are still poorly understood. The above
mentioned models do not explain the complex responses to hormones, such
as cell division. However, they give us an insight into the first process of
perception and transduction of the signals producing these complex responses.
The aim of plant-hormone receptor research is to unravel these initial events
in plant-hormone action. We do not pretend that perception and transduction
of plant hormones are necessarily identical with those of animal hormones.
However, we want to propose the following working hypothesis:

a. Plant hormones are detected by specific receptor proteins
b. The transduction of plant hormones follows only a limited number of
major pathways.

c. The major transduction chains for plant hormones may have features
in common with those represented by Figs. 2 and 3. Indeed, some
regulatory systems appear to be highly conservative, the
Ca2+/calmodulin system being an example. For a critical review see
(62).
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Fig.2. Schematic diagram ofthe perception-and-transduction mechanisms for animal peptide
hormone. In the left part of the picture a cell-surface receptor is shown. It consists of an
extracellular specific binding domain coupled to a transmembrane domain. Upon binding of
the hormone the receptor domain exposes a binding site for the inactive GDP-form of a G-pro­
tein. Binding results in a conformational change in the G-protein, thus exchanging GDP,
bound to the a subunit, for GTP and the subsequent dissociation of the a-GTP complex from
the Boy heterodimer. The a-GTP complex binds to adenylate cyclase which is activated to
produce the second messenger cAMP from ATP. This second messengerstimulates regulatory
phosphorylations.

In the right part ofthe picture the cell-surface receptor, a transmembrane tyrosine kinase­
type, upon activation by a hormone, stimulates a membrane phospholipase-C. In case the
receptors are no tyrosine kinases, but seven membrane-spanning receptors, they act, upon
hormone binding, via G-proteins as shown in the left part of the figure, but the effector is
phospholipase-C instead of adenylate cyclase. The activated phospholipase-C hydrolyzes
inositol-containing phospholipids like phosphatidylinositoI4,5-biphosphate (PIP2) present in
the membrane, to inositol triphosphate (IP3) and diacylglycerol (DG). IP3 acts as a second
messengerin the cytoplasm inmobilizing intracellularcalciumfrom the endoplasmic reticulum.
The second regulatory signal DG operates within the plane of the membrane to activate, in
concert with the elevated concentration of calcium ions in the cytoplasm, a protein kinase C.
One of its functions which has been proposed is the activation of the Na+/H+ exchange carrier
to increase the cytoplasmic pH.
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Fig. 3. Schematic diagram of the early primary response and the delayed secondary response
to a steroid hormone. Steroid hormones bind to their receptor in the cytoplasm thus inducing
a transformation resulting in a translocation of the complex into the nucleus. Many steroid
receptors are always present in the nucleus and therefore do not show translocation. The
hormone-receptor complex binds specifically and with high affinity to regulatory proteins and
DNA sequences of the chromatin. The result is an increase in RNA-polymerase II activity
producing gene-specific mRNAs which are translated in the cytoplasm into primary-response
proteins, thus amplifying the signal. Each of these proteins may in tum activate or repress
other genes thus producing an amplified secondary response.
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PERCEPTION AND TRANSDUCTION OF PLANT HORMONES:
AUXINS

In the preceding section we have shown that in order to understand plant­
hormone action at the molecular level we have to think in terms of signal
perception, transduction and response. Therefore, we have to search for
receptors, which by definition are the signal-perceiving molecules, and then
describe how they are involved in the transduction of the signal.
Auxins, often in combination with other hormones, influence many

processes in higher plants. In this section we want to discuss auxin-receptor
research on two examples of auxin action:
• Initiation and maintenance of tissue proliferation and formation of
adventitious roots or shoots (regeneration).

• Stimulation of cell elongation.
For complete reviews on auxin receptors the reader is referred to (24,27,34,
39, 46, 66, 67).

Proliferation and Regeneration

A classical model system for the study of hormonal control of proliferation
and regeneration is cultured stem-pith tissue from Nicotiana tabacum. In
1957 it was demonstrated for the first time that proliferation and regeneration
in this tissue can be controlled by exogenous auxins and cytokinins (57).
These two classes of plant hormones are both required for proliferation; at
relatively high auxin concentrations ([lAA] :::: lO-sM) and low cytokinin
concentrations ([kinetin] :::: lO-7M) the proliferating tissues produce roots,
whereas at relatively low auxin concentrations (:::: lO-7M) and high cytokinin
concentrations (:::: 5 X IO~M) they produce shoots. At intermediate
auxin/cytokinin ratios (ca. lO,sM IAA and lO~M kinetin) only proliferation
occurs. Although this discovery initiated a vast amount of fundamental and
applied research on the hormonal control ofproliferation and regeneration, we
still know very little about how auxins and cytokinins work and interact at the
molecular level.
About twenty years ago it was decided in the authors' laboratory to

approach this problem by unraveling the perception-and-transduction chains
of these hormones. We started with a search for high-affinity auxin-binding
sites l in 3-week old callus tissues, derived from freshly isolated tobacco stem
pith. The results of extensive binding experiments with various cell fractions
have been summarized in Table 1. The callus tissue contains three classes of
auxin-binding proteins, which can be distinguished by their binding behaviour
and their location. Two of these classes of proteins are membrane-bound and
probably localized on the plasmalemma. One has a high affinity for the
auxin-transport inhibitor naphthylphthalamic acid (NPA) and binding takes

1 For a mathmatical treatment of the measurement of honnone binding the reader is
refered to the first edition of this book.
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place rapidly at OQC at an optimal pH of 4; the natural auxin IAA shows low­
affinity binding, which can only be demonstrated in competition experiments
with radiolabeled NPA. Because of its high affinity for NPA this class is
called NPA-binding proteins.
The other membrane-bound auxin-binding protein can be distinguished

from the NPA-binding protein by its temperature- and time-dependent binding
behaviour. With 10-7M IAA maximal binding is reached after 60 min at 25°C
at an optimal pH of 5, and it does not bind NPA. This binding protein
exhibits complex binding and its concentration is much higher than that of the
NPA-binding protein (40). In solubilized fractions ofhomogenized tissue and
in salt extracts of isolated nuclei a third binding protein is present in
apparently very low concentrations. The binding of active auxins to this
protein is also temperature- and time-dependent. At 2.5 oM IAA, maximum
binding is reached after 45 min at an optimal pH of7.5. The affinity of this
binding protein for IAA is much higher than that of the membrane-bound
auxin-binding protein. This protein is called the cytoplasmic/nuclear auxin­
binding protein (35).

Fig. 4. Dose-response relationship of the
stimulation of transcription in isolated nuclei by a
high-affinity binding protein fraction from the
cytosol of tobacco callus. From (63).
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Cytoplasmic/Nuclear Auxin-binding Proteins
Auxin is readily taken up by the cells and one class of specific high­

affinity auxin-binding proteins is present in both the cytoplasm and the
nucleus. Therefore, as a working hypothesis it was assumed that a major
pathway of auxin perception and transduction roughly follows the scheme as
established for steroid hormones, i.e., auxin directly controls transcriptional
activity in nuclei via coupling to a cytoplasmic/nuclear receptor (Fig. 3). In
order to verify this working hypothesis the influence of partially purified
receptor (R) fractions on the
transcriptional activity of isolated
nuclei was studied. It was found
that addition ofR-fractions resul-
ted in a reproducible auxin- 0

dependent stimulation of RNA- ~ 80
>0

polymerase-II activity, provided ~

that a minimum concentration of a60
u

specific binding protein is present ~

(Fig. 4; 34, 63). A similar ! 40
stimulation of transcription has !

been reported for mung bean
hypocotyl nuclei (30) which, in
the presence of auxin-binding
proteins (ABP-I and ABP-II),
showed an IAA-dependent
initiation of RNA synthesis, thus
giving rise to some specific trans­
lation products. Concerning our
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results (FigA) it is not clear whether this was an overall stimulation or that
it was a stimulation of the transcription of specific sets ofgenes. Comparable
results were obtained with a 2,4-D-dependent cell suspension line from
Nicotiana tabacum (34). Moreover, it was found that in early-stationary
phase cells most binding activity is present in the cytosol, whereas in rapidly
dividing log-phase cells most specific auxin-binding is present in salt extracts
of isolated nuclei. This observation is extremely interesting in that it
resembles the apparent translocation of occupied steroid receptors to the
nuclei in hormone-activated target tissues.
During the growth cycle of a soybean cell suspension, a similar decline

of two cytoplasmic auxin-binding sites was reported (15). Interestingly, an
increase in the binding affinity during the growth of the cells for both binding
sites was observed, while the number of one of the two sites increased at the
onset of rapid cell division thus suggesting a possible causal correlation.
However, one should be very careful in drawing conclusions on receptor
concentrations from in vitro binding experiments. Experience with the
cytoplasmic/nuclear binding proteins tells us that even with highly
standardized procedures, the number of binding sites per mg of protein varies
considerably, and often is below the detection level of the binding assay.
This indicates that unknown factors might influence the recovery of the high­
affinity binding sites. For example, we have found that the amount of
specific IAA-binding in crude protein extracts can be significantly increased
by adding MgATP and/or excess artificial substrate for phosphatases (p­
nitrophenylphosphate) to the binding-assay medium (63). These observations
suggest that the auxin-binding protein might be liable to affinity modulation
by ATP-dependent phosphorylation and by dephosphorylation, transforming
the binding proteins into a high- or a low-affinity form respectively. The
phosphatase activity in the preparations - which may vary from experiment
to experiment - was probably a strong modulating factor in the recovery of
high-affinity auxin-binding in the original experiments. Such an affinity
modulation has also been proposed for steroid receptors (42). This putative
auxin-receptor protein could also be detected in various kinds of proliferating
tissue from Nicotiana tabacum (Table 1). An examination of different
tobacco shoot tissues revealed that this binding protein is present in shoot
tips, but apparently not in mature tissue like stem pith (63). A reexamination
of the latter tissue is required because we cannot exclude the possibility that
the binding proteins are present after all, but predominantly in their low­
affinity form.
We have tried to purify the cytoplasmic / nuclear binding sites by affinity

chromatography after activation of the binding sites with MgATP in the
presence of p-nitrophenylphosphate. Addition of a fraction, which was eluted
from the affinity column by IAA, to isolated nuclei has resulted in a signifi­
cant stimulation of transcription on several occasions (35).
As already mentioned, the number of cytoplasmic/nuclear binding sites

in crude preparations varies considerably thus giving rise to often non-
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Table 1. General characteristics of auxin receptors in tobacco tissues. From (63).

General characteristics Receptors

Membrane bound
Auxin recep. NPA" recep.

Soluble
Auxin recep.

Presence in tissues:
Stem pith + +
Stem-pith callus + + +
Leaves + + ndt
Protoplasts (2 days) + +
Shoot tips ndt ndt +
Cell-suspension cui. +1· + +

Location In the cell Plasmalemma Plasmalemma Cytoplasm
Nucleus

pH optirrum of binding 5.0 4.0 7.5

Specificity:
Ka for 1M (M·l) 6x1()4 5x103 1.6x1OS

1·NM 1x107 2x104 1x1OS
2-NM 1x106 1x105 1x107

2,4-0 3x105 5x105 3x107

liSA" 1.5x104 8.9x104 1x108

NPA" <1x103 3-5x108 <1x10s

Fusiooccin <1x103 1.1x1()4 ndt
Tryptophan <1x103 <1x103 <1x105

Concentration
50 1.6 0-0.2(pM/mg protein)

t nd .. not determined.
" NPA .. naphtYIPhthalamic}. . ..

liSA .. triiodobenzoic auxin transport inhibitors

reproducible results. Therefore, most investigators, including ourselves, have
focussed on the specific gene responses evoked by the hormone binding and
the consecutive transduction of the signal (29).
In tobacco we have isolated 7 cDNA clones of mRNA that were

specifically transcribed after addition of auxin to an auxin-starved cell
suspension (65). The induction of genes corresponding to cDNA clone,
peNTl03, showed a good correlation with cell division and the corresponding
mRNAs were found to accumulate transiently prior to the cell division
response after auxin treatment (64, 65). The fusion ofthe promoters of two
103-like genes to the 5' end ofthe coding sequence of the B-D-glucuronidase
(GUS) (64) provides us with a system for probing the function ofcell-surface
receptors in auxin-induced gene expression, using protoplasts derived from
transgenic cell cultures. Moreover, in vitro experiments with nuclei isolated
from auxin-treated cells showed that the 103-gene was clearly expressed, but
not in nuclei from untreated control cells (65). These control nuclei may,
therefore, be used in reconstitution experiments to show a hormone- and
auxin-binding protein-dependent induction ofspecific gene transcripts like the
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103-mRNAs. Since our nuclear system was shown still to possess
transcription initiation factors (41), a clear identification and isolation of
putative soluble auxin receptors is desperately needed. Maybe the recently
published strategy of using anti-idiotypic antibodies will prove to be useful
(49).

Membrane-bound Auxin-binding Proteins
In order to establish a receptor function for membrane-bound honnone­

binding proteins, one first needs to know on which membrane system they are
localized. Indirect evidence indicates that the membrane-bound auxin-binding
proteins from tobacco tissues are localized on the plasmamembrane. This
evidence stems from experiments with tobacco leaf-mesophyll protoplasts.
The binding proteins can be detected in microsome fractions from leaf­
mesophyll tissue, but they are missing, or at least cannot be detected, in
freshly isolated protoplasts from that tissue. Upon culturing these protoplasts
the binding proteins can be detected again just after the onset of cell
divisions. It was found that the binding proteins are not destroyed by osmotic
stress, but most probably by proteolytic enzymes that are present in the
cellulase and macerozyme preparations used for protoplast isolation (34).
This is further supported by the observation that pure protease preparations
have the same effect as the enzymatic preparation of protoplasts. If these
enzymes do not penetrate the plasmalemma of the protoplasts - and up to now
there are no reports describing endocytosis of proteins into protoplasts - then
only the proteins in the cell wall and at the external face of the plasmalemma
will be degraded. Furthermore, it is known from animal systems that proteins
taken up by endocytosis are usually transferred to Iysosomes and destroyed.
We can exclude a possible localization in the cell wall, because it was found
that cell-wall fragments from tobacco callus are pelleted at low-speed
centrifugation, while binding proteins are not. Moreover, the density, in
linear sucrose gradients, of particles containing the binding proteins is much
lower than that of cell-wall fragments. Hence, an obvious explanation for the
disappearance of binding proteins by exogenous proteases is that they are
located at the external face of the plasmalemma. Such a location of the
binding sites is in agreement with the pH optimum of 5 for auxin binding
(34).
As distinct from NAA + kinetin-requiring cell-suspension lines from

tobacco, 2,4-D-dependent cell lines from the same source do not have
detectable amounts of membrane-bound auxin-binding proteins. These cell
lines seem to have lost their ability to regenerate roots. However, after
subculture on medium with NAA + kinetin the binding proteins reappear and
the ability to regenerate roots is restored (Fig. 5; 39). The 2,4-D-dependent
cell lines still possess the cytoplasmic/nuclear auxin-binding proteins and the
NPA-binding proteins. On the basis of these results it is tempting to assume
that the membrane-bound auxin-binding proteins might have some function
in auxin-induced root regeneration. The high concentrations of IAA which
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NAAlKinetin cell suspension (MBR+)

2,4-0 Callus

4 weeks old (MBR-,RR-)
8 weeks old (MBR-,RR-)

NAAlKinetin Callus

4 weeks old (MBR-,RR-)
8 weeks old (MBR+ ,RR»

leaves (MBR+)

t
2,4-0 cell suspension (MBR-)

Fig. s. Sequence of cultures derived from
tobacco leaves. MBR+/MBR'=presence and
absence of specific membrane-bound NAA
binding; RR+/RR"=appearance and non­
appearance of roots in the culture within two
weeks after transfer to solid medium con­
taining 10" M IAA and 10-6 M kinetin,
respectively.

are generally required for root regene­
ration are in agreement with the
apparently low affinity of this binding
protein for natural auxins. Based on
this assumption the levels of
membrane-bound auxin-binding
proteins and, as a marker, a root­
specific peroxidase were studied in
several tobacco cell lines, including an
auxin-resistant variant lacking the
ability to differentiate roots (44). It
was shown that in the cell lines there
exists a correlation between the
presence of membrane-bound auxin­
binding protein and the root-specific
peroxidase, while in the variant neither
the binding protein nor the peroxidase
could be detected.
Solubilization of the membrane­

bound auxin-binding protein from
tobacco cell suspension cultures
showed that the binding protein clearly differs from that of Zea mays (see
below), and that the membrane-bound and soluble binding proteins present
in tobacco are two distinct auxin-binding proteins (43).
Much infonnation on the membrane-bound and cytoplasmic/nuclear

auxin-binding proteins from tobacco was obtained from binding experiments,
but a biochemical characterization, as seen in studies on the auxin-binding
protein (ABP) in maize (see below), was still missing. We, therefore, studied
the effect of a specific antibody, raised against a part of the auxin-binding site
of the maize ABP (68), on the auxin-induced expression of one member of
the 103-gene family in the 2,4-D-dependent cell suspension. Combined with
additional experiments on auxin-affected transmembrane potentials (1,9; see
below), we have obtained substantial evidence that, in plasmamembranes of
tobacco protoplasts, an auxin-binding protein is present which is
immunologically related to the maize ABP, and which is involved in the
induction of a specific gene (submitted).

Concluding Remarks
The evidence obtained thus far indicates that tobacco cells are equipped

with genetic infonnation coding for at least two classes of auxin-binding
proteins and a class of putative auxin-export carriers.
The cytoplasmic/nuclear binding proteins are probably receptors which

are capable of detecting relatively low intracellular concentrations of auxin.
The occupied receptors presumably stimulate the transcription of genes that
are either directly and/or indirectly involved in the cell's response to auxin,
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i.e. cell division. Some of these genes are now known and can be used to
study the auxin transduction pathway. Up to now the data obtained for the
cytoplasmic nuclear auxin-receptor agree well with the model for steroid
hormones (Fig. 3). The membrane-bound auxin-binding proteins may be
receptors which are capable of detecting only relatively high extracellular
auxin concentrations. The occupied receptors somehow transduce the auxin­
signal into intracellular signals, which trigger the response, i.e., possibly pro­
gramming the cells in such a way that the proliferating tissue acquires the
potential to regenerate roots.
If these two classes of auxin-binding proteins constitute the receptor

system by which auxin controls proliferation and root formation, then, since
cytokinins do not interfere with the binding of auxin to these receptors, the
cells must also be equipped with a distinct set of cytokinin receptors. The
interaction between auxins and cytokinins occurs probably at the level of
signal transduction. In this connection it is interesting to mention that, in cell
lines in which there is a correlation between the presence or absence of
membrane-bound auxin-binding protein and a root-specific peroxidase, both
activities were expressed if kinetin was supplied (44). Unfortunately, at
present nothing is known about cytokinin receptors in tobacco tissue-cultured
cells (see also the section on cytokinin receptors).
Whether the maize ABP-related auxin-binding protein, present in the

plasmamembranes of tobacco protoplasts and involved in auxin-regulated
gene transcription, represents a third class of auxin-binding proteins is not yet
clear.

Cell Elongation

The experimental systems most widely used in the study of the mechanism
of auxin action are those in which auxin seems to be a major limiting factor,
i.e., the classical auxin bioassays. In auxin bioassays (coleoptiles and stem
segments from etiolated seedlings) exogenous auxin stimulates growth by cell
elongation in a concentration-dependent way. In auxin-receptor research
coleoptiles from Zea mays have been studied most extensively. Therefore the
results obtained with this system illustrate the progress that has been made in
the isolation and characterization of auxin receptors involved in cell
elongation.
Up to now, three auxin-binding proteins in maize coleoptiles have been

detected in microsome fractions, indicated as Site I, II, and III, respectively
(34). Most reports agree that in vitro specific binding of auxin occurs rapidly
at O°C at an optimal pH of 5.5. With the aid of gradient-centrifugation
techniques and the use of membrane-marker enzymes it was found that most
binding sites are located on the endoplasmic reticulum (ER, Site I).
However, besides the ER, the plasmamembrane (Site III) and the tonoplast
(Site II) possibly contain high-affmity auxin-binding sites as well (34). The
binding proteins can easily be solubilized by either acetone or Triton X-IOO
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treatment of the microsome preparations (34, 66). In the first reported
extensive purification, solubilized binding proteins from crude microsome
fractions were purified to a high degree by a combination of ligand-affinity
chromatography and immunological methods (36). This purified auxin­
binding protein (ABP) has a sharp binding optimum at pH 5.5. It seems to
be a 40-kDa dimer in its native form, and it has a higher affinity for NAA
(1<.1 5.7xIO·8M) than is found for NAA binding to microsome fractions (Kd
4xI0·7M). Scatchard analysis ofNAA binding in the purified binding-protein
preparations reveals only one class of binding sites, showing the characte­
ristics of Site I. With monospecific antibodies against the purified binding
protein (IgGanti-ABP), and using indirect immunofluorescence labelling of
microscopic preparations of fixed coleoptile segments, it could be shown that
the binding proteins are localized within the outer epidermal cells. IgGanti­
ABP at IO·8M specifically inhibits auxin-induced growth in coleoptile
segments and it strongly reduces the auxin response of split coleoptile
sections. Two conclusions are drawn from these observations. 1) The
binding protein is involved in auxin-induced elongation growth; 2) The
binding protein has to be located at the external face of the plasmamembrane,
because it seems highly unlikely that the IgGanti-ABP reaches the cytoplasm
of living cells (37).
If these auxin-binding proteins are indeed receptors involved in

elongation growth then their relatively high concentration within the outer
epidermal cells raises the interesting question of whether this tissue is the
main auxin-sensitive part of the coleoptile. The answer to this question might
be affirmative, since removal of the outer epidermis seems to make the
coleoptile sections substantially less sensitive to auxin (48). Moreover, it was
also found that the specific activity of auxin binding by a major 21-kDa
subunit, purified from the membrane fraction of maize shoots via a NAA­
affinity column, was lower in abraded coleoptiles in which many epidermal
cells are destroyed (55, 56).
Further circumstantial evidence for a receptor function of membrane­

bound auxin-binding sites in cell elongation is provided by results from maize
mesocotyls. Microsome fractions from maize mesocotyls contain an abundant
class of Site I-high-affinity auxin-binding proteins localized on the ER.
Mesocotyls from etiolated and red-light-treated maize seedlings show a large
difference in the amounts of auxin-binding proteins, either expressed per mg
of membrane protein or per g fresh weight. Red light considerably reduces
the amount of binding proteins (30-50%) and reduces the sensitivity to auxin­
induced elongation. This treatment does not alter the affinity but only the
number of binding proteins. Auxin-dose-response curves obtained from
mesocotyl segments isolated from either irradiated or etiolated seedlings do
not show a difference in the auxin concentration at which half-maximum
response is obtained, but only in the maximum-response value. This can be
expected if the response is proportional to the amount of occupied receptors
(70). Comparison of some properties of these crude Site I-binding sites with
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properties of a purified maize 43-kDa auxin-binding protein having 22-kDa
subunits (36,47,55), showed that they share the spatial distribution in maize
mesocotyls, the effects of light on its abundance, and its subcellular location
(26).
Since the first report on large purification of ABP (36), many others

have identified ABP's in maize. Thus, by ion exchange and aftmity
chromatography a Site I, 21-kDa subunit ABP was obtained (56). Applying
anion exchange, gel filtration, and FPLC Mono Q, preparations over 50%
purity were reported which were used to raise monoclonal antibodies (47).
Native polyacrylamide gel electrophoresis (pAGE) yielded a 44-kDa ABP
which consisted of a glycosylated homodimer of two 22-kDa subunits.
With the specific photoaffinity labeling agent, 5-azidoindole-3-acetic

acid, two peptides with a subunit molecular mass of 24 and 22 kDa, which
saturably and specifically bind the hormone, were tagged in purified extracts
ofmaize membrane proteins (28). The native molecular masses ofeach ABP
were between 40 and 50 kDa. Using the same photoaffinity labeling
technique a polypeptide doublet of 40 and 42 kDa was specifically labelled
in plasma membrane-enriched fractions of tomato (18) and in zucchini
(Cucurbitapepo) (17). The dgt mutation of tomato, assumed to be an auxin
receptor mutant, lacked the photoaffinity labeling of the polypeptides, but
only in the stems, not in the roots (18).
Diverse polyclonal and monoclonal antibodies have been raised against

ABP at different steps of purification (47). Two monoclonal antibodies
specifically recognized the major 22-kDa binding protein and could be
mapped to epitopes within a C-terminal l-kDa region. This region appeared
to be involved in a conformational change which is induced when auxin binds
(45). Recently, it was found that antiserum (016), raised against a synthetic
peptide that is expected to form part of the auxin-binding site of the maize
ABP, hyperpolarizes protoplast transmembrane potential in an auxin-like
manner (68), thus acting as an auxin agonist.
Oligonucleotide probes constructed on the basis of the NH2-terminal

sequence of the purified ABP (56) were used to screen a cDNA library
derived from shoots of 3-day-old maize seedlings (22). By the same
screening strategy the cDNA encoding the 22-kDa ABP has also been cloned
at the same time by a second group (16). A third group used a highly
purified ABP-antibody as probe to select an ABP cDNA clone from a Agt II
cDNA library from maize coleoptiles (61). All three laboratories have
obtained very similar amino acid sequence data. The predicted precursor for
the binding protein contains 201 amino acid residues and has a molecular
weight of 22 kDa. The sequence indicated a 38 amino acid signal peptide as
had been calculated from in vitro translation experiments (38). The
hydrophobic N-terminal leader sequence could represent a signal for
translocation of the ABP to the ER. The mature ABP contains a potential N­
glycosylation site as predicted before (38, 47), and, at the C-terminus, a
tetrapeptide sequence, KDEL (lys-asp-glu-Ieu), known as a common signal
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for proteins that are retained within the lumen of the ER. The presence of
a KDEL sequence is in accordance with the finding by two groups that the
22-kDa ABP subunit and Site I activity comigrate on sucrose gradient density
fractionation predominantly with the ER-marker, cytochrome-c reductase (26,
55).

Auxin Receptors and the Acid-Growth Theory
For about the last 25 years the study of auxin action in cell elongation

has been dominated by the so-called acid-growth theory. According to this
theory auxin induces acidification of the free space in the cell wall,
presumably by the activation of plasmamembrane-bound proton pumps (see
Chapter DI). The increase in proton concentration brings about an increase
in the plasticity of the cell wall, thus causing a rapid increase in elongation
rate of the tissues.
The acid-growth theory suggests that proton pumps might be targets for

auxin receptors. A rather direct approach to verify this hypothesis is to
isolate receptors and pumps and to reconstitute a functional system by
incorporating these putative components of the auxin-transduction chain into
artificial membranes. Only one report has appeared describing such an
approach (60). The auxin-binding proteins from maize coleoptiles were
solubilized and partially purified. The purified fractions exhibited both high­
affinity auxin binding and ATPase activity. These proteins were incorporated
into artificial membranes in which transmembrane currents were measured.
ATP, binding proteins + ATPases and NAA were added to the membranes
in different sequences. Only in the experiments in which NAA was added as
the last component was a convincing, immediate increase in current observed.
Unfortunately no experiment was done in which binding protein + ATPase
and NAA were added before the addition of ATP. The optimum pH for
stimulation (pH 5.3) is in good agreement with the optimum pH of binding
(pH 5.5). Finally, the K.J of the binding, ca 10-7M, is close to the lower
detection limit of an NAA effect (ca 10-7M). These very interesting results
have never been repeated by any other laboratory.
Functional evidence for an auxin receptor localised at the

plasmamembrane was reported for tobacco mesophyll protoplasts (Table 2;
I). Auxin-induced hyperpolarization of membrane potential (Em) can be
measured by a microelectrode technique (9), and this functional test was used
to show the effects of polyclonal antibodies raised against the ABP of maize
(37). Although these antibodies were derived from maize, they blocked the
auxin-induced hyperpolarization in the tobacco leaf protoplasts, but not that
induced by fusicoccin (FC). Antibodies directed against a plasmalemma H+­
ATPase, however, blocked both, auxin-induced and Fe-induced
hyperpolarization (1). These results demonstrate I) that an auxin receptor is
present in tobacco plasmamembranes and that it shares some homology with
the maize ABP, and 2) that the auxin- and FC-receptors are distinct, but both
act via a H+-ATPase. Of particular interest is the finding that addition of
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Table 2. Effects of anti-ABP IgG and anti·ATPase IgG on the variation in membrane potential
difference in tobacco protoplasts induced by auxin or fusicocein.

Addition to medium

None
NAA (511M)
Anti·ABP IgG (O.4llM)
Anti·ABP IgG (0.4llM) + NAA (5llM)

None
NAA(5llM)
Anti·ATPase IgG (0.4llM)
Anti·ATPase IgG (0.4~) + NM (511M)
FC (1IlM)
Anti·ATPase IgG (411M) + FC (111M)

Combined dala from (1).

Em,mV

-5.3 ± 0.3
·12.7±0.3
-5.8± 0.2
·6.0± 0.4

·6.1 ±0.3
·12.5±0.4
+0.8 ± 0.6
·0.2± 0.4

·10.8±0.4
+0.9 ± 0.6

NAA- or FC-induced
Em,mV

-7.4

·0.7

·6.4

·1.0
·4.7
+0.1

purified maize ABP increases the sensitivity of the protoplasts towards NAA
(Fig. 6; 2).
Impermeant auxin analogues (69) are capable of inducing membrane

hyperpolarization and extension growth, though only when the cell walls were
removed, or the epicotyls were abraded to perforate the cuticle, respectively.
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Fig. 6. Dose-response curves for Em of tobacco protoplasts in the presence of NAA.
Mesophyll protoplasts were isolated from tobacco leaves of wild-type plants (.) or
Agrobacterium rhizogenestransformed plants (.). Also shown are the effectsofABP and anti­
ABP IgG on the sensitivity of the protoplasts towards NAA. Before the addition of NAA,
protoplasts isolated from wild-type plants were treated with either 1O.loM ABP (+) or with
4.1O-9M anti-ABP IgG (.). Combined data from (2) and (3).
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This shows that the functional auxin receptors are localized on the outside of
the plasmamembrane. It also indicates that auxin can produce both, rapid and
long-term responses, without entering the cell.
When protoplasts from an auxin-resistant tobacco mutant were used, it

was demonstrated, by immunotitration with antibodies against maize ABP
(37), that the mutant had fewer receptors. Similarly, protoplasts isolated from
root tips of plants transformed by Agrobacterium rhizogenes exhibited a 100
to 1000 fold increase in their sensitivity to auxin and a corresponding increase
in the concentration of receptors (Fig. 6; 3). In these transformants the auxin
sensitivity of the cell division response was not different from the wild type,
but there was an apparent correlation between the abundance of membrane
receptors and the ability of plants to undergo rooting (40, 44).
If the conclusions drawn from all these experiments with IgGanti-ABP

are correct, then the auxin-responsive cells are equipped with receptors at the
external face of the plasmamembrane that can detect auxin-signals outside the
plasmamembrane and translate them into a response. In our opinion, an
attractive possibility is that these auxin receptors are the first elements in a
transduction chain that might be comparable to the IP3 and DG generating
system as discovered in animal cells (see Introduction). This would mean
that auxin transduction is a subtle and complicated system which, among
other things, regulates cytoplasmic Ca2+ levels and plasmamembrane-bound
protein complexes, such as particular classes of proton pumps, probably by
phosphorylation processes.
There is strong evidence, however, that the bulk of the 22-kDa ABP is

located in the lumen of the ER (16, 22, 26, 55, 61), whereas the site of its
action is at the outer face of the plasmamembrane. This so-called ER
paradox (24) is difficult to explain, but some models have been proposed.
One model assumes that the Ca2+ level of the cell is perturbed from its resting
level and that this perturbation causes the movement of the auxin receptor
from the ER via the normal secretory pathway to the plasmamembrane. The
action of a specific carboxypeptidase removing the ER retention signal was
supposed (24). Based on the finding that with antibodies against KDEL only
one of two purified ABP bands from in vitro ABPcDNA translation products
(61) was detected, the second model also favours the action of a
carboxypeptidase (31). The ABP secreted via the endomembrane system to
the plasmamembrane may be primarily bound to acceptor sites. Because
there are inconsistencies with the acid-growth theory (see Chapter C1), the
model proposes two different membrane-integrated or docking proteins for the
ABP-auxin complex; one specific for Ir secretion and the other receptor for
cell elongation. In this model the ABP is presented as an apo-proteohormone,
which on auxin binding reaches the state of a holohormone (31).
In an attempt to harmonize several conflicting data it was proposed that

ER-auxin-binding proteins might cycle through the cell. In response to
endogenous auxin, ABP-auxin complexes are formed in the ER making the
KDEL tail inaccessible for binding to its receptor. These complexes are
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released from the lumen of the ER, following a secretory pathway to the cell
surface and possibly serving as a molecular chaperone for cell wall
precursors. At the cell surface, ABP-auxin would activate the proton pump
and thereby increase the membrane potential. After secretion, ABP would
interact with membrane proteins (specific ABP-receptors?) at the cell surface
and become subject to endocytosis. Once in the membrane system KDEL
receptors would return ABP back to the ER (8).

In accordance with this model are the recently published
immunocytochemical results (25) showing that the auxin-binding protein
present in the ER is secreted to plasmamembrane and into the cell wall
without loss of the carboxy-terminal KDEL sequence. When the cells of the
studied maize cell line were starved for 2,4-D less ABP was retained in the
cell and more was secreted into the medium. Possibly the latter fmding pre­
sents a good opportunity to apply other methods for identification of ABP,
like binding assays or even amino acid sequencing after purification of the
secreted protein.

Although these models give some useful ideas to explain the ER-paradox
we still have to solve the problem of auxin signal transduction leading to
specific gene expression.

Concluding Remarks
There is now substantial evidence that maize coleoptiles and mesocotyls

contain membrane-bound auxin-receptor proteins involved in elongation
growth. It seems that functional receptors are located at the external face of
the plasmamembrane and it is assumed that the ER-bound auxin-binding sites
may represent precursors of functional receptors which undergo a maturation
process to a final form in the plasmamembrane (8, 24, 31). With
monospecific antibodies it has recently been possible to establish the
intracellular localization of the auxin receptors more directly by means of
electronmicroscopical immunolabelling techniques (25). In those caseswhere
localization studies have been performed the plasmalemma and the ER are
tentatively indicated as the membrane system which contain the binding sites.
Most of the binding sites bind the ligand rapidly at O°C at a pH optimum
varying between pH 4 to 6.5. All these binding sites need further characteri­
zation and it remains to be proven that they have a receptor function. In
unravelling the auxin transduction chain in cell elongation, one must be alert
not to be limited by the acid- growth theory, especially since it is shown that
the induction of hyperpolarization and the stimulation of proton extrusion is
not IAA-specific. Also growth-inactive structural analogues, like 2-NAA and
3,5-D, were found to be active (10). An open mind for alternative concepts
and research strategies is required.
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OTHER PLANT HORMONES

To an even greater extent than in auxin-receptor re search, the study of
transduction chains of the other plant honnones has predominantly stuck to
the characterization of high-affinity binding sites. For this reason we shall
discuss these hormones only briefly.

Cytokinins

The most studied cytokinin-binding proteins are the ones present in wheat
germ. This system contains a binding protein (CBF-I=wheat genn cytokinin­
binding protein) which is highly specific for 6-substituted purine cytokinins.
This protein appears to be loosely bound to ribosomes (reviewed in 5). A
similar, if not identical, protein and a 30-kDa high-affinity cytokinin-binding
protein (CBF-2) are present in an apparently free fonn in the cytosol. The
CBF-I protein from the ribosomal fraction has been purified to a very high
degree by ligand-affinity chromatography. The purified CBF-I appears to
consist of 4 subunits but later work has conclusively demonstrated that the
native protein could be obtained as a 160-kDa holo-protein composed of 3
54-kDa polypeptides (4). By using antiserum to CBF-l it was shown that the
binding protein is localized in membrane-bound protein bodies, found only
in cells of tissues surrounding the embryonic axis (5), and that it is
immunologically related to CBF-l in other cereals. It was speculated that the
protein is not a cytokinin receptor but functions by sequestering cytokinins,
thus acting as a regulator of cytokinin availability (6).
Comparable to our own data with auxins (63), an in vitro cytokinin­

dependent stimulation ofnuclear transcription by a cytokinin-binding protein,
isolated from excised barley leaves, was reported (32). This protein was
12000-fold purified by means of anti-idiotype antibodies (33). In the
presence of 6-benzyladenine the protein activates in vitro rRNA synthesis in
the transcription elongation system, containing chromatin-bound RNA­
polymerase I from barley leaves.
In maize shoots a soluble cytokinin-binding protein has been extensively

purified and characterized (51). In tenns of molecular size (46 kDa) and
binding affinity this protein shows to be similar to the cytokinin-binding
protein from green barley leaves (50).

Gibberellins

The gibberellin (GA)-induced initiation and control of hydrolytic enzymes in
the cereal aleurone tissue is one of the better known honnonal responses in
plants. GA induces a considerable increase in the rates of transcription of ex­
amylase genes and it was suggested that the honnone perception in the
aleurone layer involves an interaction between the ligand and specific
receptors. But, although in elongating tissues from pea and cucumber soluble
GA-binding proteins show some characteristics expected of a receptor (58),
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it was not possible to detect any GA receptor in aleurone tissues. An exciting
result was obtained by applying impenneant GA. to isolated aleurone
protoplasts. High levels of a-amylase mRNAs were induced, thus indicating
that this response was due to an interaction between the immobilised ligand
and the protoplast surface (19). Support for the concept that GA is perceived
at the aleurone plasmamembrane was given by an immunological approach,
where anti-idiotypic sera acted as antagonists of GA-action in aleurone
protoplasts (20). All these experiments present evidence that GA does not
really act in a manner analogous to that of steroid honnones (cf. Fig. 3).
Therefore, the role of Ca2+ acting as a second messenger in the GA­
transduction pathway (cf. Fig. 2), has now become an important part of the
GA-research (7).
The aleurone system is not only highly attractive for GA-receptor

research because the molecular responses to the honnone are relatively well
known, but also because sensitivity mutants are available (11), thus providing
potent tools for the unravelling of GA-perception and transduction.
An interesting report has appeared providing evidence that GA (and

ABA) controls a-amylase and ribosomal RNA synthesis by regulating gene
transcription (23). These results were obtained in run-off transcription studies
with nuclei isolated from aleurone cell protoplasts, incubated for 24 h with
and without GA (and ABA). It, therefore, seems worthwhile to analyze these
protoplasts for the presence of high-affinity GA-binding proteins, and to see
if these results can be reproduced in reconstitution experiments with nuclei
isolated from untreated aleurone cells.

Abscisic acid

There is only one report that provides strong evidence for the presence of
ABA receptors in a particular class ofABA-target cells, i.e., guard cells (21).
ABA affects guard cells by stimulating efflux ofK\ their major osmotically
active constituent, thus inducing stomata closure. High-affinity binding of
eH]cis(+)ABA, the physiologically active enantiomer, to guard-cell
protoplasts from Viciafaba, could be demonstrated by photoaffinity labelling.
The binding proteins have an apparent K.J for ABA of 3-4x10-~, which
corresponds well with the ABA concentration (5xlO-9M) at which half­
maximum response is obtained in stomatal closure bioassays. Upon sodium
dodecyl sulphate polyacrylamide gel electrophoresis the binding proteins
resolve into three species: A (Mw 20.2 kDa), B (Mw 19.3 kDa) and C (Mw
24.3 kDa). At an alkaline pH in the medium ABA binds preferentially to A,
whereas at an acidic pH most ABA binds to B and C. In such a system
binding is largely independent of apoplastic pH and this corresponds well
with the observation that ABA induces stomatal closure at alkaline as well as
at acidic pH. There is a close correlation between physiological activity and
the ability to displace [3H]ABA from its high-affinity binding sites, for a
range of ABA analogues. Mild tryptic treatment of guard-cell protoplasts
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before incubation with ABA completely eliminates theABA-binding sites, but
leaves the protoplasts intact. These results indicate that the binding sites are
proteins that are located at the plasmalemma of guard cells, with the ABA­
binding moiety facing the apoplastic space. As the reader will recall, a
similar location has been assumed for membrane-bound auxin-binding
proteins in tobacco cells and maize coleoptiles, and recently for GA-binding
proteins in the aleurone cells.
Although the guard-cell system looks very promising for further receptor

research, there has been no follow-up. Research is now mainly focussed on
the possible role of second messengers, like Ca2+ and IP3 (cf. Fig. 2), in the
transduction of the ABA signal towards initiation of stomatal closure.

Ethylene

Specific high-affinity membrane-bound ethylene-binding sites (EBP) have
been described for various tissues (reviewed in 14). The binding kinetics
differ from those of binding sites for other plant hormones by low association
and dissociation rates. The EBP from Phaseo/us vulgaris is a highly
hydrophobic integral membrane protein but has now been purified to
homogeneity and N-terminal and internal sequences are being obtained (14).
Using isokinetic sucrose gradients and gel permeation chromatography, it was
suggested that the native protein is a heterotrimer or heterotetrarner of
subunits of 12 to 14 kDa (59).
When they are acting as receptors controlling rapidly responding systems,

it would be expected that EBPs have high rate constants of association and
dissociation. By developing techniques for the in vivo and in vitro
measurement of EBPs having high rate constants (see 53), it was shown that
in pea epicotyls there are two classes of binding sites. One class shows very
high rate constants of association and dissociation, while the other class has
very low rate constants similar to those in Phaseo/us and mungbean (54).
The same pattern was discovered in other systems including rice, tomato, and
Arabidopsis (39).
Polyclonal antibodies have been raised to the EBP from Phaseo/us and

these antibodies also recognize homologous proteins in pea, rice, and
Arabidopsis. Immunogold localisation studies on abscission zones and
petioles of Phaseo/us, epicotyls of peas, and hypocotyls of Arabidopsis,
showed that staining in all these tissues was consistent with results obtained
from direct ethylene-binding assays (39).
In ethylene-insensitive mutants of Arabidopsis the concentration of

binding sites is much lower than in the wild type, thus indicating that these
sites might be putative receptors (52). When genes for the fast associating
sites are available, it will be possible to confer sensitivity in mutants by
transformation assays.
Now it has been reported that it is possible to obtain viable protoplasts

from abscission zones and petioles of Phaseo/us, that respond to ethylene in
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the same way as intact cells (13), the effect of anti-EBP antibodies can be
tested in a functional assay, comparable to the approaches used in the studies
with both auxin- and gibberellin-receptors.
Recent work (12) has shown that ethylene can effect phosphorylation of

EBP and that the degree of phosphorylation has a direct effect on the
ethylene-binding characteristics of the protein.
Considering all data, it seems that useful tools are available for the

elucidation of the ethylene perception-and- transduction mechanisms.

SUMMARY AND CONCLUSIONS

• Specific high-affinity binding proteins have been described for all major
classes of plant hormones. There is good, albeit circumstantial evidence
that at least the membrane-bound binding proteins in maize coleoptiles
( up till now the best characterized), tobacco cells, Avena aleurone cells
and broad bean guard cells have a receptor function in auxin-controlled
elongation, auxin-induced root regeneration, GA-induced a-amylase
synthesis and abscisic acid-controlled stomatal closure, respectively.
These putative receptors appear to be localized at the plasmamembrane
with the binding moiety facing the apoplast, thus constituting sensory
systems for hormone levels outside the cells.

• The fact that hormones can easily be taken up by plant cells suggests
that these cells might also be equipped with intracellular receptors. It is
not unlikely that the cytoplasmic/nuclear auxin-binding proteins in
tobacco cells and perhaps the cytoplasmic cytokinin-binding sites in
wheat germ and in barley leaves represent such receptors.

• At present no conclusive evidence as to a biochemical function of the
plant hormone-binding sites exists, although all evidence obtained thus
far indicates that the cytoplasmic/nuclear binding proteins in tobacco
cells and the cytokinin-binding proteins in barley leaves are directly
involved in transcriptional activity in the nuclei. In this respect it is
important to note that over the past years it has been found that auxin is
capable of stimulating the transcription of specific genes with response
times measured in minutes (29) (see Chapter C2). Although it is not
certain that auxin-induced acidification is a primary trigger of the rapid
auxin response in cell elongation, regulation of apoplastic pH by modu­
lation of proton pumps may be part of the auxin-transduction chain.

• One may wonder how many pathways for plant-hormone perception, and
transduction do exist. Perhaps there are only a few major pathways,
possibly based on very conservative principles of hormone perception
and transduction in higher eukaryotes. As a working hypothesis we will
propose at least two major pathways:
I. Intracellular receptor proteins which are directly involved in gene
expression either on the transcriptional and/or translational level.
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2. Plasmamembrane-bound receptor proteins which function as sensory
systems for external hormone levels and which transduce intracellular
signals, possibly via the phosphatidylinositol pathway. The secondary
signals control the cell's activity via modulation of cytoplasmic Ca2+
levels and protein kinase activity. Some evidence supporting this
view has recently been discussed (62).

References

1. Barbier-Brygoo, H., Ephritikhine, G., Klambt, D., Ghislain, M., Guern, 1. (1989)
Functional evidence for an auxin receptor at the plasmalemma of tobacco mesophyll
protoplasts. Proc. Natl. Acad. Sci. USA 86, 891-895.

2. Barbier-Brygoo, H., Ephritikhine, G., Shen, W.H., Delbarre, A, Klambt, D., Guern, 1.
(1990) Characterization and modulation of the sensitivity of plant protoplasts to auxin.
In: Transducing Pathways: Activation and Desensitisation, pp. 231-244, Konijn, T.M.,
ed. Springer-Verlag, New York.

3. Barbier-Brygoo, H., Maurel, C., Shen, W.H., Ephritikhine, G., Delbarre, A, Guern, 1.
(1990) Use ofmutants and transformed plants to study the action ofauxins. In: Hormone
Perception and Signal Transduction in Animals and Plants, SEB Symposia 44, pp. 67-77,
Kirk, C., Roberts, 1., Venis, M.A., eds. The Company of Biologists, Cambridge.

4. Brinegar, AC., Fox, 1.E. (1985) Resolution of the subunit composition of a cytokinin­
binding protein from wheat embryos. BioI. Plant. 27, 100-104.

5. Brinegar, AC., Fox, 1.E. (1987) Immunocytological localization of a wheat embryo
cytokinin binding protein and its homology with proteins in other cereals. In: NATO
ASI Series HIO, Plant Hormone Receptors, pp. 177-184, Klambt, D., ed. Springer­
Verlag, Berlin, Heidelberg.

6. Brinegar, AC., Stevens, A, Fox, J.E. (1985) Biosynthesis and degradation of a wheat
embryo cytokinin-bindingprotein during embryogenesisand germination. Plant Physiol.
79, 706-710.

7. Bush, D.S. (1992) The role of Ca2+ in the action of GA in the barley aleurone. In:
Progress in Plant Growth Regulation, pp. 96-104, Karssen, C.M., Van Loon, L.C., Vreug­
denhil, D., eds. Kluwer Academic Publishers, Dordrecht, The Netherlands.

8. Cross, 1.W. (1991) Cycling of auxin-binding protein through the plant cell: pathways in
auxin signal transduction. New Biologist 3, 813-819.

9. Ephritikhine, G., Barbier-brygoo, H., Muller, J.F., Guern, 1. (1987) Auxin effect on the
transmembrane potential difference of wild-type and mutant tobacco protoplasts
exhibiting a differential sensitivity to auxin. Plant Physiol. 83, 801-804.

10. Felle, H., Peters, W., Palme, K. (1991) The electrical response of maize to auxins.
Biochim. Biophys. Acta 1064, 199-204.

II. Fujioka, S., Yamane, H., Spray, C.R., Katsumi, M., Phinney, B,O., Gaskin, P.,
MacMillan,1.,Takahashi,N. (1988)The dominantnon-gibberellin-respondingdwarfmu­
tant (DB) of maize accumulates native gibberellins. Proc. Natl. Acad. Sci. USA 85,
9031-9035.

12. Gilroy, S., Fricker, M.D., Read, N.D., Trewavas, A.I. (1991) Role of calcium in signal
transduction of Commelina guard cells. The Plant Cell 3, 333-344.

13. Hall, M.A, Berry, AW., Cowan, D.S., Evans, 1.S., Harpham, N.V.I., Moshkov, I.,
Novikova, G., Raskin, I., Smith, A.R., Turner, R.I., Zhang X. (1991) Ethylene receptors.
In: Proc. lnt. Symposium on "BiochemicalMechanisms involved in Growth Regulation",
Milan, in press, Smith, C.I., Gallon, J., eds. Oxford University Press.

14. Hall, M.A., Connern, C.P.K., Harpham, N.V.I., Ishizawa,K., Roveda-Hoyos, G., Raskin,
I., Sanders, 1.0., Smith, A.R., Turner, R., Wood, C.K. (1990) Ethylene: receptors and
action. In: Hormone Perception and Signal Transduction in Animals and Plants, SEB

294



K. R Libbenga and A. M Mennes

Symposia 44, pp. 87-110, Kirk, C., Roberts, J., Venis, M.A, eds. The Company of
Biologists, Cambridge.

15. Herber, 8., Ulbrich, B., Jacobsen, H-1. (1988) Modulation of soluble auxin-binding
proteins in soybean celI suspensions. Plant CelI Reports 7, 178-181.

16. Hesse, T., Feldwisch, J., BalshUsemann, D., Bauw, G., Puype, M., Vandekerckhove, 1.,
Lobler, M., Klambt, D., SchelI, 1., Palme, K. (1989) Molecular cloning and structural
analysis of a gene from lea mays (L.) coding for a putative receptor for the plant
hormone auxin. EMBO 1. 8, 2453-2461.

17. Hicks, G.R., Rayle, D.L., Jones, AM., Lomax, T.L. (1989) Specific photo-affinity
labeling of two plasma membrane polypeptides with an azido auxin. Proc. Natl. Acad.
Sci. USA 86, 4948-4952.

18. Hicks, G.R., Rayle, D.L., Lomax, T.L. (1989) TheDiageotropieamutant oftomato lacks
high specific activity auxin binding sites. Science 245, 52-54.

19. Hooley, R., Beale, M.H., Smith, S.1. (1990) Gibberellin perception in the Avenafatua
aleurone. In: Hormone Perception and Signal Transduction in Animals and Plants, SEB
Symposia 44, pp. 79-86, Kirk, C., Roberts, J., Venis, M.A., eds. The Company of
Biologists, Cambridge.

20. Hooley, R., Beale, M.H., Smith, S.1., MacMillan, 1. (1990) Novel affinity probes for
gibberelIin receptors in aleurone protoplasts ofAvenafatua. In: PlantGrowth Substances
1988, pp. 145-153, Pharis, R.P., Rood, S.8., eds. Springer-Verlag, Heidelberg.

21. Homberg, c., Weiler, E.W. (1984) High-affinity binding sites for abscisic acid on the
plasmalemma of Vieia faba guard celIs. Nature 310, 321-324.

22. Inohara, N., Shimomura, S., Fukui, T., Futai, M. (1989) Auxin-binding protein located
in the endoplasmic reticulum ofmaize shoots: Molecular cloning and complete primary
structure. Proc. Nat!. Acad. Sci. USA 86, 3564-3568.

23. Jacobsen, J.V., Beach, L.R. (1985) Control oftranscriptionofa-amylase and rRNA genes
in barley aleurone protoplasts by gibberellin and abscisic acid. Nature 316, 275-277.

24. Jones, AM. (1990) Do we have the auxin receptor yet? Physio!. Plant. 80, 154-158.
25. Jones, AM., Herman, E.M. (1993) KDEL-containing auxin-binding protein is secreted

to the plasma membrane and cell wall. Plant Physiol. 101, 595-606.
26. Jones, AM., Lamerson, P., Venis, M.A. (1989) Comparison of Site I auxin binding and

a 22-kilodalton auxin-binding protein in maize. Planta 179, 409-413.
27. Jones, AM., Prasad, P.V. (1992) Auxin-binding proteins and their possible roles in

auxin-mediated plant cell growth. BioEssays 14, 43-48.
28. Jones, AM., Venis, M.A. (1989) Photoaffinity labeling of indole-3-acetic acid-binding

proteins in maize. Proc. Nat!. Acad. Sci. USA 86, 6153-6156.
29. Key, 1.L. (1989) Modulation of gene expression by auxin. BioEssays 11, 52-28.
30. Kikuchi, M., Imaseki, H., Sakai, S. (1989) Modulation of gene expression in isolated

nuclei by auxin-binding proteins. Plant Cell Physiol. 30, 765-773.
31. Kliimbt, D. (1990) A view about the function of auxin-binding proteins at plasma

membranes. Plant Mol. BioI. 14, 1045-1050.
32. Kulaeva, O.N. (1985) Hormonal regulation of transcription and translation in plants. In:

Proc. 16th FEBS meeting at Moscow, Part C, pp. 391-396, Ovchinnikov, Y.A., ed.,
VNU Science Press.

33. Kulaeva, O.N., Karavaiko, N.N., Moshkov, I.E., Selivankina, S.Ya., Novikova, G.V.
(1990) Isolation ofa proteinwith cytokinin-receptor properties by means ofanti-idiotype
antibodies. FEBS Lett. 261, 410-412.

34. Libbenga, K.R., Maan, AC., Van der Linde, P.C.G., Mennes, A.M. (1985) Auxin
receptors. In: Hormones, Receptors and Cellular Interactions in Plants, pp. 1-68,
Chadwick, C.M., Garrod, D.R., eds. Cambridge University Press.

35. Libbenga, K.R., Van TeIgen, H.1., Mennes, AM., Van der Linde, P.C.G., Van der Zaal,
E.]. (1987) Characterization and function analysis of a high-affinity cytoplasmic auxin-

295



Hormone binding and signal transduction

binding protein. In: Molecular Biology ofPlant Growth Control, pp. 229-243, Fox, 1.E.,
Jacobs, M., eds. A.R. Liss, NY.

36. LObler, M., Kllimbt, D. (1985) Auxin-binding protein from coleoptilemembranes ofcom
(Zea mays L.). I. Purification by immunological methods and characterization. 1. BioI.
Chern. 260, 9848-9853 .

37. LObler, M., Kllimbt, D. (1985) Auxin-binding protein from coleoptile membranesofcom
(Zea mays L.). II. Localization of a putative receptor. 1. BioI. Chern. 260, 9854- 9859.

38. LObler, M., Simon, K., Hesse, T., Kllimbt, D. (1987) Auxin receptors in target tissue.
In: Molecular Biology ofPlant Growth Control, pp. 279-288, Fox, 1.E., Jacobs, M., eds.
AR. Liss, NY.

39. Mennes, A.M., Maan, AC., Hall, M.A. (1991) Plant hormone receptors. In: NATO ASI
Series, Vol. H51, Cell to Cell Signals in Plants and Animals, pp. 301-314, Neuhoff, V.,
Friend, 1., eds. Springer-Verlag, Berlin, Heidelberg.

40. Mennes, A.M., Nakamura, C., Van der Linde, P.c.G., Van der Zaal, EJ., Van Teigen,
HJ., Quint, A, Libbenga, K.R., (1987) Cytosolic and membrane-bound high-affinity
auxin-binding proteins in tobacco. In: NATOASI SeriesHI0, PlantHormoneReceptors,
pp. 51-62, Kllimbt, D., ed. Springer-Verlag, Berlin, Heidelberg.

41. Mennes, A.M., Quint, A, Gribnau, 1.H., Boot, CJ.M., Van der Zaal, EJ., Maan, AC.,
Libbenga, K.R (1992) Specific transcription and reinitiation of2,4-D-induced genes in
tobacco nuclei. Plant Mol. BioI. 18, 109-117.

42. Moudgil, V.K. (1990) Phosphorylation ofsteroid hormone receptors. Biochim. Biophys.
Acta 1055, 243-258.

43. Nakamura, C., Ono, H. (1988) Solubilization and characterization ofamembrane-bound
auxin-binding protein from cell suspensionculturesofNicotiana tabacum. Plant Physiol.
88, 685-689.

44. Nakamura, C., Van Teigen, HJ., Mennes, AM., Ono, H., Libbenga, K.R (1988)
Correlation between auxin resistance and the lack of a membrane-bound auxin-binding
protein and a root-specific peroxidase inNicotiana tabacum. Plant Physiol. 88, 845-849.

45. Napier, R.M., Venis, M.A (1990) Monoclonal antibodies detect an auxin-induced
conformational change in the maize auxin-binding protein. Planta 182, 313-318.

46. Napier, RM., Venis, M.A (1990) Receptors for plantgrowth regulators: recent advances.
1. Plant Growth Reg. 9, 1I3-126.

47. Napier, RM., Venis, M.A., Bolton, M.A., Richardson, L.I., Butcher, G.W. (1988)
Preparation and characterisation of monoclonal and polyclonal antibodies to maize
membrane auxin-binding protein. Planta 176, 519-526.

48. Pope, D.G. (1982) Effect ofpeeling on IAA-induced growth inAvena coleoptiles. Ann.
Bot. 49, 495-501.

49. Prasad, P., Jones, A.M. (1991) Putative receptor for the plant growth hormone auxin
identified and characterized by anti-idiotypic antibodies. Proc. Natl. Acad. Sci. USA 88,
5479-5483.

50. Romanov, G.A., Taran, V.Ya., Chvojka, L., Kulaeva, O.N., (1988) Receptor-like
cytokinin-binding protein(s) from barley leaves. 1. Plant Growth Reg. 7, 1-l7.

51. Romanov, G.A., Taran, V.Ya., Venis,M.A. (1990)Cytokinin-bindingprotein frommaize
shoots. J. Plant Physiol. 136, 208-212.

52. Sanders,1.0., Harpham, N.VJ., Raskin, I., Smith, AR, Hall, M.A. (1991) Ethylene
binding in wild type and mutantArabidopsis thaliana(L.) Heynh. Ann. Bot. 68, 97-103.

53. Sanders, 1.0., Smith, AR, Hall, M.A. (1989) The measurement ofethylene binding and
metabolism in plant tissue. Planta 179, 97-103.

54. Sanders, 1.0., Smith, A.R., Hall, M.A. (1991) Ethylene binding in epicotyls of Pisum
sativum L. cv. Alaska. Planta 183, 209-217.

55. Shimomura, S., Inohara, N., Fukui, T., Futai, M. (1988) Different properties oftwo types
of auxin-binding sites in membranes from maize coleoptiles. Planta 175, 558-566.

296



K. R Libbenga and A. M Mennes

56. Shimomura, S., Sotobayashi, T., Futai, M., Fukui, T. (1986) Purification and properties
of an auxin-binding protein from maize shoot membranes. 1. Biochem. 99, 1513-1524.

57. Skoog, F., Miller, C.O. (1957) Chemical regulation of growth and organ formation in
plant tissues cultured in vitro. Symp. Soc. Exp. BioI. ll, 118-131.

58. Srivastava, L.M. (1987) The gibberellin receptor. In: NATO ASI Series HIO, Plant
Hormone Receptors, pp. 199-228, Kllimbt, D., ed. Springer-Verlag, Berlin, Heidelberg.

59. Thomas, CJ.R., Smith, AR, Hall, MA (1985) Partial purification of an ethylene­
binding site from Phaseolus vulgaris L. cotyledons. Planta 164, 272-277.

60. Thompson, M., Krull, UJ., Venis, MA (1983) .A chemo-receptive bilayer lipid
membrane based on an auxin-receptor ATPase electrogenic pump. Biochem. Biophys.
Res. Comm. 110, 300-304.

61. Tillmann, U., Viola, G., Kayser, B., Siemeister, G., Hesse, T., Palme, K., Lt~bler, M.,
Kllimbt, D. (1989) cDNA clones of the auxin-binding protein from com coleoptiles (Zea
mays L.): isolation and characterization by immunological methods. EMBO 1. 8, 2463­
2467.

62. Trewavas, A., Gilroy, S. (1991) Signal transduction in plant cells. Trends in Genetics
7, 356-361.

63. Van der Linde, P.c.G., Maan, A.C., Mennes, AM., Libbenga, K.R (1985) Auxin
receptors in tobacco. In: Proc. 16th FEBS meeting at Moscow, Part C, pp. 397-403,
Ovchinnikov, Y.A, ed., VNU Science Press.

64. Van der Zaal, EJ., Droog, F.NJ., Boot, CJ.M., Hensgens, LAM., Hoge, 1.H.C.,
Schilperoort, RA, Libbenga, K.R (1991) Promotersofauxin-induced genes from tobac­
co can lead to auxin-inducible and root tip-specific expression. Plant Mol. BioI. 16, 983­
998.

65. Van der Zaal, EJ., Memelink, 1., Mennes, A.M., Quint, A, Libbenga, K.R (1987)
Auxin-induced mRNA species in tobacco cell cultures. Plant Mol. BioI. 10, 145-157.

66. Venis, MA (1985) Hormone binding in plants. Longman Inc., New York-London.
67. Venis, M.A., Napier, R.M. (1991) Auxin receptors: recent developments. 1. Plant

Growth Reg. 10, 329-340.
68. Venis, M.A, Napier, RM., Barbier-Brygoo, H., Maurel, C., Perrot-Rechenmann, C.,

Guem, J. (1992) Antibodies to a peptide from the maize auxin-binding protein have auxin
agonist activity. Proc. Natl. Acad. Sci. USA 89, 7208-7212.

69. Venis, M.A., Thomas, E.W., Barbier-Brygoo, H., Ephritikhine, G., Guem, 1. (1990)
Impermeant auxin analogues have auxin activity. Planta 182, 232-235.

70. Walton, 1.D., Ray, P.M. (1981) Evidence for receptor function of auxin-binding sites in
maize. Plant Physiol. 68, 1334-1338.

297



D5. Calcium and Plant Hormone Action

Paul C. Bethke, Simon Gilroy and Russell L. Jones
Department of Plant Biology, University ofCalifornia, Berkeley, CA 94720,
USA.

INTRODUCTION

It is widely accepted that a complex system of signal-transduction pathways
links the responses of cells to external stimuli. In plants, hormones and
environmental stimuli such as light, temperature and touch are transduced into
a cellular response by a set of reactions that are only beginning to be
understood. Compounds that act as second messengers have a central role in
the initial transduction steps leading from these stimuli. Rather than forming
simple, linear signal-transduction chains, however, signaling molecules are
thought to form complex webs of interconnected pathways (Fig. I). The
interactions between signal-transduction chains, the so-called cross-talk, can
be a source of signal amplification as well as signal complexity. The
existence of multiple, interconnected signaling pathways may help to explain
how the small number of plant hormones can elicit such a wide variety of
cellular responses. After interacting with a receptor, the hormonal signal may
be transduced within the cell via one of a number of alternative pathways, the

~<D
external

Ca 2
+ -""<D

vacuo e
(stored calcium) (stored calcium)

~ I ""c~'~ C."BP
G) 2nd '" J( . ro'\ cellular

\7~-"'··-
---...... @Ca 2+~ <D Ca 2+BP

Fig. 1. Elements ofcalcium homeostasis and transport linking a honnonal signal to a cellular
response in an idealized plant cell. Phytohonnones (I) are perceived by a receptor, possibly
on the outer surface of the PM. Honnone perception may then change the activity of PM
Ca2+-ATPases (2) or PMCa2+channels and other transporters (3), resulting in a change, usually
an increase, in [Ca21i (4). Alternatively, the honnone may cause a secondmessenger (5) other
than [Ca21j, such as IP), to release Ca2+from intracellular stores (6). Cross-talk between
[Ca2+]j and other second messengers is expected. Increased [Ca2+]j activates Ca2+-binding
proteins (Ca2+BP) (7), and these proteins activate enzymes which begin the chain of events
leading to a specific cellular response (8).
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Calcium and plant hormone action

response of the cell being dependent on the pathway or combination of
pathways employed. Alternatively, some cells may not possess all the
elements of every signaling pathway. Thus, the response of differentiated
cells to hormones may be determined by the presence of tissue- or cell-type­
specific signal-transduction molecules.
The calcium ion plays a prominent role in eukaryotic signal transduction,

and it has been implicated in almost every response of plant cells to
hormones (Table I; 60, 69), with the notable exception of ethylene. Calcium
is ideally suited to its role as a second messenger. The physico-chemical
properties of the Ca2+ ion allow for highly specific interactions between it and
other molecules (35). Because the concentration of free Ca2+ in the cytosol
([Ca2+];) of resting cells is low, around 100 oM, it can be readily modulated.
The opening ofCa2+ channels in the membranes that separate the cytosol from
external or internal stores of Ca2+can rapidly raise [Ca2+]j (Figs. I and 2; 5).
Calcium pumps in the plasma membrane (PM) and endomembrane system,
on the other hand, maintain the low level of [Ca2+]; and can quickly restore
[Ca2+]j to basal levels following an increase (8). Calcium acts via Ca2+_
binding regulatory proteins, such as calmodulin (CaM) (64). These Ca2+_

binding proteins respond to changes in [Ca2+]j by modulating their activities.
In this chapter we shall discuss the evidence that links changes in Ca2+ and
Ca2+-binding regulatory proteins to the action of plant hormones.

CALCIUM HOMEOSTASIS AND TRANSPORT

Because the synthesis of metabolic energy in the form of ATP depends on
a large pool of free phosphate ions, the [Ca2+]j of living cells must be kept
low to avoid the formation of insoluble calcium phosphate salts. There can
be no doubt that plant cells maintain [Ca2+]j within a very narrow range,
rarely exceeding 1 J.tM. Indeed, using a variety of methods for measuring
[Ca2+]j, resting levels of this ion are generally found to be 100 oM to 200 nM
(61). A system of ion carriers, pumps and channels maintains [Ca2+]j within
this narrow range (Fig. 2). An understanding of how the activities of these
transporters are regulated is crucial to an understanding of how Ca2+ functions
as a signaling molecule in cells.

Calcium Channels

Calcium channels at the PM and tonoplast (TP) exploit the large
electrochemical gradient that favors the passive influx of Ca2+ into the
cytoplasm of all cells. Calcium channels have been identified at the PM and
TP of plant cells but not yet on the endoplasmic reticulum (ER) (38). At
least two types of Ca2+ channel have been identified at the PM based on their
sensitivity to channel blockers, and two channels can be distinguished in the
TP based on their response to the regulatory ligand inositol trisphosphate (lP3)
(5, 38). A large number of factors affect the gating of Ca2+ channels in
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(Ca2+J-1OOnu

Fig. 2. The identity and location of transport systems involved in cytosolic Ca2+homeostasis.
Transport systems at the PM are as follows: I, Primary electrogenic Ir-ATPase which
generates a highly negative membrane potential (typically -ISO mV); 2, Primary Ca2+-ATPase
which energizes export ofcytosolicCa2+in exchange for extracellularW; 3, Dihydroypryidine
(DHP)-sensitive Ca2+channel activated by depolarizing voltages (+); and 4, Other classes of
Ca2+-permeable channels. Transport systems at the TP include: 5, Primary electrogenic
W-ATPase which generates a vacuole positive membrane potential between +20 and +50 mV
and an inside-acid pH gradient of 2 units; 6, Ca2+/H+ exchanger driven by the chemical and
electrical component of the proton motive force; 7, IP3-gated Ca

2+ channel; and 8,
Voltage-operated Ca2+channel opened by positive shifts in trans-TP electrical potential (+).
Ca2+transport at othermembranes: 9, Ca2+channel in the chloroplast envelope facilitating Ca2+
uptake in response to an inside-negative membrane potential; 10, Primary Ca2+-ATPase at the
ER. From (38).

higher plants and algae including voltage, stretch and Ca2+(5).
Experimental evidence suggests that Ca2+channels at the PM and TP are

used to raise [Ca2+]i in plants, and supports a role for external Ca2+ in
modulating [Ca2+]j' Many researchers have observed that changes in external
Ca2+concentration result in very rapid changes in [Ca2+]j' For example, using
Ca2+-sensitive microelectrodes Felle (24) has shown that in maize roots an
increase in external Ca2+from 100 JotM to 10 mM caused a three-fold increase
in [Ca2+]j within seconds. Similar observations have been made with stomatal
guard cells (28) and wheat aleurone tissue (10). High external Ca2+
concentrations have also been shown to be required for the responses of plant
cells to abscisic acid (ABA) (27), auxins (23, 25, 51), cytokinins (69) and
gibberellins (GAs) (14,29). Furthennore, a rise in [Ca2+]; has been shown to
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Calcium and plant hormone action

be associated with responses to these honnones. The evidence that Ca2+
channels in the PM playa role in the influx of Ca2+into cells as cited above
is indirect, but the inhibitory effects of Ca2+ channel blockers and the
demonstration of inward Ca2+currents associated with elevated cytosolic Ca2+
strongly implicate channels as a pathway for Ca2+ entry and regulation of
[Ca2+]j.

Calcium Carriers and Pumps

Energy-dependent Ca2+ transporters at the PM, ER and TP play an equally
important role in Ca2+ homeostasis by lowering [Ca2+]j (Fig. 2). These
transporters are of two types: Ca2+pumps that couple the hydrolysis of ATP
directly to the transport of Ca2+, and H+/Ca2+ antiporters that exploit H+
gradients established by H+-ATPase or H+-translocating pyrophosphatases
(PPases) to couple energetically favorable H+ movement to Ca2+movement
(Fig. 2; 8, 63). Calcium pumps are located at the PM and ER, whereas
H+/Ca2+antiporters have been found in the PM and TP. As in animal cells,
the activities of the ER and PM Ca2+pumps in plants are regulated by CaM
(22). Since CaM activation is dependent on Ca2+(64), CaM stimulation of
Ca2+ pump activity provides a feedback mechanism for the lowering of
[Ca2+]j. Much less is known about regulation ofthe H+/Ca2+antiporter at the
PM and TP. The H+/Ca2+ antiporter, however, is sensitive to the
transmembrane proton gradient, and the activity of this Ca2+transporter may
reflect regulation imposed via the PM or TP ATPase (75) or the PPase (63).
It should be noted that the activities of both PM ATPase and the TP PPase
are regulated by Ca2+concentrations that are within the accepted range of
[Ca2+1 (63, 64).

Calcium Stores in the Symplast and Apoplast

Reservoirs of Ca in the cell wall and in organelles are important for Ca2+
homeostasis in plants, although the evidence favoring a role for internal Ca2+
stores in cytosolic Ca2+homeostasis is circumstantial. The cell wall contains
millimolar concentrations of Ca, and depending on the pH and charge
properties of the wall, the concentration of Ca2+ in the apoplast of growing
cells is estimated to be on the order of 100 JLM to 200 JLM (18). The vacuole
and ER also contain relatively high Ca concentrations (38). The vacuole by
default has been assumed to be the most important internal store of Ca2+for
cytosolic Ca2+ homeostasis, in part because of its relatively large size.
Vacuolar Ca2+is thought to be in the 100's of micromolar to the millimolar
range. Few accurate estimates exist of vacuolar free Ca2+ because this
compartment also contains high levels of oxalic, phytic and phosphoric acids,
which lead to insolubilization of Ca2+. There is evidence, however, that in
storage organs Ca insolubilized as phytate can be mobilized (41).
The ER, in barley aleurone cells for example, contains millimolar levels

of calcium, with free Ca2+reaching concentrations of at least 5 JLM (11, 12).
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The role of the ER Ca2+store in cytosolic Ca2+homeostasis in plants remains
enigmatic. The ER contains an abundant supply ofCa2+, and the surface area
of the ER greatly exceeds that of the vacuole or PM, but there is as yet no
evidence that this Ca2+ store is used to regulate cytosolic Ca2+. Indeed,
attempts to cause gating of putative ER Ca2+ channels with signaling
molecules such as IP3 have not been successful, suggesting that in plants, the
IP3-sensitive Ca

2+channel is confined to the TP (38). An interesting aspect
of the ER Ca2+store concerns the role of Ca2+-binding proteins. A family of
Ca2+-binding proteins, referred to as reticuloplasmins, has been identified in
the lumen of the ER of animal cells (45, 66), and many of these proteins are
found in the ER of plant cells (39). The reticuloplasmins are highly acidic
proteins and they possess the ER retention signal XDEL (59). In addition to
acting as molecular chaperones, the reticuloplasmins are also Ca2+-binding
proteins which may be involved in buffering ER Ca2+. The ER luminal
protein BiP (binding protein), for example, is thought to participate in the
translocation of newly synthesized proteins into the ER (67), but can also
bind as many as 30 mol Ca2+/mol BiP (66). BiP appears to be widely
distributed in plants, and its distribution is correlated with the synthesis of
proteins at the ER (39). Interestingly, GA elevates BiP levels in the ER of
aleurone tissue that is actively synthesizing secretory proteins (40).
Chloroplasts and mitochondria also contain millimolar levels of Ca, and

it has been argued that these two organelles play important roles in Ca2+
homeostasis(9, 17,20,47). The mechanism ofCa2+uptake by mitochondria
is controversial. A low affinity Ca2+ pump located on the mitochondrial
membrane has been described, although the~ for Ca2+(ca. 100 pM) of this
transporter suggests that it does not playa role in cytosolic Ca2+homeostasis
under physiological conditions (20). Furthermore, since Ca that accumulates
within the mitochondrial matrix is thought to be present largely as insoluble
salts, the mitochondrial pool of Ca may not be available for replenishment of
cytosolic Ca2+. An inwardly-rectifying Ca2+ channel (Fig. 2) and an
unidirectional Ca2+uniporter (42) are thought to be located in the chloroplast
envelope (46). Light plays an important role in driving the uptake of Ca2+
into the chloroplast, and light-dependent Ca2+ uptake by chloroplasts is
associated with a lowering of [Ca2+]; (54). Although the significance of light­
dependent cytosolic Ca2+ regulation is not fully understood, it is widely
accepted that Ca2+ plays an important role in regulating the biochemical
activities of the chloroplast (47). For example, the activity of fiuctose 1, 6
bisphosphate is regulated by light in a Ca2+-dependent manner. Chloroplasts
also contain CaM and enzymes whose activities are regulated by CaM (78).

Hormones and Cytosolic Ca2+ Homeostasis

Calcium acts as a signaling molecule via changes in its cytosolic
concentration. Change in [Ca2+]; in response to phytohormones is
characterized by a slow resetting of Ca2+concentration, generally to a higher
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Fig. 3. The effects of hormones on [Ca21i' A,
the effects of incubating barley aleurone
protoplasts in the presence (0) or absence (.)
of GA on <X-amylase secretion and [Ca2+1i
measured with Indo-I. From (29). B, The
effect of IAA on cytosolic Ca2+ concentration
(pCac) and cytosolic pH (pHc) as measured
with microelectrodes in corn coleoptiles. From
(24). C, The effect of ABA on [Ca2+); as
measured with Indo-} in guard cells of
Comme/ina communis. Although stomata
always close in response to ABA, [Ca2+1i does
not always increase, as shown in the top trace.
From (28).

'·00 [ A~A;';~ .;.\~ ,
.:...~~ .;~ .~.~.

~i

0·02

c ~.::~_--.:!~..~~~ .._~
010

~ 0·02
.;

a 7.0[ I
'-' -..... pea,
Q. 6.5 -------=--

2min,-
:t:7.0[~
Q. 6.5

Time after GA) tlealment (h,

A zoo c------------,

0.0 0 10 15 zo ZS

! 160

:'I\l 120
~

B

level. Using Ca2+-sensitive
fluorescent dyes it has been shown
that in stomatal guard cells ABA
brings about a two- to three-fold
increase in [Ca2+]j from about 100
oM to about 200-300 oM (Fig. 3C).
Similar changes are found in the
[Ca2+]j of barley aleurone cells
following exposure to gibberellic
acid (GA) (Fig. 3A). These
observations of hormone-induced
change in [Ca2+]j have been
confirmed for auxins by Felle using
microelectrodes to monitor [Ca2+1
(Fig. 3B). Interestingly, Felle (24)
reports that he has never observed
spikes in [Ca2+1 in response to
stimuli such as auxin. Such spikes
are observed when plants are
perturbed by touch or temperature
shock, with [Ca2+]j rising rapidly to
low micromolar concentrations then
rapidly declining to resting levels
(Fig. 4; 43, 44). Felle (24) argues
that plant cells respond to hormones
with subtle changes in [Ca2+]j (Fig.
3). These changes act to modulate
cellular reactions rather than to
amplify signals as in most animal
cells. CaM and other Ca2+-binding
proteins would be appropriate
candidates for modulating cellular
reactions in response to [Ca2+]j'
Scanning laser confocal

microscopy has allowed the mapping
of cytosolic Ca2+ in cells using Ca2+_
specific fluorescent dyes. The
picture that emerges from confocal
microscopy is that Ca2+
concentrations within cells are not
always unifonn. In barley aleurone
cells exposed to GA, for example,
elevated [Ca2+]j is localized in areas
just inside the PM and in the region
of the cytosol that is rich in ER
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(29). Note that in the aleurone cell,
high external Ca2+ concentrations are
required for the response of the cell to
GA, and the ER of the aleurone cell
accumulates high Ca2+ concentrations
(11, 12). In stomatal guard cells, on
the other hand, the rise in [Ca2+1 !
following ABA treatment or exposure
to high external Ca2+or K+, all stimuli
that cause stomatal closure, is localized
to the cytosol around the vacuoles and
the ER-rich perinuclear cytoplasm,
suggesting that elevated [Ca2+1 results
from efflux out of intracellular stores
(28). Clearly the changes in [Ca2+]j
brought about by hormones are
complex. In addition to the quantitative
information conveyed by changes in
bulk [Ca2+]i' localized gradients of Ca2+
could dictate position-specific responses
within cells.

Fig. 4. The effects of touch (a),
temperature shock (b) and fungal elicitors
(c) on Ca2+-dependent aequorin
luminescence in transgenic tobacco
seedlings. From (43).

Calcium-binding Proteins

Calcium, although uniquely suited to be
a signaling molecule, is unsuitable as an
effector molecule. As noted above,
changes in [Ca2+1 are often an integral part of plant responses to hormonal or
environmental signals. Yet to produce the varied physiological responses that
follow a change in [Ca2+]j, responses that may depend on cell type, stage of
development, or environmental history, requires effector molecules
downstream of [Ca2+1. These effector molecules are often proteins which,
upon binding one or more calcium ions, change conformation and become
activated. It is through these molecules that Ca2+-based signals are
propagated, and it is they that create specificity of response.

Calmodulin
Of the Ca2+-binding proteins, one of the most important seems to be

CaM. CaM is a small polypeptide containing four Ca2+-binding pockets
called EF-hands. One pair of EF-hands is linked to the other by a flexible
a-helical region, giving the molecule its dumbbell shape (64). Throughout
evolution, the CaM molecule has been highly conserved. Animal and plant
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CaMs are >90% similar at the amino acid level (64). Nevertheless, multiple
alleles of the CaM gene are often present within single species. Once
activated by Ca2+ binding, CaM itself binds to numerous other proteins,
causing their activation. The value of a multi-functional activator like CaM
may be that it allows for simultaneous, coordinated control of numerous
biochemical processes.
The activity ofCaM itself can be regulated on at least three levels. The

first is at the level ofCa2+concentration. At resting levels of [Ca2+]j (ca. 100
nM), CaM exists largely in its inactive, Ca2+-free form. Only after [Ca2+]j
rises does appreciable Ca2+ binding take place. CaM activity can also be
regulated at the level of protein concentration. Although little is known about
the dynamics of CaM concentration within plant cells, CaM levels in barley
aleurone protoplasts have been shown to increase approximately 50% or more
following GA3 stimulation (30); strawberry fruit whose achenes have been
removed show higher levels of CaM mRNA when treated with auxin (37);
and CaM transcript levels increase more than tenfold in Arabidopsis thaliana
10 min after stimulation by touch (7). Finally, intracellular CaM activity can
be regulated by localizing the molecule to discrete regions within the cell.
To date, little evidence for this exists in plants, although CaM has been
shown to be associated with the mitotic apparatus of endosperm cells (82).
CaM localization has been elegantly demonstrated in fibroblasts using
MeroCaM' a fluorescent dye which reports regions of Ca2+-activated CaM
(33).
Numerous proteins are activated by Ca2+-CaM in both plants and animals.

In plants, NAD kinase, NTP kinase, quinate: NAD+ oxidoreductase, an ER
and PM Ca2+-ATPase, and a TP ion channel have all been shown to be
stimulated by CaM (64, 84). There is also evidence for a CaM-stimulated
protein kinase similar to CaM-dependent protein kinase II (61).

Calcium-dependent Protein Kinase
Of the other Ca2+-binding proteins that may serve as effector molecules

in plants, the best characterized are the calcium-dependent protein kinases
(CDPKs) (64). A member of this protein family was first identified in
soybean, and others have since been found in numerous species, tissues and
intracellular locations. Multiple isoforms of CDPK exist within single
species, and both soluble and membrane-bound forms have been reported.
Ranging in size from 40 kDa to 90 kDa, CDPKs comprise a kinase domain,
a CaM-like domain, and an auto-inhibitory domain. Calcium binds to the
four EF-hands within the CaM-like domain to cause a change in protein
conformation (64). This in tum displaces the autoinhibitory domain from the
kinase domain and activates the kinase. The K.nax for Ca2+ is typically 1-10
/LM, similar to that for CaM. In vitro many proteins are phosphorylated by
CDPKs on serine and threonine residues. The in vivo substrates required for
further propagation of the Ca2+ signal are currently being sought. One such

306



P. C. Bethke, S. Gilroy and R L. Jones

substrate may be an oat root PM H+-ATPase which has been shown to be
phosphorylated by a Ca2+-stimulated kinase (64, 71).

Other C(f+-binding Proteins
Additional Ca2+-binding proteins or Ca2+-regulated proteins that may be

important in signaling include other ion transporters and cytoskeletal
elements. Calcium has been shown to be required for the opening of K+
efflux channels and closing ofK+ influx channels in the PM of stomatal guard
cells, presumably by direct interaction of Ca2+with the channel. The fast
vacuolar channel seems to be similarly activated. Microtubule disassembly
is mediated by Ca2+-CaM (76), and polymerization of actin, as well as
movement of actin along myosin filaments is Ca2+-dependent. Finally, in
animal systems [Ca2+]j has been tied to changes in transcription. This is
thought to occur through Ca2+-dependent phosphorylation of transcription
factors that interact with Ca2+-responsive or cAMP-responsive elements in the
promoter region of genes such as c{os (77).
The CaM-activated proteins, CDPKs, and other Ca2+-binding proteins are

additional links in the signal transduction chains utilizing changes in [Ca2+]j'
Some, such as protein kinases and ion transporters, have the potential to serve
as branch points, propagating the signal in several directions. Dissecting out
complete signaling pathways from signal to physiological response will be a
challenge for biologists in the years to come, yet some of the methodologies
needed to approach this complex problem are already at hand. In Arabidopsis
thaliana, for example, Northern analysis has shown that transcription ofCaM
and CaM-related genes is rapidly increased following physical stimuli,
perhaps linking CaM to thigmotropism (7). In etiolated tomato hypocotyls,
microinjection of Ca2+-CaM into living cells resulted in expression of a
chlorophyll alb-binding protein-GUS (Cab-GUS) reporter gene and
chloroplast development, establishing CaM as an intermediate in the
transduction chain downstream ofphytochrome (55). Experiments with yeast
having a conditional-lethal mutation in the gene for CaM have shown that
CaM is required for nuclear division (1). And mammalian cells expressing
an anti-sense CaM gene were arrested in growth at both Gland M phases of
the cell cycle, further suggesting that one of the signaling pathways utilizing
Ca2+-CaM regulates the cell cycle (I). Transgenic tobacco plants that
overexpress the CaM gene up to 50-fold or have reduced CaM mRNA
resulting from an anti-sense CaM gene have wild-type levels of CaM protein,
and nearly wild-type growth. This suggests that in plants the amount ofCaM
protein may be regulated at the translational or post-translational level (61).

Other Signaling Pathways

While many signaling systems in plants use [Ca2+]j as a second messenger,
other second messengers and signals reflecting the metabolic status of the cell
are used as well. A full understanding of how [Ca2+]j is utilized to achieve
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a desired physiological response requires an understanding of how these
other signals interact with and influence Ca2+-mediated signaling pathways.
Cross-talk between the second messengers inositol 1, 4, 5-trisphosphate (lPJ)
and [H+] or pH, as well as a metabolic parameter, membrane potential, are
briefly discussed below. Other second messengers that may function in plants
are listed in Table 2.

Inositol Phosphates
Perhaps the most direct link between Ca2+ and another second messenger

is that between Ca2+ and IPJ. In animals, numerous environmental or
honnonal signals, acting through receptors at the PM, activate phospholipase
C. This activation is either direct, as in the case of tyrosine-kinase-linked
receptors, or requires an intervening GTP-binding protein (G protein). Once
activated, phospholipaseC hydrolyzes phosphatidyl-inositoI4, 5-bisphosphate
(PIP2) to produce the second messenger IPJ' IPJ stimulates the release of
stored Ca2+ from the lumen of the ER or sarcoplasmic reticulum into the
cytosol. It is by regulating [Ca2+1 that IPJ affects numerous physiological
processes (3).
Many of the key players in this signaling system have been shown to

exist in plants (21). The most notable exception being a receptor capable of
activating phospholipase C either directly or indirectly. Accumulating
evidence suggests that IPJ has a signaling role in plants, and that it is
involved in regulating [Ca2+1 (19). Microinjection and release of caged IPJ
into living stomatal guard cells, for example, results in an increase in [Ca2+]i
and causes stomatal closure (31). IPJ also stimulates Ca

2+ release from
vacuolar membrane vesicles (74) and from intact vacuoles (62). This
suggests that in plants the vacuole may be a source of IPJ-mobilizable Ca2+.

An intriguing feature of IPJ-stimulated Ca2+release in animal cells is that
the process is regulated by Ca2+. The activity of the IPJ receptor, a Ca

2+
channel, increases as [Ca2+]j increases, up to approximately 300 oM. Higher
[Ca21i are inhibitory to Ca2+ release (3). Although such Ca2+-induced Ca2+
Table 2. Second messengers in plants.

2nd Messenger

Inositol Phosphates

Cytoplasmic pH ([WD

G-Proteins

Diacylglycerols
cAMP
cGMP

Activity

Release of Ca2+
from internal stores

Unknown

Ion channel regulation
Cell cycle regulation?

Vesicle-mediated transport?

Ion pump activation
Unknown
Unknown
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release has not been directly demonstrated in plants, it is suggested in guard
cells (31) and serves to illustrate the complexities possible in the interactions
between signaling pathways.

Cytoplasmic pH
The role of [H+] as a second messenger and the cross-talk between

cytoplasmic pH (p~) and [Ca2+]j have not been extensively studied in plant
cells. Yet recent findings suggest that in plants, as in animals, there is a
strong interaction between these two signaling molecules, and that they may
be co-regulatory. When individual, living maize coleoptile cells were impaled
with double-barreled microelectrodes to simultaneously measure [Ca2+]j and
p~, an increase in [Ca2+]j and an acidification of the cytoplasm were detected
following application of IAA (Fig. 3B and ref. 23). It was also noted that
IAA induced oscillations in membrane potential, [Ca2+]i and p~. By
simultaneously loading com coleoptiles with two fluorescent dyes, one
reporting [Ca2+]i and another reporting p~, Gehring et al. (25) demonstrated
that [Ca2+]j increased and p~ decreased within 4 min following application
of the synthetic auxin 2, 4-D. Changes in pH were 0.1-0.2 pH unit. ABA,
while still raising [Ca2+]j, caused an increase in p~ of 0.05-0.1 pH unit (25).
Using similar methodology, Irving et al. (36) showed that guard cell [Ca2+]j
and p~ responded qualitatively similarly to those parameters in com
coleoptiles when treated with auxin or ABA. Kinetin also caused an increase
in [Ca2+l and a decrease in p~. It was suggested that both [Ca2+]j and p~
are important in regulating guard cell movement, since changes in
concentration preceded hormone-induced stomatal opening or closure (36).

Membrane Potential
The environmental and developmental history of plant cells may be

reflected in their metabolic status. One parameter that may mirror this status
is membrane potential. For example, auxin has been shown to hyperpolarize
the PM of tobacco protoplasts (2), and anion channels in the PM of guard
cells may respond to auxin by producing a transient depolarization (51). How
such metabolic parameters interact with Ca2+-signaling systems is only
beginning to be known. What is clear, however, is that there is an enormous
potential for cross-talk between them. A few examples follow. Voltage­
dependent Ca2+ channels are well known in animal cells, and at least one
voltage-dependent Ca2+-permeable channel has been reported in higher plants
(58). This channel in the TP of sugar beet opens when Ecytoptum- EVicuole is
positive. Its function is not fully understood. A voltage-sensitive W /Ca2+
antiport in the TP of beets and maize is thought to sequester Ca into the
vacuole (4, 16). Membrane potential also influences the activity of several
Ca2+-activated channels. Within the stomatal guard cell, for example,
depolarization of the PM results in activation of two Ca2+-dependent, voltage­
gated anion channels. The R-type anion channel rapidly activates and then
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inactivates during prolonged stimulation, while the S-type may regulate long
tenn anion flux and membrane depolarization (72).

PARADIGMS

Having indicated the cellular mechanisms of calcium homeostasis and
signalling in plant cells, we now describe three experimental systems,
stomatal closure, moss bud development and enzyme synthesis and secretion
by cereal aleurone cells, where models of the transduction of a honnonal
signal by Ca2+can be constructed.

Stomatal Guard Cell Function

Perhaps our most complete understanding of Ca2+-based signal transduction
in plants comes from the stomatal guard cell. Gaseous exchange at the leaf
surface occurs through stomatal pores in the epidennis. Control of stomatal
aperture provides the mechanism by which plants regulate their rate ofwater
loss and uptake of CO2 for photosynthesis. The aperture of the stomate is
controlled by the turgor of the two guard cells surrounding the pore; when the
guard cells are fully turgid the pore is maximally open. Many physical and
chemical stimuli are known to influence stomatal aperture, including light
quantity and quality, CO2 concentration, water stress and plant hormones (50).
ABA has recently been shown to cause a rapid rise in [Ca2+]i that precedes
ABA-induced stomatal closure (28, 36, 52, 53). Stomatal closure and the
ABA-induced increase in [Ca2+]j were slowed in the presence of the Ca2+­
channel blocker La3+, but an increase still occurred with external EGTA
pretreatment, suggesting that Ca2+may be mobilized from internal stores in
response to ABA. Indeed, imaging of the increase in [Ca2+]j in guard cells
of Commelina communis revealed hot spots of Ca2+ in the ER-enriched
cytoplasm surrounding the nucleus and vacuole (28, 53), which may reflect
Ca2+ release from these internal stores. Schroeder and Hagiwara (73),
however, using simultaneous patch clamping of the guard cell PM and
fluorescent imaging of [Ca2+]j showed that ABA induced repetitive opening
of nonspecific, Ca2+ penneable cation channels in the PM. Increases in
[Ca2+]j occurred as these channels opened. These results suggest the PM is
a site of ABA-induced Ca2+influx.
To directly test the role of Ca2+in triggering stomatal closure, Gilroy et

al. (31) microinjected caged Ca2+into guard cells. Release of Ca2+from its
cage triggered stomatal closure, providing [Ca2+]j increased to above a
threshold of approximately 600 nM. Similar experiments using caged-IP3
photolysis showed that release of IP3 induced an increase in [Ca

2+]j (31),
inhibition ofK+ channel activity (6) and subsequent stomatal closure. These
experiments reinforce the hypothesis that an increase in cytosolic Ca2+, at least
in part from intracellular sources, triggers stomatal closure (28).
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This extensive work on guard cells and our knowledge of guard cell
electrophysiology has led to a plausible model for Ca2+-transduced, ABA­
induced stomatal closure. In this model, ABA opens non-specific cation
channels in the guard cell PM. This allows for Ca2+influx and a consequent
increase in [Ca2+]i (73). Increased [Ca2+]i triggers Ca2+release from internal
stores and/or IP3 release, which induces Ca2+release from internal stores (31).
Elevated [Ca2+1 activates voltage-dependent anion channels (34) tending to
further depolarize the membrane. Depolarization closes inward K+ channels.
Outward K+ channels may then be activated by changes in pH. The net effect
would be an increase in K+ efflux from the cell, subsequent loss of turgor and
stomatal closure (50, 72).
This model describes a mechanism whereby ABA and Ca2+could lead

to stomatal movements. However, the transduction of the ABA signal may
involve more than a simple increase in [Ca2+]j' Gilroy et al. (28) observed that
although guard cells always closed in response to ABA, Ca2+ levels were
elevated in only 40% of the cells tested. Schroeder and Hagiwara (73) also
found that one third of the guard cells in epidermal strips of Vicia faba
closed in response to ABA, and only 37% showed an ABA-induced rise in
[Ca2+]i' These results suggest that ABA-induced stomatal closure may occur
through Ca2+-dependent and Ca2+-independent pathways, although this is
controversial (53).
Auxin also affects stomatal responses, eliciting stomatal opening. Martin

et al. (51) have used patch clamping to show that auxin may interact directly
with the external face of ion channels in the guard cell PM. Active auxins
(IAA and l-naphthyacetic acid), but not inactive auxin analogs, ABA,
cytokinins or GA, cause anion channel activation potential to move toward
the resting potential of the cell, promoting transient channel opening and thus
the uptake of ions that leads to stomatal opening (51). Thus, the receptor for
auxin action in the guard cell may be an ion channel itself and, unlike the
effects of ABA in guard cells, the auxin signal may not require a second­
messenger-based transduction system to regulate ion channel activity (51).
Blatt and Thiel (6) disagree with this interpretation of the effects of IAA on
guard cell membrane depolarization. They argue that the rapid effects ofIAA
on membrane depolarization are brought about by the electrophoretic co­
transport of H+ which brings about depolarization, not by an interaction of
auxin directly with the channel (6).

Bud Formation in FunaTia hygTometr;ca

In response to cytokinins, target cells of the moss Funaria hygrometrica
undergo asymmetrical cell division, a process thought to involve both spatial
and temporal changes in [Ca2+]i (35, 69). Cytokinin (CK) induces a localized
swelling of the target cell (caulonemal cell) and nuclear migration to this
region. This cell then undergoes asymmetrical cell division and the side
branch cells divide to form buds. These CK-induced events can be disrupted
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with Ca2+channel antagonists such as Verapamil and La3+or by removal of
extracellular Ca2+. The Ca2+ionophore A23187 in the presence of Ca2+can
mimic the effect of CK addition (35). These data suggest that Ca2+influx at
the PM is involved in the transduction of the CK signal. Visualization of
membrane-associated Ca2+ using the fluorescent indicator chlortetracycline
showed an accumulation of membrane-associated Ca2+at the site of nuclear
migration, lateral wall swelling and bud cell division. In a direct test of this
model, Habm and Saunders (32) have loaded Funaria cells with the
fluorescent Ca2+indicator Indo-I to monitor [Ca2+); changes in response to CK
treatment. Ca2+ in quiescent, i.e. non-target, cells remained at 250 nM
irrespective of CK treatment. However, CK induced a three-fold increase in
Ca2+in target caulonemal cells.. This increase was dependent on extracellular
Ca2+, and when ion fluxes were monitored with the vibrating microprobe,
current influx (partly carried by Ca2+?) predicted the site of bud initiation
(68). However, Ca2+cannot entirely account for the response of these cells,
as non-target caulonemal and tip-growing cells, which do not go on to divide
asymmetrically, also responded with an increase in [Ca2+]j' Thus an elevation
in [Ca2+]; in conjunction with more specialized response elements further
downstream of Ca2+, or interaction with other signaling pathways, may
account for the induction of cell division in caulonemal cells ofFunaria.

Enzyme Synthesis and Secretion by the Cereal Aleurone

The aleurone layer of cereal grains is a digestive tissue that secretes a
spectrum of hydrolytic enzymes, principally a-amylases, that mobilizes
storage polymers in the endosperm for use in germination and seedling
growth (41). Gibberellins stimulate enzyme synthesis and secretion from the
aleurone cell and this is reversed by ABA. Barley aleurone protoplasts show
a slow (4 h) rise in cytosolic Ca2+from 100 to 300 oM upon incubation with
GA. This increase precedes the onset of a-amylase synthesis and secretion
(13, 14, 29). Subsequent treatment with ABA lowers [Ca2+];, and secretion
ceases. Ratio and confocal imaging of individual protoplasts loaded with
fluorescent Ca2+-indicators revealed the increase in Ca2+to be localized to the
cytoplasm just below the PM (29). Removal of extracellular Ca2+abolished
both secretion of a-amylase and the rise in [Ca2+];. This suggests that in the
aleurone cell the increase in [Ca2+]j results from influx at the PM. Similarly,
in the isolated aleurone layer ofwheat, GA causes cytosolic Ca2+levels to rise
within minutes (10). This increase is blocked by the Ca2+channel antagonist
Nifedipine, reinforcing the idea that GA modulates Ca2+fluxes at the PM in
aleurone cells. GA has also been shown to increase the level ofCaM and the
activity of a CaM-dependent Ca2+-ATPase on the ER in barley aleurone (10,
12,30). This provides a mechanism for increasing the transport of Ca2+into
the ER, Ca2+which is needed for the synthesis of the Ca2+-containing a­
amylase holoenzyme (41). Ca2+and CaM may also regulate other activities
in the aleurone cell, such as the fusion of secretory vesicles, a well-known
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Ca2+-dependent event (80). Thus changes in [Ca2+]; and CaM levels provide
one mechanism to integrate and coordinate the complex events that change
as GA and ABA regulate secretory activity in the aleurone cell.

CONCLUSIONS AND FUTURE DIRECTIONS

It is now clear that many hormonal signals are transduced by changes in
[Ca2+]j' These changes are often characterized by a resetting of [Ca2+]j to a
new, usually higher level. Heterogeneity of [Ca2+1 within individual cells
may provide a spatial component to the Ca2+signal. There is an increasing
awareness that other second messengers may play a role in amplifying or
modifying the Ca2+ signal. The full extent of such cross-talk is not yet
known, but its potential for creating specific cellular responses from more
generic hormonal signals is tremendous. The cellular machinery required to
provide complicated Ca2+ dynamics is also beginning to be understood.
Calcium pumps have been well characterized. Our knowledge of Ca2+_
channels and their regulation is expanding rapidly. Calcium-binding proteins
and Ca2+-regulated proteins are being used to trace Ca2+-based signaling
pathways from the Ca2+ signal to the final response. Yet for those seeking
an understanding of how Ca2+is used by plants to transduce hormonal signals
many challenges lie ahead. Much more remains to be learned about how
Ca2+-transport through the PM and organellar membranes is regulated in vivo.
Although some Ca2+-binding proteins have been identified, others almost
certainly await discovery. Even for the most extensively studied Ca2+-binding
proteins, CaM and the CDPKs, little is known about their activity in vivo.
Until a more complete list of the proteins with which Ca2+-binding proteins
interact is in hand, and until such interactions have been quantified with
regard to binding affinity and kinetics, we can only begin to guess at how the
responses to plant hormones that are mediated by Ca2+ are brought about.
Finally, although at present the number of elements known to be links in
Ca2+-based signal transduction chains is small, it is bound to increase. It is
the complex nature of signaling within plant cells that makes this field of
study at once so daunting and so exciting. The challenge for the future is to
identify missing pieces of the signal transduction puzzle, to establish the
linkages between all the pieces, and to interpret the multi-dimensional picture
that emerges. At present we see only a crude sketch, notable more for its
omissions than for its completeness. Yet detail is being added at a rapid rate,
and the pace is likely to quicken.
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E. MOLECULAR ASPECTS OF
HORMONE SYNTHESIS
AND ACTION

E1. Genes Specifying Auxin and Cytokinin
Biosynthesis in Prokaryotes

Roy O. Morris
BiochemistryDepartment, University ofMissouri, Columbia, Missouri 65211,
USA.

INTRODUCTION

Much effort has been expended to understand the biosynthesis and mode of
action of the auxins and cytokinins, with only moderate success. For
example, although cytokinin structures, internal distribution and transport
within plants are documented (64,37), cytokinin catabolism is well understood
(47), and the morphological and physiological consequences of cytokinin
application have been described (37), we still do not know fully how they are
synthesized. Putative plant cytokinin biosynthetic enzymes have been
observed (14,13), but none has been purified to homogeneity. Further, we do
not know when and where such enzymes are expressed in the plant or even
if they are responsible for plant cytokinin synthesis in vivo. A longstanding
debate continues (7; see Chapter B3) as to whether cytokinins are synthesized
directly or via an indirect pathway involving tRNA catabolism. Plant genes
that encode biosynthetic enzymes for both pathways remain to be isolated.
A similar situation obtains for auxins.
Recently, light has been shed from an unexpected source on the

biosynthesis of both auxins and cytokinins. Several phytopathogenic,
symbiotic, or free-living soil bacteria have been shown to synthesize one or
both hormones (Table 1) .
The phytopathogens listed in Table 1 generally form galls on their plant

hosts, suggesting that they alter the endogenous phytohormone content of
infected tissues. Biochemical and molecular studies have confirmed that this
does happen. Tumors incited by Agrobacterium tumefaciens and
Pseudomonas savastanoi have elevated auxin and cytokinin levels and the
bacteria themselves contain genes for auxin and cytokinin (1, 6, 36, 39, 60,
80) biosynthesis.
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Table 1. Bacteria known to produce phytohormones

Azotobacler chrooeoccum (54) RhiZOllpbere auociated

Azolobacler vinelondii (72) RhiZOllpbere auociated

Brodyrhizobium jopo";cum (68) Symbiont

Erwinia herbicola pv IlYPlophilM (42) GYl*lPhiia gall

Frankia ap. (66) Symbiont

PJeudomontU amygdali (31) Almond canker

PaeudomontU .olanacearum (3) Bacterial wilt

Bacteria

Agrobacurium rhiz.>gtnea (3)

Asroboelerium lumefOl:ieM (45, 62)

Azo.pirillum brolile...e (84)

PJeudomontU ._/anai (69)

Rhizobium ap. (4)

Rhizobium ap. (71)

Rhizobium ap. (IC3442) (74)

RhodocOCCUl fasciaM (49)

Vibrio ap. (44)

Locationl Function

Hairy root disease

Crown gall twnora

RhiZOllpbere auociated

Olive galla

Symbiont nodulea

Symbiont

Symbiont

Wit.ebea Broom disease

Marine. Cree Iivilll

AuxiDB

1M

1M

1M

1M

CytokiniDB

z
Z, (9R1z' iP. (9R1iP

cZ, Z, (9R1Z, (9R1dHZ, iP, (9R1iP

Z, iP. (9R1iP

2ma(9RIZ,(9R1iP,2ma(9RliP

Z, (9RIz' iP, (9R1iP

19R)iP

(9deoxyRIz' Z, dHZ, iP

Z

Z, (9RJZ, I'MeZ, I"Me(9R1Z

Z, (9RJZ, iP, (9R1iP

Z

Z,iP

cZ, iP, (9RliP

iP,(9RjiP

In this chapter, the mechanisms of tumorigenesis by A. tumefaciens and
P. savastanoi are outlined. Evidence relating to tumor phytohormone status
is presented and details of the isolation, structure and function of the auxin
and cytokinin biosynthetic genes from A. tumefaciens and P. savastanoi are
described. Recent studies of the existence of cytokinin biosynthetic genes in
other pathogens and of the relative importance of tRNA-mediated vs. direct
cytokinin synthesis in A. tumefaciens are also presented.

Mechanisms of plant tumor formation

At least four classes of phytopathogenic bacteria, A. tumefaciens, Erwinia
herbicola, P. savastanoi and Rhodococcus fascians (formerly Coryne­
bacteriumfascians) produce neoplastic or hyperplastic diseases in plants (53,
17). The resulting galls display either completely unorganized growth or
incomplete organogenesis with production of abnormal shoots or roots (Fig.
1).
Although galls incited by all four classes of bacteria appear similar, there

is a fundamental difference between those incited by A. tumefaciens and those
incited by the other pathogens. Galls resulting from A tumefaciens are
transformed and no longer need the inciting bacteria to grow. Galls incited
by E. herbicola, P. savastanoi and R fascians need the continued presence
of bacteria (or a supply of auxin and cytokinin) to grow in culture (17).
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Fig. 1. Tumors and galls incited by phytopathogenic bacteria. (A) Undifferentiated crown gall
tumor incited on Kalanchoe stem by A. tumefaciens octopine strain A6NC. Roots arise not
from the tumor but from the stem below the point of infection. (B) Nicotiana tabacum
shoot-bearing teratoma in culture. Incited by A. tumefaciens nopaline strain T37. (C) Hairy
root tumor incited on Kalanchoe byAgrobacterium rhizogenes strain A4. (D) Witches broom
disease incited on Shasta Daisy by Rhodococcus fascians (photograph courtesy of Don
Cooksey).

A. tumefaciens incites unorganized crown gall tumors on most
dicotyledonous plant species (Fig. IA) although on some hosts some strains
ofA. tumefaciens incite shooty teratomas (Fig. IB). The closely related A.
rhizogenes causes hairy root disease, an overproduction of grossly abnonnal
roots (Fig. IC). Crown gall and hairy root tumors are honnone-autotrophic
in culture. They contain elevated levels of auxins and cytokinins (47) which
result from the expression of bacterial auxin and cytokinin biosynthetic genes
which have been transferred from the Agrobacterium genome to· the plant
genome. The process of tumorigenesis is therefore a natural genetic
engineering event, and A. tumefaciens and A. rhizogenes may be classed as
transfonning pathogens.

In contrast to A. tumejaciens, the three other classes of bacteria (E.
herbicola, P. savastanoi and R jascians) produce galls not by transfonnation
but by virtue of close association with the host. They may properly be
tenned associative pathogens. E. herbicola pv gypsophilae induces shoot
proliferation on Gypsophila paniculata (17). P. savastanoi produces
unorganized galls on olives, oleanders and privet. R jascians produces
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witches broom disease, a proliferation of shoots at the apex of herbaceous
plants (Fig. ID).

Molecular basis for crown gall tumor formation

Fig. 2 illustrates the molecular events that underlie crown gall tumor
formation by A. lumefaciens. Full details may be found in recent reviews

A

Plant cell

A. tumefaciens
T-DNA

OToPlASMID

----.;:"'=-~)~
INFECTION ....J '<ii1

Transformed Plant Cell

B
PLANT INDUCER

!

vir B vir C vir 0 vir E tzs -- ZEATIN

~\l//
T-STRAND TRANSFER

Fig. 2. Molecular mechanisms of crown gall tumorigenesis. Top: The T-DNA of the A.
tumefaciens Ti plasmid is transferred to and integrated into the nuclear genome of the host
plant. Bottom: Schematic of gene activation in A. tumefaciens during infection. The
organism represented is a typical A. tumefaciens, nopaline strain, C58. A phenolic signal from
the plant is sensed by the VirA protein which catalyzes the phosphorylation of VirGo
Phosphorylated VirG activates transcription of all vir genes which then effect T-complex
formation and transfer. Details from work summarized in (47, 82).

pTiC58: A. tumefaciens strain C58 Ti plasmid (HindlII restriction map)
vir A-G: Genetic loci controlling T-DNA transfer to plant
tms: T-DNA locus controlling tumor auxin content
ipt: T-DNA locus controlling tumor cytokinin content (ipt = tmr)
nos: T-DNA locus controlling tumor nopaline synthesis
VirA, VirD, VirE, VirG: Proteins encoded by the appropriate vir loci
® : Phosphate
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(52,53,82). In 1974, Zaenen et al. (81) demonstrated that A. tumefaciens
harbors a large (ca 200 kb) plasmid responsible for virulence. This was
termed the tumor-inducing (Ti) plasmid. If a strain ofA. tumefaciens is cured
of its endogenous Ti plasmid by growth at elevated temperatures, it loses
virulence. If the Ti plasmid from the same strain or from a different strain
is introduced into the cured bacterium, virulence is regained.
Although many different Ti plasmids have been characterized, they all

have two regions in common. These are the T-DNA, which is responsible for
tumorigenesis, and the virulence or vir region that is responsible for the
process of infection (Fig. 2). In a sense, the T-DNA may be regarded as the
ultimate pathogenic entity. It is a region (approximately 10%) of the Ti
plasmid, bounded by well-defined 23 bp direct oligonucleotide repeats (79).
Between these boundaries lay genes encoding the synthesis of auxins,
cytokinins and opines (unusual amino acids) (82). During tumorigenesis a
copy of the T-DNA is transferred from the Ti plasmid to the plant cell.
There it is integrated into the nuclear genome where it functions to induce
and maintain the tumorous condition.
T-DNA transfer from the Ti plasmid to the plant is controlled by

virulence genes which initiate T-DNA transfer but are not themselves
transferred. They cluster into at least six complementation groups (virA, virB,
virC, virD, virE and virG) (32,26) and some details of their function are now
understood. The products of the virD and virE genes are responsible for
excision and packaging T-DNA for transfer. VirD2 is a strand-specific
endonuclease which cuts the T-DNA border repeats, attaches covalently to
one end (15) and initiates packaging of one strand of the T-DNA into a linear
complex with one molecule of VirD2 and many molecules of VirEo This
linear structure, termed the T-complex (27), is moved to the plant cell
through a pore in the bacterial wall formed by proteins encoded by the virB
locus (63).
Interestingly, Agrobacteria are not constitutively competent to transfer

T-DNA. They can do so only in a plant wound site. Competence is acquired
on receipt of a wound-specific signal emanating from the plant. This signal
is sensed by the VirA protein which then activates the VirG protein by
phosphorylation (33). Phosphorylated VirG is a positive transcriptional
activator that then stimulates transcription of the other vir genes. The process
is thus a classical two component regulatory cascade similar to known
homeostatic bacterial cascades (78). It is illustrated in Fig. 2B. Several plant
phenolics that activate the cascade have been identified. They include
acetosyringone (65) and coniferyl alcohol (50).
Once the T-complex enters the plant cell, it moves to the nucleus under

the direction of nuclear targeting sequences present within the VirD2 and
VirE proteins (16). It is then integrated into the plant nuclear genome by a
process that is not yet clearly understood. What is clear however, is that
there can be different patterns ofT-DNA integration depending on the origin
of a particular Ti plasmid. For example, in those Ti plasmids that specify the
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synthesis of the opine octopine, T-DNA tends to be integrated in two separate
sections derived from the leftmost (TL-DNA) and rightmost (TR-DNA)
segments of the T-DNA (see Fig. 6). Octopine TL-DNA is 12 kb long,
encodes seven genes (73) and is alone responsible for the tumor phenotype.
TR-DNA is not required. On the other hand, the T-DNA from A.
tumefaciens strains which encode synthesis of the opine, nopaline, tend to
integrate as a single tandem repeat. Nopaline T-DNA is larger (23 kb) than
octopine TL-DNA and encodes thirteen genes (77). There is, however,
extensive sequence homology between regions of the octopine and nopaline
T-DNA (22), and it is within these regions that genes responsible for auxin
and cytokinin biosynthesis are found.

INDOLEACETICACID PARTICIPATION INCROWNGALLTUMOR
GROWTH

An extensive body of evidence suggests that auxin production, encoded by
T-DNA genes, contributes significantly to the maintenance of the transformed
state. The first evidence that crown gall tumors have altered phytohormone
status came from the pioneering work of Braun (10). Tumors exhibited
auxin-like growth effects and could be grown in axenic culture lacking auxin
(in contrast to untransformed tissue that could not). Braun suggested that
growth was supported by the endogenous production of auxins and cell
division factors. Subsequent studies, summarized in (52, 47) confirmed and
extended his theory. The evidence falls into six categories:
• Tumor lAA levels are elevated over those of untransformed tissues in
culture. Because the analytical techniques used for auxin determination
have been various, because cloned and uncloned tumor lines (containing
mixtures of transformed and untransformed cells) have been examined,
and because tumors have been incited on different plant species, there is
some conflict between the reports. However, most studies show that
IAA levels are higher in tumors than in untransformed tissues.

• IAA accumulation rates (presumably reflecting endogenous synthesis
rates) of tumors in culture are greater than those of untransformed tissue.
Again there is considerable variation between studies. lAA levels have
been reported to peak early in exponential growth, late in growth or not
at all. But, in general, levels increase more rapidly and to a greater
degree in tumors than in untransformed tissues.

• The process of conversion of tryptophan to IAA by tumor tissue differs
from that of untransformed tissue. Both tissues can metabolize
tryptophan to IAA but conversion is more efficient in crown gall.

• Some tumors incited by mutated Ti plasmids are IAA-auxotrophs
whereas wild type tumors are not. For example, a mutant of the
octopine strain Ach5 bearing the insertion element IS60 within its
T-DNA was avirulent on Kalanchoe and produced only small tumors on
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tomato (55). Tumor growth was restored by application ofNAA. Other
mutants (A66) exhibited a requirement for IAA for growth in culture (9).

• Tumor IAA levels decrease significantly if the T-DNA bears certain
well-defined transposon insertions in the T-DNA (Fig. 3). Garfinkel et
al. (23) used Tn3 and Tn5 transposon mutagenesis to define three
T-DNA loci (tms, tmr, and tm/) which control tumor morphology.
Inactivation of the tms locus causes nonnally undifferentiated tumors to
produce shoots and concomitantly decreases IAA levels (1). Because the
tms locus encompasses two genes (tms1 and tms2) (39) and because
insertional mutagenesis of either causes reduction in IAA content, both
genes must be involved in IAA metabolism.

• Some tumors incited by tms mutants contain excessively high levels of
the putative IAA biosynthetic intennediate, indoleacetamide (76). Levels
are 1000 times greater than in wild type tumors.

Auxin biosyntbetic genes in Agrobacterium tumefaciens

Auxin participation in tumor fonnation was confinned by experiments

14 13 I , Hpal

~ I fms2" fmsl I etai2J I Iml 1CQfL)
'Kb

TUMOR LOCUS ~ INOOLE-3-ACETIC ACID
MORPHOLOGY INACTIVATED o RIBOSYL ZEATIN

UNOIFFERENTI AT E0 NONE ~29~
48

SHOOTS fms ~71
ID1400

ROOTS fmr ~129
034

u~DlrrERE T1ATEO fml ~308
41

NORMAL STEM NONE ~12e
0:97

Fig. 3. Loci affecting phytohormone content of crown gall tumors. Horizontal arrows
represent major T-DNA transcripts from a typical octopine T-DNA. Transcripts 1 and 2
correspond to the tmsl and tms2 genes encoding auxin biosynthetic enzymes; transcript 4
corresponds to the cytokinin biosynthetic locus, tmr (ipt); and transcript 3 to the locus encoding
octopine synthase (oes). The boundaries of the loci determining tumor morphology are
indicated by the boxes below the T-DNA. Inactivation of tms gives shoot-bearing tumors,
inactivation of tmr gives root-bearing tumors, and inactivation of tml gives large tumors.
Horizontal bars represent the auxin and cytokinin levels present in tobacco tumors incited by
strains bearing mutated loci. Adapted from (47, 53).
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showing that the tmsJ and tms2 genes of A. tumefaciem actually specify
auxin biosynthetic enzymes. The genes were sequenced and found to be
homologous to known auxin biosynthetic genes in P. savastanoi. They
encode the two enzymes necessary for a complete auxin biosynthetic pathway
(Fig. 4). The first enzyme is tryptophan-2-monooxygenase, encoded by tmsJ.
The second is indoleacetamide hydrolase, encoded by tms2.

NH2
I

O=]'
CH2CHC02H

~I
~

CO2
) .
(0)

Fig. 4. Auxin biosynthetic pathway in A. tumefaciens and P. savastanoi. (a)
tryptophan-2-monooxygenase encoded by tms1 inA. tumefaciens and by iaaM in P. savastanoi
(b) indole acetamide hydrolase encoded by tms2 in A. tumefaciens and by iaaH in P.
savastanoi.

TmsJ was sequenced (39) and shown to contain an open reading frame
capable of specifying an 84 kd protein. The deduced amino acid sequence
displayed significant homology with the FAD-dependent 4-hydroxybenzoate
hydroxylase from P. fluorescens. Specifically, it contained a consensus FAD
binding sequence indicating that tmsJ was a flavoprotein. Expression of tmsJ
in E. coli conferred production of tryptophan-2-monooxygenase activity. If
tmsJ was introduced alone into plants, the transformants displayed high
tryptophan-2-monooxygenase activity, were able to convert tryptophan to
indoleacetamide and contained excessively high levels of indoleacetamide
(75).
The second enzyme of the pathway, indoleacetamide hydrolase, was also

characterized by direct cloning. The tms2 open reading frame encodes a 49
kd protein (61) which, when expressed in E. coli (60), confers the ability to
catalyze conversion of indoleacetamide to IAA. The enzyme was partially
purified (36) and found to hydrolyse indoleacetonitrile, IAA esters,
naphthaleneacetamide, phenylacetamide and, of course, indoleacetamide. It
cannot hydrolyze IAA-aspartate or the IAA conjugates of alanine, glutamic
acid or glycine.
The tmsJ and tms2 loci are now usually called iaaM and iaaH in

conformity to their homologs in P. savastanoi and to reflect their function.

Auxin biosyntbetic genes in Pseudomonas savastano;

In contrast to crown gall tumors, galls produced by P. savastanoi or E.
herhicola do not exhibit characteristics of permanent transformation. Galls
senesce at the end of the growing season and do not resume growth in
subsequent years. There is no direct experimental evidence for integration of
P. savastanoi DNA into plant cells (T. Kosuge, unpublished data) nor is
there evidence for transfer of E. herbicola DNA to host plant cells (17). All
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evidence suggests that these pathogens incite tumor growth by overproducing
and secreting high levels of IAA and cytokinins.
Early studies of the galls formed on olives by P. savastanoi (see 53)

indicated that IAA and other growth promoting substances were present. A
series of elegant experiments by Kosuge and his coworkers established (18,
19, 20, 30) that there is an active IAA biosynthetic pathway in the bacteria.
The pathway is identical to that found in crown gall tumors incited by

A. tumefaciens (Fig. 4). Initially, both tryptophan-2-monooxygenase and
indoleacetamide hydrolase activities were demonstrated in semi-purified
extracts ofP. savastanoi. Subsequently, genes encoding these activities were
identified and designated iaaM and iaaH. A clear connection between IAA
production and virulence was established by examination of P. savastanoi
strains resistant to tryptophan analogs. Some were defective in IAA
production and had lost virulence. Others overproduced IAA and exhibited
enhanced virulence (19, 20).
As in A. tumefaciens, the IAA biosynthetic genes of P. savastanoi are

carried on plasmids (19). P. savastanoi, strain 2009, contains four medium
size plasmids (58, 52, 41, and 34 Kb). Mutants that have lost the 52 kb
plasmid (pIAA1) cannot synthesize IAA or indoleacetamide. Reintroduction
of pIAAI into IAA-minus mutants of P. savastanoi causes reacquisition of
tryptophan-2-monooxygenase and indoleacetamide hydrolase activities and
virulence.
Characterization of tryptophan-2-monooxygenase and indoleacetamide

hydrolase was achieved by cloning and expression of iaaM and iaaH in E.
coli. The iaaM gene was isolated after transfonnation of E. coli with
restriction fragments of pIAA1. Transformants bearing the appropriate
fragments produced indoleacetamide but not IAA and expressed
tryptophan-2-monooxygenase but not indoleacetamide hydrolase. The gene
encodes a 62 kd open reading frame that contains a consensus FAD binding
sequence. The overexpressed enzyme contained one mole FAD per mole of
protein and catalyzed conversion of tryptophan to indoleacetamide (29).
Similar studies (80) allowed characterization of iaaH. It is next to iaaM

on plAAl and was cloned (with iaaM) on a 4 kb subfragrnent of pIAAl.
Sequence data and in vitro transcription/translation experiments indicated that
it specifies a 47 kd protein that has indoleacetamide hydrolase activity.

PossmLE CYTOKININ BIOSYNTHETIC PATHWAYS

The topic of plant cytokinin biosynthesis has been covered in detail 10

Chapter 03. Fig. 5 illustrates the two most likely pathways.

Direct cytokinin synthesis from AMP
A direct route is possible (Fig. 5A) via the condensation ofdimethylallyl­

pyrophosphate (DMAPP) and 5'-AMP to form isopentenyladenosine
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Fig. s. Possible cytokinin biosynthetic pathways. (A) Direct synthesis catalyzed by DMAPP:
AMP transferase encoded by the A. tumefaciens genes ipt or tzs. (B) Putative metabolic
interconversions following direct isopentenyladenosine 5'-monophosphate synthesis. (C)
Indirect synthesis via tRNA. Adenine residues adjacent to the anticodon triplet are
isopentenylated by the DMAPP: tRNA prenyl transferase encoded by miaA. Subsequent
cleavage of the nucleoside bond leads to the formation of free iP.
DMAPP = dimethylallylpyrophosphate; [9R-5'P]iP =isopentenyladenosine
5'-monophosphate; [9R iP] = isopentenyladenosine; iP = isopentenyladenine;
[9R-5'P]Z = zeatin riboside 5'-monophosphate; [9R]Z =zeatin riboside; Z =zeatin.

5'-phosphate ([9R-5 'P]iP). Subsequent dephosphorylation and deribosylation
and/or side chain hydroxylation (Fig. 5B) could lead to the production of
[9R]iP, iP, [9R-5'P]Z, [9R]Z and Z. The condensing enzyme is a prenyl
transferase, dimethylallylpyrophosphate: 5'-AMP transferase (DMAPP: AMP
transferase or isopentenyl transferase) first described in habituated tobacco
callus by Chen and Melitz (14). The gene encoding this enzyme has not been
isolated.

Indirect cytokinin synthesis mediated by TRNA
An alternative indirect biosynthetic route (Fig. 5C) is via isopentenylated

TRNA (40). Almost all organisms isopentenylate some adenine residues in
subpopulations oftheir TRNA. The enzyme responsible is a DMAPP: TRNA
transferase encoded by the miaA gene (48). Isopentenylated tRNA is a
potential source of free cytokinin by the excision process illustrated. The
possibility that plant cytokinins arise by this latter mechanism has been
advanced several times (7,38) but never confirmed.
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EVIDENCEFOR CYTOKININPARTICIPATION IN PLANTTUMOR
GROWTH

The body of evidence implicating cytokinins in crown gall growth is smaller
than that related to the auxins but is more internally consistent. Differences
in cytokinin levels and metabolism between untransformed and crown gall
tissues are greater than those observed for the auxins. Again, the pioneering
work of Braun (l0) laid the foundation with the finding that crown gall
tumors in culture were autotrophic for cell division factors. Subsequently,
Miller showed that tumors contained high levels of zeatin and zeatin riboside
(45). The evidence for altered cytokinin levels and metabolism in tumors is
reviewed in detail in (47) and, in outline, is as follows:
• Tumor cytokinin levels are elevated over those of untransformed tissues.
The most precise measurements were made by Horgan and his coworkers
(62, and references cited therein) using mass spectrometric techniques.
They found high levels of zeatin, zeatin riboside, and zeatin side chain
glucosides in crown gall tumors.

• Cytokinin accumulation rates are greater in tumors than in untransformed
tissues in culture. Cytokinin concentrations peaked early in the
exponential phase of tumor growth in culture and reached levels greater
than those of untransformed tissues (25).

• Cloned octopine tobacco crown gall tumors in culture contain high levels
of cytokinins and display DMAPP: AMP transferase activity. The
activity is associated solely with the presence of TL-DNA and not with
TR-DNA (Fig. 6), indicating that the gene responsible is carried within
the TL-DNA.

• Crown gall lines bearing mutations in the TL-DNA have cytokinin levels
that differ from those of wild type tumors. Inactivation of the tmr locus
gives rise to "rooty" tumors (23) which have a cytokinin requirement for
growth in culture. The cytokinin content of mutant tumors is much
lower than that ofwild-type tumors (1) (Fig. 3). For example, wild-type
primary tobacco tumors contain 50 pmole/g zeatin riboside whereas tmr
mutant tumors contain less than 1 pmole/g, not significantly different
from that of untransformed stem tissue.

• If tmr is inactivated, tumor DMAPP: AMP transferase activity is
abolished (46).

GENES SPECIFYING CYTOKININ BIOSYNTHESIS IN
AGROBACTERIUMTUMEFACIENS

The tmr gene is responsible for tumor cytokinin biosynthesis
Although these data suggested that the tmr gene product might be

directly responsible for tumor cytokinin biosynthesis, it was not until the gene
was cloned and expressed in E. coli that this was found to be true. Barry et
al. (6) were the first to find that tmr encodes a cytokinin biosynthetic prenyl
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Fig. 6. Cytokinin levels and cytokinin prenyl transferase activity in cloned crown gall tumors.
Cytokinin levels were determined by HPLC and RIA of extracts of cloned tumor lines grown
in axenic culture. DMAPP: AMP transferase activity was measured in vitro as described in
(1). HindIII cut sites of the t-region are shown. Horizontal bars represent the extent and copy
number ofTL-DNA and TR-DNA segments present in tumors (determined by Kwok, Gordon
and Nester; personal communication). Hatched bars represent the cytokininand DMA:AMP
transferase levels (D. Akiyoshi, Thesis, Oregon State University).

transferase. The nucleotide sequence of an octopine T-DNA became
available (5) and allowed identification of an open reading frame associated
with tmr. It specifies a protein of about 27 kd. When tmr was cloned and
expressed in E. coli, a protein of this size was produced and simultaneously
DMAPP: AMP transferase activity was detected (6).
Table 2 shows that expression of tmr in E. coli results in DMAPP: AMP

transferase activity. Tmr was cloned in the correct (pIPI92) or inverted
(pIPI82) orientation behind the lac promoter on a multicopy plasmid (51).
Although DMAPP: AMP transferase activity is expressed in both cases, it is
higher when the gene is in the correct orientation. That the DMAPP: AMP
transferase expressed in E. coli is identical to the enzyme contained in crown
gall tumors is likely. Buchmann et al. (11) found that an antibody raised
against a synthetic decapeptide, whose sequence was derived from the tmr
coding region, crossreacted with both enzymes.

When expressed in crown gall tumors, the cytokinin prenyl transferase
encoded by tmr results in elevated levels ofmany cytokinins and concomitant
massive cell proliferation. Because tmr possesses a eukaryotic promoter, it
is not expressed in free-living A. tumefaciens, but is expressed in the host
plant, where it contributes to maintenance of the transformed state (6, 11).
In light of its function, tmr is now usually called ipt (isol!entenyl !fansferase).

329



Genes for auxin and cytokinin biosynthesis in prokaryotes

A second cytokinin biosynthetic gene, tzs, is present in A. tumefaciens
The DMAPP: AMP transferase encoded by ipt is not the only cytokinin

prenyl transferase present in A. tumefaciens. A second gene is present in
some strains. The first indication of the existence of a second copy came
from studies of cytokinin secretion by free-living A. tumefaciens (35). The
nopaline strain C58, secreted zeatin in culture whereas octopine strains did
not. Only wild-type nopaline strains or transconjugants containing nopaline
Ti plasmids secrete zeatin (59) because the responsible locus (tzs, !rans ~eatin
~ecretion) is present only on nopaline Ti plasmids. Tzs mapped outside the
T-DNA, close to the virA locus (8). Production of zeatin by E. coli
containing the cloned tzs gene from pTiCS8 is illustrated in Fig. 7.
Since expression of tzs in E. coli results in secretion of zeatin, it first

appeared that the gene might encode an enzyme responsible for hydroxylation
of the cytokinin isoprenoid side chain (see Fig. 5B). However, the nucleotide
sequence of tzs was found to exhibit extensive homology with ipt suggesting
that the gene might express DMAPP: AMP transferase activity (8). This
proved to be true (Table 2) (51) and it now appears that tzs encodes a
cytokinin prenyl transferase similar in function to that encoded by ipt.
The tzs-encoded transferase has been purified to homogeneity from

acetosyringone-induced A. tumefaciens, strain C58 (48). The I<m for DMAPP
was 8.2 pM and for 5'-AMP it was 11.1 JtM. The only effective acceptor
was 5'-AMP. Neither adenine, adenosine nor ATP were prenylated.
Expression of tzs is controlled by the same phenolic compounds that control
expression of the vir cascade (34, 57). In the presence of acetosyringone,
nopaline strains ofA. tumefaciens secrete mg levels of zeatin into the culture
filtrate. However, the biological function of tzs remains obscure. Octopine
strains do not possess it yet are perfectly capable of inciting tumors. Deletion
of tzs from nopaline strains impairs tumorigenicity on some hosts (12) but
does not abolish it. It has been suggested that tzs plays a role in initiation of
oncogenesis by stimulating cell division at the wound site thus making the
plant more susceptible to transformation (83).

The role of the miaA gene
A. tumefaciens cured of the Ti plasmid, and therefore lacking the ipt and

Table 2. Cytokinin prenyl transferase activity expressed by cloned ipt and tzs genes

Gene

ipt (tmr)

ipt (tmr)

tzs

Strain

HBI01(pIPI92)

HB101(pIPI82)

HBIOI(pTZI20)

DMAPP: AMP transferase activity"

5.1

1.5

6.5

none HBIOI n.d.

a) iP plus [9R)iP synthesized (fmolelhr/mg protein)
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Fig. 7. Cytokinin production and location of tzs. Left: Cytokinin production by tzs cloned in
E. coli. Production by the clone HBlOl(pTZ121) was measured in mid-exponential phase
growth by immunoaffinity chromatography followed by HPLC and RIA. RIA with
anti-zeatinriboside antibody and anti-isopentenyladenine antibody. Right: Restriction map of
pTiC58 showingHindIII cut sitesand approximate locationsofthe virulence genes, the T-DNA
and the genes specifying phytohormone biosynthesis: ipt (tmr) - cytokinin prenyl transferase
(transferred from the T-DNA to the plant); tmsl - tryptophan-2-monooxygenase; tms2 ­
indole-3-acetamide hydrolase; tzs - cytokinin prenyl transferase (not transferred to plant).

tzs genes, still produces small but significant amounts of Ip in culture (59).
This chromosomally-encoded free iP production could be due to the activity
of a yet undiscovered ipt or tzs homolog or it could be tRNA-mediated and,
if it is, the gene responsible for tRNA isopentenylation, miaA, may be
involved. The A. tumefaciens miaA gene has been isolated recently (24). It
encodes a DMAPP: tRNA transferase that displays significant amino-acid
sequence homology with the DMAPP: AMP transferases (see Fig. 9).
The availability of Tn5-induced miaA mutants has the potential to allow

a direct estimate to be made of the significance of tRNA-mediated cytokinin
biosynthesis. Transfer RNA from such mutants should exhibit impaired
isopentenylation and, if the indirect path is significant, the cells should secrete
lower levels of cytokinin into the culture medium. A comparison of the
isopentenylated nucleoside content of total tRNA from A. tumefaciens and a
miaA mutant showed that tRNA isopentenylation was reduced significantly.
However, this mutation was leaky since there was still some residual tRNA
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isopentenylation (48). Likewise, cytokinin secretion by the mutants was
decreased but not totally eliminated. Complete deletion ofmiaA by marker
exchange will be necessary for a final assessment of the role of the
contribution of the indirect pathway to bacterial cytokinin synthesis. Current
results suggest, however, that is not significant when compared to the direct
route.

CYTOKININ BIOSYNTHETIC GENES IN
PSEUDOMONAS SAVASTANOI

Cytokinin production by P. savastanoi was first observed by Surico et al.,
(70) who showed that culture filtrates contained iP and [9R]iP-like cytokinins.
Subsequently, the presence of an unusual cytokinin, I"-methyl-Irans-zeatin
riboside was reported (69). Examination of several wild-type Pseudomonas
strains revealed considerable variation in the amounts and types of cytokinins
produced. In general, levels of cytokinin in culture filtrates of P. savastanoi
were very much greater than those present in cultures ofA. tumefaciens (43).
Stationary phase cultures of P. savastanoi can contain as much as 10 JLM
cytokinin, most of which is zeatin and zeatin riboside. Some strains produce
I "-methyl-zeatin riboside whereas others do not. In two strains of P.
savastanoi the existence of plasmid-born cytokinin biosynthetic genes has
now been shown (43). They are necessary for pathogenicity (T. Kosuge,
unpublished data) and are very similar to the genes from A. tumefaciens. The
oleander-specific P. savastano; strain 213 contains five plasmids ranging in
size from 38 to 64 kb; the olive-specific strain 1006 has two, 84 kb and 105
kb. Cytokinin production by plasmid deletion mutants indicated that the gene
was probably on the 42 kb plasmid in strain 213 and on the lOS kb plasmid
of strain 1006 (51). Cytokinin production by strain 1006 and its dependence
on plasmid status is illustrated in Fig. 8.
The isolation of the biosynthetic gene, ptz, was achieved by screening a

P. savastanoi library in E. coli (58). On expression in E. coli, zeatin was
produced and DMAPP: AMP transferase activity was detected. The gene was
sequenced and shown to have substantial homology to ipt and tzs.

CYTOKININ PRODUCTION BY OTHER BACTERIA

Recently, P. amygdali has been shown to produce lAA and a variety of
cytokinins, somewith unusual structures such as zeatin 2'-deoxyriboside (31).
Another pseudomonad, P. solanacearum contains a tzs homolog (2) and
secretes cytokinins (3). Azotobacter chroococcum also secretes high levels
of cytokinins (54). Recently, Rhodococcus fascians has been shown to
secrete cytokinins into the culture medium (49) and to possess an ,pt-like
gene (21). Barash and collaborators (Lichter, Barash and Gray, unpublished
data) have shown that the gall forming pathogen E. herbicola secretes high
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Fig. 8. Cytokinin production and
plasmid status of P. savastanoi
strain 1006. Cytokinins present in
one ml of mid-exponential phase
culture filtrate of P. savastanoi
strain 1006, purified by
immunoaffinity chromatography
and analyzed by HPLC and RIA.
(A) Absorbance at 254 nm. X is
1"-methyl zeatin riboside. (B) RIA
with anti-zeatin riboside antibody
and anti-isopentenyladenine
antibody. Inset: Plasmid status and
zeatin production: 1006: plasmids,
105 kb and 81 kb; 1006-1:
plasmids, 105 kb; 1006-2: plasmids,
81 kb and 65 kb (deletion of 105
kb).

levels of cytokinins into the medium. Cytokinin secretion correlates with
pathogenicity and the organism apparently possesses both IAA and cytokinin
biosynthetic pathways. For both R. fascians and E. herbicola, the levels of
cytokinins produced in free culture seem insufficient to produce the symptoms
observed on the plant. It is possible that phytohormone gene expression may
be controlled by molecules present in the host plant (21). Finally, there have
been a number of reports of cytokinin production by Rhizobium sp. (4, 68,
71, 74), but the evidence is still contradictory (reviewed in 4). Some strains
apparently secrete cytokinins whereas others do not. The only
well-documented case is that of the tropical Rhizobium strain IC3442, which
produces classical symptoms of cytokinin overproduction on its host (leaf
hyponasty, deep green foliage etc.). It secretes cytokinins at reasonably high
levels in culture (74) but as yet, no cytokinin biosynthetic gene has been
isolated.

COMPARISON OF BACTERIAL PHYTOHORMONE
BIOSYNTHETIC GENES

Kosuge and coworkers (80) have shown that the P. savastanoi auxin
biosynthetic genes, iaaM and iaaH, maintain substantial sequence homology
with their counterparts, tmsJ and tms2 from A. tumefaciens. The tmsJ coding
region is 54% homologous to that from iaaMwhile tms2 is 38% homologous
to iaaH. A comparison of deduced amino acid sequences from the coding
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regions of the genes specifying cytokinin biosynthesis by both the direct and
indirect routes (Fig. 9) reveals similar homology (48). Overall there is 44%
identity between tzs and ipt. Within the N-tenninal region of the genes, the
extent of homology is highest, at 58%. Little similarity is found at the
C-tenninus, suggesting that this region plays only a minor role in catalytic
activity. Interestingly, the prenyl transferases encoded by miaA are related
to the ipt group in that they possesses a consensus adenine nucleotide binding
domain (GXXXXGK(S)T) and a conserved "GGS(T)"sequence similar to that
found in the direct transferases. An evolutionary relationship between the
two sets of genes seems possible.

Although substantial sequence homology is observed within the open
reading frames of the ipt group, little similarity is found in the non-coding
regions. Both ptz and tzs display well-defined prokaryotic ribosome binding
sites and apparent transcription tenninators. The ptz promoter is identical in
sequence to the E. coli consensus promoter as expected for a gene which is
expressed constitutively. The ipt promoter bears no identifiable prokaryotic
transcription or translation control signals, again consistentwith its expression
only in the plant.

CONCLUSION

Several intriguing biological questions remain to be answered regarding the
phytohonnone biosynthetic genes present in these bacteria. First, what is the

ipt
tzs
mia

OOTGL SL ~=POLS T
,cl>t.lA~cnAi OETGW AL R CPOIA T
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Fig. 9. Homology between cytokinin prenyl transferases from Agrobacterium tume/aciens.
The deduced amino acid sequences of the coding regions of ipt, tzs and miaA from
Agrobacterium tume/aciens are illustrated. Areas of identity or close similarity are shaded.
(A = alanine; C = cysteine; D = aspartic acid; E = glutamic acid; F = phenylalanine;
G = glycine; H = histidine; I = isoleucine; K = lysine; L = leucine; M =methionine;
N = asparagine; P = proline; Q = glutamine; R = arginine; S = serine; T = threonine;
V = valine; W = tryptophan; Y = tyrosine).
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origin of the genes? How are they related to native plant biosynthetic genes
(if at all)? If plants are ultimately shown to have a direct cytokinin
biosynthetic pathway, then bacterial genes may have been acquired from
plants in the past, or (less likely) the reverse transfer may have occurred.
Until the native plant genes are isolated, such questions remain open.
Second, what are the biological functions of these genes? In the gall-fonning
pathogens, functions are readily rationalized on the basis that their expression
stimulates fonnation of an environment in planta that is favorable to bacterial
survival and nutrition. This rationale is not present for the non gall-fonning
pathogens such as P. solanacearum, or the rhizosphere bacteria such as
Azospirillum or Azotobacter. Finally, the relationship between the ipt and
miaA genes needs to be detennined. Presumably, they once diverged from
a common precursor. Any understanding of cytokinin biosynthesis in plants
must consider the relationship between these sets of genes.
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INTRODUCTION

Plant biology has been revolutionized by the development of genetic
transformation systems. Genes are routinely engineered and reintroduced into
a variety of plant species. The functions of cloned genes can be determined
through the use of antisense gene expression and cosuppression.
Transformation has further broken down species barriers, permitting transfer
of genes from any source into plants. In the area of hormone biology,
approaches that greatly extend technical feasibility are now possible.
Experiments that previously required exogenous application of chemicals can
be accomplished more precisely. While transgene technology has its
limitations, it eliminates or greatly reduces problems associated with uptake,
transport and metabolism of exogenously applied materials. It is now
possible to direct hormone alterations to specific tissues or developmental
stages. Application of the technology to the analysis of the biosynthesis and
functioning of ethylene has been particularly useful. Transgenic plants have
facilitated elucidation of the mechanism of biosynthesis as well as the role of
ethylene in development, culminating in the control of fruit ripening. While
the ethylene work is more advanced than that of other hormones, it illustrates
the great opportunity presented to the hormone field.

EXISTING MUTANTS

Our understanding of the mechanisms of hormone action has been greatly
aided by the availability of a variety of mutants that affect either metabolism
or perception of hormones (17). For example, mutants that are insensitive to
ethylene are facilitating a fme dissection of the transduction mechanism from
hormone binding onward (11, 16). However, while there are numerous
mutants that are insensitive to all of the major classes of phytohormones,
there are few mutants altered in hormone metabolism. This deficiency is
complemented by the use of transgenic plants. With transgenes, the levels of
several hormones can be significantly increased or decreased. This can be
done in a tissue or temporal specific manner, allowing a researcher to test a
hypothesis or alter development in an advantageous way. In many cases, all
that is limiting is the availability of appropriate transcriptional promoters.

340

P. J. Davies (ed.), Plant Hormones, 340-353.
© 1995 Kluwer Academic Publishers.



H J. Klee and M B. Lanahan

While there are clearly limitations to what can be accomplished, the research
that has been done to date with transgenic plants has greatly extended our
knowledge of hormone action and led to some very practical applications.

HORMONE METABOLIC ENZYMES

A number of genes encoding enzymes capable of altering hormone levels
have been cloned. These genes come from both bacteria and plants. Several
of the genes were first isolated from Agrobacterium tumefaciens. and their
discovery is described elsewhere in this book. The available genes are
summarized according to the hormone that they affect.

Auxin

iaaM and iaaH
The growth of Agrobacterium crown gall tumors is due in part to two

enzymes, encoded by genes located in the transferred bacterial DNA (T­
DNA), that together synthesize the auxin indole-3-acetic acid (IAA). This
pathway for auxin synthesis is illustrated in Figure 1. The first enzyme,
tryptophan monooxygenase (iaaM), converts tryptophan to indoleacetamide
(lAM) (41). The lAM is then converted to IAA by the action of
indoleacetamide hydrolase (iaaH) (34, 40). This pathway for synthesis of
IAA appears not to be utilized by plants, and tissues expressing the genes
contain higher IAA. When the iaaMand iaaHgenes are expressed from their

Fig. I. Activities of
enzymes encoded by auxin
metabolic genes. Indole-3­
acetic acid (IAA) is
synthesized from
tryptophan by the
sequential action of
tryptophan monooxygenase
(iaaM) and indole-3­
acetamide hydrolase
(iaaH). The IAA can also
be converted to the
biologically inactive N"­
(indole-3-acetyl)-L-lysine
(IAA-Iysine) by IAA­
lysine synthetase (iooL).

~C~CON~

VN)
H

IndoIe-3-acetamlde

IAA~.IYSlne
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(Iaal)

~CH2COOH

VN)
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hydro....
("'H)Indole-3-acelle acid

Tryptophan

341



Transgenic plants in hormone biology

own transcriptional promoters, expression of both genes is required for
increasing free IAA levels (15). However, elevated IAA can be accomplished
by expressing only the iaaMgene under the control of a strong transcriptional
promoter (20). Under these circumstances lAM accumulates in the plant
tissue. Some of the lAM is converted to lAA. Whether this conversion is
enzymatic or chemical has not been determined. Expression of the iaaM
gene under the control of a strong plant promoter typically results in a four­
to ten-fold increase in the level of IAA in plant tissues. Expression of the
auxin biosynthetic genes also leads to increased auxin conjugate formation in
tobacco, suggesting that the plant does respond to increased IAA by
attempting to inactivate the excess (36).

iaaL
The plant pathogen Pseudomonas savastanoi causes galls on some plants

by producing and secreting auxin. The bacterium also can modify IAA by
conjugation to lysine (Fig. 1). The gene encoding IAA-Iysine synthetase has
been cloned (28). As is the case with other IAA-arnino acid conjugates, the
lysine-conjugated IAA is biologically inactive. Although the reversibility of
IAA-arnino acid conjugation in plants is still the subject ofmuch speculation,
lysine conjugates are not normally synthesized in plants and it appears that
this reaction is not reversible. Thus, the effect of iaaL expression in plants
is to reduce the pool of free IAA, and transgenic plants with up to a 20-fold
reduction have been produced (30).

Cytokinin

ipt
A gene encoding the cytokinin biosynthetic enzyme, isopentenyl

transferase (ipt), has also been isolated from theAgrobacterium T-DNA. This
enzyme catalyzes the condensation of adenosine monophosphate and
isopentenyl pyrophosphate to form isopentenyl adenosine monophosphate
(IPA) (1, 4). Synthesis of IPA appears to be the rate limiting step for
cytokinin synthesis in plants since IPA does not accumulate in transgenic
plants expressing the ipt gene whereas large elevations in zeatin-related
cytokinins are observed (2,23). Construction of transgenic plants expressing
the ipt gene has been extremely difficult since even weak expression of the
gene during regeneration suppresses root formation. Thus, transgenic plants
produced to date have used the ipt under the control of regulated
transcriptional promoters or have activated the gene following plant
regeneration.

Ethylene

The reactions related to ethylene metabolism for which genes are available
are shown in Figure 2.
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Fig. 2. Enzymes involved in ethylene biosynthesis. Ethylene is synthesized from S­
adenosylmethionine via the intermediate l-aminocyclopropane-I-carboxylate (ACC). Genes
encoding the ACC synthase and ACC oxidase enzymes have been cloned from several plant
species. Synthesis of ethylene can be inhibited by expression of the gene encoding ACC
deaminase in transgenic plants. This enzyme shunts ACC to (X-ketobutyric acid and ammonia,
thus preventing its conversion to ethylene.

ACC synthase
The rate limiting step in the synthesis of ethylene is fonnation of 1­

aminocyclopropane-l-carboxylate (ACC) (see Chapter B4). The gene
encoding this enzyme was first cloned from zucchini (32) and has since been
cloned from many different plant species. The ACC synthase gene has been
used for manipulation of ethylene synthesis in plants; overexpression of the
gene with a constitutive promoter can cause plants to produce in excess of
100 times nonnal levels (H. Klee and M. Lanahan, submitted) while antisense
gene expression can cause up to a 99% reduction in ethylene synthesis (26).
A difficulty with antisense gene shutoff is that ACC synthase is a divergent
gene family in species such as tomato (31). Since different gene family
members can be quite divergent in DNA sequence, the degree of ethylene
inhibition can vary from tissue to tissue. Thus an antisense tomato gene
construction can virtually shut off ethylene synthesis in ripening fruit (26) but
not affect leaf ethylene production (H. Klee, unpublished). The ability to
shut off different gene family members should pennit a critical evaluation of
the regulation and roles of individual genes in a plant.

ACC oxidase
The gene encoding ACC oxidase was first identified by its ability, in an

antisense orientation, to prevent tomato fruit ripening (12). Only after this
initial observation, was it demonstrated that ethylene is synthesized by an
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iron-dependent oxidation mechanism (42). Thus, transgenic plants proved
invaluable in directing subsequent biochemical analyses. Like ACC synthase,
ACC oxidase is encoded by a gene family (13). Antisense gene expression
has been reported to reduce ethylene synthesis in ripening fruit by 97%
relative to controls (12, 27).

ACC deaminase
ACC deaminase degrades ACC to a-ketobutyric acid, thus effectively

preventing its conversion to ethylene (14). The gene encoding this enzyme
has been cloned from two different bacteria (19, 35) and is not a normal
constituent of plants. Expression of the gene in plants greatly reduces
ethylene synthesis in all tissues where the gene is expressed. In tomato, the
gene has been used to reduce ethylene synthesis in leaves by more than 95%
and in fruit by 90% (19).

TRANSGENIC PLANTS

Several species of transgenic plants containing one or more of the above
genes have been produced. Some of the better model systems include
Arabidopsis, tobacco and tomato. Factors that have influenced the choice of
model systems include ease oftransformation, availability ofhormone-related
mutants, background information on hormone levels, and physiological work
on effects of hormones on growth and development. Each plant species has
distinct advantages and disadvantages for doing phytohormone
experimentation. For example, Arabidopsis has distinct genetic advantages
such as an abundance of characterized hormone-related mutants but has the
disadvantage of having very little information concerning hormone content
and metabolism, as well as limited tissue availability and difficulty in
manipulation due to its small size.
Perhaps the most remarkable aspect of introduction of genes altering

hormone concentrations is that fertile plants can be recovered. In tobacco the
range of IAA concentration between overproducers (iaaM) and
underproducers (iaaL) is two hundred-fold. With cytokinins, increases of
IOO-200-fold are tolerated. In the case of ethylene, tomato plants with rates
of biosynthesis covering three orders of magnitude have been produced.
While there are a number of major effects on size and shape of cells in
different organs, it is clear that many tissues and organs do not respond to
alterations in hormone levels. For example, overproduction of auxin in
maturing petunia embryos has no detectable effect (20). These observations
indicate that perception, as well as metabolism of hormones is
developmentally regulated and represents a major control point in modulating
hormone responses.
A related aspect of the transgene experiments is the effect of expression

on overall plant development. The hormonal perturbations have a major
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impact on rates of cell division and expansion. Thus, auxin overproduction
causes downward curvature of leaves because of uneven expansion of cells
on the abaxial and adaxial surfaces (20). In a similar manner, auxin
overproduction and the consequent ethylene overproduction causes a decrease
in internode length due to less stem cell elongation (see below). In some
cases, cells can be forced to undergo a change in identity such as when high
auxin leads to proliferation of adventitious roots (20). However, it has been
somewhat surprising that alteration of the levels of such important molecules
has not led to homeotic-type changes in cell identity. It cannot be concluded
at this point that there is no role for honnones in detennining cell and organ
identity. The negative results to date may be a consequence of a lack of
substantial alterations to the honnone gradients within a plant. This question
can only be adequately addressed with tissue specific honnone modification.
Another significant conclusion of the transgenic plant experiments is that

there are complex interactions between the various honnones. For example,
the synthesis and activities of auxin, cytokinin and ethylene are intimately
interrelated. Overproduction ofIAA with the A. tume/aciem genes has major
phenotypic effects on plants (discussed below) but significant increases in
auxin stimulate ethylene production and it has been difficult to distinguish the
"auxin" effects from ethylene effects. Further, some developmental processes
are regulated by the ratio ofauxin to cytokinin and the absolute levels of each
are not critical.

Apical dominance

That auxin and cytokinin are capable of regulating apical dominance is well
established (see Chapter G6). High auxin suppresses release of lateral buds
from donnancy while cytokinin stimulates their growth. Thus, it is not
surprising that transgenic plants with elevated IAA exhibit increased apical
dominance (reduction of lateral branching) (20) and plants with elevated
cytokinins exhibit reduced apical dominance (23). What is more surprising
is that the apical dominance exhibited by auxin overproducing plants can be
overcome by exogenous application of cytokinin to a dormant lateral bud (H.
Klee, unpublished). This result suggests that absolute levels of auxin and
cytokinin are not the determinants of lateral growth. Rather, it is the ratio of
auxin to cytokinin that controls growth. Dormancy can be induced by raising
the auxin level tenfold but can be relieved by further increasing the cytokinin
in the bud. If this is the case, then reducing the effective auxin level should
be equivalent to increasing the cytokinin level. This prediction was verified
when plants overexpressing the iaaL gene were produced (30). These plants,
containing 5- to 20-fold lower IAA levels than controls, showed reduced
apical dominance similar to the ipt overproducing plants.
An additional question concerns the role of auxin in reducing lateral bud

growth. It has been suggested that auxin acts by stimulating high ethylene
production and that it is actually ethylene controlling apical dominance.

345



Transgenic plants in hormone biology

Ethylene does act to slow growth ofmany plant tissues. This can be seen in
Figure 3. In this experiment, auxin overproduction (and its concomitant
ethylene overproduction) causes a large reduction in internode elongation.
When the ethylene synthesis is brought back to wild-type levels by inclusion
of an ACC deaminase gene, much, though not all, of the internode length
reduction is eliminated. Analysis of these same plants clearly rules out a role
for ethylene in control of apical dominance (29). By crossing auxin
overproducing plants with plants either reduced in ethylene synthesis or
sensitivity, auxin and ethylene effects could be uncoupled. In tobacco,
petunia and Arabidopsis there is no role for ethylene in the control of apical
dominance. Thus, lateral growth appears to be regulated principally by the
ratio of auxin to cytokinin.

FMV-ACCase 19S-1aaM,
FMV-ACCase

19S-1aaM

Fig. 3. The morphological effects ofauxin and ethylene overproduction on transgenic tobacco
plants. Left to right plants transgenic for ACC deaminase alone (Left), ACC deaminase and
iaaM (Center), and iaaM alone (Right). The iaaM alone plant exhibits the typical reduced
stature as a consequence of a 4.5x increase in lAA and a 5x increase in ethylene compared to
a non-transgenic control. The center plant contains the same elevated level ofauxin but wild­
type levels of ethylene. The ACC deaminase alone plant produces approximately 50% less
ethylene and is phenotypically indistinguishable from a non-transgenic control plant. From
(30).
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Vascular differentiation

Auxin is a major controlling factor of vascular differentiation in plants (see
Chapter G4). Auxin is believed to affect xylem formation both quantitatively
and qualitatively. Work with transgenic plants having altered levels of IAA
generally confirms the direct relationship between auxin and the degree of
differentiation ofxylem (20, 30). Auxin overproducing petunia plants contain
more xylem elements than control plants. The cells are, however, smaller and
more lignified. Conversely, tobacco plants with lowered IAA levels contain
fewer xylem elements of larger size and are less lignified (Fig. 4). These
results support the idea that auxin stimulates cell division within the vascular
cambium and that there is a direct relationship between auxin content and rate
of cell division (3). Cell size is most likely affected because auxin stimulates
secondary cell wall formation and lignin synthesis. The more rapidly the wall
is synthesized, the less time there is for cell expansion.

Fruit ripening

The role ofethylene in promoting fruit ripening ofclimacteric fruits has been

Fig. 4. Cross sections ofstems from wild-type (top) and transgenic tobacco plants expressing
IAA-lysine synthetase (bottom). Sections are taken from the fourth node from the bottom of
mature plants and stained with either toluidine blue (left) or phloroglucinol (right). The
transgenic plant contains fewer, larger xylem elements than the control. The transgenic plant
is also considerably less lignified as can be seen by the phloroglucinol, which preferentially
stains lignin. From (31).

347



Transgenic plants in hormone biology

examined in transgenic plants using several independent approaches to reduce
its synthesis. Ethylene synthesis has been reduced using antisense gene
constructs against ACC oxidase (12) or ACC synthase (26) and by expressing
ACC deaminase (19). Since fruit ripening is covered in detail elsewhere in
this book, it will be covered only briefly here. Analysis of transgenic plants
indicates that there is a direct correlation between ethylene inhibition and the
rate of ripening; the greater the inhibition, the slower the rate of ripening.
Ethylene seems to act as a catalyst and coordinator of ripening. However,
even in the absence of significant ethylene, aspects of ripening do occur. For
example, chlorophyll breakdown occurs and fruit undergo significant
softening over time relative to mature green fruit. These ethylene­
independent aspects of ripening may be analogous to ripening in
nonclimacteric fruits. What ethylene accomplishes is to coordinately induce
a large number of genes that are responsible for rapid and uniform fruit
ripening. The ability to modulate the rate of ripening of climacteric fruits
presents a major economic opportunity and promises to significantly reduce
losses of crops to spoilage.
One interesting aspect of ripening that is observed in ethylene inhibited

transgenic lines is that fruit left attached to the plant ripen at a faster rate than
detached fruit (12, 19, 27). In the most inhibited lines where detached fruit
never fully ripen, attached fruits accumulate significantly more carotenoids
and become measurably softer than their detached controls. At least two
possibilities exist for the on vs. off the vine discrepancy. One idea is that
there may be translocation of ripening modifying factor(s). Alternatively, the
attached fruit may simply have a higher effective concentration of ethylene
than fruit that have been detached. In fruit where ethylene has become rate­
limiting due to ACC deaminase expression, a higher ethylene content would
result in more rapid and complete ripening. This idea is supported by the
observation that the skin of a tomato is relatively impermeable to ethylene
and that 97% of ethylene released from detached fruit occurs through the
stern scar (5). Attached fruit do contain higher internal levels of ethylene
than similarly staged detached fruit (18). Analysis of an ethylene insensitive
tomato mutant indicates no difference between on vs. off the vine ripening.

Senescence

Experiments with transgenic plants have both confirmed and cast doubt on
current models for senescence. For example, cytokinin has long been
promoted as an inhibitor of senescence (10). However, elevated cytokinins
in transgenic tobacco plants can inhibit leaf senescence, as measured by
chlorophyll degradation, only under certain circumstances. This conclusion
is based on observations of plants containing the ipt gene under the control
ofheat shock promoters (23,37,38). Elevated levels of cytokinin throughout
the entire plants did not lead to any significant delays in senescence relative
to non-transgenic controls. But when leaves were detached and a localized
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heat shock applied, delays were observed in the heat shocked portion (37).
When similar experiments were performed on transgenic plants containing an
ipt gene fused to an auxin-inducible promoter, significant delays in
senescence were observed only when plants were actively transpiring (22).
In the absence of transpiration, leaves actually senesced more rapidly than
controls. The patterns of ipt gene expression in these plants were more
complex and localized than those observed with the hsp constructions. All
of the results can be explained in terms of cytokinin gradients and the effects
of localized cytokinins on nutrient mobilization. The results of Li et al. (22)
indicate that locally elevated cytokinin causes accumulation of sucrose in that
tissue. The source:sink relationships of tissues in plants with generally
elevated cytokinins, i.e. the hsp/ipt plants, would not be expected to be
altered in their distribution of nutrients and therefore not be altered in their
pattern of senescence relative to controls.
Ethylene has been implicated as having a role in the senescence of many

plant tissues. In fact, ethylene-mediated ripening of fruits can be viewed as
a specialized case of senescence. In tomato, transgenic plants that both over­
and underproduce ethylene are greatly altered in some aspects of senescence.
For example, plants that contain an ACC synthase gene under the control of
the Cauliflower Mosaic Virus 35S promoter synthesize up to 100 times as
much ethylene as controls (M. Lanahan and H. Klee, submitted). These
plants are almost infertile since most flowers abort prior to fertilization. The
abortion is due to premature induction of the abscission zone in the pedicel.
However, leaves of these plants do not exhibit accelerated senescence and
vegetative tissue remains green for up to a year. Only when the plants set
fruit do the leaves senesce, suggesting that the signal for vegetative
senescence is probably due to establishment of a strong sink tissue.
Transgenic tomato plants that synthesize reduced levels of ethylene, due to
an antisense ACC oxidase gene, have been reported to show minor delays in
leaf senescence, suggesting that there is a correlation between ethylene and
the rate of senescence (27). These results have been confirmed with an
ethylene insensitive mutant of tomato, Never ripe (Nr) (M. Lanahan et aI.,
submitted). In the Nr mutant, leaf senescence occurs at a slightly slower rate
than in the isogenic control. However, flower petals remain viable and
abscission zone formation is delayed for four weeks or longer whether
fertilization has occurred or not. Thus, it can be concluded that ethylene has
a critical role in senescence of petals and the pedicellar abscission zone.
However, ethylene alone is not itself sufficient to cause senescence of
vegetative tissues in the same plant. As is the case for fruit ripening,
ethylene accelerates the process when it is developmentally appropriate for a
tissue to senesce.
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THE FUTURE

As honnone levels have been manipulated, many unexpected results have
appeared. For example, plants that synthesize very low levels of ethylene in
all tissues or are ethylene insensitive do not appear to be morphologically
abnonnal. These results necessitate reassessment of the roles of the honnones
in development. In the case ofethylene, a major role appears to be mediating
response to stresses. Environmental challenges such as temperature, water or
pathogen stress that a plant encounters lead to increased production of
ethylene. This elevated ethylene in turn leads to a reduction in growth rate.
Thus, ethylene reduces growth of a plant when it encounters adverse
environmental conditions. It can still, however, be argued that ethylene levels
have simply not been reduced sufficiently to uncover "essential" functions in
development. Combinations of reduced ethylene synthesis and insensitivity
should be able to address this outstanding issue conclusively.
One apparent limitation of altering honnone levels through transgenes

relates to the lack of cell autonomous effects. While honnone synthesis or
degradation can be manipulated in a cell-specific manner, diffusion of
honnones to and from adjacent cells or tissues cannot be precisely controlled.
A more precise approach to fine tuning effects to specific tissues will be
possible with genes affecting honnonal sensitivity. For example, eliminating
ethylene synthesis throughout a plant with a transgene may in certain
circumstances be less desirable than modulating the ethylene responsiveness
of specific tissues with the dominant Etrl gene product.

Other hormone-related genes

There are several additional genes derived from A. tumefaciens and A.
rhizogenes that may affect plant morphology by altering honnonal regulation.
For example, it has been proposed that the rolC gene of A. rhizogenes
encodes an enzymes capable of hydrolyzing certain cytokinin conjugates (6).
While this activity has been demonstrated in vitro, morphologically abnonnal
plants are not significantly altered in their cytokinin content (25, 33). The A.
rhizogenes rolB gene is also purported to cleave auxin conjugates, releasing
free IAA (7). Recent transgenic plant experiments have cast doubt on this
interpretation. These plants are not altered in their auxin or auxin conjugate
levels or turnover (25).
In the area ofhonnone perception, rapid progress is being reported. One

Arabidopsis auxin perception gene, AXRl, has been identified (21). This
gene encodes an enzyme with homology to a ubiquitin activating enzyme.
In the case of ethylene, two genes involved in signal transduction have been
cloned from Arabidopsis. One gene, ctr, encodes a protein homologous to
a Raf protein kinase (16). The second gene, Etr1, encodes a histidine kinase
that exhibits homology to the sensory proteins of bacterial two component
signal transduction systems (C. Chang and E. Meyerowitz, submitted).
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Finally, a gene involved in sensitivity to ABA has been cloned (9). This
gene encodes a protein with homology to the maize Vpl protein.
At present, none of the genes involved in abscisic acid or gibberellin

(GA) metabolism are available. However, this is likely to change. There is
already one report of the cloning of a gene involved in GA biosynthesis (39).
A number of mutants involved in GA and abscisic acid (ABA) metabolism
and perception have been accurately mapped in Arabidopsis (17). Available
technology makes the cloning of the genes feasible. The possibility of
manipulating GA and ABA metabolism represents a significant opportunity.
Levels of salicylate, a signaling molecule involved in establishing

systemic acquired resistance (SAR) after pathogen infection, can also be
modulated by transgene technology. Recently Gaffney et al. (8) have shown
that expression of the Pseudomonas NahG gene product, which hydroxylates
salicylate, will inhibit salicylate accumulation in plants. Their results indicate
that salicylate accumulation is necessary for induction of the SAR response.
Thus, transgene technology has unequivocally demonstrated the role salicylate
plays in mediating the SAR response.

Practical Applications

The work with delayed ripening tomatoes is the most advanced example of
a practical application of hormone manipulation in plants. It illustrates the
great potential of transgenic technology. Based on what is known about the
functions of hormones it is likely that many new applications will occur in
the near future. For example, the inhibition of ethylene synthesis or
perception can be immediately applied to other climacteric fruits and some
floricultural crops. Also, patterns of auxin and/or cytokinin synthesis may be
modified in ways that affect source:sink relationships and ultimately affect
yield. With proper targeting of hormone synthesis, it should be possible to
alter the architecture of a plant, creating novel horticultural and agricultural
crops. Finally, as transformation technology advances, hormone manipulation
in a wider variety of plant species should be possible, greatly expanding the
range of potential experimentation
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INTRODUCTION

Phytohonnones play a crucial role in nonnal plant growth, but despite their
fundamental influence on almost all aspects of plant development, very little
is known on their mode of action at the molecular level. Here we describe
three different approaches to addressing this question: the analysis of proteins
which bind auxin with high specificity and as such might act as auxin
receptors; the study of the effect of expression of bacterial genes whose
products modify the intracellular levels of auxins and cytokinins, and the
generation of gene tagged plant mutants altered in their response to auxins.
While diverse in their approach, these strategies have been devised to dissect
the auxin signal transduction pathway at the molecular level. The results that
we will describe, while sharing a common thread, indicate that the plant cell
has evolved a remarkable array of molecular pathways in response to plant
growth substances.

AUXIN BINDING PROTEINS

Receptor-like proteins which bind auxin and transmit the auxin signal are
central to most models of auxin action (20, 48, 66). Auxin binding proteins,
thought to represent potential auxin receptors, have been identified by ligand
binding studies in several monocotyledonous and dicotyledonous plants, and
were detected in cellular fractions such as the endoplasmic reticulum (ER),
the vacuole, and the plasma membrane (see Chapter D4) (10,28,42,66). At
least three auxin binding proteins are thought to be present in the plasma
membrane: an auxin uptake carrier (21), an auxin efflux carrier (27) and a
receptor that influences elongation growth (35).
To overcome problems associated with traditional auxin binding studies

(e.g. low receptor protein concentration, instability of auxin binding under
experimental conditions, denaturation or loss of the auxin binding proteins
during purification) we have used auxin specific photoaffinity labeling
techniques for identification of auxin binding proteins. Photoaffmity labeling
techniques have contributed greatly to the identification and structural studies
ofanimal receptor proteins. Photoaffinity ligands covalently label the ligand-
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binding polypeptide and allow receptor molecules to be followed throughout
purification under both denaturing and nondenaturing conditions. Initial
photoaffinity labeling experiments were not successful as a result of signals
being overwhelmed by background noise thus making discernment of
radioactive peaks difficult (29). More recent improvements with this
technique have resulted in a better signal to noise ratio (23). Special care to
ensure the purity of the photoaffinity labeling agent, and to maximize the
specificity of the assay has allowed us to identify and characterise several
auxin binding proteins from maize and Arabidopsis (6, 7, 15, 74, 75).
Photoaffinity labeling techniques have been applied to identify auxin binding
proteins in plasma membrane vesicles from zucchini, tomato and maize (23,
24,30). Using 5-azido-[7-3H]IAA for photoaffinity labeling we were able to
identify three proteins in plasma membranes from maize coleoptiles with
molecular masses of 60 kDa (pm60), 58 kDa (pm58) and 23 kDa (pm23).
Whereas pm60 and pm58 are not yet characterised, pm23 has been analyzed
in detail (15). Binding of 5-azido-[7-3H]IAA to pm23 was competed by
auxins and functional analogues. A purification scheme allowing purification
of pm23 was designed. Homogenous pm23 were obtained from coleoptile
extracts after 7000 fold purification. Partial amino acid sequences were
obtained for both proteins. The primary amino acid sequence information
obtained allowed the synthesis of specific oligonucleotides and subsequent
isolation of pm23 specific cDNAs. The proteins predicted from the deduced
open reading frames were not found in data bases and represent novel
proteins with unknown functions.

The NPA-Receptor

It is generally assumed that polar auxin transport by carrier proteins plays an
important role in controlling auxin concentrations in various tissues. Little
is known about the molecular elements required for auxin transport through
the various tissues of a plant (53; see Chapter G3). Binding and inhibitor
studies, using active auxins or auxin transport inhibitors, as well as
electrophysiological evidence, point to the presence of auxin uptake and
efflux carriers localized on the plasma membrane of responsive plant cells
(16). Transport of auxin through shoot tissues probably involves a saturable,
specific H+/IAA- influx-carrier (3, 18, 21). Passive uptake of undissociated
indole-3-acetic acid across the plasma membrane can probably also occur.
Binding studies have indicated that a H+/IAA- influx-carrier must be evenly
distributed on the plasma membrane of maize coleoptiles or zucchini
hypocotyl cells. In addition, there is evidence for an auxin efflux carrier
(53). This efflux carrier was found to be inhibited by phytotropins such as
I-N-naphthylphthalamic acid (NPA) or 2,3,5-triiodobenzoic acid (TIBA).
NPA, for example, inhibits polar auxin transport, affects root growth and
abolishes gravitropic responses. These responses to NPA in vivo correlate
with an in vitro inhibition of auxin efflux from PM vesicles isolated from
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zucchini hypocotyls or maize coleoptiles, resulting in an increase of net
accumulation of IAA in these membrane vesicles (21).
Analysis of high-specific binding of [3H)NPA to maize microsomes or

plasma membranes led to the identification ofNPA binding sites, called NPA
receptors. It has been proposed that the NPA binding protein could be either
an auxin efflux carrier or a regulatory element of the auxin efflux carrier.
Although NPA binding activities were detected in membrane vesicles by the
use ofhighly-specific binding ofradioactively-labeled NPA, such assayswere
not sensitive enough to allow isolation and molecular characterization ofNPA
proteins from Avena sativa coleoptiles or other plant tissues. We therefore
aimed at developing a photoaffinity probe for auxin carrier proteins, and
synthesized a tritiated and light sensitive NPA-analogue, 5'-azido-[3,6­
3H2]NPA ([3H2]N3NPA) (74, 75). The binding of [3H2]N3NPA to maize
plasma membrane vesicles was competed by nonlabeled NPA, but not by
benzoic acid. After incubation of plasma membrane vesicles with
[3H2]N3NPA and exposure to UV light, we observed specific photaffinity
labeling of a protein with an apparent molecular weight of 23 kDa.
Pretreatment of the plasma membrane vesicles with IAA or with the auxin
transport inhibitor TmA strongly reduced specific labeling of this protein.
This 23 kDa protein was also labeled by addition of 5-azido-[7-3H)IAA to
plasma membranes prior to exposure to UV light. The 23 kDa protein was
solubilized from plasma membranes using 1% Triton X-I00.

The Endoplasmic Reticulum-Auxin Binding Protein Family

A binding site (site I) from maize, initially thought to be membrane
associated, has been most thoroughly studied. Historical arguments in favour
of this site being a putative receptor were the specificity of binding ofvarious
auxin analogues, a correlation of changes in auxin binding activity with
physiological events (67), and its apparent absence in several auxin-insensitive
mutants (43, 51). Additionally, alterations in the degree of specific auxin
binding correlated with inhibition of growth of maize mesocotyls by high­
irradiance red light and I with growth alterations in artichoke tubers and
tobacco'cell cultures (65, 68, 71).
The major ER-Iocated auxin-binding protein from maize coleoptiles (Zm­

ERabpl, for Zea mays ER located auxin binding protein) has an apparent
molecular weight of 22 kDa. Its primary structure was independently
deduced from different cDNAs isolated from maize (22, 25). Meanwhile
additional members of this family were isolated from maize, as well as from
A. thaliana (49, 57, 77). All these proteins contain an N-terminal
hydrophobic signal sequence that appears to be responsible for the uptake of
these proteins into microsomes. This was confirmed by in vitro studies which
demonstrated that both the maize as well as the Arabidopsis ERabp's are
translocated into ER-derived microsomes and cotranslationally glycosylated
(8, 49). Biochemical experiments reported by Hesse et at. (22) and Palme et
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al. (47) established that this auxin binding protein is a luminal component of
the ER. This is consistent with the absence of hydrophobic sequences that
could be responsible for membrane insertion and by the presence of a C­
terminal tetrapeptide sequence, -Lys-Asp-Glu-Leu (-KDEL) previously
reported for other proteins to be a retention signal for the endosplasmic
reticulum. The signal K/HDEL is recognized as being responsible for
retrieval of proteins from a post-ER salvage compartment in several
eukaryotic organisms, and has apparently a similar function in plants.
Although the primary sequences of the proteins encoded by this gene

family do not fit the structural requirements of "animal" receptor proteins,
Zm-ERabpl is considered to be an "auxin receptor". The basis for this belief
originally was a correlation of auxin-binding profiles with the cellular pattern
of auxin-stimulated elongation growth. In addition, light-induced changes in
cell elongation were related to a modulation of the number of these binding
sites (71). Recent experiments using antibodies raised against Zm-ERabpl,
demonstrated a specific inhibition of electrical responses at the plasma
membrane of tobacco protoplasts (1, 2). This was further confirmed by
analyzing the electrical response of maize protoplasts using the patch clamp
technique (54). It was found that after a short lag phase, IAA or NPA
induced an outwardly directed current that was dependent on the
concentration of the auxin applied to the protoplasts. This current was
inhibited by the application of antibodies directed against the Zm-ERabpl
protein. Furthermore, Venis et al. (67) demonstrated that antibodies to a
peptide from Zm-ERabpl that probably harbours the auxin binding site, have
auxin agonist activity. The question, however, arises as to how a putative
receptor located in the lumen of the ER could be involved in the perception
of exogenous auxins and affect phenomena such as cell expansion and
membrane hyperpolarization. A number of observations indeed imply that
ERabp plays a role in these phenomena. These data indicate that the Zm­
ERabp I protein may be a site for auxin perception through which the activity
of the plasma membrane H+ATPase is activated and modulated. The answer
may well be that although the ERabp encoded proteins can indeed be found
to be associated with the ER, they can apparently, under circumstances that
still await elucidation, go through the secretory pathway and appear on the
plasma membrane. That such a remarkable movement of a luminal ER
auxin-binding protein to the cell surface might indeed occur and have
functional significance, was first suggested by experiments (2) showing that
ERabp was involved in the perception of the auxin signal at the plasma
membrane. Indeed, incubation of tobacco mesophyll protoplasts with
exogenous Zm-ERabpl increased their sensitivity to hyperpolarization by
external auxins through several orders of magnitude, whereas incubation of
the protoplasts with antibodies directed against Zm-ERabpl decreased their
sensitivity. This interpretation was recently supported in a publication by
Jones and Herman (31) who used microscopic immunochemistry and
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immunochemical assays to study the subcellular distribution and secretion of
an ABP in maize coleoptiles and suspension culture cells.

Hormonal Homeostasis by Conjugate Hydrolysis

Maize 'p-glucosidase
Plant cells must have a means to regulate the cellular activity of

phytohormones such as auxins and cytokinins. The reversible inactivation of
such phytohormones by conjugation and hydrolysis might be one way by
which a fine tuning of intracellular phytohormone activity could be achieved
(55). Cohen and Bandurski (9) have defined hormonal homeostasis as "the
maintenance of a steady state concentration of the hormones in the receptive
tissue appropriate to any fixed environmental condition".
While we shall see that the first genetic evidence that this was the case

came from studying genes derived from bacteria which modify free auxin and
cytokinin levels (see later), a plant gene coding for a glucosidase capable of
hydrolyzing phytohormone conjugates has recently been isolated. Protein
extracts from maize coleoptiles grown in the dark were photoaffinity labeled
with 5'-azido-[7}H]indole-3-acetic acid ([3H]N3IAA). A 60-kDa protein,
termed p60, was thus identified. This protein was initially detected in the
post-ribosomal supernatant, indicating that it might be present in the cytosol
of intact cells. p60 was also detected in protein extracts prepared after
solubilization of microsomal fractions. In both cases, labeling of p60 was
strong and no other protein present in the extract was labeled. To
demonstrate the specificity of photoaffinity labeling of p60, competition
studies were performed using various unlabeled auxin analogues.
Physiologically active natural and synthetic auxins significantly reduced the
incorporation of [3H]N3IAA into p60. Compounds specific for the indole
ring, such as L-tryptophan, or the aromatic ring system, or radical scavengers,
such as p-amino-benzoic add, did not compete the labeling of p60.
To study the presence of p60 in different organs of the maize seedling,

crude microsomal fractions from coleoptiles (including the node and the
primary leaf), from the mesocotyl and from roots were isolated. Photoaffinity
labeling of the corresponding protein extracts showed that p60 was mainly
present in the coleoptile and root fractions. In addition an isoform of p60
(pm60) was found in plasma membranes (7).
Microsequencing studies were performed with purified p60 after

proteolytic digestion. The primary amino acid sequence of p60 revealed
similarities to B-glucosidases (BGlu). p60 was therefore analyzed for BGlu
activity. It was found that a fraction containing p60 indeed exhibited BGlu
activity towards general BGlu substrates (e.g. p-nitrophenyl-glucopyranoside
or 6-bromo-2-napthyl-B-D-glucopyranoside/fast blue for activity staining in
native polyacrylamide gels). Specific staining of the p60 with 6-bromo-2­
naphthyl-B-D-glucopyranoside/fast blue demonstrated that p60 has B-D­
glucoside glucohydrolase activity (E.C. 3.2.1.21). To define the substrate
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specificity of p60, different compounds that are commonly cleaved by a wide
variety of glucosidases were tested. In contrast to other BGlu enzymes, which
hydrolyze a broad range of substrates, a distinct pattern of substrate
specificity was found for p60.
The results of photoaffinity labeling discussed above support the view

that p60 can bind auxins. In this context it is important to know whether the
presence of auxins has any effect on the BGlu activity of p60. Both IAA and
I-naphthylacetic acid, as well as the auxin transport inhibitor NPA, were
found to inhibit p60 associated BGlu activity in a competitive manner. In
contrast, the presence of non-functional auxin analogues such as L-tryptophan
or 5-hydroxy-IAA, or aromatic compounds such as benzoic acid, had no
effect on the BGlu activity of p60. These results suggest that IAA and related
compounds are aglycones which can bind to the active site of p60. Further
experiments demonstrated that p60 readily hydrolyzed indoxyl-O-glucoside,
a synthetic compound structurally related to the natural auxin conjugate
indole-3-acetyl-B-D-glucose. This activity appears to be highly specific since
p60 is not able to hydrolyze other IAA conjugates like IAA-myo-inositol or
IAA-aspartate. Present data suggest that p60 might be involved in vivo in the
hydrolysis of glucosidic phytohormone conjugates.
Extensive amino acid sequence analysis of this protein allowed the

construction of several synthetic oligodeoxynucleotide probes which were
used to isolate a cDNA clone coding for a protein related to p60. The cDNA,
named Zm-p60.1, corresponded to a mRNA with a 3'-poly(At sequence with
a single open reading frame. When the Zm-p60.1 primary sequence was
compared with other amino acid sequences available in protein data bases,
similarities were observed to other BGlu enzymes from archaebacteria,
eubacteria and eukaryotes. Amino acid sequence motifs showing similarity
to the rolC protein from Agrobacterium rhizogenes were also found. The
motifs shared between the rolC protein and Zm-p60.1 pointed to the
possibility that both proteins could share common substrates.
Maize kernels are a rich source for phytohormone conjugates, compounds

which accumulate in the endosperm during seed maturation and which are
mobilized to other parts of the seedling during germination. Hydrolysis and
transport of conjugates from the endosperm to the shoot and to the root could
be of importance for controlling maize seedling development (see Chapter
B1). Protein p60 could playa pivotal role in the germination process by
controlling the release of free cytokinin. To test whether Zm-p60.1
expression was able to influence plant growth, tobacco protoplasts were
transformed with Zm-p60.1 DNA. These protoplasts acquired the ability to
use exogenous cytokinin glucosides to initiate division. Further
immunocytochemical analysis of maize seedling roots localized Zm-p60.1 to
meristematic cells suggesting that Zm-p60.1 is a glucosidase capable of
supplying the developing embryo with biologically active cytokinins (5).
An attractive model explaining plant growth control could be based on

the action of BGlu. Particularly interesting is the simplicity by which
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developmental adaption to environmental cues could be provided. Auxin and
cytokinin conjugates have been found to be broadly distributed in plants. The
activity of phytohormone-specific 8Glu could easily be regulated by
environmental as well as by endogenous factors. Thus, phytohormone­
specific 8Glu might be a link between environmental stimuli and the
activation of phytohormones in precise locations of the plant. Although these
ideas are far from being proven, they open a promising area of research in
plant development. We hope that future investigations will contribute to
define more precisely the importance of phytohormone-specific 8Glu in the
control of developmental processes in plants.

GENETIC APPROACHES

In contrast to progress made with other plant growth substances such as
ethylene, for example, genetic analysis of auxin action has been limited. Two
types of general approach have been adopted: first, the study of the
phenotypic changes in transgenic plants engineered to contain genes from
plant pathogenic bacteria which either encode enzymes involved in the
synthesis of auxins, or playa role in their action; second the generation and
analysis of mutants which either have a changed sensitivity to auxin, require
auxin for growth, or can grow in tissue culture without the addition ofauxins.
The study of genes which encode proteins that modify auxin biosynthetic

pathways from pathogenic bacteria has grown from the study ofthe molecular
basis of neoplastic growth promoted by the soil bacteria Agrobacterium
tumefaciens, A. rhizogenes and Pseudomonas syringae (60; see Chapter El).
The causative agent of crown gall, A. tumefaciens, transfers a defined portion
of DNA, the T-DNA, to the nuclear genome of the infected plant cell (73).
The T-DNA contains genes which are active in the plant cell and encode
genes which not only deregulate the synthesis of auxin (and cytokinin), but
also fine tune the action of auxin by synthesizing an auxin antagonist (33).
The iaaM and iaaH genes contained on the T-DNA encode enzymes which
convert tryptophan to IAA (26) (see Chapter El). Transfer of these genes,
linked to a strong constitutive promoter, to petunia resulted in plants
containing up to 10 times higher levels of free IAA (32) (see Chapter E2).
The resultant plants were viable and displayed phenotypes, such as enhanced
apical dominance and vascular development, resembling those obtained by
external application of auxin. In contrast, reduction of the internal levels of
auxin can be obtained by engineering plants to contain the iaaL gene of P.
syringae subsp. Savastanoi (52, 61), which encodes IAA-lysine synthase, an
enzyme which conjugates auxin to lysine and in so doing reduces its
biological activity. In this case, after flowering, plants display reduced apical
dominance and vascular growth, and suffer from defects in some respects
similar to those seen in plants with increased levels of cytokinin. This work
confirmed, by internal modification of the relative levels of active auxin and
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inactive conjugates, that conjugation is a process that can be used by the plant
to internally modulate the intracellular levels of active growth substances (9).

Rol Genes

Further support for the notion that internal levels of active growth substances
may be reversibly controlled by conjugation comes from the study of the
action of the products of the rol genes from Agrobacterium rhizogenes. A.
rhizogenes is the causative agent of "hairy root", a disease incited on many
dicotyledonous plants which is characterised by the proliferation of root
growth at the site of infection. Growth of hairy root is dependent on 3 genes
transferred from the bacterium to the plant cell on T-DNA: ro/A, Band C.
In order to understand the mechanism of action of the rol gene products,
studies have centered on transferring them, linked to their own promoters or
the constitutive 358 RNA promoter of CaMV, to new plant hosts by
transformation, and studying their effect on plant growth and development
(60).

rolA
Tobacco plants containing the rolA gene linked to its own promoter are

dwarfed, due to reduced growth and internode distance, and have wrinkled
leaves. When the rolA gene is linked to a stronger promoter the dwarfing
and leaf wrinkling is more pronounced, and the plants display delayed
flowering as well as flower malformation. This delayed flowering is
associated with a delayed and decreased accumulation of both free and
conjugated polyamines (38). Protoplasts from ro/A-containing plants are 1000
times more sensitive to auxin as judged by membrane depolarisation (39),
although, intriguingly, in transient expression assays using an auxin­
responsive promoter element, expression appears to be repressed in
comparison with untransformed protoplasts (70).
Currently the function of the ro/A product remains unresolved. It has

been proposed that it may, directly or indirectly, alter polyamine metabolism
(63), or be a nucleic acid binding protein (34). Interestingly, the whole plant
phenotypes displayed by rolA-containing plants resemble those containing the
iaaL gene ofP. savastanoiwhich conjugates lAA to lysine and ornithine (52,
61). Indeed, the iaaL enzyme and the ro/A peptide have a discrete region of
homology (40). Taken together with the whole plant phenotype and the
inhibition of auxin responsive gene expression in protoplasts one is tempted
to think that the rolA product may have a negative effect on IAA content
and/or activity.

rolB
Inoculation ofKalanchoe leaves with A. tumefaciens indicated that rolB

alone is able to induce root growth (62). Transgenic tobacco containing rolB
linked to its own promoter display altered leaf and flower morphology,
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heterostyly and increased formation of adventitous roots or stems (56).
Linking rolB to a stronger promoter resulted in additional novel phenotypes,
such as a more spherical leaf shape and increased leaf necrosis. Protoplasts
from rolB plants appear more sensitive to auxin (39, 70).
The rolB protein possesses in vitro indole-6-glucosidase activity (14), and

this activity can be inhibited by anti-rolB antibody, indole and, to a lesser
extent, IAA. However, how the rolB product acts to influence the
intracellular activity of auxin remains unknown.

rolC
Transgenic plants containing the rolC gene linked to its own promoter

are dwarfed, and the size of the corolla of the flowers is reduced (46).
Linking the gene to a stronger promoter results in transgenic plants with
greatly reduced apical dominance, pale green lanceolate leaves, and small
male sterile flowers (56). The rolC product is cell autonomous and located
in the cytosol (l2a). This suggests that the rolC product does not produce a
diffusible growth factor and is unlikely to be involved in de novo
phytohormone synthesis.
The phenotypes of transgenic plants containing the rolC gene are

suggestive that it has a cytokinin-like function. In vitro assays showed that
the rolC product has a cytokinin-N-glucosidase activity (12), and it is likely
that it acts by releasing active cytokinin from inactive conjugates.
While informative, the use of plants engineered to contain individual rol

genes to study their effect on growth and development is not without
complication. First, the promoters used to direct the expression may
themselves respond to differing developmental and hormonal cues. Hence
uniform levels of expression may not occur throughout the plant. Second, the
plant itself may modify the effect produced by the rol gene product in a
differential, tissue-specific manner. With the later point in mind it is worth
remembering that A. rhizogenes, when inoculated on aerial plant tissue may,
instead of forming hairy roots, form tumors. Such observations may explain
the apparent discrepancy between the observations that the rolC gene codes
for a glucosidase-hydrolyzing cytokinin-N-glucoside, and the rolB gene for
a glucosidase-hydrolyzing indoxyl-glucoside (12, 14), and the reports by
Nilsson et at. (44, 45) who did not detect increases in the free lAA or
cytokinin pools in tissues of transgenic rolB or rolC tobacco plants
respectively. However, since Nilsson et at. 's transgenic plants exhibited very
marked growth abnormalities, it must be concluded that the overall levels of
phytohormone pools cannot be responsible for the observed growth
phenomena. Either relatively modest variations in the ratio of free to bound
phytohormones, or changes in this ratio in specific cells, or even subcellular
compartments, could perhaps explain the observed effects of rolB and rolC
gene products in transgenic tobacco plants. That intracellular pools of IAA
can be modified by conjugation was demonstrated by analysis of free- and
conjugated forms ofIAA in IAA-overproducing transgenic tobacco plants, in
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comparison with wild-type (58). Consistent with the proposed mechanism of
action of rol genes is the recent observation (70) that whereas tobacco
protoplasts expressing the rolA gene require auxin and cytokinin in the
growth medium for callus formation, protoplasts expressing rolB and C form
callus in the absence of exogenously applied auxin and cytokinin,
respectively.

Mutant Analysis To Study Hormone Effects

It seems reasonable to suspect that there might be also other, molecular ways
in controlling the activity of phytohormones. It is noteworthy that the
phenotypic changes observed in plants transgenic for auxin biosynthetic genes
result from internal modifications in the levels of accumulated auxins, and are
not subject to variation and difficulties in interpretation which haunt studies
involving the uptake of external applied growth substances. With the
potential of using promoters whose expression can be controlled at will, this
work raises the opportunity to modify, in a specific tissue at a specific time,
the levels of phytohormones, and to assess what effect this might have on
growth and development. This goal was reached by an approach in which a
cytokinin-synthesizing gene was inactivated by the insertion of a transposable
element in its untranslated leader sequence. Random genomic excision in
various somatic tissues of tobacco plants transgenic for this interrupted gene,
resulted in ectopic production of cytokinin in different tissues and at different
times during development leading, for example, to the formation of
viviparous leaves and other growth abnormalities (13).
There are apparently relatively few naturally occurring auxin mutants.

This has led workers to suspect that such mutants might have a lethal
character and hence not be observed routinely. One exception are the
recessive diageotropica (dgt) mutants of tomato (76) and barley (64). The
tomato mutant is characterised by a decrease in sensitivity to auxin in excised
stem segments, diagravitropic shoot growth, changed leafmorphology and an
inability to form lateral roots (76). Photoaffinity labeling with azido-IAA
showed that the dgt mutant lacks an auxin binding protein considered to be
a potential auxin receptor (24).

N plumbaginifolia mutants that are more sensitive or resistant to auxin
have been isolated (59). Each of these mutants display phenotypic changes
that reflect modification in the plants response to auxins. Unfortunately, at
the moment there is no easy means available for the isolation of the mutated
gene sequences.

Arabidopsis, with its small and relatively well characterised genome, has
been the target of EMS mutagenesis to generate a variety of mutants which
are resistant to normally toxic levels of 2,4-dichlorophenoxyacetic acid (11,
36, 37) or IAA (36, 72). The rationale behind the generation of these
mutants is that resistance to auxin might mean that the plants could have been
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mutated at some point along the system of auxin perception, for example at
a receptor, so that the plant no longer is able to sense toxic levels of auxin.
Mutants resistant to toxic concentrations of auxins -display pleiotropic
morphological changes in roots, flowers and leaves (11). For example, axr!
displays reduced plant height, root gravitropism, hypocotyl elongation and
fertility, and axr2 is defective in the orientation of shoot and root growth.
Such phenotypes have been used to infer that the mutations result in changes
of the ability of the plants to sense auxin. Interestingly, some mutants appear
to be cross resistant to toxic levels of other plant growth substances, and
axr!, axr2 and aux! are all resistant to one other plant growth substance (36,
37,50, 72). While this raises the issue that if the plants are mutated in auxin
perception, this pathway might be common for the perception of other non­
auxin growth substances. It can also be argued that this may be a
consequence of the method of mutant selection and that other steps in
honnone response might have been affected (4).

T-DNA Tagging

The ultimate aim of the experiments involving Arabidopsis is the isolation of
the mutated gene sequences by map-based cloning. However, while feasible
with Arabidopsis, this technique is involved and time consuming (17).
In order to overcome some of the experimental limitations discussed

above, a genetic approach was adopted to study the molecular basis of auxin
action, based on T-DNA tagging (69). This capitalizes on the ability of the
T-DNA to insert randomly into the plant genome and, in so doing, create an
insertion mutation. Generally, such mutations are recessive, as a result of
disruption of a functional sequence upon insertion. We decided to create a
T-DNA tag that in contrast would produce dominant mutations. The creation
of dominant mutations has the advantage that it allows direct selection for a
particular phenotype at the level of the primary transfonnant. To do this a
T-DNA tag was constructed that contained the transcriptional enhancer
sequence of the 35S RNA-promoter of cauliflower mosaic virus, cloned as a
tetramer near the right border sequence, in addition to a hygromycin­
resistance selectable marker. The idea was that, following insertion of this
T-DNA into the plant genome, flanking plant sequences would become
overexpressed. In designing a selection scheme with which to use the vector
we considered two aspects from the literature concerning plant growth
substances: first, that isolated protoplasts require both auxin and cytokinin for
cell division in vitro (41); second, that tissue that has been transfonned with
the T-DNA of wild-type Agrobacterium tumefaciens grows in vitro in the
absence of growth substances. The first observation indicates the importance
of growth substances in the cell cycle, whereas the second suggested to us
that this importance could be overridden should mutations be generated in
either the auxin biosynthetic or perception pathway. This T-DNA tag was
therefore used as a mutagen in transfonned protoplasts, and transgenic cells
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were selected in vitro for growth as calli in the absence of auxin in the
culture media.
Tobacco protoplasts were co-cultivated with Agrobacteria containing the

tagging vector and selected for growth of transgenic callus in the absence of
auxin. The use of co-cultivation as a method of transformation has the
advantage that a large number of individual transgenic cells can be generated
with ease, and that a biochemical selection for a particular phenotype can be
simply applied. In a typical experiment involving 30 million protoplasts, and
a transformation frequency ofapproximately 20%, 12 calli were obtained that
grew under selective conditions. Eleven of these could be regenerated into
plants that flowered and set seed. Protoplasts derived from mesophyll cells
of all the plants regenerated from mutant calli were able to grow and form
calli on media devoid of auxin. Plants displaying obvious phenotypic
changes showed a tendency to form side shoots, had reductions not only in
the rate of root growth, but also in root initiation, and senesced earlier when
compared with untransformed control plants. One of the regenerated plant
lines, axi 159, has been studied in detail (19).

Axi 159 contains a single insert of T-DNA and displays no obvious
phenotypic changes. The ability of protoplasts isolated from axi 159
mesophyll cells to grow in culture in the absence of auxin, genetically co­
segregates with the T-DNA insert. The T-DNA in axi 159 is located on a
single 17.5 kb EcoRI fragment of genomic DNA, and this has been rescued
from the plant genome as plasmid pllli159. Once transfected into SRI
protoplasts, plllil59 confers the ability of the protoplasts to grow in vitro in
the absence of auxin indicating that it contains the DNA responsible for this
characteristic. This allows deletion analysis to derme the position of the gene
sequence which carries this out. Using this sequence as a hybridisation probe
we isolated a full length eDNA from axi 159 leaves corresponding to the
region in question, which, upon subcloning into an expression vector and
reintroduction into protoplasts, directed growth of callus in the absence of
auxin. Comparison of the sequence of the eDNA and the genomic sequence
indicates that the gene responsible for producing auxin-independent growth
upon overexpression, axi 1, is approximately 4000 bp long and contains 9
introns. Sequence comparison with data bases reveals no obvious homology
with previously characterised proteins.
Currently studies are underway to investigate how the overexpression of

axi J might lead to callus formation in the absence of auxin. Preliminary
Northern analysis of the pattern ofaxi J expression indicates that it is
expressed primarily in root tissue, and that its expression in freshly isolated
protoplasts requires auxin in the media. Our experiments at the moment are
aimed at determining the location of the axi 1 gene product in the cell and its
activity.
Our studies have revealed that the overexpression of particular plant

genes can lead to the growth of protoplasts in the absence of auxin. It is
remarkable that in the majority of the cases studied thus far, this
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overexpression does not prevent regeneration to fertile plants. The axi 1 gene
normally requires auxin for expression, and possibly codes for a transacting
transcription factor that stimulatesexpression ofauxin-dependent target genes.
Given that so little is known about the auxin biosynthetic pathway, or about
the molecular basis of auxin perception, we anticipate that the further
characterization ofaxi genes will provide interesting results.

DISCUSSION

It is possibly ironic that the molecular analysis of hormone action in plants
was initiated by the analysis of pathogenic events: tumor or hairy root
induction. The genes of the T-DNA of Agrobacterium, as well as those of
Pseudomonas, have provided valuable insight into how plant cells respond to
plant growth substances. That being said, as illustrated by the example of the
rol genes, although the genes themselves have been characterised and the
phenotypic changes caused by their action have been well documented, there
remains dispute concerning their precise action. This in part may be a
reflection of our inability to precisely measure, at a subcellular level, the
amount of both active and inactive growth substances, and to relate this to
changes in the growth and morphology of the whole plant.
Possibly one of the most significant points to emerge from the study of

the action of the rol genes is the confirmation, at the molecular level, of the
proposal that growth substance conjugation plays an important role in
modulating subcellular levels of active growth substances. It would appear
that the individual plant cell has a variety of checks and balances at its
disposal to finely regulate its hormonal status and requirements. A.
rhizogenes has exploited this as a tactic in how it induces hairy root disease,
although it is intriguing to wonder how the controls of active hormone levels
are apparently deactivated during establishment of hairy root. The simplest
explanation for this is that other T-DNA genes may act to modify the normal
control processes of active hormone regulation in the plant cell. With this in
mind it is relevant to note that the product of gene 5 of the T-DNA of A.
tumefaciens appears to act as an auxin antagonist (33).
Increasingly, we are beginning to understand more of the plant genes

involved in hormone action. Proteins which could act as potential receptors
are being characterised, and it is significant that one auxin binding protein
appears to be an analogue of role, reinforcing the view that at least cytokinin
conjugation and hydrolysis is a relevant process in normal plant development.
Further mutant analysis of T-DNA tagged or EMS-mutated genes is likely to
increase the trend of characterising plant genes involved in auxin action.
While the means of generating mutations is in place, the limitation remains
in devising adequate screening of selection procedures to isolate individuals
mutated at a defined point in the hormonal signal transduction pathway.
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Given the recent upsurge in plant molecular genetics it is to be expected that
this field will expand rapidly in the near future.
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E4. Ethylene Genes and Fruit Ripening

Steve Picton, Julie E. Gray and Don Grierson.
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and Environmental Science, University of Nottingham, Sutton Bonington
Campus, Loughborough, LE12 5RD, UK.

INTRODUCTION

Ethylene was identified as affecting plant growth at the start of this century
(42), and is produced in at least trace amounts by almost all higher plants.
It is involved in the control and coordination of a diverse range of plant
growth and developmental processes including seed germination, root growth
and development, vegetative growth, flower development, the ripening of
fruits and the senescence and abscission of flower, leaf and fruit organs
(Chapter G2). The hormone thus exerts its influence throughout the entire
developmental progression of plants. Ethylene has also been implicated in
the modulation of responses of plants to a wide range of biotic and abiotic
stresses. The role of ethylene in regulating the ripening of tomato fruits has
received particular attention, partly because of its intrinsic scientific interest,
but also for reasons of experimental convenience and the economic
importance of the tomato fruit as a major food crop.
Fruits are classified as climacteric or non-climacteric according to their

respiratory output at the onset of the ripening process and the ability of
ethylene or its analogue, propylene, to stimulate the autocatalytic production
of ethylene in climacteric fruits (39). Classic climacteric fruits such as
bananas, apples, pears and tomatoes show a clear increase in respiratory CO2
at the onset of ripening concomitant with a dramatic increase in the rate of
ethylene evolution. Non-climacteric fruits, such as the citrus family and
strawberries, show no increase in respiratory activity and do not display an
increase in ethylene evolution at the onset of ripening. Changes associated
with the ripening process have been widely studied in both climacteric and
non climacteric fruits. These generally, but not always, involve alteration in
colour, flavour, aroma and texture (Fig. 1) that occur by a variety ofdifferent
biochemical pathways in different species. The characterisation of ripening
at the molecular level is, at present, most advanced in a small group of
climacteric fruits such as tomatoes, avocados and melons.
That ethylene plays a pivotal role in the control and coordination of the

ripening of climacteric fruits is in little doubt (6, 7, 16, 17). It is known that
ethylene production from one fruit may advance the onset of ripening of
neighbouring fruits and many tropical fruits show a highly coordinated pattern
of ripening (1). Delay in the onset or progression of ripening may be
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Fig. I. Illustration ofthe interactions between ethylene biosynthesis, tomato fruit ripening and
the associated changes in gene expression.
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achieved by constant ventilation under hypobaric pressures, a process believed
to aid the escape of ethylene and reduce the sensitivity of the fruits to
ethylene (9). Inhibitors of ethylene synthesis, such as aminoethoxyvinyl
glycine (AVG), can be used to delay ripening (8) whilst treatment of fruit
with inhibitors of ethylene action or perception, such as norbomadiene (35)
or silver (11,22,53) can delay both the onset and progression of the ripening
process. The treatment of climacteric fruits with silver at advanced stages of
ripening impairs the further progression of the process (11) and indicates that
the role of ethylene must be of a regulatory nature and not simply a switch
for the ripening process. The widely held view is that ethylene is involved
in regulation of fruit ripening, either directly or indirectly, by coordinating
changes in gene expression (Fig. 1). The interaction between ethylene and
the ripening process is often exploited in commercial horticulture to achieve
uniform ripening or to initiate the ripening of mature harvested fruits.
Examples include controlled atmosphere storage with decreased ethylene
levels to slow the ripening process during the shipping of bananas and the
exposure of mature fruit to ethylene in order to advance and coordinate the
onset of the cascade of ripening events.
The tomato (Lycopersicon esculentum) has provided an ideal model

system to study, at the molecular level, interactions between ethylene and
developmental changes (Fig. 1) that occur during fruit ripening. All changes
associated with the ripening process take place after cell division and
expansion are completed. The tomato plant has a relatively small genome
(7.1 x lOS kbp), an extensive genetic map and a number of well defined
ripening mutants are available in isogenic backgrounds. The plant can be
easily grown and fruit obtained all year round. Tomato explants are
amenable to stableAgrobacterium-mediated transformation (2, 13, 15,20,33,
38,43, 57) thus allowing in planta manipulation of gene expression. In the
past decade the application of recombinant DNA technology to the field of
fruit ripening has led to the construction of a number of tomato fruit cDNA
libraries that have been screened to identify ripening clones whose
homologous genes have been subsequently used to study interactions between
ethylene and gene expression (15). These studies have indicated that ethylene
is causally related to changes in gene expression at both transcriptional and
post-transcriptional levels.
This chapter will concentrate specifically on the isolation, cloning and

identification of genes involved in the ethylene biosynthetic pathway of
tomato and how manipulation of these genes with antisense RNA technology
has provided further understanding of the role of ethylene in the
developmental changes characteristic of tomato fruit ripening.
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THE ETHYLENE BIOSYNTHETIC PATHWAY OF IDGHER
PLANTS

The ethylene biosynthetic pathway of higher plants has been extensively
studied in the past two decades and ethylene synthesis has been shown to
proceed from the S-adenosyl-L-methionine (SAM) cycle via the intermediate
SAM (67). The pathway from SAM to ethylene is catalysed exclusively in
higher plants by the enzymes l-aminocyclopropane-l-carboxylic (ACC)
synthase and ACC oxidase (formerly referred to as the ethylene-forming
enzyme or EFE) (Figs. I and 7). A more detailed discussion of ethylene
biosynthesis is provided in Chapter B4. Data obtained with excised tissues
has led to the conclusion that ACC oxidase activity is constitutive and that
ACC synthase therefore provides the rate limiting step for ethylene
biosynthesis; however, small changes in ACC oxidase activity may provide
fine tuning of ethylene evolution (67), evidenced by the induction of ACC
oxidase activity by ethylene in immature tomato fruit (36). However, the
dramatic induction of ACC oxidase mRNA at the onset of tomato fruit
ripening (56) and the demonstration that ACC oxidase mRNA accumulation
is induced very rapidly in tissues in response to a variety ofwounding stimuli
(25) means it may now be pertinent to re-examine some of the early data on
ACC oxidase activity obtained with isolated, and thus wounded, tissues, since
both ACC oxidase and ACC synthase enzymes may playa regulatory role in
the evolution of ethylene from ripening tomato fruit (47). Recent interest in
several laboratories around the world has centred on the biochemical
purification, isolation and subsequent cloning of enzymes responsible for
steps in ethylene synthesis and the utilization of antisense RNA both to
identify the function of cloned mRNAs and to manipulate ethylene
biosynthesis and ripening in transgenic plants.

THE USE OF ANTISENSE RNA CONSTRUCTS TO DOWN
REGULATE ENDOGENOUS PLANT GENE EXPRESSION:
AN OVERVIEW

Amongst the many advantages of the tomato plant for molecular analysis of
developmental gene regulation is the availability of a routine method to
achieve stable integration of recombinant genes using Agrobacterium
mediated transformation. Transformation with antisense RNA transgenes has
proved a powerful technique to selectively down-regulate the expression of
a targeted endogenous gene (15, 29, 30, 57, 62) and has proved particularly
useful in studies in ethylene synthesis and action in tomato fruits. Expression
of a gene or part of a gene placed in an inverse orientation downstream of a
constitutive promoter sequence leads to the production of an mRNA that is
an "antisense RNA" complementary to the normal endogenous mRNA
transcript (Fig. 2). The presence of such an antisense RNA molecule in
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GeneY

~

eDNA 2!. genomic fragment
is excised and ligated in
the opposite orientation,
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of "antisense" RNA

LB Transformation Vector RB

Fig. 2. Schematic construction of a vector to transcribe an antisense RNA in planta. A
transformation vector containing a complete or partial cDNA or genomic sequence inserted
in the "antisense"or reversedorientation is prepared. Following transformation ofexplants and
stable integration of the sequence (contained between the left and right borders [LB and RB]
of the vector) into the plant genome, transcription of the "antisense" RNA leads to reduction
in accumulation of the homologous endogenous mRNA and thus disruption of expression of
the endogenous homologous gene.

transgenic plants leads to a dramatic reduction in the level of the homologous
endogenous mRNA, and therefore in the accumulation of its encoded
polypeptide, thus leading to a reduction in the level ofexpression of the gene.
Although the mechanism responsible for this reduction is as yet unclear, it is
postulated that it involves specific nucleic acid base pairing at the DNA or
RNA level which leads to the observed gene inactivation and thus creates a
targeted mutation. Based on the results of many experimental reports, it is
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clear that the method is highly gene specific, leading to inactivation of only
the endogenous gene or highly homologous members of a multigene family.
Antisense RNA constructs have been particularly useful in the identification
of genes for ACC oxidase (20, 21) and for regulating ethylene biosynthesis
and thus altering fruit ripening (5, 20, 46, 47).

CLONING AND IDENTIFICATION OF ACC OXIDASE FROM
TOMATO FRUIT

Cloning

The enzyme activity responsible for the terminal step in ethylene biosynthesis,
ACC oxidase, has been studied in vivo by the application of its substrate,
ACC, to plant tissue. More detailed study of the enzyme had been hampered
by the lack of a cell free assay system. Activity of the enzyme was rapidly
lost on tissue homogenisation (67), and although maintenance of enzyme
activity was reported in isolated leafmesophyll vacuoles (19) and membrane
isolates from kiwi fruit extracts (41), this activity was very low (19,41,48).
The observation that the loss ofmembrane integrity abolished the activity (19,
37) supported the hypothesis that ACC oxidase activity depended on
membrane integrity (67) and may require the maintenance of membrane
potentials (27). Cell-free systems have been isolated that display an ability
to convert ACC to ethylene but the activity has been shown to be due to non­
enzymic reactions. John (28) summed up the situation with study ofthe Ace
oxidase enzyme stating "All in all, little progress was being made in
characterising EFE. Until, that is, the molecular biologists entered the scene".
In early investigations on the molecular changes during tomato fruit

ripening, differential screening of a ripe tomato fruit cDNA library with
radioactive probes derived from unripe and ripe fruit mRNA identified 19
non-homologous groups of "ripening-related" clones for mRNAs that
accumulated preferentially during ripening (55). Extensive characterisation
of these and other clones led to the identification of mRNAs and genes
involved in cell wall metabolism, carotenoid biosynthesis and ethylene
synthesis and enabled their role in ripening and senescence to be more clearly
defined (15). One clone, originally designated pTOM 13 (55), hybridized
to an mRNA that accumulated at the onset of fruit ripening and was also
rapidly induced following the wounding of unripe fruit and tomato leaves
(56), both processes that are accompanied by a dramatic rise in ethylene
synthesis. The TOM 13 cDNA hybrid-selected an mRNA that encoded a
35kD protein (55). Utilizing in vivo labelling studies, a protein of equivalent
size was shown to be synthesised rapidly in wounded fruit tissue (56). Based
on these observations, Smith et al. (56) suggested that the TOM 13 mRNA
may encode one of the enzymes involved in ethylene biosynthesis.
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The TOM13 cDNA was used to isolate homologous genomic sequences
from a tomato genomic library and the TOM 13 mRNA was shown to
originate from one of a small multigene family of 3 members (23, 24, 25)
(Table I). Sequencing of the TOM 13 cDNA (24), a related genomic
sequence GTOM A (23) and other homologous genomic clones designated
GTOM 17 (25) and ETH I (34) (Table I) gave no clue as to the identity of
the products or their biochemical function.

Identification

In 1990 it was reported that inhibition of endogenous TOM 13 mRNA
accumulation by the stable integration and expression of an antisense TOM
13 RNA in transgenic tomato plants led to a transgene-dosage dependent
reduction in ethylene synthesis in both wounded leaf tissue (Fig. 3A) and
ripening fruit (Fig. 3B) obtained from the transgenic plants (20). These
results clearly implicated the TOM 13 encoded product in playing a role in
either ethylene production, perception or metabolism (20). Purification of
ACC synthase from tomato fruits had resulted in estimations of its molecular
weight as 50kD (3), 65-67kD (40) and 45kD (63) and thus the TOM 13
product, previously shown to be 35kD (55, 56), appeared to be too small to
encode an ACC synthase enzyme. In order to test whether the TOM 13
product could encode ACC oxidase, its activity was assayed in wounded
transgenic leaf tissue and was shown to be inhibited in an antisense gene­
dosage dependent manner (20) (Fig. 3C). Since a proposed reaction
mechanism for ACC oxidase involved the hydroxylation of ACC (67),
sequence homology of the TOM 13 clone with a flavanone-3-hydroxylase
from Antirrhinum majus (20) provided further support that the TOM 13
product played a role in the ACC oxidase system. Final verification of the
function of the TOM 13 product came following the expression of a full
length reconstructed TOM 13 cDNA in the sense orientation (pRC 13, Table
I) in Saccharomyces cerevisiae (21). Initial attempts to express the TOM 13
encoded product in both E. coli and yeast were unsuccessful due to cloning
artifacts present in the 5' region of the cDNA. These cloning artifacts were
identified by direct sequencing of the TOM 13 rnRNA and a correct,
reconstructed TOM 13 clone, pRC 13, was created by ligating a 5' genomic
region of the corresponding gene, ETH 1 (34), to a fragment of the original
TOM 13 clone. Cultures of the transformed yeast containing the reconstructed
TOM 13 sequence in an expression cassette were able to convert the ethylene
precursor ACC to ethylene whilst control cultures were unable to catalyse the
reaction; furthermore, the recombinant enzyme displayed many characteristics
of the ACC oxidase enzyme found in plant tissues, being stereospecific in its
ability to convert the ACC analogue, l-amino-2-ethylcyclopropane-l­
carboxylic acid, to ethylene (21, 67) and being severely inhibited by cobalt
ions and 1,10-phenanthroline (21). This data verified that the TOM 13
product constituted the entire functional polypeptide of the elusive ACC
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Fig. 3. Ethylene evolution and ACC oxidase activity in nonnaJ and ACC oxidase antisense
tomato plants. A. Ethylene evolution from wounded leaves. Leaf discs were obtained from
untransfonned controls or plants containing one or two copies of an ACC oxidase antisense
gene construct. B. Ethylene evolution during fruit ripening. Ethylene evolution from
detached control and transfonned fruit, as indicated, measured daily from the onset of colour
change. C. Relative ACC oxidase activity measured in leaf discs obtained from control and
transfonned plants as indicated. (20).
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oxidase, and not simply a part of the enzymatic system responsible for
catalysis of ACC to ethylene. The enzymatic activity expressed in yeast was
also shown to be stimulated by ascorbate and to be inhibited by Fe-chelating
agents (5, 21), providing additional evidence that the enzyme catalysing this
step belonged to a group of hydroxylase enzymes. Subsequently, a further
TOM 13-like sequence (pHTOM 5, Table I) was cloned and its biochemical
function verified by heterologous expression in Xenopus oocytes (59). The
biochemical nature of ACC oxidase had previously been difficult to study
since extraction methods had resulted in almost complete loss of activity,
suggesting that the enzyme was membrane bound and required membrane
integrity for activity. With the knowledge that ACC oxidase is a hydroxylase
type enzyme, an extraction method preserving activity by the addition of
ascorbate has now been successfully used to extract, completely solubilise and
assay, in vitro, ACC oxidase activity from melon fruits (66). Subsequent
analysis of the predicted amino acid sequence of ACC oxidase and
comparison with other related enzymes indicated that it is one of a family of
dioxygenases that require Fe and ascorbate (49). This series of experiments
not only allowed the identification of the elusive ACC oxidase but also
demonstrated the power of the "reverse genetics" approach in identifying
cloned sequences of unknown biochemical function. A similar approach has
been used successfully to identify a component of the tomato fruit carotenoid
biosynthetic pathway (2).

CLONING AND IDENTIFICATION OF ACC SYNTHASE GENES
FROM TOMATO

The second enzyme to be identified in the pathway to ethylene biosynthesis
in tomato, ACC synthase, was cloned and identified by a more conventional
molecular and biochemical approach. ACC synthase has been shown to have
a short half life in vivo and proved very unstable following purification. The
enzyme is present in tissues at only very low levels, estimated at less than
0.0005% of the total soluble protein of tomato pericarp extracts (3, 64). This
hampered progress but led to a plethora of published extraction and
purification methods including physical and chemical treatments to over­
induce the enzyme (26). Several putative cDNAs encoding ACC synthase
were originally isolated from a zucchini cDNA expression library by
screening with antibodies (54). The identification of a clone encoding the
ACC synthase enzyme and proof of its biochemical function as an ACC
synthase was confirmed by expression in heterologous systems (54). The first
published ACC synthase DNA sequences resulted from the 5000 fold
purification of ACC synthase from tomato pericarp. The ACC synthase
activity correlated with a 45kD protein from which peptide sequences were
obtained. Degenerate oligonucleotide probes were synthesized utilizing the
obtained amino acid sequence and used to probe a cDNA library prepared
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Table 1 Tomato ACC synthase and ACC oxidase clones

CIOIIe_ Wert Polypoplide

lile(bp) size (kD)

ReI..-.

ACC SymIIase. (Geno.Aes lA. AeSl•• Aes 2.Aes 3. AeS41JldAeS ,: Enzyme Dime, ACS)

""VV4A' 1846 S4.7 UCU Wounded FNil p.ric.rp .DNA

""VV4B' 420 N/A UCUWoundecl FNit peri••rp .DNA
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ptACC4' 1616 S3.S Rip. lOmalo INil .DNA
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pBENI8' 209 N/A PeR prodUCI

pBTASl' 268 N/A PCR fIOm fNil mANAI••1I ...opelllioa .ullUre

pBTASr 271 N/A PeR from TomalO c.1I ...openaion culture

pBTAS3' 271 N/A PeR from TomalO ••11 ...opension cullure

pBTAS4' 246 N/A PeR from TomalO fNit mANA

V.n De, S.....n <I oJ. (67).

RoumaM <I tJJ. (S4).

Yip <I tJJ. (70):----

Followin, 1he rec.nt .......iOOl of H.Kondo (34), clone. hov. been ,roupod and a..i,ned 10 apecific ,.oea: " aequ..... d.riv.d from

AeS2; " aequone•• derived from AeS4; " aequo.... derived from AeS3. 'LE·ACC IA it derived ftom A e51A and ....EACCIBi. deriv.d

from AeSl•. 'pBTAS3 i. d.rived from AC5'.

ACC oxidllse (formerly th••thyl.no·fonnina ...yme. Gene., Aeo 1. Aeo 2. ACO J: Enzyme Dime, ACO)

pTOM 13' 1370 33.S Ripe IOmalo fNit p.ric.rp .DNA SI.te,., tJJ. /S8).nd

Holdsworth <I tJJ. (24).

pRe 13' H.millOll ., tJJ. (iO,"2Tj":-"

pGTOMAY ----3Si6--NIA --TomalO ..nomic DNA Holdsworth ., til. (23, 2S).

pGTOMBc N/A Tomato ,.nomi. DNA Holdsworth., til. (2S).

pGTOMI7' N/A Tomato ..nomic DNA Hold.worth <I tJJ. 12S).

pETHT"-----1800 N/A PeR produ.1 from ,.nomic DNA Koch <I tJJ. p6f-"'-

P-HToMSr 1035 3S.9 Eii.ito, treated Tomato ...opension .ullUre .DNA Spanu <loJ:-Tilij:---
Asabov., .Ione. hov. b••n 'lOUp.d .nd a..ignod 10 specific ,.nos: '. aequone•• d.rived from A COl (fonnallyETR 1); '. aequ..... d.riv.d

from A C02 (formally ETR 2); c, aequ.n••• d.rived ftom ACO J (formally ETR J)
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from "induced" tomato fruit pericarp resulting in the isolation of two non­
identical ACC synthase clones (pcVV4a and pcVV4b, Table I) (64). The
largest of the obtained clones contained an insert of 1.9 kbp (Table I) with
a single open reading frame coding for a protein of approximately 55kD (64).
As with the zucchini clone, the entire coding region was expressed in
Escherichia coli and the recombinant peptide was used to raise polyclonal
antibodies. The polyclonal antibodies were shown to immunoprecipitate and
immunoinhibit ACC synthase activity from a tomato extract, thus
demonstrating the biochemical identity of the clone (64). Following these
early reports there has been much interest in cloning further ACC synthase
genes from other plants and specific tissues in order to study the differential
regulation of the ACC synthase. Published data now shows that ACC
synthase is encoded by a large and divergent multigene family (60). In
tomato there are at least six ACC synthase genes that show differential
expression, with at least two members of the gene family being expressed
during the normal fruit ripening process (60, 61).

THE USE OF ANTISENSE RNA TO INIDBIT ENZYMES INVOLVED
IN ETHYLENE BIOSYNTHESIS

With the isolation and functional identification of sequences encoding
enzymes that catalyse the two key steps in ethylene biosynthesis, ACC
synthase and ACC oxidase, much work has centred on the use of these
sequences in a "reverse genetics" approach. The generation in transgenic
plants of antisense RNA transcribed from an antisense gene based on a eDNA
insert, or genomic fragment (Fig. 2) has been demonstrated to inhibit the
expression of the homologous endogenous plant gene, greatly reducing the
accumulation of its encoded protein (15, 29, 30, 57, 62). This approach has
enabled the creation of transgenic tomato plants in which a single step in the
ethylene biosynthetic pathway is inhibited, by down regulation of either the
ACC oxidase genes (20) or ACC synthase (43) genes. These plants and
further transgenic lines have aided in dissection and definition of the role of
ethylene in the control and regulation of the fruit ripening process and
provided a model system in which it may be possible to study other ethylene­
mediated processes such as organ abscission (33) and foliar senescence (46,
47).

The phenotype of transgenic tomato plants expressing an ACC oxidase
antisense RNA construct

Transgenic plants expressing an ACC oxidase antisense transgene (20) were
propagated and self pollinated to yield a segregating population containing
either zero, one or two copies of the stably integrated ACC oxidase antisense
construct. Fruit obtained from plants that had not inherited an antisense gene
produced ethylene at a similar level to non-transformed wild-type fruits. This
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Fig. 4. Changes in lycopene
accumulation in fruit pericarp ripened
on and off the plant. A. Fruit ripened
on the plant; lycopene accumulation
was measured at mature green, Mg,
(before onset of ripening), breaker, Br,
(at the start of pigment change) and up
to 28 days after the breaker stage in
control fruit (.) and fruit containing 2
ACC oxidase antisense genes (0). B.
Fruit ripened off the plant; lycopene
accumulation was measured at ripening
stages, as above, in control fruit (.)
and fruit, containing 2 ACC oxidase
antisense genes, incubated in air (0) or
with the addition of ethylene (.). (47).

demonstrated that the phenotypic effects of the transgene were the result of
direct gene specific interaction between the integrated transgene and the wild­
type ACC oxidase genes and that the function of the endogenous plant ACC
oxidase genes was not pennanently affected by the antisense construct. Plants
in which two copies of the transgene had
been inherited gave rise to fruit whose
ethylene production during ripening was
inhibited by approximately 95% (Fig. 3b).
Following pollination, ACC oxidase
antisense fruit developed nonnally and the
onset of colour change, co-incident with
the nonnal rise in ethylene evolution, also
occurred at a similar chronological stage.
The ACC oxidase antisense fruit were,
however, reported to show reduced
reddening and an increased resistance to
over-ripening and shrivelling when stored
at room temperature for extended periods
(5, 20, 46, 47). Further examination of
fruit, borne on plants homozygous for the
ACC oxidase antisense gene, showed
reduced accumulation of carotenoids,
particularly lycopene, in the ripening fruit
(5, 46, 47). It was also reported that
detachment of the fruit from the vine prior
to the onset of ripening increased the
severity of the antisense phenotype with
detached fruit turning slowly yellow and
becoming pale orange after several weeks,
with nonnal colour change being restored
by supplying ethylene (5) and Fig. 5 in
Gray et al (15).

A more detailed biochemical and
molecular examination of the homozygous
ACC oxidase antisense fruit extended these
observations and provided further
infonnation about the role of ethylene and
the possible contribution ofother factors in
fruit ripening (47). Lycopene
accumulation was reduced in ACC oxidase
antisense fruit ripened both on and off the
plant (Fig. 4), with the severity of the
detached phenotype being dependent upon
the stage of fruit removal (Fig. 5). Other
ripening parameters were also examined
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Wild-type
(in air)

ACC oxidase
antisense

(in air)

ACC oxidase
antisense

(in air with ethylene)

Picked at the
onset of colour
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held at room
temperature for
seven days.

Picked prior to the
onset of colour
change,
held at room
temperature for six
days.

Picked prior to the
onset of colour
change,
held at room
temperature for
28 days.

Fig. 5. Phenotypic changes in ripening of detached fruit containing 2 ACC oxidase antisense
genes. Wild-type and homozygous ACC oxidase fruit were detached from plants at the onset
of colour change (top panel) and stored for seven days in air or air + 20 III .-. ethylene as
indicated. Similar fruit from wild-type and homozygous ACC oxidase plants were detached
prior to the onset of any colour change (bottom two panels) and were stored at room
temperature in air or air + 20 III .-. ethylene for times as indicated. (47).

and shown to be more severely disrupted in detached fruits, including
chlorophyll degradation and accumulation of a number of previously defined
ripening-related mRNAs, including one shown to encode phytoene synthase,
an enzyme involved in carotenoid biosynthesis (Fig. 6). A further difference
was that the antisense fruit were far less susceptible to over-ripening and
shrivelling compared to the wild-type controls (Fig. 5). It was shown that the
application of ethylene to the detached ACC oxidase antisense fruit could
only partially restore normal ripening. This was consistentwith the idea that
ethylene was intimately involved with ripening. However, the later stages of
ripening, including continued production of lycopene (Fig. 4b) and the
extensive softening and shrivelling associated with over-ripening ofwild-type
fruit (Fig. 5) were not fully restored. This implicated a further factor,
associated with fruit attachment to the parent plant and working in concert
with ethylene, that was required for fruit to undergo full ripening (47). The
ACC oxidase antisense plants were also shown to have a second phenotypic
characteristic of temporally delayed leaf senescence. The onset of foliar
senescence of the lowest true leaves was delayed approximately two weeks
although once senescence had begun the rate, judged by loss of chlorophyll,
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Fig.6. Alterations of phytoene synthase (prOM 5) mRNA accumulation in ACC oxidase
antisense fruit. mRNA accumulation was measured at various ripening stagesoffruit attached
to the plant (Left panel, wild-type fruit .; homozygous ACC oxidase fruit tJ.) or fruit
removed from the plant prior to the onset of ripening (Right panel: Wild-type fruit in air .;
homozygous ACC oxidase fruit in air 0 ; homozygous ACC oxidase fruit in air + 20 pi I-I

ethylene 0). Graphs are derived from densitometric scansofthemRNAaccumulation patterns
presented below. (46).

appeared to be the same as that observed in control tissues (47). The two sets
of data taken together indicate the action of ethylene in developmental
processes may be more complex than previously thought since the low
ethylene background of the ACC oxidase antisense plants yielded fruit whose
ripening initiation was not delayed temporally but appeared to proceed at a
much reduced rate, whilst foliar senescence was temporally delayed but once
initiated, proceeded at a rate equivalent to that observed for wild-type plants.

The phenotype of plants expressing an ACC Synthase antisense construct

A similar antisense approach was used to perturb ethylene biosynthesis by the
stable integration and expression in tomato plants of an antisense RNA
construct containing an isolated tomato ACC synthase clone, LE-ACC2 (43).
Fruit from a homozygous ACC synthase antisense plant, estimated to contain
10 copies of the antisense gene, showed an extreme reduction in ethylene
biosynthesis during ripening, to a level of less than I% of that observed in
wild-type controls. The transgenic fruit, either left on the plant or detached
and stored in air, failed to develop normal colour as a result of delayed
chlorophyll loss and a lack of lycopene accumulation. Further, the fruit
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failed to undergo a respiratory climacteric, did not show characteristic
softening and did not attain a normal aroma (43). The authors found that
application of ethylene, or its analogue propylene, restored the respiratory
climacteric, reversed the mutant phenotype and gave rise to fruit that were
indistinguishable from wild-type controls with respect to parameters of
texture, pigmentation, aroma and fruit compressibility. Photographs of these
fruit (43), show the apparent complete reversal of pigment accumulation
changes; however, the quantitative measurements of lycopene accumulation
are more consistent with the conclusions drawn from the ACC oxidase
antisense fruit (47) that only partial restoration of lycopene accumulation is
achieved by ethylene treatment of the low ethylene fruit. In addition to
reversal of the antisense phenotype, it was shown that ethylene treatment was
required for at least 6 days in order to overcome the inhibition of ripening.
Shorter treatments were only partially effective (43), which supports the
suggestion that ethylene plays a continuing role in regulating the process of
ripening rather than simply being a switch for initiation of the process.
Analysis of mRNA changes in the these ACC synthase antisense plants
showed that both the polygalacturonase (PG) and ACC oxidase mRNAs
accumulated to normal levels in the fruit, which led the authors to conclude
that these mRNAs were not regulated by ethylene (43, 60, 61). The
conclusion that PG mRNA accumulation does not require ethylene is at
variance with the experiments ofDavies et al. (11), who used silver to inhibit
ethylene action and showed this prevented the rise in PG mRNA during
tomato ripening. It remains to be elucidated if the PG gene is
transcriptionally activated by even the low level of ethylene produced by the
ACC synthase antisense plants or whether the inhibition of its accumulation
by silver treatment of fruit is a secondary effect rather than a direct result of
inhibition of ethylene perception or action. It has been subsequently reported
(60) that although the PG mRNA is present in the ACC synthase antisense
fruit, its polypeptide fails to accumulate, suggesting that ethylene also exerts
an influence on gene expression at the post-transcriptional level, either
controlling translation of the PG mRNA or dramatically altering the stability
of the translated polypeptide.

An alternative approach in the manipulation of ethylene biosynthesis:
Metabolism of the ethylene precursor, ACC

In a complementary approach to the expression of antisense RNA constructs
in transgenic plants, Klee and co-workers (33) inhibited the production of
ethylene by over-expression in transgenic tomato plants of a gene isolated
from Pseudomonas sp., ACC deaminase, that metabolizes the ethylene
precursor ACC to a-ketobutyric acid (Fig. 7). Fruit from homozygous ACC
deaminase transgenic plants showed a 90-97% reduction in ethylene evolution
during ripening. These fruit also displayed an altered ripening phenotype.
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Fig. 7. Schematic representation of the interaction between ethylene and polyamine
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biosynthesis and the points of inhibition of ethylene biosynthesis by expression of antisense
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Control fruit detached from the plant at breaker stage were reported to reach
full red colour after 7 days and showed significant softening after 14 days
whilst transgenic fruit, harvested at a similar stage, took 24 days to reach an
equivalent full red stage and remained firm (33). Unfortunately, pigment
comparison was only made visually so it is not possible to ascertain if
transgenic fruit ripened to the full extent but over an extended period. This
is im.portant since the extent of lycopene accumulation (Fig. 4) during the
later stages of ripening cannot be accurately assessed by eye (Fig. 5) (47).
In direct comparison to the results of Hamilton et al. (20), Bouzayen et al.
(5) and Picton et al. (46, 47), detached transgenic ACC deaminase fruit
showed much reduced over-ripening and shrivelling. The authors further
reported that transgenic fruit left attached to the plant showed a much less
rapid rate of softening and also failed to abscise after 40 days, whilst control
fruit abscised after 14 days (33). This latter observation also suggests, in
parallel with the delay in onset of foliar senescence, (47), that inhibition of
ethylene biosynthesis in transgenic plants may result in alterations to other
developmental processes and that such transgenic plants may prove valuable
in the dissection of other ethylene-mediated events.

Examination of other genes with a role in the biosynthesis of ethylene

In a further antisense experiment designed to identify the function of a
previously cloned gene, E8 (35), an antisense E8 construct was transformed
into tomato plants (45). The E8 gene has been shown to be transcriptionally
activated at the onset of ripening (35) and its encoded product has been
suggested, by sequence homology, to be a member of the dioxygenase family
of enzymes which includes the ACC oxidase identified by Hamilton et al (20,
21). A full length E8 antisense cDNA was transformed into tomato plants
and transformants analyzed. Two independently transformed plants showed
a characteristic reduction in the endogenous E8 mRNA accumulation and
were selfed to yield homozygous E8 antisense progeny that were further
analyzed (45). .
At the onset of fruit ripening, the E8 antisense fruit showed an equivalent

rate of ethylene evolution to wild-type controls; however, two days later
ethylene production by the transgenic fruit was approximately sixfold higher
than the controls. The effect of the transgene appeared transitory, with
ethylene production from transgenic fruit falling to equivalentwild-type levels
after five days. There was no effect on ethylene evolution from unripe
transgenic fruit, which correlates with the known pattern of expression of the
endogenous E8 gene during fruit development and ripening. It was reported
that detached fruit from one of the transgenic lines showed delayed ripening
although the extent of the delay was variable (45); it has since been shown
that the delayed ripening phenotype does not co-segregate with ethylene over­
production and may have arisen as a result of somaclonal variation following
tissue culture (R.L. Fischer, personal communication).
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Clearly these results implicate a role for the E8 protein in the control of
ethylene evolution after the onset of ripening, since inhibition of E8 protein
accumulation results in substantial ethylene over-production in transgenic fruit
after the fruit have initiated the ripening process. It has been suggested that
the E8 polypeptide may play a role in a negative feedback mechanism
responsible for regulation of ethylene biosynthesis during ripening perhaps by
directly limiting the amount ofACC, or, indirectly by constituting part of the
signal transduction pathway that regulates ethylene biosynthesis during
ripening (45). The involvement of the E8 protein in ethylene perception was
also discussed by Theologis (60). Drawing on evidence presented in recent
papers (18, 45) it was suggested that the E8 protein may constitute a part of
the proposed metalloprotein ethylene receptor. The observed over-production
of ethylene by both antisense E8 fruit and wild-type plants treated with silver,
which is thought to affect ethylene perception, is consistent with this idea.
Thus, interfering with the ethylene receptor may be perceived by cells as "no
ethylene present" and invoke over production of the hormone. The model
does not, however, extend to an explanation of the transitory nature of
ethylene over-production observed in the E8 antisense plants. Furthermore,
since E8 encodes a member of a large group of dioxygenase enzymes with
diverse functions (49), it is possible that it plays a more indirect role in
modulating ethylene synthesis.

DISCUSSION

All approaches to inhibit ethylene synthesis in transgenic tomato plants
demonstrated different degrees of inhibition of ethylene synthesis and
produced fruit show varying degrees of ripening inhibition. The most
extreme reduction in ethylene production has been achieved utilizing multiple
insertion of an ACC synthase antisense construct (43). Fruit from these
plants also display the most retarded ripening phenotype. Taken together,
data obtained from the antisense ACC oxidase and ACC synthase fruits and
results obtained from the expression ofACC deaminase in fruit prove that the
synthesis of ethylene during tomato fruit ripening occurs solely from the
SAM cycle (Figs. 1 and 7). The findings that the application of ethylene to
the transgenic fruit can induce the climacteric respiratory rise in the absence
of endogenous ethylene production and reverse the antisense phenotype (43)
demonstrates that ethylene controls the climacteric rise in respiration in
tomato fruit and that ethylene is therefore a causal agent of fruit ripening and
not simply a by-product of the ripening process. Other data supports the
hypothesis that ethylene alone is not the sole determinant of ripening, since
application of ethylene to transgenic ACC oxidase antisense fruit fails to
cause complete reversal of the antisense phenotype (46, 47). The visual
difference observed in the phenotype ofeither ACC oxidase antisense or ACC
deaminase fruit when left attached to the plant or detached and stored in air
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(33, 47) supports the involvement of a further factor associated with
attachment of the fruit to the plant, as proposed by Picton et al (47).
The requirement for continued ethylene treatment to overcome the ACC

synthase antisense phenotype demonstrates that ethylene acts in the ripening
process as a regulator or rheostat rather than simply a switch that activates the
process at the onset of ripening. Furthermore, the failure of ethylene
treatment to fully reverse the ACC oxidase antisense phenotype of detached
fruit strongly suggests that ethylene acts in concert with a further factor(s)
when fruit remain attached to the plant. The identity of this factor, either a
fruit associated inhibitor which is metabolised, mobilised or inactivated at the
onset of ripening or an enhancer imported from the plant remains to be
elucidated.
Further studies on the role of ethylene in the accumulation ofPG mRNA

(43,47,60) and the PG polypeptide (60) are required to ascertain whether the
very low levels of ethylene produced in the antisense fruit are sufficient to
promote PG mRNA accumulation. The present indications are, however, that
ethylene may affect the translation or stability of translated polypeptides in
the ripening fruit (60, 61) and thus playa dual role in regulation of ripening
gene expression.

It is possible that differences in the methods used to inhibit ethylene
biosynthesis in transgenic plants may provide a plausible explanation for the
differences observed in the results discussed in this chapter. There is a clear
metabolic link between the pathways for biosynthesis of ethylene and
polyamines (Fig. 7). In both the ACC oxidase antisense and ACC deaminase
plants, no substantial increase in the concentration ofSAMwould be expected
and thus no significant effect on the flux of SAM into the polyamine
pathway. In ACC deaminase fruit, SAM would continue to be converted to
ACC that is subsequently metabolized by the recombinant enzyme (Fig. 7).
In contrast, however, in ACC oxidase antisense fruit, SAM also continues to
be converted to ACC which accumulates to higher levels in the pericarp (47)
and can be further metabolised to malonyl-ACC (Fig. 7). In ACC synthase
antisense fruits there could be an increased flow of SAM into the polyamine
pathway via SAM decarboxylase as a result of the inhibition of conversion
of SAM to ACC; such a change in flux has been reported in aged orange peel
slices where the conversion of SAM to ACC was blocked by AVG and led
to increased incorporation of SAM into spermidine (10). If the hypothesis is
correct, there may be increased levels of polyamines in the ACC synthase
antisense fruit compared to the ACC oxidase antisense or ACC deaminase
fruits (Fig. 7). This could be important, since polyamines have been
demonstrated to have antisenescent properties (58) and the tomato variety
Liberty and the mutant ale both contain increased levels of polyamines, show
reduced ethylene biosynthesis during ripening and display a delayed over­
ripening phenotype (12, 52). This raises the possibility that higher
endogenous polyamine levels, in addition to severe inhibition of ethylene
biosynthesis may, in part, contribute to the extreme phenotype of the ACC
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synthase antisense fruit. The possibility that increased synthesis of ethylene
is part of a mechanism to reduce the level of polyamines at the onset of
nonnal ripening and that they may constitute part of the fruit-associated
ripening inhibitor (47) is intriguing (14).
Despite the purification, identification and cloning of two key enzymes

involved in ethylene production, little is known about the underlying
mechanisms responsible for the perception of the ethylene stimulus or how
signals are transduced following perception in order to bring about specific
alterations to gene expression. Steps to address this specific area have been
taken recently using the model plant systemArabidopsis. Ethylene insensitive
mutants have been identified (4, 18, 65) and more recently a mutant that
constitutively activates ethylene mediated responses, the ctr 1 mutant (31),
has been isolated. The gene corresponding to the ctr 1 mutation has been
cloned and shown to encode a peptide that resembles the Raf family of
serine/threonine protein kinases. The putative CTR I gene has been
postulated to act as a negative regulator in the ethylene signal transduction
pathway and the identification of three other loci involved in ethylene
perception (18, 50) and cloning of one of the genes, EIN 3, cited in (31) may
aid dissection of the signal transduction pathway responsible for gene
regulation by ethylene.
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INTRODUCTION

Plants are unable to move of their own volition from one place to another
where a more comfortable environment for growth and reproduction might
be available. The frequent exposure to severe physical, chemical and
biological stresses has led higher plants to acquire and develop, during their
evolution, self-defense mechanisms )rotect themselves against the many
kinds of environmental stress to which they are exposed. Thus the expression
of many plant genes is influenced by environmental conditions. Under
adverse conditions plant tissues are often damaged. Wounding can be an
extremely severe stress which may result in the death of the plant. Injuries
inflicted by herbivore feeding or other mechanical damage may also provide
ready entrance points for pathogens, removing the protective layers which
normally coat the entire plant. The gene expression pattern of the plant is
drastically altered by wounding. Processes which are likely to require large
amounts of energy, such as those related to plant growth, are brought to a
stop. The expression of some genes is turned off; for example, the small
subunit of the ribulose biphosphate carboxylase (30) and the 10 kd protein of
the water splitting apparatus, both involved in photosynthesis, whilst the
expression of others is triggered. Thus, plants respond to mechanical injury
by inducing a defense response characterized by the expression of a set of
proteins, mainly aimed at wound healing and prevention of pathogen
invasion. These responses include reinforcement of the cell wall by
deposition of callose, lignin, and hydroxyproline-rich glycoproteins; synthesis
of the antimicrobial compounds such as phytoalexins; and production of
proteinase inhibitors and lytic enzymes such as chitinases and glucanases.
With the exception of callose production, which involves Ca2+ stimulation of
preexisting callose synthase at the plasma membrane, induction of all known
defense proteins involves transcriptional activation of the corresponding genes
and, as a consequence, correlates with a substantial alteration of gene

Abbreviations: ABA=abscisicacid; JA=jasmonicacid;MeJA=methyljasmonate;LA=linolenic
acid; LOX=lipoxygenase; 13HPLA=13-hydroxyperoxylinolenic acid; 12-oxo-PDA=12-oxo­
phytodienoic acid; SHAM=salicylhydroxamic acid; ETYA=eicosatetraynoic acid.
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Hormones in gene activation in response to wounding

expression in the host plant. This gene activation can be confined to the
close vicinity of the wound site. Some genes, however, are not only induced
locally but also in distal organs which are themselves not damaged (4).
The activation of wound-induced genes is most likely due to the

generation of an activating signal at the site of the injury. The subsequent
distribution of this putative "wound signal" might be directly responsible for
the activation ofdifferent subsets ofgenes either locally or systemically. The
local induction of genes might require a high concentration of the "wound­
signal" which is only reached close to the site of the injury, whilst the
induction threshold would be much lower for distantly located systemically
induced genes. It would not be surprising therefore if some substances with
short migration range were responsible for the local induction, whilst other
substances able to migrate long distances through the plant would trigger the
expression of the systemically induced genes. A number of different
substances have been shown to modulate the activity of genes induced in the
wounded tissue and thus have been put forward as putative wound signals.
The aim of this chapter is to discuss the evidence for a role of abscisic acid
(ABA) and jasmonic acid (JA) (see Chapter C2a) in the induction of plant
gene expression upon wounding using the expression of the proteinase
inhibitor II (pin2) gene family as a model system.

THE PROTEINASE INHIBITORn (pIN2) GENE EXPRESSION AS A
MODEL SYSTEM FOR GENE ACTIVATION BY WOUNDING

Plants react to wounding and pathogen attack by activating a set of genes,
most of them playing a role in wound healing and the prevention of
subsequent pathogen invasion. Some of these genes are expressed in the
vicinity of the wound site while others are also systemically activated in the
non-damaged parts of the plant. The potato and tomato proteinase inhibitor
II (Pin2) gene families are the best studied examples of genes which are
systemically activated upon mechanical damage (4,40). Potato Pin2 belongs
to a small family consisting of some 3-5 members per haploid genome.
Complementary DNAs (cDNAs) have been isolated from both potato and
tomato plants and shown to share a high degree of similarity in their
sequences (over 80%). The Pin2 gene family is constitutively expressed in
potato tubers, where Pin2 protein can make up to 5% of the total tuber
protein content. Additionally, Pin2 mRNA is also constitutively present in
the early stages of floral development. Young floral buds accumulate Pin2
mRNA which is absent later in the organs of the fully developed potato
flower. Tomato flowers also accumulate Pin2 mRNA but, in contrast to
potato, adult flowers exhibit readily detectable levels of it in virtually every
organ (33). In addition to its constitutive expression in tubers and flowers,
Pin2 mRNA accumulates in the foliage of both potato and tomato plants
following wounding, either mechanical or by herbivore feeding. This
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accumulation is due to transcriptional activation of the Pin2 genes upon
wounding, and is not confined to the site of injury. Indeed, the non-damaged
leaves of a wounded plant readily accumulate Pin2 mRNA, but with a short
delay compared to the directly wounded ones, thus resulting in lower levels
of Pin2 mRNA at a given time point in the systemically induced leaves as
compared to the locally induced ones. This systemic induction is likely to be
related to the synthesis or release of a wound signal at the site of the injury
which migrates throughout the plant activating Pin2 genes in distal tissues.
This signal is most likely transported via the phloem since non-wounded
leaves both above and below the wound site accumulate Pin2 mRNA,
indicating acropetal and basipetal distribution which are characteristic of
phloem transport (30). Transgenic potato plants have been obtained with a
Pin2 promoter driving the expression of a bacterial b glucuronidase (GUS)
reporter gene (18). These transgenic plants exhibited constitutive high levels
of GUS activity in tubers and floral buds, and high levels of GUS were also
observed in leaves upon wounding. Consistent with the idea of a transport
of the wound signal via the phloem, the Pin2 promoter activity in
systemically induced leaves is highest in the tissue surrounding the vascular
bundles. Every organ of the potato plant appears to be able to release the
wound signal. Thus in addition to the already described effect of wounding
leaves, tubers or roots wounded while still attached to the plant also trigger
the systemic accumulation of Pin2 throughout the plant. However, not each
tissue reacts to the wound signal by accumulating Pin2 mRNA. In the same
set of experiments it was shown that whereas the Pin2 gene family was
readily induced systemically in leaves and young stems, neither roots nor the
lower part of the stem (close to the roots) expressed Pin2 as a reaction to the
stimulus (30). Roots wounded by nematodes do not accumulate Pin2 mRNA
which, however, accumulates systemically in the rest of the plant (14). In the
case of the lower stem the absence of Pin2 accumulation upon wounding is
not due to a general non-responsiveness of the tissue since it reacted to
wounding by decreasing the levels of RNA of the small subunit of rubisco,
suggesting that it has the ability to detect changes related to wound signals
(30).

It thus appears that upon wounding of any organ of the plant a signal is
released and distributed, triggering the activation of the Pin2 gene family in
the aerial part of the plant, whereas in other organs, such as roots, different
responses may occur.

DIFFERENT COMPOUNDS INDUCE Pin2 GENE ACTIVATION

Several different stimuli have been shown to stimulate Pin2 mRNA
accumulation in leaves, and have therefore been suggested to play a role in
the transduction of environmental or developmental cues to Pin2 expression.
Thus, plant cell-wall derived oligosaccharides with different degrees of
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polymerization have been suggested to be the wound signal (39).
Oligosaccharide fragments could be generated from the plant cell wall upon
contact with endogenous polygalacturonases, released in the medium due to
the loss of compartmentalization by mechanical disruption. It was reported
that pectic fragments with different degrees of polymerization derived from
the plant cell wall were able to induce Pin2 gene expression, and they were
therefore assumed to be the proteinase-inhibitor inducing factor (PIIF) (2).
The expression of the Pin2 gene family was also induced in detached leaves
supplied with chitosan, a (3-I-4-glucosamine homopolymer present in fungal
cell walls (30). By using radiolabeled oligosaccharides, however, Baydon and
Fry (l) have shown that molecules with a degree of polymerization greater
than 6 do not travel long distances through the plant vascular system, which
argues against them actually mediating the systemic activation of the Pin2
gene. These compounds are rather thought to be released from the wounded
tissues as early signals in the pathway that ultimately leads to both localized
and systemic wound-induced expression of Pin2 genes.
The phytohormone ethylene has been suggested to be involved in the

transmission of the wound stimulus leading to the expression of plant­
defense-related genes. Ethylene production is indeed increased upon injury
as well as plant stresses such as freezing or drought, mainly as a result of
increasing synthesis of ACC (l-aminocyclopropane-I-carboxylic acid), a
precursor in the ethylene biosynthetic pathway. Several genes involved in
processes of plant defense, such as some PR (pathogenesis-related) proteins,
are thereby activated and this activation can be mimicked by ethylene
treatment (3). Ethylene, however, appears to play no role in Pin2 induction
upon wounding. Ethylene-forming compounds or precursors such as
ethephon or ACC were unable to induce the Pin2 gene family over the level
already reached in detached leaves incubated in water alone. In addition,
known inhibitors of ethylene formation and action i.e. C02+and Ag+ do not
prevent the accumulation of Pin2 mRNA upon wounding (42). These data
suggest that ethylene may participate in a wound stimulus transduction
pathway other than the one leading to the activation of Pin2. Consistentwith
this, it has been shown that the induction pattern of the cell wall
hydroxyproline-rich glycoprotein genes upon wounding is different from the
induction by ethylene treatment (8). Moreover, only 15% of the proteins
accumulating upon wounding of tomato fruit are affected by the presence of
inhibitors of ethylene action (15). These results suggest the existence of at
least two different pathways acting to transmit the wound stimulus.
On the other hand, the phytohormone auxin prevents the wound-induced

Pin2 gene expression. Exogenously applied auxin can act as a repressor of
the wound-inducible activation of a chimeric Pin2-CAT (chloramphenicol
acetyltransferase) chimeric gene in transgenic tobacco callus and in whole
plants (17). In addition, the endogenous levels of indole-3-acetic acid (IAA)
declines two- to threefold within 6 hours after wounding. The kinetics of
auxin decline are consistent with the kinetics of activation of the Pin2-CAT
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construction in the foliage of transgenic tobacco. These results suggest that
endogenous levels of IAA in unwounded plant tissues are sufficient to
maintain the inhibitor II gene system in a repressed state so that the genes are
not expressed. However, following a wound, the levels of IAA in bulk
tissues decline, allowing a derepression of the gene system with concomitant
expression of the CAT protein (48).
Additional signalling mechanisms in the regulation of the wound

response system have been reported and diverse theories have been advanced
regarding the nature of the systemic signal transmitted from wound sites..
Thus, changes in membrane polarity are among the first effects to be detected
in wounded plants. These alterations of the membrane polarity are also
systemically transmitted but it still unclear if they are responsible for the
systemic induction of genes or if they are just the result of the systemic
changes occurring upon wounding (52). Phytohormones such as ABA (31)
and jasmonic acid (JA) derivatives (9, 10, 32, 34) are able to induce Pin2
gene activation (the role of both ABA and JA is discussed in this
chapter).Other substances including sucrose also induce Pin2 gene expression
without wounding (34). In addition, a peptide mediating the systemic wound
response of Pin1 and Pin2 genes in wounded tomato leaves has been reported
(29). This molecule, termed systemin, is an 18-amino acid oligopeptide, rich
in proline and basic amino acids, which has been shown to move systemically
in the phloem to distant plant tissues. On the other hand, many of the
stimuli that initiate systemic responses in plants are also known to cause
simultaneous electrical activity, and an increasing number of plant species
have been shown to be able to transmit action potentials and variation
potentials (21). Thus, it has been recently reported that a propagated
electrical signal may be the messenger for the systemic induction of Pin2
(53). In contrast to our results (20 minutes for systemic wound-induced gene
activation), systemic accumulation of Pin2 mRNA was already detected five
minutes after wounding. The signal would move from the wound site to the
systemic tissue via some system which exclude the involvement of phloem
tissue, previously blocked by cooling. The signal would also travel
apparently unhindered through significant lengths of stem which consisted of
alternating live and dead (at least temporally) regions. Electrical signal
transmission from cell to cell would require the presence of functional
membranes. Therefore, one crucial point will be to demonstrate the capacity
of these forms of signal in propagating through nonfuntional tissues. More
recently, Malone (22) proposed that hydraulic signal represent the mechanism
of systemic signalling of wounding in tomato plants. He demonstrated that
wound-induced mass flows can transport solutes extensively and rapidly from
the wound site. The rate mass flow (ca. 10 mm S·I) is sufficiently rapid to
distribute elicitors throughout the plant within the shortest time observed for
systemic wound-induced gene activation (20 min) (30).

399



Hormones in gene activation in response to wounding

THE INVOLVEMENT OF ABA IN WOUND-INDUCED Pin2 GENE
EXPRESSION

The plant growth regulator abscisic acid (ABA) appears to play a
predominant role in the conversion of environmental signals into changes in
plant gene expression. A rise in its endogenous concentration precedes and
is involved in the establishment of seed dormancy, with mature seeds not
germinating in the presence of exogenous ABA (37). Moreover, viviparous
mutants have been described in a number of plant species, with seeds which
precociously germinate in the fruits. The absence of dormancy is due either
to a deficiency in ABA synthesis, in which case external application reverts
the seed to the wild-type phenotype or, alternatively, to a lack of
responsiveness to endogenous ABA levels, and in this case exogenously
applied ABA is not able to prevent premature seed germination. ABA
treatment at normal temperature can also mimic the effect of cold
temperatures by inducing the synthesis of the same set of proteins which are
thought to increase the tolerance of plants to freezing. Similarly, drought and
high salt concentration trigger a rise in the endogenous ABA level which may
be responsible for the activation of most of the water- and salt-stress induced
genes (43).
Recently strong evidence has accumulated for the involvement of ABA

in the induction of the Pin2 gene expression upon wounding. In a series of
experiments, potato plants were sprayed with 100 #LM ABA, and Pin2 mRNA
accumulated subsequently in the absence of any wounding (31). Tissues that
were sprayed directly, as well as non-sprayed leaves, showed increased Pin2
mRNA levels. This accumulation was tissue-specific, being detected in leaves
and stems but not in roots or the lower part of the stems. ABA sprayed to
the leaves of a plant is thus able to trigger the systemic induction of the Pin2
gene with a pattern identical to the one described for wounded plants (30).
In contrast, no activation of Pin2 could be detected in tomato or transgenic
tobacco plants containing a wound-inducible potato Pin2 gene when these
were sprayed with ABA. An enhancement of Pin2 mRNA accumulation was
only seen in these plants upon incubation of detached leaves in an ABA
solution, suggesting that differences in ABA absorption through the epidermis
between potato and tomato or tobacco leaves might could be responsible for
the contrasting results. Conclusive evidence for the involvement of ABA on
wound-induced Pin2 activation was obtained by analyzing the wounding
effect in mutant plants impaired in ABA synthesis. These plants provide the
best required control for the experiments involving the external application
of ABA. The potato mutant droopy and the sitiens mutant of tomato have a
mutation blocking the last step in ABA biosynthesis, namely the conversion
of the ABA-aldehyde to ABA (7, 47). The altered phenotype of these
mutants results from their lower internal level of ABA (9-12%) and can be
reversed by exogenous application ofthis hormone. Wound induction ofPin2
is not observed in mutants of potato and tomato deficient in the synthesis of
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ABA. In these plants, however, treatment with ABA causes a reversion of
the accumulation of Pin2 mRNA to the levels normally found in wild-type
plants upon wounding (Fig. I). Moreover, endogenous levels of ABA
increase, both locally and systemically, in wild-type plants upon wounding
but not in the droopy mutant (Fig. 2).
Both the local accumulation ofPin2 mRNA around the site of injury and

the systemic activation of Pin2 transcription in the distal non-wounded tissue
are affected by the ABA deficiency. In the mutant plants, very low levels of
Pin2 mRNA can be detected in the tissue closest to the wounding site, whilst
Pin2 mRNA concentration is below the limits of detection in the systemically
induced foliage (33). This very low Pin2 mRNA accumulation in the vicinity
of the injury is consistent with the low ABA levels present in the mutant
plants (36, 47), and further suggests that ABA is involved in the release of
a local wound signal or, alternatively, that it is itself the local signal. The
lack of Pin2 accumulation in the tissue distal to the wound site indicates that
ABA is also involved in the systemic induction of Pin2, either by preventing
the formation of a signal at the site of the injury, which subsequently
migrates to the distal tissue, or by being the systemic signal itself. Externally
applied ABA is also able to induce the systemic expression of the Pin2 gene
family. Potato plants sprayed with ABA in the lower part of the foliage
accumulated Pin2 mRNA, not only in the tissue sprayed directly, but also in
the upper part of the foliage which was not sprayed. By performing this
experiment in the ABA-deficient droopy plants, it was possible to demonstrate
that the ABA levels increase in the distal non-sprayed tissue to within levels
normally found in the systemically induced wild-type plants (Fig. 3).
Accumulation of Pin2 mRNA in the distal, non-sprayed tissue accompanied

the rise in the hormone
concentration (Fig. 4). Since

Fig. 1. Pin2 expression pattern in wild-type
andABA-deficient (droopy)S. phurejaplants.
RNA was isolated from stolons (ST), tubers
(TV), non-wounded leaves (CL), wounded
leaves (WL), leaves sprayed with ABA
(ABA) and unripe floral buds (VB) from
wild-type (s. phureja), or ABA-deficient
mutant plants (droopy). The autoradiogram
shows the result of an RNA gel blot
hybridization of total RNA (20 p,g per slot)
against Pin2 cDNA probe.

Is. phur~.1

I Droopy I

• •••

--
,...
,,,"

.! lonG
~.... .....
~ ...
~ ...

...

WILD-TYPE IUtO()I'Y

Fig. 2. Endogenous levels ofABA produced
upon wounding in wild-type and ABA
deficient (droopy) potato plants. ABA was
detennined in damaged (wounded) and non­
wounded leaves (systemic) of wild-type (s.
phureja) andABA-deficient mutant plants as
well as in leaves before wounding (control).
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Fig. 4. Comparison of the Pin2 gene
expression upon ABA spraying in wild-type and
ABA-deficient (droopy) mutant plants. Potato
wild-type and ABA-deficient droopy plants
were sprayed with a 100 ILM ABA solution.
Both directly sprayed (L) and non-sprayed
systemically (S) induced leaves were harvested
after 24 h. The RNA gel blot was hybridized
against a Pin2 cDNA probe. As a control,
RNA was isolated from plants 24 h after
spraying with water (lane C).
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Fig. 3. ABA moves throughout in ABA­
deficient mutant plants. Droopy plants
were sprayed with a 100 ILm ABA
solution. The ABA concentration attained
upon treatment in the systemically
induced leaves at the time of harvesting
was determined. The ABA concentration
from a droopy plant 24 h after spraying
with water was also determined (control).

droopy plants are not able to synthesize ABA de novo, the high ABA levels
detected were most likely due to the migration of the exogenously applied
ABA to the distal, non-sprayed tissue. The results demonstrate the ability
ofABA to migrate throughout the plant and thereby trigger the expression of
the Pin2 gene family in distal tissues in a similar manner to their systemic
induction upon wounding.
Whilst ABA is involved at some stage during wound-induced gene

activation, constitutive Pin2 expression in potato flowers and tubers is
apparently not affected by the block in the ABA biosynthetic pathway (Fig.
1). Thus, the ABA-deficient droopy mutant has wild-type Pin2 mRNA levels
in tubers and flower buds, suggesting the presence of different or additional
factors for Pin2 gene activation in tubers and flowers (33). Another
explanation could be that the different modes of expression of Pin2 might
reflect differential activity ofmembers of the gene family. Alternatively, one
or several members of the gene family may be active in some or all of these
situations. Transgenic potato plants containing a gene fusion consisting of a
Pin2 promotor hooked to a {3-glucuronidase (GUS) reporter showed
constitutive GUS activity in tubers and floral buds, and wound-induced
activity in leaves (18). Additionally, this construction endowed transgenic
ABA-deficient droopy plants with constitutive GUS activity in tuber and
floral buds, and ABA-induced activity in leaves (33). A single promoter
element therefore mirrors the expression pattern of the whole gene family
indicating the presence within this promoter of all cis-acting sequences
responsible for the complex regulation of Pin2 by environmental and
developmental factors. The activity of another highly similar Pin2 promoter
has been shown to be also wound inducible in transgenic tobacco plants. Its
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activity in potato has not been so far tested, and it is not known yet if it is a
general rule that Pin2 promoters are active in both tubers and wounded
leaves.
Analysis of the Pin2 promoter (5', 3', and internal deletions) in

transgenic tobacco and potato plants has revealed that it consists of at least
two functionally distinct elements: an upstream quantitative enhancer,
required for maximal levels of expression, whose activity is modulated by
downstream regulatory elements (19). Within this latter element are located
cis-regulatory sequences involved in inducible expression in wounded leaves
and constitutive expression in tubers and flowers. Deletion analysis of the
promoter did not distinguish wound-inducible from tuber-specific elements,
with the promoter carrying internal deletions being active or inactive in tubers
and damaged tissues in a parallel fashion. In contrast to this, promoter
activity in flowers can be endowed by sequences located both within and
outside the region where sequences involved in expression in tubers and
wounded leaves have been mapped, and therefore has to be different from
them (20). Thus, the maximal level of expression in flowers depends on a
different promoter region as compared to the one needed for maximal
expression in wounded leaves (from -624 to -504). Moreover, analysis of the
effectiveness ofABA, lA, and sucrose in inducing the different Pin2 internal
promoter deletions suggest that their action is mediated by the -624 to -405
promoter region. In this respect, ABA, lA, and sucrose cannot be
distinguished from the stimuli responsible for expression in tubers or
wounded leaves. However, in leaves, none of these compounds activated a
promoter deletion which was constitutively expressed only in flowers,
indicating that this tissue-specific expression has to involve other, so far
unidentified, compounds.

WOUND RESPONSE AND THE INVOLVEMENT OF ABA

The in vivo involvement of ABA in the gene activation processes which
follow mechanical damage of the plant tissue is supported by the fact that the
endogenous ABA concentration rises three- to fivefold upon wounding. This
increase is, moreover, not restricted to the tissue damaged directly but can
also be detected in the non-wounded systemically induced tissue (31). This
phenomenon is common to several plant species. ABA increases upon
wounding have been detected in potato, tomato and tobacco leaves (42).
Furthermore, in all three plant species a correlation could be established
between the ABA increase and either the expression of the Pin2 gene family
(in the case of potato and tomato), or the activity of an introduced Pin2
promoter (in the case of transgenic potato or tobacco plants) (31).

An increase of ABA levels after mechanical wounding of the foliage of
other non-solanaceous species is likely to be a common feature of the plant
response to wounding. For instance, hevein, a chitin-binding protein present
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in the laticifers of the rubber tree, has recently been shown to accumulate in
the foliage of the tree, but not in the roots, upon mechanical wounding.
ABA, as well ethylene treatment, leads to an increase in the hevein mRNA
level, displaying the same organ specificity as shown upon wounding (5). In
any case, it is also likely that the activation of other potato genes would be
triggered by wounding along with the Pin2 gene family. The expression of
a gene coding for a highly anionic peroxidase is induced during healing of
potato tubers and tomato fruits. This gene is also responsive to ABA
treatment; its mRNA accumulates in potato calli grown in 100 pMABA (38).
Similarly, the isolation by differential screening of four other wound- and
ABA-responsive genes was recently reported (16). The distribution of the
corresponding mRNA in the different organs of non-wounded, wounded, and
ABA-sprayed wild-type and mutant potato plants showed that wounding or
ABA treatment leads to a pattern of expression of these genes that is very
similar to that ofPin2, thus supporting the direct involvement ofthis hormone
in the signal transduction of mechanical damage.
The role of ABA in wound induction has proven to be more subtle than

promoting gene transcription by directly triggering promoter activity. We can
consider the expression of Pin2 in situations of plant water deficit as an
example. Water deficits result in an increase in the endogenous ABA
concentration, which in potato is some eight- to tenfold higher than the
nonstressed levels. This leads to stomatal closure, thus preventing further
water losses through the transpiration stream. Despite these high ABA levels,
the Pin2 gene family is not transcribed in water-stressed potato or tomato
plants. This inactivity is not due to toxic levels of ABA, as water-stressed
plants transcribe and accumulate Pin2 when wounded (31). Moreover, a
consensus ABA responsive element (ABRE) is found in the promotor region
responsible for promoter activity in damaged leaves (-624 to -504) which
might mediate the observed effect of ABA on wound-induced Pin2
expression. However, a mutation of this element to a sequence that did not
allow binding of the cognate nuclear protein in the wheat Em promoter had
no effect on Pin2 promoter activity (20). This suggest a more complex mode
ofABA action on Pin2 transcription which must be consistent firstly with the
fact that Pin2 is not active under water-stress conditions, despite a much
higher rise in the endogenous ABA levels (31), and second with the absence
of any activity in potato nuclear extracts binding to the ABRE consensus in
this region (41). Most of the genes induced in plants subjected to water
deficit also appear to be ABA-responsive (43), for example the late embryo­
abundant (LEA) proteins, such as those coded for by the rice RAB 16 gene
(27) and the Em gene of wheat (23). In addition, a maize seed protein has
been described as ABA inducible which is also weakly induced upon
wounding (12). However, neither the Pin2 gene family nor any of the other
wound-inducible potato genes, such as cathepsin D inhibitor (Cdi) or
threonine deaminase (Td) could be induced by water stress (16). Their mode
of activation suggests that factors additional to the presence of ABA are
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necessary for the induction of this set of genes. Supporting this assumption,
it was shown that the effect ofABA on Pin2 gene expression was not exerted
directly. Detached potato leaves pre-treated with cycloheximide prevented
Pin2 accumulation upon ABA treatment, suggesting the presence of a labile
protein factor mediating the ABA action. In contrast to this, water-stress­
responsive genes, such as RAB16 or the Em, appears to be independent of
cytosolic protein synthesis. These results suggest a different induction
pathway for Pin2 and the other wound-induced potato genes, as compared to
the LEA genes as a result of ABA treatment. These results further indicate
that whereas ABA would directly mediate responses to osmotic stress, a more
complex signaling pathway might lead to transcriptional activation of the
defense-related genes as the end result of the increased levels ofABA caused
by wounding.

THE ROLE OF JASMONIC ACID INWOUND-INDUCED Pin2 GENE
EXPRESSION

The occurrence of JA and its derivatives is widespread in the plant kingdom
and several different regulatory effects have been reproducibly associatedwith
their presence. One of the most consistently observed effects is that JA
treatment leads to plant responses similar to those caused by ABA treatment.
Several ABA-induced proteins could be detected upon incubation of barley
leaves in a JA solution, and these jasmonic acid-induced proteins (npS) were
immunologically related to the proteins accumulating upon ABA treatment
(51). It is interesting to note that both ABA and JA have been associated
with wound-induced gene expression in diverse plant species (46). However,
the expression of some of these genes is also affected by others factors
showing the complexity of their regulation.
In many plant species wounding induces a systemic response in untreated

leaves, including the induction of soybean vegetative storage proteins (VSPs)
(25) and proteinase inhibitors (10, 34). Jasmonates also induces proteinase
inhibitors in distant untreated leaves, and assimilation of methyl jasmonate
(MeJA) through soybean petioles is an effective way to induce VSP gene
expression in leaf plants. Wound induction of VSP is blocked by
pretreatment with lipoxygenase inhibitors, whereas exogenous MeJA remains
fully effective in VSP gene induction, suggesting a role of endogenous
jasmonates during VSP induction upon mechanical damage (45). Jasmonic
acid is synthesized from a-linolenic acid (LA) by a lipoxygenase (LOX)­
mediated oxygenation leading to 13-hydroxyperoxylinolenic acid (13HPLA)
which is the subsequently transformed to JA by the action ofhydroxyperoxide
dehydrase and additional modification steps (49). Both JA and its methyl
ester are though to be significant components of the signalling pathway
regulating wound-response in higher plants.
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C JA

•
Fig. 5. Jasmonic acid induces Pin2
gene expression in both wild-type and
ABA-deficient mutant plants. Wild­
type andABA-deficient potato (droopy)
and tomato (sitiens) plantswere sprayed
with a 50 JlM JA solution. The directly
sprayed leaves (JA) were harvested 24
h after spraying. The RNA gel blot
was hybridized against a Pin2 cDNA
probe. As a control (C), RNA was
isolated from a plant 24 h after spraying
with water.

Airborne MeJA and JA (9), as well as intennediates of the JA
biosynthetic pathway such as LA, 13HPLA and 12-oxo-phytodienoic acid
(12-oxo-PDA) also lead to an accumulation of Pin2 mRNA in tomato leaves
(11). Likewise, we have demonstrated that JA strongly induces the
accumulation of Pin2 (32, 34) as well as other ABA-responsive/wound­
induced genes in potato leaves (16). More interestingly, treatment of potato
leaves with JA resulted in similar levels ofmRNA accumulation in both wild­
type and ABA-deficient mutant plants (Fig. 5). These data suggest that JA
is involved in a step downstream of ABA in the pathway which links
wounding to Pin2 gene activation. Additionally, JA could bypass the initial
recognition events requiring ABA and thus trigger the induction of the genes
even in the absence of the ABA. Nevertheless, we observed that JA-induced
Pin2 gene activation, like ABA-induced Pin2 gene expression, can also be
blocked by cycloheximide. This result suggests that some later step,
necessary for Pin2 gene activation, depends on de novo protein biosynthesis.
Both the chemical structure as well as the biosynthetic pathway of JA

resemble those of the mammalian eicosanoids (prostaglandins and
leukotrienes) which are derived from LOX- and cyclooxygenase (COX)­
mediated reactions (28, 49). To assess the role of endogenous JA in the
wound-response, we treated tomato and potato plants with different
mammalian LOX- and COX-inhibitors and analyzed the expression of Pin2
gene family as well as other wound-inducible genes (i.e. Cdi and Td) (35).
The mammalian COX-inhibitor aspirin (acetyl salicylic acid) was one of the
most effective' inhibitors, blocking both local and systemic accumulation of
wound-induced Pin2 gene activation (Fig. 6). This results suggest a common

feature in both local and systemic
activation of this wound-induced gene.
Mechanical wounding increases the

endogenous level of JA in soybean (6). In
tomato, wounding also leads to an increase
of JA levels by 6 h. Thereafter, levels of

• JA decline, being at 24 h slightly higher
than the control leaves. Tomato plants pre-

'-- ----' treated with aspirin and subsequently
wounded showed the same low levels of
JA as non-wounded plants (Fig. 7). These
results strongly suggest that aspirin blocks
some step of the JA biosynthetic pathway,
thus preventing the synthesis of this
compound upon wounding.
In order to obtain more infonnation

about the effect of aspirin on Pin2 gene
expression, we investigated the influence of
this substance on ABA- and JA-induced
Pin2 mRNA accumulation. Additionally,
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Fig. 8. Influence of ABA., LA, 13-HPLA., 12­
oxo-PDA and JA on the inhibitory effect of
aspirin. Detached tomato leaves were supplied
either with water (W), abscisic acid (ABA),
linolenic acid (LA), 13 hydroperoxylinolenic acid
(13-HPLA), 12-oxo-phytodienoic acid (12-oxo­
PDA) or jasmonic acid (JA), in the absence (-) or
presence (+) of aspirin. The RNA gel blot was
hybridized with Pin2, Td, and ssRB cDNA
probes.

Fig. 7. Aspirin prevents the wound-induced
increase of endogenous JA levels. Whole tomato
plants were cut at the base of the stem and
supplied with water alone or aspirin for 6 h and
subsequentlywounded. The endogenous levels of
(-) JA was measured at different times (2, 6 and
24 h) after wounding in the presence (+) and
absence (-) of aspirin.

experiments using different
intermediates of the JA
biosynthetic pathwaymight allow
to elucidate where aspirin is
affecting this pathway. To this
end, detached tomato leaves were
pre-treated with aspirin (and others LOX and COX-inhibitors) and after 3 h
supplied either with ABA, LA, 13HPLA, 12-oxo-PDA or JA (Fig. 8).
Neither LA nor 13HPLA were able to complement the inhibition mediated
by aspirin. Contrary to this, 12-oxo-PDA and JA which are the strongest
inducers of Pin2 gene expression in tomato plants, were also able to
overcome the inhibitory effect of aspirin. The effect of ABA on aspirin­
mediated inhibition is difficult to assess due to the low levels of Pin2 gene
expression, but it seems that this phytohormone is not able to overcome this
inhibition. Essentially the same results were obtained upon analysis of other

Fig. 6. Influence of aspirin on local
and systemically induced Pin2 gene
expression in tomato plants. Whole
tomato plants were cut at the base of
the stem and supplied with water alone
or aspirin for 6 h and subsequently
wounded. Both directly wounded (W)
and non-wounded systemically induced
leaves (S) were harvested after 20 h.
The RNA gel blot was hybridized
against wound inducible Pin2, Cdi, Td
and the small subunit of ribulose
biphosphate carboxylase (ssRB)
(internal control) cDNA probes. As a
control (NW) RNA was isolated from
tomato leaves 6 h after supplying with
water or aspirin, before wounding.
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wound-inducible genes (Cdi and Td, Fig. 8). The fact that LA and 13HPLA
do not restore the accumulation of Pin2, Cdi and Td mRNA in the presence
of aspirin or propyl gallate, whereas 12-oxo-PDA does overcome this
inhibition, strongly suggests that hydroperoxide dehydrase which mediates the
formation of 12-oxo-PDA from 13HPLA is the target for these inhibitors.
Similar experiments were performed with LOX-inhibitors and the results

obtained are summarized in Figure 9. As indicated in this schematic model,
preincubation of tomato plants with mammalian LOX-inhibitors leads to a
reduction of wound-induced gene expression by inhibiting 13HPLA
formation. Aspirin prevents both the local and systemic gene expression of
all three wound-inducible potato gene families (pin2, Cdi and Td).
Additionally, aspirin inhibits the wound-induced increase of endogenous
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Fig. 9. Target-sites of
different mammalian
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inhibitors on JA
biosynthetic pathway in
tomato leaves.
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levels of JA by blocking the conversion of 13HPLA to 12-oxo-PDA, i. e.,
hydroperoxide dehydrase activity. Thus, these results suggest that a similar
mechanismmodulates the expression ofthree different wound inducible genes
in tomato leaves. Moreover, the fact that ABA appears not to be able to
overcome the inhibitory effect of aspirin in tomato, and that JA suppresses
the inhibition by all inhibitors, strongly support the assumption that the step
in the signal transduction chain in which JA is involved would be located
downstream of ABA (35).
The same experiments were performed to study the role of endogenous

JA in wound-induced gene expression in potato plants (our unpublished
results). Interestingly, most of the results obtained in this system differ from
those already described in tomato plants. As in tomato, only
salicylhydroxamic acid (SHAM), 3,4,5-trihydrobenzoic acid propyl ester
(propyl gallate) and aspirin block Pin2 activation. Additionally, aspirin
prevents local and systemic Pin2 mRNA accumulation upon wounding. In
contrast to tomato plants, LOX-inhibitors such as ibuprofen, eicosatetraynoic
acid (ETYA) and ZK139817 do not affect wound-induced Pin2 activation.
Assuming that LOX-inhibitors are taken up in potato petioles an explanation
for this unexpected observation could be that potato LOX are insensitive to
these substances or that an alternative pathway might mediate wound-response
in this plants.
ABA leads to an accumulation of Pin2 mRNA in potato plants even in

the presence of aspirin. This suggests either that ABA is able to overcome
the inhibitory effect of this substance, which would be different from the
situation in tomato, or that ABA can activate the gene upon wounding,
independently of JA biosynthesis. We can not rule out that more than one
mechanism may mediate the wound-response, and that there may be some
differences between distinct though closely related plant species.

SIGNAL TRANSDUCTION PATHWAY

ABA appears not to be the only regulator involved in the control of changes
in gene expression that occur in response to wounding. For instance, despite
water stress promoting an increase of endogenous ABA levels by eight- to
tenfold, this does not lead to any accumulation of Pin2 mRNA or any of the
other wound-inducible genes from potato (16,31). In agreement with these
results, accumulation of water stress-responsive genes appears to be
independent of de novo protein synthesis, whereas accumulation of Pin2
mRNA is not (31). These results indicate that different transduction
mechanisms regulate these two ABA-mediated responses. Whereas ABA
would directly mediate responses to osmotic stress, amore complex signalling
pathway might lead to transcriptional activation of the defense-related genes
as the final result of the increased levels of ABA caused by wounding. The
fatty acid derivative JA has been hypothesized to be a key component of
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intracellular signaling in response to wounding or pathogen attack. MeJA
was shown to stimulate the accumulation of wound-inducible vegetative
storage proteins in soybean plants and suspension culture (24, 44). In
addition JA and MeJA induce the expression of phenylalanine ammonia lyase
(PAL) genes that are known to be involved in the chemical defense
mechanism of plants against pathogens (13). As mentioned above, methyl
jasmonate and intermediates of the JA biosynthetic pathway lead to an
accumulation of Pin2 mRNA in both tomato and potato leaves (11, 32, 34)
as well as all the isolated ABA-responsive/wound-induced genes (16). More
interestingly, treatment of potato leaves with JA resulted in similar levels of
mRNA accumulation in both wild-type and ABA-deficient mutant plants.
These data suggest that the step where JA is involved is located downstream
to the ABA requirement in the pathway which links wounding to Pin2 gene
activation. That would be consistent with the association often found in plant
responses to JA and ABA treatments. Additionally, JA could bypass the
initial recognition events requiring ABA and thus trigger the induction of the
genes even in the absence ofABA. The fact that ABA appears not to be able
to overcome the inhibitory effect of aspirin in tomato, and that JA suppresses
the inhibition by all inhibitors, further strongly indicates that the step in the
signal transduction chain in which JA is involved is located downstream of
ABA (35). However, JA-induced Pin2 gene activation can be also blocked
by cycloheximide. This suggests that the novo protein biosynthesis is
essential to produce the required factors involved in the most later steps
mediating Pin2 gene activation.
JA is synthesized in plants from linolenic acid by an oxidative pathway

similar to that leading to the synthesis of eicosanoids (prostaglandins and
leukotrienes) in animals. Actually, the chemical structure of JA is very
similar to that of prostaglandins (50). In mammals, eicosanoid synthesis is
triggered by release of arachidonic acid from membranes into the cytoplasm,
where it is metabolized into stress-related second messengers. In an
analogous way, metabolites of linolenic acid might function as plant stress
second messengers released during defense responses to wounding or
pathogen attack (11). In this model, wounding is proposed to activate
systemin, perhaps by releasing this potent I8-amino acid peptide from an
inactive propeptide. Systemin could serve as a systemic signal that releases
linolenic acid from membranes after binding to a plasma membrane receptor.
Jasmonate synthesized from linolenic acid in tum might activate genes,
possibly through another receptor.
Wounding induces Pin2 expression and leads to an increase of both

endogenous ABA and JA levels in wild-type plants. Mechanical wounding
does not induce the gene in ABA-deficient mutant plants nor increase
endogenous ABA levels. Additionally, our preliminary results show that
potato and tomato wild-type plants treated with ABA contain higher levels of
endogenous JA than the control plants (untreated). On the other hand, ABA
as well as JA are able to promote the accumulation of Pin2 and others
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wound-inducible genes in the ABA-deficient mutant plants (16, 31).
According to the proposed model (11), increased levels of ABA as a result
of tissue injury may lead to the activation of a lipase in the plasma membrane
and the release of linolenic acid or, alternatively, to the activation of specific
lipoxygenases that, when acting on linolenic acid, would produce a rapid
accumulation of JA. Recently, it has been shown that a LOX gene from
Arabidopsis thaliana can be induced by pathogens, ABA and MeJA (26). We
have also observed that another enzyme mediating JA biosynthesis such as
hydroperoxide dehydrase is accumulated either upon wounding or ABA
treatment in both wild-type and ABA-deficient mutant plants (our unpublished
results). Whatever the exact mechanism of ABA action is, it is important to
note that high levels of this phytohormone are required to trigger the JA
signaling pathway. Actually, elevated concentrations ofABA are required for
expression of Pin2 and the other ABNwound-responsive genes, and,
accordingly, in ABA-deficient plants, only very low levels of the transcripts
corresponding to these genes accumulate upon mechanical wounding (16).
More interestingly, the polypeptide systemin is not able to induce Pin2 gene
expression in ABA-deficient mutant plants (our unpublished results),
supporting the importance of ABA for mediating the wound-response in
higher plants. Further experiments will be required to elucidate the modes
of action of ABA, systemin and electrical signal in order to aid in the
understanding of how endogenous levels of JA are regulated. The isolation
and characterization of genes encoding enzymes involved in JA biosynthesis
as well as the creation of JA mutants could provide a more complete picture
of the signal transduction pathway mediating wound-responses in higher
plants.
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F. HORMONE ANALYSIS

Fl. Instrumental Methods of Plant Hormone
Analysis.

Roger Horgan
Department of Botany and Microbiology, University College of Wales,
Aberystwyth, Dyfed, SY23 3DA, Wales, U.K.

INTRODUCTION

From information presented in previous chapters it will be clear to readers
that plant hormones are, as a rule, present at very low levels in most plant
tissues. Whilst relatively high levels of some hormones are found in
immature seeds of certain species (e.g., GAs in developing pea seeds (10»
even these levels are low when compared with the levels of most plant
secondary metabolites. Thus while many alkaloids, terpenoids and phenolics
may be present at levels of mgs per gm dry weight of plant material, plant
hormones are usually present at several hundred to several thousand fold
lower levels. It is not suprising therefore that knowledge of the chemical
identity of plant hormones has been limited by the techniques available for
their isolation in a pure state and by the sensitivity of the spectroscopic
techniques required to elucidate their chemical structure.
In the last fifteen years there have been spectacular improvements in the

sensitivity of spectroscopic methods of structure determination and
corresponding increases in performance in chromatographic techniques,
principally via the development of high performance liquid chromatography
(HPLC) and capillary column gas-liquid chromatography (GLC). This
improvement in methodology can be ;clearly seen if one compares the
isolation and identification of zeatin by Letham in 1963 (15), where 60 kg of
plant material had to be extracted and purified by traditional chromatographic
methods to yield the mg ofmaterial needed for spectroscopic studies, with the
identification of l'-deoxy ABA as a precursor of abscisic acid (ABA) in the
fungus Cercospora rosicola (25), where, after purification by HPLC,
identification was possible at the p,g level.
This chapter is concerned with the application of modem instrumental

techniques to the isolation, identification and quantitation of plant hormones.
Clearly the theoretical background to these techniques is beyond the scope of
this work and readers are referred to suitable textbooks for this information
(e.g., 9, 28, 19). However, it is very important for a critical understanding
of the methods used in the identification of plant hormones to appreciate the
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Instrumental methods ofplant hormone analysis

inherent limitations of the various techniques and so these will be touched
upon in the relevant sections. In particular it is necessary to appreciate the
importance of sample purity to the interpretation of spectroscopic data. Even
with the most sophisticated instrumentation, correct identifications can only
be made if the spectroscopic data obtained is relevant to the honnone under
investigation. Two examples of 'mistaken identities' provide infonnative
reading on this point (33, 5).
This chapter is organised in the chronological order in which a real

analysis of a plant honnone would probably proceed. First, the compound
would have to be isolated in a sufficiently pure fonn, second, its structure
would have to be detennined by appropriate methods, and fmally a strategy
would need to be devised for its quantitative measurement.

ISOLATION AND PURIFICATION OF PLANT HORMONES

Extraction and Preliminary Purification

The methods of extraction and preliminary purification of plant honnones
using traditional methods such as solvent partitioning, ion exchange
chromatography and, paper and thin layer chromatography will not be
discussed in this chapter as strictly speaking they fall outside the area of
instrumental methods and many of these methods are being superseded by
HPLC based methods. Nevertheless it is often necessary to revert to older
methods particularly with plant extracts that are too large for the initial use
of HPLC. The readers attention is drawn to the extremely comprehensive
treatment of these methods by Yokota et al. (34).

Bioassays

Although the bulk of this chapter is concerned with the use of physical
methods for the detection of plant honnones, it should be noted at this point
that the primary detection of any novel plant honnones is dependent on
bioassay. Bioassays are also necessary when studying the honnone content
of novel plant materials, particularly with regard to gibberellins and
cytokinins. Because of the trace nature of plant honnones in most extracts,
direct physico-chemical detection is impossible during the early stages of
purification. In the case of the gibberellins even detection at the latter stages
of purification is difficult due to the low wavelength and low extinction
coefficient of UV absorption by these compounds. In these situations
bioassays have to be used to detect the compounds of interest and to monitor
the purification process. The choice of suitable bioassays can be
problematical. Ideally a bioassay should respond quantitatively to all the
members of a certain group of plant honnones, be highly selective towards
that particular group ofcompounds, have high sensitivity and not be inhibited
by other compounds in the plant extract. These conditions are never met in
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practice. In the case of the gibberellins the most suitable assays are probably
the dwarf maize assay (26) and the Tanginbozu dwarf rice assay· (22). Both
respond well to a good range of GAs, and the former assay is particularly
suitable for relatively crude plant extracts where the presence of inhibitors
may interfere with other assays. In the case of the cytokinins, which by
defmition are promoters of cell division in plant callus cultures, the Tobacco
callus (23) or the Soybean callus (20) bioassay is required to unambiguously
reveal the presence of cytokinins in a plant extract. However these assays
require about 21 days for growth and so the more rapid, but probably less
specific, Amaranthus betacyanin bioassay (3) is frequently used for routine
monitoring of cytokinin activity during purification processes.
It should be pointed out that although bioassays are necessary for the

detection of plant hormones, they are now generally accepted to be unsuitable
for quantitative work. The presence of inhibitors in most plant extracts and
the logarithmic nature of the response of most assays makes for very
inaccurate and imprecise measurements. To large extent realisation of the
quantitative limitations of bioassays has provided the stimulus for the
development ofthe physical methods ofquantitation described in this chapter.

High Performance Liquid Chromatography

HPLC is distinguished from traditional chromatography by its high efficiency
and resolution, and speed of separation. The first two improvements are
achieved by the utilisation of small particle size stationary phase materials at
the cost of relatively complex and expensive instrumentation. This results
mainly from the high liquid pressures required to achieve fast flow rates
through small particle size columns. The resolution of a system is largely
dependent on the chemistry of the mobile and stationary phases. The relative
importance of the chemical (separation factor ex and capacity factor k') and
physical (efficiency N) terms in governing the resolution (Rs) can be seen
from the chromatographic equation:

~ = ~ (a~1)(k~:1 )vN
Optimising ex and k' can only be achieved through careful selection ofmobile
and stationary phases. The power of HPLC and high resolution capillary
GLC stems from the huge increases in N possible in these systems. From the
point of view of plant hormone analysis any increase in resolution of a
chromatographic system is valuable since it increases the chances of
separating the compound(s) of interest from other interfering materials.

• The use of prohexadione calcium, which blocks the 2{3- and 3{3-hydroxylation ofGAs
(e.g., GA20 to GAl)' combined with uniconazole, an inhibitor ofGA biosynthesis, now enables
the use of non-dwarf rice and increased sensitivity in this bioassay (Nishijima et a\., Plant
Growth Regulation 13, 241-247, 1993).
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In assessing HPLC methods for plant hormone analysis it is important
to appreciate the presence of two often conflicting factors. Firstly the need
to separate the hormone from other compounds present in the extract, and
secondly the ability of the system to separate closely related hormones. In
general most HPLC systems for plant hormones have been developed using
the second criterion. Whilst this is a useful indicator of the resolution of the
system it should be borne in mind that when used preparatively on a
relatively crude plant extract the desired compound may not be obtained in
a degree of purity sufficient for unambiguous interpretation of subsequent
spectroscopic data. The first attempt to develop a HPLC system for plant
hormones was directed at improving the resolution of an open column
partition chromatography system for gibberellins (27). Although this work
illustrated the potential of HPLC it has not found widespread use due to the
technical complexity of using aqueous stationary phases. The most important
development in HPLC as far as plant hormones are concerned was the
commercial production of so called 'bonded reverse phase materials'. In
reverse phase chromatography the support material, usually silica, is coated
with a liquid phase of very low polarity. In aqueous solution low polarity
compounds will partition into the stationary phase and will only be eluted
with solvents of lower polarity than water.
For plant hormone HPLC the most frequently used stationary phase is

octadecylsilane (ODS or C18), which is covalently bonded to microparticulate
or microspherical silica. Solvents are usually binary mixtures or gradients of
water (weak solvent) and the lower alcohols or acetonitrile (strong solvents).
Since the selectivity of reverse phase HPLC is at its best when the
compounds being analysed are un-ionised, acidic aqueous phases are used for
the analysis of acid plant hormones such as GAs, ABA and IAA, whereas
neutral buffers are preferred to suppress the ionisation of basic compounds
such as cytokinins. The great value of reverse phase HPLC for the isolation
of plant hormones lies in the enormous range of compound polarities that can
be accommodated on a single stationary phase if gradient elution is used.
Under reversed phase conditions polar compounds will elute before non-polar
compounds. Thus polar plant hormone conjugates and free compounds may
be fractionated in a single HPLC step. Gradient elution reverse phase HPLC
therefore provides a very valuable method for the preliminary purification of
plant extracts. Indeed reverse phase HPLC on reasonably large size columns
(l0 to 20 mm ID) is gradually superseding the older methods of solvent
partitioning, paper chromatography and open column chromatography as the
first step in plant hormone purification. With columns of this size injection
sizes of several mls can be used and if the initial solvent is of low polarity
the sample will concentrate at the end of the column. With subsequent
gradient elution surprisingly good resolution can be achieved with very crude
samples. A typical chromatogram resulting from the use of this technique is
shown in Fig. 1. An 80% methanol extract of bean leaves was
chromatogaphed on a ODS reverse phase column (10 x 15Omm) with a linear
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Fig. 1. Reverse phase HPLC of an extract of Phaseolus vulgaris leaves on a 150 x 10 mm
column of Spherisorb ODS-2 using a linear gradient of 20% methanol in 0.1 M acetic acid to
100% methanol over 40 min at a flow rate of 5 ml min,l. The fraction denoted by the bar, at
the retention time of an ABA standard, was collected and analysed as described in the text.

gradient of 20% methanol in 0.1 M acetic acid to 100% methanol over 40
mins. The chromatogram shown in Fig. 1 is the absorbance trace obtained
by monitoring the column eluate at 265 run. The fraction corresponding to
the elution time of ABA was collected, methylated with diazomethane and
examined by GC-MS. Methyl ABA was clearly identified by its mass
spectrum. The superior resolution of HPLC over conventional open column
chromatography is illustrated in Fig. 2 which compares the reverse phase
chromatography of a mixture of cytokinins on LH 20 Sephadex and on an
octadecyl silica HPLC material. Details of reverse HPLC systems for the
separation of gibberellins (14), cytokinins (12) and, ABA and IAA (7) have
been published.

It should be pointed out that at the stage of initial purification the
collection of the correct fraction(s) from a preparative HPLC column will be
on the basis of the elution time of a standard compound if a known hormone
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Fig.1a. Separation of a series of cytokinins on a 80 x 2.5 cm column of LH20 Sephadex
eluted with 35% ethanol at a flow rate of 30 ml hr'!.
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Fig. lb. Separation of a series of cytokinins by HPLC on a 1SO x 4.5 mm column of
Spherisorb 00S-2 using a linear gradient of 5% acetonitrile in water (pH adjusted to 7 with
triethylammonium bicarbonate) to 20% acetonitrile over 30 mins at a flow rate of2 ml min-I.

is being purified or on the basis of biological activity, resulting from
bioassaying successive fractions, if a new compound is being isolated. With
a crude extract the usual detectors, UV absorption or refractive index (RI),
are of little value in locating the compound(s) of interest. This point will be
discussed later in the context of the quantitative measurement of plant
hormones.

Gas-Liquid Chromatography

GLC is usually used as the last chromatographic step of a hormone analysis,
either utilising a specific detector on the GLC instrument or in combination
with mass spectrometry (GC-MS). In all cases the specificity of the analysis
is affected by the resolution of the GLC system itself. It is instructive to
compare the efficiency term N in the chromatographic expression for the
traditional packed chromatographic column, where the liquid phase is
deposited on a particulate support, and a wall coated capillary column where
the phase is coated as a very thin layer on the wall of the column. Although
the value N, expressed as theoretical plates per meter is similar for the two
types of column (Le., about 1500), the practicality of using long capillary
columns, typically 25 meters, means that these columns can exhibit
efficiencies of say 50000 theoretical plates compared to about 5000
theoretical plates for 3 or 4 meter packed column. In seeking to identify and
quantify plant hormones in complex extracts the increased resolution obtained
with capillary columns makes a very valuable contribution to the analytical
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system. For most GC-MS analyses of plant hormones, capillary columns,
particularly those in which the stationary phase is chemically bonded to the
wall of the column, would be used. Fig. 3a shows the separation of a group
of permethylated cytokinins on a 1.5 m packed GLC column. Fig. 3b shows
the separation of the same compounds on a 12 m bonded phase capillary
column.

IDENTIFICATION OF PLANT HORMONES

The problems of the chemical characterisation of plant hormones need to be
considered at two levels of difficulty. At the easier level there is the problem
of confirming the identity of known plant hormones in extracts of plant in
which they have not previously been identified. At the much more difficult
level there is the problem of identifying unknown compounds exhibiting
biological activity corresponding to one of the known classes of plant
hormone or possibly a previously undescribed form of biological activity.
For confirming the identity of known plant hormones there is no doubt that
mass spectrometry (MS) and in particular combined gas chromatography-mass
spectrometry (GC-MS) is the technique 'par excellence'. Whilst GC-MS also
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Fig 3. OLe separation of a series of permethyl cytokinins on (A) a conventional packed
column (1.5 m x 4 mm 3% OVI) and (B) a 12 m x 0.3 mm bonded phase capillary column.
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plays an important role in the tentative identification of novel compounds,
complete identification at this level frequently requires the use of additional
techniques and eventually requires confirmation of the proposed structure by
unambiguous chemical synthesis.

GC-MS Identification of Plant Hormones

The coupling of the outlet of a gas chromatography column to the source of
a mass spectrometer enables mass spectra to be obtained as individual
components elute from the gas chromatograph. Since modem mass
spectrometers can scan a decade of mass (e.g., 300-30 amu (atomic mass
units)) in less than one second, several mass spectra may be obtained on a
single GC peale With the addition of computerised acquisition, storage and
processing of the mass spectra, enormous amounts of information may be
obtained about the chemical nature of complex plant extracts. Ideally the
GLC system should be able to resolve all the components of the mixture
under analysis. However, with suitable data processing software individual
components can be identified even if they coelute from the GC column. Thus
provided the mass spectrum of the plant hormone under investigation is
available as a reference, and additionally if possible its retention time (Kovats
retention index) on the GLC system being used, it is a relatively easy matter
to confirm the presence of a known compound in a partially purified plant
extract. Details of the theory and operation of GC-MS systems and
associated data systems may be found in Rose and Johnson (28). In this
section some of the features of the mass spectra of members of the main
classes of plant hormones will be described in relation to the use of MS and
GC-MS for their identification.
With the exception of ethylene, GLC of all plant hormones requires that

they first be converted to volatile derivatives. In general carboxylic acids are
converted to methyl esters by diazomethane, alcohol groups to trimethylsilyl
(TMS) derivatives with a reagent such as bis-trimethylsilyl acetamide (BSA)
or to methyl ethers with the methyl sulphonyl anion and methyl iodide
(DMSO-/CH3I), and amino groups TMSed or methylated as above. Thus in
identifying known compounds mass spectra are rarely recorded for the free
compound, but usually via GC-MS of one or more derivatives.

Auxins
The mass spectra of a large number of IAA derivatives have been

recorded (8, 32, 2) and thus provide information for identifying these
compounds in plant extracts. The mass spectra of compounds related to IAA
are usually very simple and are typified by the spectrum of IAA methyl ester
and its TMS derivative shown in Fig. 4. The ion corresponding to the
unfragmented molecule, the~ or molecular ion, is apparent in both spectra.
The great stability of the indole nucleus is reflected in the base peaks which
have the structures shown in Fig. 5. The presence of one of these spectra in
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Fig. 4. Electron impact mass spectra of (A) trimethylsilyl-IAA methyl ester and (8) IAA
methyl ester.

the GC-MS run of a suitably derivatised plant extract, at the correct retention
time, may be taken as conclusive proof for the existence of IAA in the
extract.

Gibberellins
GC-MS was first used for plant hormone analysis by MacMillan and his

co-workers in identifying gibberellins (17). Although basically similar in
structure, many of the gibberellins exhibit widely differing substitution
patterns which are reflected in the mass spectra of their methyl-TMS
derivatives (4). Whilst certain ions are very diagnostic of hydroxyl groups
at certain positions in the molecule, e.g., 207/208 for 13-0H and 129 for
3-0H, the unambiguous identification of a known GA requires careful
comparison of the mass spectrum with that of a standard compound, and

100 % Me-IAA
m/z 130

100% TMS-Me-IAA
m Iz 202

Fig. S. Structures of the base peaks in the electron impact mass spectra of (A) lAA methyl
ester and (8) trimethylsilyl-lAA methyl ester.
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Fig. 6. Electron impact mass spectrum of trimethylsilyl GA20 methyl ester.

often requires the addition infonnation provided by the Kovats retention index
(1). Because of their cyclic structures, the molecular ions of many
methyJJTMS GAs are very prominent and the spectra are very simple. This
is illustrated by the spectrum of methylffMS GA20 shown in Fig. 6. The
presence ofthe 13-0H group is clearly indicated by the prominent ions at m/z
207 and 208.

Cytokinins
Both TMS and pennethyl derivatives of cytokinins exhibit good GLe

properties and have mass spectra which provide excellent fingerprints for the
identification of known compounds in plant extracts by GC-MS (21, 16,31).
From the point of view of interpretation of fragmentation patterns, the mass
spectra of permethyl cytokinins are easier to understand than those of the
TMS compounds. Maximum structural information is shown by the MS of
underivatised cytokinins introduced directly into the source of the mass
spectrometer using a heated probe. The mass spectrum of underivatised
zeatin is shown in Fig. 7. The molecular ion at m/z 219 is clearly visible and
suggests the presence of an odd number of nitrogen atoms on the molecule.
The ions at m/z 202 and 188 arise by losses of fragments of 17 and 31 amu
from the molecular ion and indicate the presence of a primary -OH group.
The presence of strong ions at mJz 136, 135, 119 and 108 provide strong
evidence that the molecule contains an adenine moiety. The location of the
side chain on the 6-amino group is indicated by the presence of an ion at mJz
148 and the presence of an additional alkyl group in the side chain is
indicated by an ion at m/z 160.
Readers should note that detailed analysis of the fragmentation of zeatin

is largely retrospective and that mass spectra of unknown compounds are
often very difficult to interpret. In the case of zeatin, mass spectrometry
alone would not be sufficient to completely characterise the side chain.
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Abscisic Acid and Related Compounds
The mass spectral fragmentation of methyl ABA, shown in Fig. 8, has

been examined in considerable detail (11). Whilst the molecular ion is very
weak there are a sufficient number of characteristic ions to enable the
compound to be easily identified in plant extracts. It should be noted that
methyl ABA and its 2-trans isomer have identical mass spectra. Thus
identification of ABA in a plant extract should also involve the information
provided by the GLe retention time.
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Fig. 8. Electron impact mass spectrum of methyl abscisate.
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QUANTITATIVE MEASUREMENT OF PLANT HORMONES

The ultimate aim ofmost analyses of plant hormones is to measure precisely
and accurately the level of the compound(s) of interest under certain known
physiological conditions. Whilst theoretically any physico-chemical detector
with a defined quantitative response to the particular compound(s) may appear
suitable for this purpose, the practical problems ofhormone measurement are
enormous. In general these stem from the fact that plant hormones are nearly
always trace components in any crude plant extract and are present together
with many structurally similar compounds. Thus the selectivity and
sensitivity of the measurement system is extremely important. All currently
used physico-chemical methods for measuring plant hormones use a
chromatographic system, HPLC or GLC, coupled to detectors with varying
degrees of sensitivity and selectivity. Detectors with a low degree of
selectivity, e.g., flame ionisation with GLC, or single wavelength UV with
HPLC, necessitate the use of very pure extracts to ensure that the peak being
measured contains only the compound of interest. For this reason these
detectors are rarely used to measure hormones in plant extract, and results
obtained with these detectors should be judged very critically. The recent
advent of diode array UVMS detectors, which can record whole spectra on
HPLC peaks, or even sections of HPLC peaks, as they pass through a cell,
offers a way to selectively measure plant hormones directly in HPLC eluates.

An example of the use of a highly sensitive and specific detector may be
seen in the use of an electron capture detector (ECD) for the GLC
determination ofABA (29). The unsaturated carbonyl group ofABA renders
it electron capturing and, in a suitably partially purified plant extract, ABA
may often be the only compound at the correct GLC retention time to exhibit
this property and therefore can be accurately measured. In a similar way the
use of a nitrogen specific detector has been proposed as a method of
measuring cytokinins although the method had not yet found widespread use.
IAA exhibits a very strong and characteristic fluorescence with an

excitation maximum at 280nm and an emission maximum at 350nm. A
sensitive spectrofluorimeter with a narrow band width for excitation and
emission therefore makes a sensitive and selective HPLC detector for IAA.
With the correct instrumentation IAA can be measured at the pg level in
relatively crude plant extracts (6).
In general plant extracts need to be purified to varying degrees before

measurements can be made. During the purification process losses of
material occur and therefore these have to be accounted for in the final result.
Thus methods for the reliable quantitative measurement of plant hormones
require the use of a suitable internal standard. In principal, an internal
standard may be any compound sufficiently similar in its chemical and
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physical properties to the compound of interest to pass through the extraction
and purification procedures with the same degree of loss. However, it must
be sufficiently different from the compound of interest to be measured
independently in the final quantitative step. Thus by adding a known amount
of internal standard at the initial extraction step and measuring it accurately
at the final step its percentage recovery may be calculated. Provided the first
criterion above has been met this will be identical to the recovery of the
endogenous compound and thus the losses of this during workup may be
corrected for.
The need to meet the two somewhat conflicting criteria mentioned above

place several restrictions on types of internal standards suitable for plant
hormone quantitation. Thus isomers and homologues are not usually suitable
internal standards. For example 2-trans abscisic acid (2T-ABA) has different
solubility in several organic solvents to ABA and may not be recovered to the
same degree on solvent partitioning of plant extracts. It separates from ABA
in a number of chromatographic systems, and although this makes it a
suitable internal standard from the point of independent measurement at the
last step, it introduces severe complications when purifying plant extracts by
TLC or HPLC.
The most suitable internal standards for plant hormone determinations are

isotopically labelled versions of the compounds themselves. Compounds may
be labelled with radioactive and/or heavy isotopes. The techniques involved
in using these different types of internal standard depend on the methods
necessary to detect and measure the internal standard and the hormone itself.
Radioactive internal standards may be measured by liquid scintillation
counting. Thus the recovery of labelled hormone in the course of purification
procedure is simply calculated as ratio of the DPM added at the initial
extraction phase to the DPM present at the final measurement stage. If this
is assumed to be the same as the recovery of the endogenous compound, then
multiplication of the final measured amount of endogenous compound by this
ratio will give the amount present in the original extract. Superficially this
appears to be a very straightforward method limited only by the availability
of suitable radioactive hormones. In practice, however, it is subject to certain
limitations. Whilst the measurement ofamount of internal standard is specific
for the radioactive material the same is not true for the measurement of the
endogenous compound. Measurement systems such as GLC or HPLC with
UV or fluorescence detection will respond to both labelled and unlabelled
molecules of hormone. Thus the amount of hormone measured will be the
sum of the endogenous material plus the internal standard. Since the amount
of internal standard, at this stage, will be know from the radioactivity present
in the extract, it can be subtracted from the amount measured by the
particular detection system in use to give the correct value for the endogenous
hormone. If the specific activity of the internal standard is high (usually only
possible with 3H-Iabelled materials) the amount that has to be added to an
extract to give a measurable number of counts in the final analysis may be
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x Amount of internal standard added
Internal standard ion intensity

so small that its contribution to the endogenous compound may be neglected.
On the other hand, if the specific activity of the internal standard is low it
may effectively overwhelm the endogenous compound to such an extent that
the amount cannot be accurately measured. It is also important that the
internal standard remains radiochemically pure throughout the procedure and
any labelled compounds formed by chemical or biochemical transformations
during the workup are separated from it before the final counting. The need
to measure both radioactivity and amount of hormone present means that two
independent measurements need to be made, and this introduces a greater
degree of error into the proceedings.
In general the best methods for the quantitation of plant hormones use

heavy isotope-labelled internal standards. Selected examples of these are
shown in Fig. 9. Since mass spectrometers can easily distinguish between
isotopically labelled molecules GC-MS can be used to measure the relative
proportions of an endogenous compound and its heavy isotope-labelled
internal standard. Thus if the ratio of these in the final sample is know
together with the amount of internal standard added at the initial extraction
stage the simple expression:

Endogenous amount =
Endogenous ion intensity

can be used to calculate the original amount of endogenous hormone in the
extract. Heavy isotope internal standards have been used to measure ABA
(24), IAA (18), cytokinins (30) and gibberellins (13) in plant extracts. In
practice the ratio of endogenous to heavy isotope-labelled compound may be
measured from suitable ions in a full mass spectrum obtained from a GC-MS
analysis. Because there is often slight separation of the labelled and
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Fig. 9. Structures of some heavy isotope labelled plant honnones used as internal standards.
(A) fHsJIAA. (B) [2H3JABA. (C) fH3JGA20. (D) [lsNcJzeatin.
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unlabelled compounds on the GC, a single mass spectrum taken at one point
on a GC peak may give an erroneous value of the isotope ratio.
Measurements of this type are usually made with the mass spectrometer

operating in the selected ion monitoring (SIM) mode. In this mode the mass
spectrometer is adjusted to monitor one or two ions of the endogenous
compound and the equivalent mass shifted ions of the internal standard.
Because the ions are close together in mass, they can be selectively monitored
by electrical rather than magnetic scanning. This allows them to be cyclically
selected very rapidly and measured with a much improved signal to noise
ratio. Thus many measurements of the isotope ratios may be made over a
single GLC peak with much greater sensitivity than can be achieved from the
full mass spectra method. The ratio of the areas under the relevant peaks can
be used as measure of the relative amounts of endogenous compound to
internal standard. Thus the amount ofendogenous hormone originally present
in the extract can be calculated as described above. A SIM trace from the
GC-MS of extract of ABA from Phaseolus vulgaris leaves is shown in Fig.
10. The ions monitored are the m/z 190 ion from the endogenous
methyl-ABA and the corresponding ion at m/z 193 from the 2H3 internal
standard shown in Fig. 9.

An obvious limitation of this method is the presence of interfering ions
from other compounds with the same GC retention time as the hormone.
Before the SIM method is used, full MS should be obtained from a sample
of the hormone purified in an identical manner to that used for the
quantitative determinations. If potentially interfering ions are observed, the
purification method has to be modified to eliminate the interfering
compound(s).
It can be seen from the foregoing account that the identification and

measurement of plant hormones is a technically difficult problem. In this
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Fig. 10. SIM trace from the determination ofABA in an extract ofPhaseolus vulgaris leaves
utilising [2H)lABA as an internal standard. The peak for the ion at mlz 190 is due to
endogenous methyl abscisate and the peak at m/z 193 is due to the internal standard.
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chapter it has only been possible to discuss briefly the procedures involved.
Whilst the methods described are in general use in many other areas of
analytical biochemistry, their application to plant hormone analysis is not
necessarily as straightforward as this account may suggest. Because of the
complex chemical nature of plant extracts and the low levels of many plant
hormones analytical methods often have to be operated at their limits of
sensitivity and resolution. In addition different plant species often pose
different analytical problems due to qualitative and quantitative differences
in interfering compounds. These factors have to be taken into account when
applying the techniques discussed in this chapter.

Editors Note:

In contrast to all other chapters, this chapter has not been revised, except for
a few small changes, due to the unfortunate illness of Roger Horgan. Over
the past eight years there have been only incremental advances in analytical
techniques, resulting primarily from improved commercial columns and
analytical instruments. While the resulting resolution and sensitivity in
analysis has increased, the basic principles outlined in this chapter remain the
same. Notable instrumental advances have been the increased use of diode
array absorbance detectors, which enable the absorbance spectra of
compounds eluting from an HPLC column to be recorded, the downsizing of
benchtop GC-MS instruments, and the appearance of HPLC-MS. On the
techniques side, small cartridges of HPLC-type packing material for pre­
HPLC purification purposes, and the routine availability of [2H] gibberellins2,
[13C]IAA3, and eHlcytokinins4 have increased the ease with which the
techniques described in this chapter can be carried out. The recent volume
GC-MS of the Gibbere//ins and Related Compounds: Metholodogy and a
Library ofSpectra by P. Gaskin and 1. MacMillan (Cantocks Press, Bristol,
UKy is an essential reference for all those who wish to undertake the analysis
of plant hormones by GC-MS. It includes mass spectra not only of GAs but
all other hormones including derivatives, metabolites and possible
contaminants in hormone extracts.

2 Available for purchase from Dr. L. N. Mander, Research School of Chemistry,
Australian National University, Canberra, Australia (Fax: 61-62-490750).

3 Available from Cambridge Isotope Laboratories, Woburn, MA, USA (Fax: 1-508-749­
2768).

4 Available from Apex Organics Ltd., Honiton, Devon, UK (Fax: 44-404-47525).
The mention of this and the other company above is given for the convenience of readers and
does not constitute an endorsement of these companies. Other sources may be available.

S Available from Dr. P. Gaskin at Long Ashton Research Station, Long Ashton, Bristol
UK.
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INTRODUCTION

The use of immunoassays in the analysis of plant hormones has increased
significantly since the founding work of Weiler and associates (58).
Immunoassays are based on the ability of animals to produce proteins
(antibodies) which recognize and bind to specific compounds (antigens)
foreign to the animal. The specificity and sensitivity of antibodies make
immunoassays attractive for the quantitation ofplant hormones, which usually
occur at low concentrations. Small amounts of plant tissue can thus be used
in the assay, and, in addition, large numbers of samples can be processed in
a brief period of time. Although some purification of extracts is generally
required for the immunoassays, it is generally less than the more extensive
clean-up needed in physico-chemical methods.
This chapter will review some of the major features of immunoassays as

well as some of the problems in assaying for specific hormones. The use of
antibodies in the localization of plant hormones will also be described.

ANTmODY PRODUCTION

Plant hormones are haptens, or small molecules which on their own cannot
elicit an antibody response. Thus they must be covalently linked to a large
protein, such as an albumin (BSA, HSA, OA). Keyhole limpet hemocyanin
has also been used as a carrier protein because of its reportedly high
immunogenicity (40). A solution of the hormone-protein antigen, described
below, is mixed with an oily adjuvant which slows the release of the antigen
after injection. A series of injections are then made into an appropriate
animal to stimulate antibody production.
Rabbits have been the most commonly used animal for polyclonal

antibody (PAb), or antiserum, production. The animals are injected at several
sites on the back and boosted for a series of weeks. Other injection sites,
such as footpads, have been used, but are not recommended because of the
discomfort to the animal. Bleedings can be made from the ear, and the
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antibody-containing serum isolated. A number of spleen cells are involved
in producing antibodies in response to the antigen, and these antibodies will
differ in their recognition of the epitope, or portion of the antigen molecule,
against which they are directed. As a result, some of the antibodies may be
less specific than others, if they react against an epitope shared by related
compounds. The PAb preparation is thus a mixture of more and less specific
antibodies, as well as other, unrelated, antibodies.

The production ofmonoclonal antibodies (MAbs) allows for the isolation
of individual antibodies and those which are most specific for the hormone
can be selected (see 42, for review). Mice are often used, and undergo a
series of injections similar to those used for rabbits. The mouse is then killed
and the spleen removed and aseptically macerated in a sterile medium. The
spleen cells which produce the antibodies cannot continue growth in culture
on their own. Thus, they are fused with mouse tumor (myeloma) cells, which
grow well in culture. The fusion products, or hybridoma cells, are capable
of both growing in tissue culture and of producing antibodies. A series of
dilution cultures isolates clones from single hybridoma cells, each of which
synthesizes only one form of an antibody against the hormone.
Antibodies from a variety of clones can be tested and those which are

most specific for the antigen are selected for the immunoassay. The
hybridoma lines can be stored frozen, and as needed, grown for the
production of antibodies, either in tissue culture or by injection into mice.
In the latter case, the cells form tumors. Mice are killed, and tumor fluid
(ascites) containing the antibodies is removed.
Dilutions of the rabbit serum or mouse ascites may be used directly in

the immunoassays, or they can be partially purified by ammonium sulfate
precipitation. In some cases, affinity purification is used to improve activity,
particularly with PAbs (34). Both anion- (1) and cation- exchange
chromatography have also been used (30).

The decision to use MAbs or PAbs must be based on a number of
factors, including the greater initial cost and facilities needed for producing
MAbs, as well as any improvement in specificity the MAbs may provide for
measurement of a particular hormone. Some commercially produced
antibodies are currently available, providing the researcher with the option of
purchasing them rather than engaging in the labor-intensive production of
these proteins l .

THE IMMUNOASSAYS

Both radioimmunoassays (RIAs) and enzyme-immunoassays(BIAs) have been
used in the quantitation of plant hormones. These techniques differ

MAbs are currently available from Idetek Inc, Sunnyvale, CA 94089; MAb kits are
obtainable from Sigma Chemical Company, St. Louis, MO 63178; ABA PAbs can
be obtained from lCN Biomedicals, Costa Mesa, CA, 92626, and from Sigma.
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essentially in the type of tracer or labeled honnone used. The EIA has the
advantage of avoiding the use of radioisotopes, and thus is safer and is less
expensive; it also requires less space and equipment. By utilizing enzymes,
however, the EIA is subject to factors which affect enzyme activity, both in
the synthesis of the honnone-enzyme tracer and in running the assay (27).
The worker should be aware that the enzyme tracer may introduce into the
assay the same bridge between honnone and protein which was present in the
original antigen. When PAbs are used, antibodies may be present which
recognize this bridge in preference to the honnone itself, causing preferential
binding of the tracer over the free honnone, thus decreasing the sensitivity of
the assay (58). In choosing between the two types of immunoassay, available
equipment, expertise and antibodies must be considered. Whereas both EIAs
and RIAs may be viable options for most laboratory use, the non-isotopic
character of the fonner is probably a significant factor in its greater use.
There are a number of protocols for immunoassays, but Figure I outlines

one which has been commonly used for plant honnones. Labeled and
unlabeled honnones are mixed with the antibodies to compete for binding
sites. The antibodies with their bound honnone are then separated from the
unbound honnone and tracer. The antibody may be precipitated with
ammonium sulfate, or it may be adsorbed onto a polystyrene substrate.
Unbound materials are removed by washing. An EIA in which the antibody
is immobilized by adsorption onto a solid substrate is called an enzyme-linked
immunosorbent assay, or ELISA, and these have been the EIAs used in plant
honnone analyses. An avidin-biotin complex can also be incorporated into
the ELISA to enhance its sensitivity (28, 47).

The amount of tracer is measured, either as counts per minute (RIA) or
as enzyme activity (EIA). Tritium is the most commonly used radiolabel,
although 1251 has also been used. The activity of the most commonly used
enzyme, alkaline phosphatase (AP), is measured colorimetrically fullowing the
conversion of substrate, p-nitrophenylphosphate, to p-nitrophenol. An AP­
dependent conversion of NADP to NAD, with enzymic cycling of the latter,
has also successfully increased the sensitivity of honnone detection (14). The
amount of bound tracer is inversely proportional to the amount of unlabeled
honnone with which it competes in the incubation medium; thus, the color
produced in the above reaction is inversely proportional to the amount of
unlabeled honnone present. Standard curves are often presented as the
concentration of standard honnone plotted against

B n B/Bo
the logit Bo (or log 1 _ B I Bo ), where
B = binding of tracer to antibody in the presence of honnone,
Bo =binding of same in the absence of honnone.
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Antibody

Hormone

RIA

Labeled hormone

* radiolabel

EIA

Antibody Incubated with labeled and unlabeled hormones

Bound hormones Isolated from unbound hormones

Bound label measured

Fig. 1. Generalized scheme of immunoassays for plant hormones.

SPECIFIC HORMONE ANALYSIS

Both RIAs and EIAs have been developed for the four major classes of non­
volatile plant honnones. The sensitivities of these assays frequently compare
favorably with those of the physico-chemical methods of detection, ranging
from 0.03 pmol in the RIA for zeatin riboside to as little as 0.001 pmol in
EIAs for GAs (Table I).
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Table 1. Some reported sensitivities of immunoassays for plant hormones.

Hormone Assay Sensitivity Reference
(p mol)

IAA EIA 0.02 59
RIA 0.3 26

ABA EIA 0.002 14

RIA 0.02 38
ZR EIA 0.015 33

RIA 0.03 55
GAs EIA 0.001 3

RIA 0.005 60

Indoleacetic Acid

Two types of antigens have generally been used for producing antibodies to
IAA. The first is an IAA protein conjugate synthesized by the Mannich
fonnaldehyde reaction (34,37), which couples the ring ofIAA to the carrier
protein, presumably at the indolic nitrogen of IAA (IAA-N). The second is
coupling of IAA to protein via the carboxyl group (IAA-Cl '), using the
mixed anhydride (56) or carbodiimide reaction (51, 59). Because of the
different epitopes presented by these two methods, the resulting antibodies
differ in their cross-reactivities. Antibodies raised against the IAA-C1'
antigen are poorly reactive with free IAA unless the charged carboxyl group
is neutralized by methylation. In contrast, antibodies raised against the IAA­
N antigen recognize free IAA, and methylation, which commonly employs
highly toxic and explosive diazomethane, can be avoided. PAbs to IAA-N,
however, have been reported as giving lower titers than IAA-CI' antibodies
(37).
There have been several approaches to avoiding cross-reactivity with

IAA conjugates when measuring free IAA. One of these has been the use of
acidic partitioning (pH 3.0) of the extract with an organic solvent to separate
free IAA from the conjugates. The production of MAbs has also been used
as a way to improve detection of free IAA. IAA-Cl' MAbs can be more
specific than the PAbs, although there still may be some cross-reactivity with
selected conjugates (29). The production of a MAb to IAA-N avoided the
problem of low titers often seen with IAA-N PAbs (1). A C5-linked hapten
has also been used to produce a free IAA- recognizing MAb. This MAb,
however, showed a high degree of cross-reactivity for 4-CI-IAA (49), which
could pose a problem for those working with certain leguminous species.
Another approach is the use of affinity purification to concentrate IAA-N
Pabs, compensating for the low antibody titers. This is accomplished by
passing the crude antibody preparation through an agarose column to which
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Table 2. Comparison of crude and affinity purified IAA-N antibody preparations in the
ELISA (34).

Antibody Coating Reaction Absorbance in ELISA1 %Drop
Concentration Time (min) Without IAA With IAA2 With IAA
(J1g/wel1)

Crude 10 45 0.551 0.416 25

Purified 0.8 38 1.871 0.249 87

1Absorbance is inversely proportional to free hormone concentration.
2 Saturating concentration.

IAA has been covalently linked by the same reaction used to produce the
antigen (34). After elution from the column, the antibody may show marked
improvement in the ELISA (Table 2).

Abscisic Acid

Conjugation ofABA to a protein carrier for the production of the antigen can
be accomplished at the carboxyl group, using either the mixed anhydride or
carbodiimide reaction. The resulting antibodies, however, cross react with
naturally occurring carboxyl-linked ABA conjugates posing a problem similar
to that seen in IAA determinations. Antibodies to carboxyl-linked (CI) ABA
often have a higher affinity for ABA methyl ester than for free ABA,
although the difference is less than that seen between free and methylated
IAA. By linking ABA to the carrier protein at the C4' keto group, antibodies
are obtained which recognize free ABA (40, 50). In a study of potential
receptor probes, MAbs were produced which recognize different biologically
active analogs of ABA (52).
Another consideration in the synthesis of antibodies to ABA has been

their differing reactivities with (S)-ABA and (R)-ABA, or (+)-ABA and (-)­
ABA, respectively. In the first assays reported, PAbs were raised against
antigen synthesized from the racemic mixture (R,S)-ABA. When tested
against the individual enantiomers, these antibodies showed a preference for
(R)-ABA, rather than the naturally occurring (S)-ABA, thus greatly reducing
the effectiveness ofthe assay (53). PAbs raised against carboxyl-linked (S)­
ABA, an expensive compound, showed little reactivity with (R)-ABA (57).
In contrast, use of the C4'-linked (R,S)-ABA generated antibodies with a
strong affinity for the (S)-ABA enantiomer (54). A MAb against Cl-linked
(S)-ABA showed exclusive recognition for (S)-ABA (38).
As with IAA-CI', enzyme tracers for ABAELISAs have been made with

the carbodiimide reaction. An exception has been the conjugation of alkaline
phosphatase to a previously synthesized ABA-BSA conjugate using
glutaraldehyde to link the two proteins (9).
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Cytokinins

Antigens for the production of antibodies and enzyme tracers for cytokinin
ELISAs are produced using cytokinin-ribosides in a periodate reaction which
opens the sugar ring and links dialdehydes to free amino groups (forming
Schiff's base) on the carrier protein (25). PAbs have been used in RIAs (16,
17, 43) and ELISAs (39) for the determination of cytokinins. Avidin linked
to an AP-conjugate of isopentenyl adenosine (iPA) had strong affinity for
biotinylated PAb raised against the same hapten and the result was a
sensitivity of 0.003 pmol (47). The specificity for a single family of
cytokinins (e.g. zeatin and zeatin riboside) was improved by the production
of a MAb (35). Using MAbs, a comparison was made between RIA and a
fluorescence ELISA for the assay of ZR. The fluorescence ELISA showed
a greater sensitivity at 0.03 pmol (48).

Gibberellins

The large number of GAs having similar chemical structures, and hence
nondiscriminate epitopes, frequently results in antibody recognition of sets
rather than specific hormones (30). For example, antibodies raised against
GA3 also recognized GA7, GA20, and to some extent GAl (2). Linking the
hapten to the immunogenic carrier at the carboxylic acid (C7) generally gives
less discrimination than forming a linkage at other positions. Furthermore,
as with the ester-recognizing antibodies against ABA and IAA, samples must
be methylated prior to analyses. An alternative method which used GA­
protein conjugates with linkages at C3 (GAl) and C17 (GA4 and GA9)
produced MAbs which specifically recognized GAl, GA20, GA4, and G~
(22).
Since only a few GAs are commercially available as standards, it is

perhaps understandable why this class of hormones has not been as widely
used in immunoassays as the other plant hormones.

VALIDATION OF IMMUNOASSAYS

Materials in plant extracts can either competitively or non-competitively
inhibit the interaction between antibody and antigen. These interfering
chemicals have been referred to as specific and non-specific, respectively
(20). Such influences can vary with extracts oftissues from different species,
with different experimental treatments of the same tissue and with different
treatments of the same extract. Thus there is a frequent need for a
comparison of the immunoassay with those physico-chemical methods which
give the investigator more certitude. Combined gas chromatography-mass
spectrometry (GC-MS) is such a method and it is becoming more frequently
employed for validation. Internal radiolabeled standards have also been used
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(8, 18). A less costly method, however, and one that is frequently
encountered in the literature is the construction of dilution curves from the
mixture of standard hormone and extract. An extract dilution curve which
is not parallel to that of a standard hormone indicates the presence of
interfering materials which must be removed before analysis. Interference of
antibody generally gives a lower value of Bo and consequently an
overestimation of endogenous hormone.
Whereas nonparallel dilutions indicate interference, parallel dilutions

cannot assure the absence of interference. Spiking samples with known
amounts of standard can indicate interfering interactions, even with extracts
which exhibit parallelism (19). In addition, compounds with binding
affinities similar to that of the antigen can give parallel dilutions, as has been
shown for NAA in the IAA-N RIA (37). In such cases, purification of the
sample is needed.
Again, the performance of an extract in the immunoassay depends on the

particular hormone, the tissue being extracted and the treatment given. As an
illustration, crude extracts gave parallel dilution curves in a ZR ELISA (33)
whereas acidic ether partitioning was necessary to eliminate interference in
extracts of crown gall tumors in an IAA-N ELISA (34; Fig. 2). Relatively
simple modifications of partitioning improved an IAA-Cl' ELISA (51).
Acidic and basic ether partitioning were also effective in the preparation of
an IAA-N RIA, but base hydrolysis of the extract to release auxin from its
conjugates produced interfering chemicals (36), Thus, more stringent
purification, as provided by such methods as HPLC, is frequently necessary
(7, 38, 39). An intensive comparison of crude and HPLC-purified extracts
using validation ofGC-MS revealed a to-fold overestimation ofIAA in crude
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Fig.2. a) Dilutions of tobacco (Nicotiana tabacum) and tomato (Lycopersicon esculentum)
crown gall tumor tissue crude extracts compared with standard ZR dilutions in the ZR PAb
ELISA. b) Dilution of tobacco crown gall tumor tissue extracts, both crude and acidic (pH
3.0) ether-partitioned, compared with standard lAA dilutions in the lAA N-PAb ELISA.
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extracts of apple leaf, a five-fold overestimation in Lemna and a 60%
overestimation in dry bean seeds, as determined by ELISA (8). An average
of 16% overestimation of IAA was seen in willow buds, using RIA and
comparing its results with GC-MS (5).
Similarly, immunoassays of ABA can be troublesome. The choice of

buffer for dilution curves is important since HEPES gave false-positives in
the ELISA readings of ABA (4). Significantly high false values for ABA
were also obtained following the use of PVPP, polyamide and C18 Sep Pak
columns in the clean up process (31). Furthermore, mannitol has been
reported to contain up to 1.7 ng ABA per gram commercial product (4).
Contaminating ABA was effectively removed by precipitating mannitol with
methanol. It is also important to add that good agreement between ABA
analyses by RIA and GC-MS has been observed using crude extracts of
tomato leaf, bean leaf and the endosperm of Sechium (50).
Agreement has also been observed between RIA and GC-MS analyses

of cytokinin in cultured anise cells (12) and minor differences were reported
when the same methods were compared for several cytokinins of dry Zea
mays seed (17). Cytokinin immunoassays, however, are not exempt from
problems posed by contaminants. A fraction which was washed from a
DEAE cellulose column used to purify cytokinins showed activity in a PAb­
RIA for the zeatin family (17). The same fraction inhibited the Amaranthus
bioassay but showed no bioassay activity of its own and did not have the
partitioning characteristics of the cytokinins being assayed. Thus, here, as
with IAA and ABA, stringent purification is sometimes necessary.
A difference of only 10% was observed between RIA and GC-MS

analyses of GA29 extracted from pea seed cotyledons and 8.4% between
similar analyses ofGA20 in the liquid endosperm ofMarah macrocarpus (45).

OTHER USES OF ANTmODIES

Immunoaffinity Purification of Hormones

Immobilizing antibodies on immunoaffinity columns offers the possibility of
sequestering the hormone of interest from a complex mixture of chemicals
in plant extracts. When eluted, the purified and concentrated hormone can
be quantitated by a variety of methods. Elution of hormone with an organic
solvent may denature the antibody, although there have been reports of
repeated methanol elutions from PAb-columns (10) and numerous cycles of
acetone elution from a MAb-column (58). CNBr-activated Sepharose (45)
and microcrystalline cellulose (25), as well as other supports, have been used
to build an affinity matrix. The capacity of a column can be tested with
radiolabeled antigen.
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Immunocytochemical Localization of Hormones

Immunocytochemistry is a powerful tool in plant biology and the technique
has been used to localize organ-specific antigens in a wide variety of plant
tissues (21). Although the more easily localized proteins and polysaccharides
have long been considered the target molecules of choice, success has also
been achieved in using immunocytochemical techniques for the localization
of small molecules such as plant hormones.
There are many variations in the preparatory steps for localizing an

antigen, whether it be at the light microscope or ultrastructure level. In the
simplest terms, embedded or non-embedded tissue, which has been fixed or
frozen, is sectioned to insure contact between antibody and antigen as well
as to visualize the location. A primary antibody (for example, antibody
against mouse immunoglobulin G, or IgG MAb) with a well defined
specificity for the hormone in question, is applied to the section. Following
a sufficient number of washes to remove excess antibody, a secondary
antibody (for example, goat anti-mouse IgG) is applied. The secondary
antibody may be conjugated to a fluorophore (such as fluorescein or
rhodamin) or an enzyme. The secondary antibody attaches to the primary
antibody and, following washes, the preparation is examined with an
appropriate microscope. The secondary antibody may instead be labelled
with colloidal gold and applied to grids supporting ultrathin sections for
examination with the electron microscope.
Nonspecific retention properties of either the primary or secondary

antibody may pose a major problem in the interpretation of results. Primary
antibodies must of course be specific and sensitive. Those which lack these
properties may fail to bind selectively and in sufficient quantity to the target
hormone.
In addition to antibody characterization, a series of controls should be

used. These include, but are not limited to, the following:
1. binding of antigen to antibody before application to the specimen;
2. deletion of the primary or secondary antibody, or both;
3. substitution of a preimmune antiserum or control MAb such as P3­
X63Ag8 (with no known antigen) for the primary PAb or MAb,
respectively.

A cellular localization of cytokinins was accomplished using antisera
against dihydrozeatin (DHZR) in com root sections. Specimens were fixed
in formaldehyde, fresh frozen or freeze substituted. Immunofluorescence and
immunogold were both used to show the presence of cytokinin in meristem
cells surrounding the quiescent center (63). A specific MAb against iP
(isopentenyl adenine) localized this hormone (or a closely related substance)
in protonemal cells of a moss mutant which overproduced cytokinin (11).
ABA was localized in Chenopodium by first coupling the hormone to

cellular proteins with carbodiimide. Anti-ABA PAbs were applied to semi­
thin sections and the light microscope was used to show an insoluble product
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of the peroxidase-antiperoxidase (PAP) complex (46). In this instance, water
stress was used to the advantage of the investigators in that honnone levels
increased prior to the tissues being fixed for sectioning. ABA was shown by
the immunogold technique to vary in its distribution in tomato root tips,
according to zones at the tip (6). In root cap cells, ABA appeared to
accumulate in the apoplast, cytoplasmic vesicles and immediately surrounding
the starch grains. In the meristematic cells, the honnone appeared to
accumulate near the junction of the root cap. The carbodiimide typically used
to link a carboxyl group of the honnone to an amino group of protein is 1­
ethyl-3 (3-dimethyl-amino-propyl) carbodiimide hydrochloride (EDC). It has
been shown, however, that EDC has a much lower fixation efficiency
compared with di-isopropyl carbodiimide (lPC) in linking ABA to cellular
protein (44). It was also shown in the same study that the PAP staining
method failed to detect ABA that was known to be at a level in excess of 1
pmol in pea cotyledons.
PAbs made against N-linked IAA localized auxin in chloroplasts and

mitochondria of expanding peach leaves fixed in parafonnaldehyde (32).
This fixative was also used in this laboratory to link free IAA to proteins in
root tips of four day-old Zea mays seedlings. Paraffin-embedded sections
were dewaxed and incubated in IAA-N antiserum, washed and then exposed
to a goat-anti-rabbit rhodamin conjugate. Sections viewed with epifluorescent
optics revealed fluorescence associated with amyloplasts in columella cells
(Fig. 3). In another study of root cap cells in corn, IAA was anchored at the
carboxyl group with EDC. An MAb which recognized CI '-linked IAA was
then used in conjunction with a goat anti-mouse colloidal gold conjugate.
Gold particles were found in nuclei, vacuoles, mitochondria, dictyosomes and
dictyosome-derived vesicles (41). The same type of MAb was used in
localizing an IAA-zein conjugate in corn endosperm, which was confinned
by base hydrolysis and GCIMS analysis (24).

FUTURE PROSPECTS

The use of immunological techniques in plant honnone research is increasing,
albeit slowly. Recent improvements in immunoassays have been refinements
of an already useful tool. The electrochemical (EC) immunoassay is such an
innovation which appears to be at the forefront of biosensor technology. EC
has evolved since we first described it (35) to the point where a few thousand
molecules of analyte can be detected (13, 62).
The development of the immunoassay has contributed significantly to

multiple growth regulator analysis, within the context of a single experimental
study (15,23,28,61), and this approach will most likely increase in the years
ahead. Furthennore, if the number of sources of commercial antibodies
should increase, there will probably be a corresponding increase in the
number of users of the immunoassay.
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Fig. 3. Immunofluorescence of free IAA in the root cap of lea mays. Root tips of four day­
old seedlings were fixed in 4% paraformaldehyde. Control specimen (left, X120) for which
primary antibody was omitted. Positive immunostaining (right, X 120) with goat anti-rabbit
rhodamin conjugate, in columella cells of root cap (arrows).
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INTRODUCTION

Genetics is a powerful tool for studying hormones and their impact on plant
development. Mutants affecting hormone biosynthesisor responses have been
obtained in various plant systems by predicting phenotypes based on
physiological information, by assaying hormone levels in plants with
unexplained developmental defects or by selecting for resistance to hormones
or their biosynthesis inhibitors. These mutants have given us greater insight
into the role of honnones in a wide variety of plant developmental processes.
The genes responsible for some hormone mutants have been cloned, and in
several cases, the sequences of the cloned genes have provided us with a key
to understanding the mechanisms of hormone action at the molecular level.
Single gene mutations are particularly useful in unraveling complex

biochemical or developmental pathways since they result from single genetic
lesions. The use of various inhibitors or environmental treatments is often
less helpful in understanding the effects of hormones on development simply
because inhibitor action is usually less specific. Without mutants or
inhibitors, the only recourse left is to examine the effects of applying a
hormone or to correlate the endogenous level of the hormone with
physiological responses. Single gene mutants in identical genetic
backgrounds can be obtained when large numbers of progeny are screened
following mutagenesis of a pure line (e.g., as in many studies with
Arabidopsis). In other plant systems, where mutations or variants are found
in different genetic lines, it is necessary to produce isogenic lines so that the
effects of a mutant are not confused by the differences in the genetic
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background. Regardless of how they are obtained, single gene mutations
affecting hormone synthesis or responses are sometimes not simple to
interpret even though their defects can be traced back to a single primary
lesion. Plant hormones influence a multitude of processes and, therefore,
mutants will frequently show a range of pleiotropic effects. Part of the
challenge in working with single gene mutants affecting hormone action is
understanding the complex phenotypes produced.

NEW OPPORTUNITIES IN PLANT HORMONE RESEARCH:
ARABIDOPSIS GENETICS

While mutants affecting hormone biosynthesis and responses have been
isolated in many plants (e.g., maize, tomato, pea and rice), work on hormone
mutants in Arabidopsis thaliana has proceeded at a particularly fast pace over
the last few years. Hormone mutants are relatively easy to identify and
characterize in Arabidopsis, and more importantly, it is possible to isolate the
genes responsible for various mutations in Arabidopsis. The small plant size
and rapid life cycle allow large numbers ofArabidopsis plants to be screened
easily for mutants affecting hormone production or response. At standard
rates of mutagenesis, the entire Arabidopsis genome can be scanned for loss­
of-function mutations by examining a few thousand seedlings. Because of
this, mutants involving every major class of hormones have been identified
in Arabidopsis.
Certainly, one of the most compelling reasons for studying hormone

mutants in Arabidopsis is that the genes responsible for the mutant
phenotypes can be cloned. While only a few such genes have been cloned
so far in Arabidopsis, undoubtedly the number will increase rapidly in the
next few years. Map-based cloning procedures are probably most useful to
investigators working on hormone mutants, because map-based cloning can
be used to track down the most common type of mutants; EMS-generated
point mutations. Map-based cloning, once thought to be a formidable task,
is now a reality in Arabidopsis. It has become practicable because the small
Arabidopsis genome is so densely marked that it is possible to find markers
that lie within reasonable physical proximity to a gene of interest (37). Map­
based cloning involves mapping a gene of interest with respect to other DNA
markers, e.g., restriction fragment length polymorphisms (RFLP) or randomly
amplified polymorphic DNAs (RAPD) markers. Then the nearest DNA
markers are used to identify families of yeast artificial chromosomes (YACs)
that contain large segments of the Arabidopsis genome. Gibson and
Somerville (24) have pointed out that if the nearest DNA marker lies within
I centimorganJ of a gene of interest, there is a 40% probability that the YAC
identified by the DNA marker will overlap with the gene of interest. In that

J A centimorgan or cM is a unit of genetic distance, and markers that are separated by
1 cM undergo recombination at a frequency of 1%.
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case, there is no need to undertake a "chromosome walk.,2 to find the gene of
interest.
There has also been much interest in identifying genes in Arabidopsis by

tagging them with T-DNA inserts. T-DNA is the DNA segment transferred
to plants during Agrobacterium infection. T-DNA insertion mutagenesis3 has
been useful for tagging some hormone mutants, particularly those that survive
as null mutants, i.e., mutants that totally eliminate the function of a gene.
For mutants that appear infrequently, the problem is one of numbers. T-DNA
insertion mutants are kept as individual lines (and in pools of lines) and must
be planted out as lines or pools. Because of this, the numbers ofmutants that
can be screened is relatively small. The problem is further compounded by
the fact that in T-DNA insertional mutagenesis, it is desirable to have few
insertional events per genome (-1.4 random inserts per plant) in order to
minimize the number of T-DNA copies per genome in any prospective
mutant. At this mutation rate, over 100,000 independent lines must be
screened in order to achieve a 95% probability of having an insert every 2 kb
in the genome. Nonetheless, an insertion mutation was recently found that
confers a constitutive ethylene response phenotype. Kieber et al. (34) took
advantage of the tagged mutant to clone the erR] gene from Arabidopsis.
However, for most purposes, T-DNA insertion collectionsmay not be the best
source of material for finding subtle hormone mutants.
Another means of identifying genes responsible for mutations in

Arabidopsis is to use genomic subtraction methods (95). Cloning by genomic
subtraction may only be applicable to plant genomes as small asArabidopsis,
and even the Arabidopsis genome may be too large for routine use of this
technique. Genomic subtraction involves the isolation of a DNA sequence
that is missing in a deletion mutant. In genomic subtraction, a DNA
sequence present in the wild-type genome, but not in a deletion mutant, is
progressively enriched using DNA hybridization techniques. Although
genomic subtraction has already led to the cloning of a hormone biosynthesis
gene (97), the procedure requires a deletion and is very difficult to carry out
successfully. Furthermore, the deletion must not be lethal in the homozygous
state, because homozygotes are needed as a source of DNA for the genomic
subtraction procedure. While mutants can be generated at high frequency
with certain forms of mutagenesis, considerable effort is required to prove
that a mutation is truly a deletion mutation. In the genomic subtraction
procedure, DNA from wild-type plants is subjected to multiple rounds of
hybridization with biotinylated DNA4 from a homozygous deletion mutant.
In each round, DNA from the wild type plant that hybridizes with DNA in

2 A chromosome walk is a process in which one progresses along a chromosome by
identifying YACs that overlap each other.

3 T-DNA insertionmutagenesis results from the random incorporation ofT-DNA into the
DNA of the plant genome, which will on occasion disrupt the function of a gene.

4 DNA synthesized from biotinylated nucleotides.
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the deletion mutant is removed by binding the biotinylated hybrid DNA to
avidin-coated beads. After the last round, linkers (small oligonucleotides) are
attached to the remaining unbound DNA (enriched for the gene of interest
that is deleted in the mutant), and used to amplify the DNA by the
polymerase chain reaction (PCR).
A word of caution should be added about the selection of hormone

mutants, in general, but particularly in Arabidopsis. Since so many seedlings
can be screened in mutant searches, broad-based screens may find mutants
that are totally unrelated to the interests of the investigator. Consequently,
further screens may be essential to fully characterize the mutants obtained (for
example, to separate hormone synthesis from hormone response types).
Finally, the terminology regarding mutants can be confusing. Biosynthesis
mutants may occasionally be referred to as hormone "sensitive" mutants, but
in microbial genetics terms they are hormone auxotrophs or hormone­
requiring mutants. Biosynthesis mutants may also be overproduction (87) or
unregulated biosynthesis mutants. Response mutants are frequently
"insensitive" mutants and selected because they appear to be insensitive to
their own endogenous levels of hormone or resistant to toxic or growth­
inhibiting levels of exogenous hormone. Unlike sensitive mutants, insensitive
mutants cannot be rescued by adding hormones. Another group of response
mutants are the constitutive response types. These are mutants that, on the
face of it, appear to be hormone overproduction mutants, but are unaffected
by hormone synthesis inhibitors (69).

General considerations

This is an exciting time for hormone research in Arabidopsis, because some
of the genes responsible for the hormone response genes have been cloned
(12, 25, 34, 61). From these reports, we have a first glimpse of the
components that compose plant hormone signaling pathways. Response
mutants have been selected in Arabidopsis for most of the major classes of
hormones. Through an understanding of the physiology of plant hormones
and their effects on Arabidopsis development, investigators have devised
clever means to select for mutants. As described above, a number of
hormone response mutants have been selected because they are resistant to
growth-inhibiting doses of exogenous hormone or they have mutant
phenotypes that cannot be rescued by adding hormones (Fig. 1).

Several interesting general observations can be made about hormone
response mutants. First, it is surprising to be able to find such mutants at all,
particularly mutants with defects in response to growth hormones, without
having to resort to the selection for conditional mutants. This suggests that
the plant hormones are not essential for survival, that the mutations are
compensated for by some alternative response pathway or that the mutations
are "leaky," i.e. not totally blocked in the hormone response. The discovery
of various hormone response mutants in plants contrasts with the difficulty
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Fig. 1. Growth characteristics of hormone resistant or insensitive mutants of Arabidopsis.
Various mutants have been selected based on the effects of hormones on growth at different
developmental stages (seeds, seedlings, mature plants). Illustration shows the growth
characteristics of wild type seedlings in the presence of various hormones and hormone
inhibitors (gray boxes) and the growth characteristics of hormone insensitive mutants (ABA
and GA insensitives).

in obtaining certain nutritional mutants, such as amino acid auxotrophs. The
reason usually given for this difficulty in finding metabolic mutants in plants
is that there may be multiple genes that encode any given gene product or
multiple pathways that produce the same metabolic product (45).
Second, although response mutants have been identified for all the major

classes of hormones, the number of genes in some of the hormone categories
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is small. Admittedly, the genome has not been saturated for mutants, and
some mutants in certain hormone response pathways may be lethal. So far,
there is only one locus, ckrJ, that confers cytokinin resistance (96). Likewise
only one locus conferring gibberellic acid insensitivity (gai) has been
described (38). Most of the auxin resistant mutants represent two loci, orr]
(47) and aux (49). The mutants at a third locus, called orr2 (110), do not
appear to be auxin-specific, and a fourth locus, orr3, is relatively
uncharacterized. There are three loci at which mutations confer abscisic acid
resistance, but one of these only affects certain ABA responses (42). The fact
that there are few response mutants runs counter to the notion that there are
many steps in hormone response pathways. If hormone response pathways
are multi-step, then it should be possible to find many different mutants that
affect different steps in the pathways, providing that the mutations are not
lethal. At this time, the best example of a multi-step pathway appears to be
the ethylene response pathway. Kieber et al. (34) have several mutations in
the ethylene response pathway and have ordered the mutations by their
epistaticS relationships (88). By determining whether mutations are epistatic
to one another, one can order the events represented by the mutations (69, 73,
88).
Third, the results of cloning the first few hormone response mutants have

been quite unexpected. So far, the genes that have been identified do not
encode membrane-associated signal transduction pathway components such
as G-protein subunits, inositol phospholipases, or calcium channels.
However, in the ethylene response pathway, the genes that have been cloned
appear to encode protein kinases that may be involved in a protein
phosphorylation cascade (34). One of the components on the ethylene
response pathway that has been recently cloned is a novel form of a
procaryotic signaling pathway component, and the identification of this
component inArabidopsis has set a precedence for other eucaryotic organisms
(12). Therefore, the hormone signal transduction pathways in plants may
offer some real surprises for investigators.

ROOT AND SHOOT GROWTH: AUXINS AND CYTOKININS

Auxins

From the classical experiments of Skoog and Miller (91), the action of auxins
and cytokinins have been closely tied to root and shoot growth. However,
most of the auxin response mutants in Arabidopsis have been isolated on the
basis of more general characteristics, such as auxin resistant germination or
seedling growth (Fig. 1). The auxin mutants that have been isolated so far
represent four different loci in the Arabidopsis genome, aux and orr] to axr3

5 A mutation is epistatic to another when one mutation obscures the expression of the
other mutation.
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(21, 49, 110). Maher and Martindale (49) identified aux mutants with roots
resistant to relatively low auxin concentrations (2 pM 2,4-0). All aux
mutations map to a single locus on chromosome 2. Untreated aux mutants
are morphologically normal, but the alleles at the aux locus differ in
sensitivity to auxin. The aux-l alleles are most resistant to auxin and the
roots are agravitropic. On the other hand, the aux-2 alleles are less resistant,
and roots are gravitropically normal (53).
Estelle and Somerville (21) isolated mutants in which the germination of

seeds was resistant to moderate levels of auxin (5 pM 2,4-0). Most of these
mutants were recessive mutants at the axr1 locus on chromosome 1. These
mutants were more severe than the aux mutants and had phenotypes that one
might suspect for an auxin response mutants, such as reduced apical
dominance and shorter stature (47). Recently axrl was cloned (61) using
map-based cloning techniques. The authors narrowed in on the axr1 site by
analyzing RFLPs in recombinants between axr1 and an outside marker. The
authors used the most closely linked RFLPs to identify a corresponding YAC
from a library of the Arabidopsis genome. Then, they subcloned DNA
fragments from the YAC in a series of cosmid6 clones that were individually
tested for their ability to complement axr1 in transgenic plants. Two
complementing cosmid clones were identified and used as probes to identify
RNA transcripts from Arabidopsis plants. One of two transcripts was
expressed at different levels in the various axrl mutants except axrl-3, a
weak allele, and the cDNA (complementary DNA) for that transcript was
used to identify the axr1 gene. Evidence verifying that the identified gene
was, indeed, axr1was the fact that two axr1 alleles showed alterations in the
coding region of the gene.
The protein encoded by axr1 is similar in sequence to the ubiquitin­

activating enzyme El of human, yeast and wheat (61). However, it is not
known whether the axr1 product functions in ubiquitination. The E1 enzyme
catalyzes the formation of a thiol ester bond between ubiquitin and the E1
protein. The ubiquitin moiety is then transferred to one member of a family
of ubiquitin-conjugating E2 enzymes which then transfers the ubiquitin to
target proteins. In support of the idea that the function of the axr1 gene
product might be related to ubiquitination is the finding that a conserved
cysteine residue (at position 154 in axrl) required for El function is changed
in the weak allele ofaxrl (axrl-3). On the other hand, AXR1, the axrl gene
product, does not have a critical cysteine residue at a position equivalent to
626 in the El enzyme. This residue forms the thiol bond between El and
ubiquitin and is essential for El function. Furthermore, AXRl only has 22­
27% similarity to El (excluding sequence gaps), whereas the El enzymes
from humans, yeast and wheat are more highly conserved. Therefore, it is

6 Cosmids are plasmids that can be packaged as bacteriophage. Cosmids have the
advantage that they can be handled as easily as plasmids, yet they can support the genetic
complexity of bacteriophage DNA libraries.

454



J. B. Reid and S. H Howell

not known whether AXRI has EI activity or whether a domain from the
ubiquitin EI enzyme has been commandeered for other functions.
Alternatively, AXRI might not have anything to do with auxin signal
transduction directly, but AXRI might regulate the stability of a component
in the auxin signaling pathway by regulating its turnover.
Wilson et aI. (110) recovered a new dominant mutant at a locus called

axr2 in a selection for seedlings in which root growth was resistant to higher
concentrations of auxin (50 ILM IAA) The mutant was dark green, vigorous
and had nonnal fertility, but had short internodes, smaller, rounder leaves and
short petioles. In addition, roots in the mutant grew more slowly, lacked root
hairs and did not respond nonnally to gravity. Most unusual was the fact that
root growth in the mutant was also resistant to other honnones such as
ethylene and abscisic acid.

Cytokinins

Although cytokinin action is usually associated with shoot development (91),
Arabidopsis mutants have been isolated recently on the basis of cytokinin
resistance in roots (96). It has been difficult to obtain mutants in which shoot
growth is resistant to cytokinin, because high concentrations of cytokinin are
required to inhibit shoot growth, and high concentrations ofcytokinin produce
general stress responses (51). Therefore, mutants in other plant systems that
were selected for resistance to high concentrations of cytokinin did not have
defects in specific cytokinin responses, rather they seem unable to mount
general stress responses. For example, a Nicotiana plumbaginifolia mutant
that was resistant to high concentrations of cytokinin was defective in a
tenninal step in ABA biosynthesis (8). To avoid selecting for general stress
response mutants, Su and Howell (96) detennined what aspect of seedling
development in Arabidopsis was most sensitive to exogenous cytokinin,
benzyladenine (BA). They found that root growth was most sensitive, and
at relatively low concentrations of BA seedlings displayed a "cytokinin root
syndrome" in which primary root growth was inhibited and root hair
elongation was stimulated (Fig. I). These observations were used to isolate
mutants that did not exhibit the root syndrome in the presence of cytokinin.
Despite the fact that a very general screen was used, the mutants all belonged
to the same complementation group at a locus called ckr1. The mutants
appeared to be response mutants rather than honnone uptake mutants, because
the uptake and metabolism of BA in the mutants was comparable to wild type
(Su, Auer and Howell, in preparation).
A surprising feature about the ckr1 mutants was their phenotype when

grown under standard lighting conditions; the plants were nearly nonnal in
growth, stature, fertility, etc. (96). The only abnonnalities in light-grown
ckr1 mutants were cup-shaped leaves in seedlings, larger but slightly more
chlorotic leaves at maturity and longer roots. It was argued that ckr1mutants
appeared nonnal because other responses, particularly light signals,
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compensated for the defects in the cytokinin response (Su and Howell,
submitted for publication). As a consequence, many of the effects of the ckr1
mutants on germination, hypocotyl elongation, time to flowering, etc., were
masked by light. Hence, ckr1 mutants may be useful for studying the
interactions between cytokinin and light signaling pathways.

Biosynthesis mutants

Because auxin and cytokinin play such critical roles in plant development, the
biosynthetic pathways of these hormones would seem to be obvious targets
for mutant analysis. However, until recently very little genetics has been
done to elucidate the biosynthetic pathways of these hormones. However, the
matter is important because the normally accepted pathway for auxin
biosynthesis in plants is in dispute, and the regulation of auxin biosynthesis
is not understood. One reason why auxin and cytokinin biosynthesis mutants
may not have been pursued aggressively is that auxin and cytokinin
biosynthesis can be controlled and perturbed in transgenic plants by
introducing hormone biosynthesis and metabolism genes from Agrobacterium
and other sources (e.g., 36, 50, 82, 83). However, these transgenic studies
have not lessened the need to understand the normal auxin or cytokinin
biosynthetic pathway(s) through the analysis of mutants.
Hints that there were problems with the generally accepted idea that

auxin is synthesized from tryptophan have come from studies of tryptophan
mutants in Arabidopsis and maize. Orange pericarp mutants in maize are
defective in terminal steps of tryptophan biosynthesis, yet they accumulate
high levels of indole acetic acid (lAA) (112). Arabidopsismutants that block
the terminal steps of tryptophan biosynthesis, such as the trp2-1 mutants
defective in tryptophan synthase b activity, do not have phenotypes predicted
for auxin biosynthetic mutants (45). However, mutants blocked at earlier
steps in the pathway appear to be auxin deficient (46). Furthermore, when
trp2-1 mutants were grown under high light conditions (conditions in which
the mutants require tryptophan for growth), there was a dramatic elevation in
ester and amide-linked IAA levels (61). On the basis of feeding experiments,
Normanly et al. argued that a compound earlier in the tryptophan biosynthetic
pathway, possibly between anthranilate and indole, might be a more direct
precursor for IAA, and that indole-3-acetonitrile (IAN) might be an
intermediate product.
Auxin deficient mutants have not been found, possibly because such

mutations might be lethal (21). However, transgenic tobacco plants can be
regenerated and propagated bearing the iaaL gene from Pseudomonas
savastanoi (83). The iaaL gene encodes indoleacetic acid-lysine synthetase
that catalyzes the production of inactive conjugates of auxin. Transgenic
plants expressing the iaaL gene are reported to have reduced levels of
unconjugated lAA. These plants have reduced apical dominance, rooting and
vascular development. Such plants can be reverted to near normal
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phenotypes by overproduction of IAA through expression of the iaaM gene.
Therefore, it should be possible to recover Arabidopsis mutants that are
specifically defective in auxin biosynthesis.
Recently, an Arabidopsis mutant, ampJ, has been described by

Chaudhury et al. that has elevated levels of the cytokinins, zeatin and
dihydrozeatin (13). The mutant was obtained by predicting that a cytokinin
overproducer would affect cotyledon leaf number and leaf enlargement in
seedlings. In the dark, the amp] mutant displays morphogenic properties
similar to light grown seedlings. The mutation also leads to faster vegetative
growth and precocious flowering. It is not known whether the mutation
directly affects a step in cytokinin biosynthesis or whether it has some
indirect affect on cytokinin accumulation or breakdown.

ETHYLENE AND THE TRIPLE RESPONSE

Ethylene is involved in determining the shape and stature of germinating
seedlings as they emerge from the soil. Ethylene mediates the so-called
"triple response" in which hypocotyls do not elongate, but swell in girth,
apical hooks do not fully open, and seedlings fail to show normal geotropic
responses. In the presence of exogenous ethylene, seedlings show a
constitutive triple response: root and hypocotyl elongation are inhibited,
directional growth is abnormal, the apical hooks show exaggerated tightening
and hypocotyls swell (Fig. 1).
Based on the triple response, Arabidopsismutants with altered responses

to ethylene have been isolated. The first ethylene resistant mutant was
selected because it grew conspicuously taller than other seedlings in the
presence ofexogenously supplied ethylene (7) (see book cover). The mutant,
conferred by a dominant mutation at a locus designated etr, was defective in
other ethylene responses. For example, ethylene failed to stimulate
germination in the mutant seeds, and leaf senescence in mutant plants. The
mutant showed typical levels of ethylene, but lacked the normal feedback
inhibition of ethylene production. The mutant had reduced capacitities to
bind ethylene and was thought to have a defect in an ethylene receptor.
The ErR] gene in Arabidopsis was cloned recently by Chang et al (12)

using map-based cloning techniques. An RFLP marker was found that
cosegregated with etr], and the RFLP marker was used to initiate a
chromosome walk among cosmid clones. The identity of the gene was
ultimately confirmed by demonstrating that the gene was changed in various
etrJ mutants, and that the dominant mutant gene conferred ethylene
insensitivity when introduced into wild-type Arabidopsis plants by
Agrobacterium-mediated transformation.

The sequence of the ErR] gene yielded information that was quite
exciting because the carboxyl-terminal portion of the gene product was
similar to both components of two component signal transducing systems in
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bacteria (12). Two component systems are characterized by having one
component that serves as a sensor with protein kinase activity and another
component that acts as a response regulator. The stimulus results in
activation of a protein kinase in the sensor component and
autophosphorylation of a carboxyl-terminal histidine. The phosphate is
transferred to an aspartate residue on the amino-terminal end of the response
regulator. The response regulator then activates some effector such as a
transcription factor.
The N-terminal region of ETR1 is not similar to other proteins but

consists of three hydrophobic or potential membrane spanning domains. The
various etr1 mutant alleles are all missense mutations (amino acid change
mutations) in the three hydrophobic domains. It is not known why the etr1
mutations are dominant although it was speculated by Chang et al. (12) that
the mutations may produce a defective subunit which poisons the function of
a multimeric protein or locks ETR1 into a state where it is constitutively
expressed. It is also not known whether ETR1 is an ethylene receptor,
although, as mentioned above, etr1 mutants have reduced binding capacity for
ethylene. Nonetheless, the reduced binding capacity could be an indirect
effect of the etr1 mutation.
Other ethylene insensitive mutants (ein mutants) were isolated by

Guzman and Ecker (27). Both dominant and recessive mutations conferring
ethylene resistance were obtained. The dominant mutation, ein1, maps to
chromosome 1 and may be allelic to the etr mutant described by Bleecker et
al (7). The recessive mutation, ein2, mapped to chromosome 4. Etiolated
seedlings ordinarily produce a hook at the end of the shoot axis, and ethylene
affects the formation of the hook. In addition to the ein mutants, Guzman
and Ecker (27) identified two different genes affecting hook formation, hls1
and hls2. These mutants appeared to produce normal levels of ethylene and,
therefore, are thought to be mutants involved in the perception of ethylene.
Interestingly, the roots and hypocotyls respond normally to ethylene in the
hls1 mutants, and, therefore, these mutants appear to uncouple the events
associated with the triple response. These findings suggest that the ein
mutants, which have more general effects, control earlier steps in the ethylene
response pathway than the his mutations.
Recently, Kieber et af. (34) defined another class of ethylene response

mutants called constitutive response mutants. These mutants have the
phenotype of an ethylene overproducer, that is, they show the ethylene triple
response in the absence of ethylene. From a group of constitutive triple
response mutants, the authors culled out the constitutive response mutants by
their insensitivity to ethylene biosynthesis inhibitors. None of the insensitive
mutants produced significantly more ethylene than the parents, and all
belonged to the same complementation group at a single genetic locus
designated ctr1. Double mutants were constructed to determine the epistatic
relationship between ctr1 and two ein mutants, ein1 and ein3. It was found
that ctr1 was epistatic to ein1, but not to ein3. From this the authors argued
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that etr1 is downstream in a response pathway from
einl, but upstream from ein3 (Fig. 2).
The CTRl gene was mapped to the top of

chromosome 5, and a T-DNA insertion mutant was
found that tagged the CTRl gene. The T-DNA and
flanking sequences were rescued and used to select
for corresponding I genomic clones, which in tum
were used to identify cDNAs. The identification of
the CTRl gene was confirmed by sequencing the
gene from various chemically-induced mutants and
showing that the mutants bore point mutations in
the putative gene (34). The CTRl gene itself
encodes a protein with similarity to the Raf-type,
serine/threonine protein kinases. In animal
systems, Raf-type protein kinases are thought to
mediate the transmission of signals from a number
of different growth-stimulating ligands. Raf is
usually considered to be a protein kinase kinase
that ferries signals in multi-step protein
phosphorylation cascades ultimately to activate
gene expression. From the genetic data, ETRI is
upstream from CTR1, but it has not yet been
determined whether ETRI interacts directly with
and phosphorylates CTR1.
Recently, it has been reported that ein3 and etr

have been cloned. So far, the sequence of ein3 has
not provided much information about its function
because it does not match other sequences in the
database (Ecker, personal communication).
Guzman and Ecker (27) also selected for other

mutants in which ethylene responses were
constitutive in the absence of exogenously supplied
ethylene. They recovered two mutants that were
allelic at a locus they called etol. The mutation
etol-l produces high levels of ethylene in etiolated seedlings, generating 40
times the level ofwild-type seedlings. The phenotype of the mutations could
be reversed by treatment with inhibitors of ACC synthase, such as
aminoethoxyvinylglycine (AVG). Thus, the mutation was thought to be a
defect in the regulation of ACC synthase, or a prior step (Fig. 2). No
mutants ofArabidopsis have been found that underproduce ethylene, although
they should survive, because Guzman and Ecker (27) found that the ethylene
insensitive (ein) mutants that fail to perceive ethylene appear like normal
plants. However, such mutants may not possess a unique phenotype, hence,
ethylene deficient mutants would be difficult to isolate. Although the
ethylene biosynthesis pathway is one of the best characterized hormone
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biosynthesis pathways from a biochemical point of view, there is a real need
for ethylene biosynthesis mutants to study the regulation of the pathway.

CAULONEMATA AND GAMETOPHORE PRODUCTION
IN MOSSES

Hormone mutants have been effectively applied to the analysis of plant
development and cell differentiation in bryophytes (mosses and liverworts)
(4). The advantages of studying development in mosses include a short life
cycle, a relatively small genome, and a conspicuous haploid phase during
which relatively simple changes in cell development occur. Some of the
changes in cell development appear to be under the control of the auxins and
cytokinins (4, 9). Mutants that regulate hormone levels or sensitivity have
been isolated and used extensively to study the control of development (2,4).
The development of the protonema in mosses such as Funaria

hygrometrica or Physcomitrella patens commences with spore germination
to produce the primary chloronemata. The chloronemata consist of irregular
branching filaments of cylindrical cells which have cross walls perpendicular
to the filament axis and contain a large number of round chloroplasts (4, 9).
Subsequent development leads to the production of a second cell type, the
caulonemata, which differs from chloronemata by virtue of the fact that they
have cross walls oblique to the filament axis, a reduced number of spindle­
shaped chloroplasts and a very regular pattern of branching.
Branching in the caulonemata may then give rise to secondary

chloronemata or to buds that develop into leafy· gametophores (2, 4). The
transition from chloronemata to caulonemata is under strong environmental
control and does not occur if the protonema are grown at low light intensities,
low temperatures or in a continuous flow of liquid medium (16). The latter
suggests that some substance normally responsible for caulonemata production
is leached from the system. That substance appears to be an auxin, because
IAA or a-NAA stimulates the transition from chloronemata to caulonemata
(32). The production of buds and gametophores requires cytokinins. In P.
patens auxins are also necessary for this development (16) and light may also
be required (2, 3).
Cove, Ashton and coworkers isolated a range of developmental mutants

from P. patens and divided them into a number of categories based upon
their stage of developmental arrest (2, 3) (Table 1). The possible defects in
the mutants have been explained by comparing phenotypes produced in wild­
type plants treated in various ways (e.g., application of auxins and cytokinins,
drip-cultures, etc.), and by observing the effect of auxins and cytokinins
applied to the mutant plants (e.g., reversion of the mutant type to the wild­
type form or insensitivity to applied hormones) (Table 1) (3, 4). Evidence
of this type has underscored the importance of auxin and cytokinin to the
normal development of the moss plant and confirmed that auxin, in addition
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Hormone mutants and plant development

to being required for caulonemata production, is essential for gametophore
production. Cytokinin appears to control the development of gametophores
(3), and may also be necessary at lower levels for caulonemata production
(4).
The division of mutants into categories based on phenotypic and not

genetic grounds has yielded a larger number of mutant categories than
appears to be warranted at the physiological and biochemical levels (Table 1).
For example, categories 4, 5, 6 and 7 all appear to be caused by mutations
which reduce the level of auxin production to some extent. The mutants are
'leaky' to varying degrees resulting in differing levels of phenotypic
disturbance. The same applies for categories 2A and 2B. Such a range of
mutants has shown that low levels of auxin are essential to caulonemata
production while higher levels are necessary for gametophore production (3).
The gametophore (cytokinin) over-producing mutants (categories 9 and
possibly lOin Table I) contain 100-fold greater levels ofN6-(A2-isopentenyl)
adenine and zeatin in the culture medium compared to wild-type plants (107).
The use of protoplast fusion to carry out somatic hybridization and
complementation analysis (necessary since category 9 mutants are sterile) has
elegantly shown that at least 3 loci are involved with the category 9
phenotype (106). Therefore this system is well-suited to studies on cytokinin
biosynthesis.
In addition to mutations involved with auxin and cytokinin accumulation

(categories 2A, 2B, 4,5,6, 7, 9, and 10), mutations which influence hormone
sensitivity (categories lA and IB) have been isolated (3). The availability of
mutations influencing many aspects of development, such as occurs in the
moss P. patens, allows developmental processes to be taken apart step by
step, and may yield a far greater understanding than in systems where fewer
mutations are found. The production of mutants by insertional mutagenesis
in P. patens should allow the tagging of genes involved in hormone­
regulated developmental processes (4).

WILT, SEED DORMANCY AND ABSCISIC ACID

Mutants have been used with great success to understand the role of abscisic
acid (ABA) in water stress (42, 71, 101, 103) and seed germination (33, 92).
In tomato three non-allelic, recessive, wilty mutants, have been isolated,
fiaeea (fie), sitiens (sit) and notabilis (not) (101). All three result in a
tendency for the mutants to wilt if subjected to mild water stress. The
mutants also possess much higher rates of transpiration than control varieties
because their stomata open wider, and resist closure in the dark or in wilted
leaves. Plants homozygous for the genes fie, sit and not treated with ABA
behave like the normal control varieties, Rheinlands Ruhm (for fie and sit)
and Lukullus (for not). The endogenous level of ABA was found to be
reduced in all three mutants when measured by gas chromatography-mass
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spectroscopy (GC-MS, 59). The reduction was greater in mutants with the
more pronounced abnormalities, sit and fie, compared with the less extreme
mutant not. This evidence has frequently been used to indicate the
involvement of ABA in water stress.
These and other mutants have also played a crucial role in allowing the

biosynthetic pathway for ABA to be determined. Two pathways had been
proposed: a 'direct' pathway in which ABA is formed by the cyclization and
oxidation offarnesyl pyrophosphate (CIS pathway) and secondly, an 'indirect'
pathway via the oxidative cleavage of an epoxy carotenoid (C40 pathway).
Recent evidence favors the C40 pathway (62) since mutants possessing
inhibited carotenoid biosynthesis also possess reduced ABA levels and
viviparous phenotypes (e.g., in maize, 54). ABA appears to arise from the
asymmetric cleavage of 9'-cis-neoxanthin to yield xanthoxin plus a C25 apo­
carotenoid (62, Fig. 3). This is further metabolized to ABA-aldehyde, and
then ABA. The most likely control point appears to be the cleavage of 9'­
cis-neoxanthin. The sit and fie mutants in tomato both appear to block the
step from ABA-aldehyde to ABA (70, 117) whereas not blocks prior to
cleavage of the 9'-cis-neoxanthin (62, Fig. 3). A series of double mutants
were produced from the mutants fie, sit and not (62). The double mutants,
not fie and not sit, gave a more extreme wilty phenotype than any of the
single mutant types, while fie sit produced only a marginally more severe
phenotype than the single homozygous mutant types fie and sit (103). These
results support the notion that all three mutants are leaky (101, 62).
However, the rank order in severity of the double mutant types (not sit> not
fie> fie sit) was originally unexpected (103), given the severity of the single
mutants (sit> fie> not; 101), but now that the biochemical site of action
of these mutations is known (Fig. 3), this result is understandable.
Witty mutants have also been found in potato (71), pea (105), com (68),

Capsicum scabrous (diminutive) (100) and Arabidopsis thaliana (41). In
potato the droopy mutant results in excessive stomatal opening. Stomatal
conductances were reduced by applied ABA, and the leaves from droopy
plants accumulated less ABA than normal plants when water-stressed (71).
These findings suggest droopy is similar to the wilty mutants described in
tomato. Recent results suggest that droopy blocks the conversion of ABA­
aldehyde to ABA, the same step as sit and fie (20). A wilty mutant in com
appears to be caused by an inadequate water supply due to a delay in the
differentiation of metaxylem vessels (68), while in Capsicum scabrous
(diminutive) (100) an increased concentration of ions in the guard cells may
be responsible. In peas, a single recessive gene, wi!, causes wilting and
lowers percent water content, water potential and diffusive resistance (18).
Grafting studies indicate that this is not attributable to the rootstock (105).
Analysis of endogenous ABA levels by GCMS-MIM using a deuterated
internal standard showed that leaves of water stressed wi! plants possess less
ABA than Wi! types, and in this respect they are similar to the ABA deficient
mutants in tomato and potato (105).

463



H
~
~

HO
~ ~

HO

OK

ol
l-

tr
an

s-
vi

ol
ax

an
th

in

!
HO
~o
"

~~
."

'-
/-
.
.
.
.
.
.
.
.
.
.
.
./
;
>
,
.
.
~
~
"
"
''
''
"
"
..
.,
..
..
..
..
..
"
"
,
;
'

a
ll-

tr
a

n
s-

n
e

o
xa

n
th

in
•

· · · · ip
ro
m
ot
ed
in

n
o

t

+

HO

9
'-

e
is

-n
e

o
xa

n
th

in 1
H
~
H
O 1Xon

+
~
~
C
H
O

H
O
~
O
H

C
25

al
le

ni
e

ap
o-

al
de

hy
de

~ ~ § ~ ~ fS. § ~ § t:l..
.

~ Si
r
::s - ~ ~ 0- ] ~

~
C
H
2
0
H

O
~
O
H

..-
-

t-
A

B
A

-a
le

O
~
I
l
O

...
.

_

t-A
B

A
-o

ld

O
~
H
O

A
B
A
-o
ld

1~.
"

O
~
O
O
H

AB
A

Fi
g.
3.
T
he
po
ss
ib
le
bi
os
yn
th
et
ic
pa
th
w
ay
fo
r
A
B
A
sh
ow
in
g
th
e
pr
op
os
ed
si
te
s
o
f
ac
ti
on
o
f
th
e
w
ilt
y
m
ut
an
ts
in
to
m
at
o,

fi
e,

si
t
an
d
no
t
(a
ft
er
62
).



J. B. Reid and S. H Howell

The wilty-like mutants inArabidopsis are of particular interest since both
ABA insensitive and ABA deficient mutants have been isolated. The
isolation of the ABA deficient mutants employed an ingenious screen that
involved the use of gibberellin (GA) deficient dwarf mutants (41, 42).
Koornneef and coworkers (43) identified 'non-germinating GA-dwarfs' in
Arabidopsis. These plants failed to germinate unless provided with
gibberellin (GA). As in other species, 'germinating GA-dwarfs' were also
found. Five loci were identified, three (gal, ga2 and ga3) possessing both
'nongerminating' and 'germinating' mutant alleles. It was suggested that the
mutations at all five loci control steps in the GA biosynthetic pathway. The
difference in germination was attributed to the possibility that the GA
requirement for germination was much lower than for stem elongation, and
that some mutants were leakier than others (43). Since ABA has been
implicated in seed dormancy, the selection for ABA mutants began by
screening for germination revertants among M2 and M3 progenies from EMS
treated, nongerminating gal mutants. This was an elegant strategy since
second site suppressors would appear as germinating seeds in a population of
non-germinating seeds (i.e. the suppressor trait would be self-selecting) (41).
From the range of suppressors produced, germinating GA-responsive extreme
dwarfs were crossed to parental nongerminating gal types (Table 2). The
ability to restore germination was due to a recessive gene (called aba) which,
on a wild-type (e.g., GAl) background, resulted in a smaller and weaker plant
with a slightly yellow-brownish color and symptoms of withering. The
withering symptoms can be reduced by applying ABA, and both seeds and
leaves of aba types contain reduced ABA levels. The mutation aba appears
to block the epoxidation of zeaxanthin, resulting in reduced levels of possible
C40 ABA precursors including 9'-cis-neoxanthin (19, 81). Homozygous aba
restores germination on a gal background, suggesting that GA is required for
germination only if ABA was present during seed development. Mutant aba
also leads to reduced seed dormancy and increased rate of water loss
compared with comparable wild-type plants (Table 2). A final point is that
homozygous aba plants segregating from plants heterozygous at the aba locus
lacked seed dormancy, indicating that the germination behavior of ripe seeds
is determined by the embryo genotype and not by that of the maternal
genotype (41). Karssen et al. (33) showed that although both maternal and
embryonic ABA occurred in developing seeds, it was embryonic ABA that

Table 2. The genotypes of certain developmental phenotypes ofArahidopsis.

Phenotype

Wild-type

Nongerminating, extreme-dwarf

Germinating (revertant) extreme-dwarf

Withering, reduced seed dormancy and ABA levels
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gal Aha

gal aha
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controlled seed donnancy. The use ofmutant types in this way is a powerful
tool if it is necessary to detennine whether a seed or fruit character is under
the control of the maternal or embryo genotype.
ABA-insensitive mutants in Arabidopsis were selected by their good

growth on a medium supplemented with 10 #LM ABA (nonnal plants grow
poorly on this medium) (42). Mutations at three loci were isolated, and these,
like the aba mutants, possessed reduced seed donnancy. Mutations at two of
the three loci also exhibited increased withering and water loss like the ABA
deficient aba types. ABA levels in young seeds of the insensitive types were
found to be higher than, or similar to, wild-type seeds. The three loci
involved have been named abil, abi2 and abi3. Mutations abil and abi2 also
influence water relations. This may suggest that abil and abi2 operate at an
earlier step than abi3, thus providing a genetic tool to further explore the
physiology of honnone action. Although seed development prior to
imbibition appeared nonnal in aba and abi3-J seeds (42), seeds of genotype
aba abi3-J or abi3-3 fail to accumulate nonnallevels of the late embryogenic
abundant (LEA) proteins (23, 39, 58).
Recently, abi3 in Arabidopsis was cloned by map-based cloning (25).

The mutation was found closely linked to another DNA marker, cosmid 4711.
A DNA fragment from the cosmid was found to complement the mutant
phenotype, and the location of a long open reading frame within the
subfragment corresponded to an independently isolated cDNA. The open
reading frame corresponding to ABI3 encodes a protein (ABI3) that has
discreet regions with up to 87% sequence similarity to the product of the
VP1 gene in maize. Koornneef and coworkers (42), in their early work on
the mutant, pointed out the similarities of the Arabidopsis abi3 mutant to the
maize mutant vpJ, which was identified on the basis of precocious
gennination. As Koornneef predicted, ABI3 may be a molecular equivalent
to VPI, at least by the criterion of sequence similarity. Of course, it has not
been demonstrated that ABI3 functions in the same way as does maize VP I.
Indeed, what VPI does in maize is still a matter of much discussion. Suffice
it to say that VPI is not a typical signal transduction chain component.
McCarty et al. (48) have argued persuasively that VPI is a transcription
factor that mediates the honnone responsiveness and/or developmental
expression of genes such as Em and CI (48). The problem is that VP1 itself
does not bind to DNA, as one might expect for a transcription factor. Instead
it is thought to bind at the Em promoter site via other proteins. In any case,
because it does not bind directly, it has been more difficult to demonstrate
convincingly that VPI is, indeed, a transcription factor.
With the function ofVPI in mind, it seems possible that ABI3 acts at the

end of a signal transduction chain that activates ABA responsive genes.
When the functions of ABII and ABI2 are detennined, it will be interesting
to relate them to ABI3, since these mutants are thought to be further upstream
in the signal transduction chain because their effects are more pleiotropic than
abi3. The striking effect of ABA mutants on donnancy in Arabidopsis also
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appears to occur in other species since the sitmutation in tomato also reduces
seed dormancy (26). Further, both the droopy mutant in potato (89) and the
sit mutant in tomato (41) promote precocious seed germination as does the
double mutant aba abi3-J (39) or the more severe abi3-3 allele (58) in
Arabidopsis. The precocious germination of viviparous mutants in maize also
appears to involve reduced ABA levels and sensitivity (92).
The work with wilty mutants across all species shows that a wide range

of physiological causes are involved. These range from anatomical changes
that limit water transport (68), to changes in ionic concentrations within the
guard cells, which limit their function (100), to mutations that influence the
level of, or response to, ABA (41,42, 59, 71). The development of a broad
range ofmutations influencing different aspects of a particular developmental
process is of importance since it allows the individual components to be
examined in detail. Production of double or triple mutants may then allow
the interaction and interdependence of these processes to be determined, so
that the limiting or controlling steps may be identified. Unfortunately, such
recombinants have not always been produced, limiting the full potential of the
physiological-genetic approach. The work with ABA deficient and insensitive
mutants outlined above is one of the key pieces of evidence that supports the
role of ABA in the normal water relations of the plant and the development
of seed dormancy. The mutants also help to clarify the role of ABA in the
induction of desiccation tolerance during seed development (52).

INTERNODE LENGm AND THE GmBERELLINS

The elegant work of Phinney and coworkers (64) with maize, and of Brian
and coworkers (10) with garden pea, was the first to link internode length
genes with gibberellins (gibberellic acid, GA) and represents the beginning
of the use of hormone mutants to understand plant development. Since then,
similar studies on internode length have been carried out with many other
species, including sweet pea (85), lettuce (108), wheat (94), tomato (6),
Arabidopsis tha/iana (43, 114) and Brassica (84). Internode length mutants
have received this attention because they occur frequently, are easy to identify
and are commercially important.
In maize over fifty mutants which influence plant height have been

described (67). The early work by Phinney (64) demonstrated that the five
non-allelic dwarf mutants, dl, d], dj , dj , and anI' became phenocopies of
normal types after treatment with small amounts of GA3• All contained less
GA-like activity than normal types when examined using the dj maize
bioassay. This led to the conclusion that all five mutations inhibit different
steps in the GA biosynthetic pathway. In addition, another five non-allelic
dwarf mutants, DB' pel' mil' nal and na] showed little or no response to
applied GAJ • The four GA-sensitive (synthesis) dwarfs, dJ> d], d j and d j have
received considerable attention, and their sites of action in the GA
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Fig. 4. The sites of action of the GA synthesis mutants in peas in the early 13-hydroxylation
pathway.

biosynthetic pathway have been detennined with varying degrees of certainty.
Gene ds blocks the cyclization of copalylpyrophosphate (CPP) to ent­

kaur-16-ene (ent-kaurene) by reducing the B activity of ent-kaurene
synthetase (Fig. 4). Cell free extracts from normal maize shoots synthesize
ent-kaurene as the major diterpene. Extracts from ds seedlings showed a
marked reduction in ent-kaurene synthesis regardless of whether mevalonic
acid, geranylgeranylpyrophosphate or CPP was used as substrate. A
concomitant increase in ent-kaur-lS-ene (ent-isokaurene) synthesis was
observed (28), a metabolite not in the pathway leading to the GAs.
Gene dJ blocks the 313-hydroxylation of GA20 to GAl since [

13C,3H]GA2o
was metabolized to [13C,3H]GA29-catabolite and [

13C,3H]GAI by shoots of
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normal seedlings, whereas [13C,3H]GA29 and [
13C,3H]GA29-catabolite were

produced by shoots of d, seedlings (93) (Fig. 4). The reduced levels of
endogenous GA) and GAs in d, plants and the build up of GA20 and GA29
levels confirm the position of this block (22). Application data and grafting
results also support the site of action of ds and d, (66). These results have
been made possible by the determination of the native GAs in maize (22), the
construction of a probable biosynthetic pathway (65-67) and the availability
ofappropriate intermediates. Biochemically, these mutations are amongst the
best understood genes controlling plant hormone production.
In peas, an undisputed role for the involvement of certain internode

length genes in GA biosynthesis has also been established (30, 80, Fig. 4).
Skepticism about this relationship during the 1960-70s existed because
extraction of GA-like substances could not establish a consistent difference
between tall (conferred by the gene Le on an otherwise wild-type
background) and Mendel's dwarf (Ie) varieties of peas. However, Ie was
subsequently shown to block the 313-hydroxylation of GA20 to GAl (Fig. 4)
since immature shoot tissue of Le peas can metabolize [13C,3H]GA20 to
[
13C,3H]GAI, [

13C,3H]GAsand [
13C,3H]GA29 while in Ie plants no [13C,3H]GAI

and only a trace of [13C,3H]GAs was found (30). This was confirmed by
recent work which has shown that the shoots of tall (Le) plants possess 10-20
times the level of GAl found in the shoots of light-grown dwarf (Ie) plants
(86). As expected, GA20 levels are elevated in Ie plants (86). The Ie
mutation is leaky since low levels of GAl are found in Ie plants and a more
severe allele at this locus, led, has been identified. As would be expected, Le
plants show a more or less equivalent growth response to the application of
GAl or GA20, while plants possessing the leaky gene Ie respond far more to
GA) than to GA20 . The alleles at the Ie locus in peas control the same step
as d J in maize (93), dy in rice and ga4 in Arabidopsis (114).
There were several reasons for the uncertainties in earlier experiments

surrounding the action of the Le gene. The reasons include poor separation
techniques, extraction of plants at an age before the tall (Le)/dwarf (Ie)
difference was maximal, and extraction of inappropriate tissue. It would
seem obvious that if the biochemical effect of a gene controlling a
developmental response is to be examined, the tissue extracted should show
the developmental difference and be of an age where this effect is maximal.
However, this has often been overlooked because plants of the appropriate
age have been too large and difficult to grow, or the hormone concentration
has been greater in some other tissue (e.g., developing seeds) and thus easier
to measure.
Fourteen non-allelic internode length genes, in addition to Ie, have now

been examined in peas (78, 80). Three further dwarfing mutations, na, Ih and
Is (Fig. 5) block other steps in the GA biosynthetic pathway (80). Treatment
with GA-precursors suggests that na may block the conversion of ent-70l­
hydroxy kaurenoic acid to GA)2-aldehyde since na plants show no response
to even 103 p.g of ent-kaurene, ent-kaurenol, ent-kaurenal, ent-kaurenoic acid
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or ent-7a-hydroxy kaurenoic acid while wild-type plants do respond. The na
plants do, however, respond normally to GAl2-aldehyde (29) (Fig. 4).
Metabolism studies also show that, while na plants can convert [2H]GA12­
aldehyde to Cl9 GAs such as GA2o, GA29, GAl and GAg, these plants do not
metabolize [3H]kaurenoic acid to substances co-eluting with GA2o, GAl or
GAg, even though Na plants do carry out this conversion (29).
Application studies show that Is and Ih plants respond to ent-kaurene in

a similar way to comparable wild-type plants (29). This may indicate that
these mutant alleles block very early steps in GA-biosynthesis (prior to ent­
kaurene) but probably after geranylgeranylpyrophosphate (GGPP) (Fig. 4).
While the precise step blocked by lh is still unknown, in vitro metabolism
studies using GGPP and CPP suggest Is blocks metabolism between these two
compounds (Swain et al. unpub.- results).
Excellent quantitative relationships between the log of the GAl

concentration and elongation can be found using these mutants by examining
endogenous GAl levels in multiple allelic series (98). Like Ie, the mutations
na, Ih and Is affect elongation in both the light and the dark (74) (Fig. 5) and
are probably leaky since the homozygous double recessive plants (e.g., na Is
and na Ih plants) are shorter than comparable single homozygotes (73), and
all the single mutants contain small but detectable levels of GAl (98).
Recently, a mutant containing elevated GAl levels has also been isolated

in peas (87). This mutant, sin, results in a slender phenotype in which the
lower internodes are elongated compared with wild-type. The threefold
increase in internode length is associated with an eight fold increase in GAl
levels in young shoots. The sin allele results in a blockage of the conversion
of GA29 to GA29-catabolite in the developing seed (Fig. 4; 87). This is
associated with a 400-fold increase in the level of GA20 in the dry seed,
which, on germination, appears to be converted to the biologically active

A

LhLkNa----

!!:!LkNa

Lh lkNa
--- LhLk- ~

Fig. 5. The effect of the internode length mutants Ih, Ik and na on the growth of (A) 29 day­
old light grown pea plants and (B) 14 day-old dark grown pea plants.
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GA., resulting in elevated GAl levels in the shoot, and rapid elongation (87).
.The following results summarize the evidence that GAl does directly

regulate elongation in light grown wild-type peas. GAl is endogenous to
wild-type peas (30) and is active per se. Precursors are not fully active on
all GA-deficient mutants (e.g., GA2o) while metabolites such as GAs possess
little activity. GAl levels do vary during ontogeny and correlate with changes
in internode length (86). Since elevated GAl levels increase the length of the
basal internodes in sin plants, GA. levels are not saturating for growth in the
wild-type. Decreases in GAl levels result in reduced elongation, and the
deficient mutants can be converted into phenocopies of wild-type plants by
the addition of GAl (Fig. 6). Taken together these results define a key role
for GAl in controlling internode elongation (80).
None of the GA biosynthesis genes in peas or maize have yet been

cloned. However, in Arabidopsis one of the five identified GA biosynthesis
mutations (114), gal, has been cloned by genomic subtraction (97). To use
genomic subtraction one must have a deletion that covers the gene of interest.
There was evidence from Koornneef (43) that one of the gal alleles, gal-3,
generated by fast neutron bombardment was a deletion mutation. It failed to
recombine with several other alleles at the GAl locus. In the experiments by
Sun et al. (97), one out of six clones resulting from the cloning of the peR
amplified DNA represented a prospective GAl-specific clone. The clone was
verified to be from the GAl locus by complementing the gal mutants, by
RFLP mapping, and by demonstrating that the corresponding DNA in the
gal-3 mutant bore a deletion. The action of the GAl gene at the molecular
level is currently being analyzed by Sun and coworkers.
Many GA response mutants have been identified in various plants (e.g.,

ten in peas, 80). The mutants can be divided into two groups, short mutants
that possess a reduced response to added GA. and slender mutants, in which
the GA response is thought to be constitutive (11, 44, 69). In Arabidopsis,
a semi-dominant mutant, gai, was isolated under non-selective conditions
because it phenotypically resembled other GA sensitive dwarfs (i.e. dwarf,
increased numbers of axillary shoots, narrower, darker green leaves, 38). The
only morphological feature that distinguished gai from GA sensitive mutants
was that the size of flower petals in gai was not reduced. However, the
phenotype of gai, could not be rescued by repeated application of GA
(GA4+7). Furthermore, the GA activity in gai, determined in a bioassay, was
indistinguishable from wild type. Therefore, gai is considered to be a GA
response mutant (38) .
The gai mutation maps near GA4 on chromosome 1. Since the mutation

affects many different morphological features, the defect may be at a step that
is common to GA responses in different organs, or the defect may be in an
early step in the pathway that affects all organs. Recently, a novel procedure
was devised for selecting for suppressors of gai (63). The suppressors were
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obtained by irradiating seeds homozygous for gai and selecting in the Ml
generation for mutants which bolted normally. This was done to find somatic
chimeras expressing secondary mutations with effects that are semi-dominant
and that overcome the gai phenotype. Such suppressors were found, and,
surprisingly, all of them appeared to be intragenic suppressors at the gai locus
(63). Interestingly these mutations, called gai-d (derivative mutations), had
no obvious phenotype when present in a homozygous condition.
In an effort to find other GA response mutants in Arabidopsis, Jacobsen

and Olszewski (31) isolated mutants that germinate in the presence of the GA
biosynthesis inhibitor paclobutrazol (Fig. 1). To eliminate ABA biosynthesis
and/or response mutants from the screen, the mutants were further examined
at the seedling stage for resistance to the dwarfing effects of paclobutrazol.
The mutants obtained by this screen were all alleles at a locus called spindly
(spy), and in the absence of the inhibitor the mutants resembled wild type
plants that are repeatedly sprayed with GA3• To demonstrate that the spy
mutations conferred resistance to paclobutrazol by suppressing the effects of
GA deficiency, rather than by ameliorating the action of the inhibitor,
Jacobsen and Olszewski constructed double mutants between gal and spy-I.
They found that spy-l suppressed the requirement conferred by the gal
mutation for exogenous GA to germinate (31).
In peas, where lOnon-allelic GA-response mutants have been identified,

the majority possess reduced stature. However examination of these mutants
clearly demonstrates that they are a heterogeneous group of mutants
influencing a wide range of processes, not just the perception of the GAl
signal. For example, while the dwarf Igr mutant is a true phenocopy of the
dwarf GAl deficient mutants (Murfet et al., unpub. results) and may indeed
influence the perception of the GAl signal, the other GAl response mutants
possess a range of additional pleiotropic effects that include altered branching
patterns, stem shape and leaf characters. This suggests that the mutants
influence steps well down the transduction pathway leading from GAl
perception to elongation. Some modify the chemorheological properties of
the cell wall by reducing the wall yield threshold and also result in reduced
IAA levels (e.g., Ilea and Ikb, 5, Mackay et al., unpub. results). Another
mutation acts by modifying the photomorphogenic response (/w, 109). This
may come about by enhancing the response to phytochrome which in turn
reduces the GAl-responsiveness of the stem tissue.
The GA constitutive behavior of the slender mutant, conferred by the

gene combination la cry', appears to act close to the point of GAl perception
(69). Consequently, reductions of endogenous GAl levels (e.g., in the triple
recessive na la cry') do not alter elongation (i.e. it has a slender phenotype,
or the la cry gene combination is epistatic to the GAl-deficient mutant na).
However, the short mutant, Ik (Fig. 5), which acts further down the
transduction pathway is epistatic to la cry (i.e. the genotype Ik la cry' is
extremely short, 73). Finally, genotypes deficient in phytochrome B function
(e.g., lv, 109) are elongated, not due to elevated levels of GA but due to an
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enhanced responsiveness to GAl (79). These GA-response mutations
consequently can be used to explore the partial processes leading from GAl
reception to the elongation response. They already indicate the complexity
of this response pathway since they show that the levels of other hormones
(e.g., IAA and ethylene) may be involved, that the physical properties of the
cell wall are important, and that the pathway interacts with the control of
photomorphogenesis by phytochrome.

FLOWER INDUCTION AND INITIATION

In most plants species, there is considerable genetic variation in time to
flowering. Single gene differences have been isolated both from natural
populations and mutagenesis programs (40, 55). However, unlike the
developmental processes so far discussed, the chemical nature of the
'flowering signal(s) or hormone(s)' remains obscure even though there is
considerable indirect evidence from grafting experiments to support their
existence. The concept of a flowering signal or hormone is also important
to link flower induction in the leaves with evocation and initiation events in
the shoot apex. The best examined species are Arabidopsis lha/iana (l, 40,
113) and Pisum sativum (peas; 55, 57) where over ten loci affecting floral
induction have been identified. Peas possess the advantage that they are well
suited to physiological and biochemical studies because of their morphology
and size. Consequently, grafting and extractions from specific tissues are
possible. Arabidopsis is superior for molecular studies for the reasons
previously outlined. Work with both species demonstrates that even though
the biochemical control of flowering has not been determined, flowering
mutants can be isolated and divided into groups according to whether they
influence the level of the 'hormone(s)' or response to the 'hormone(s),' or
have indirect or secondary effects due to changes in plant growth rate, etc.
The genes influencing 'hormone' levels include those involved with the

induction events in the leaves in photoperiod sensitive varieties, while the
genes involved with 'hormone' response may include those operating in the
apex and influencing evocation and determination in the apex. To illustrate
that flowering mutants can be classified in terms of 'hormone' synthesis and
response types, the genetic control of flower induction and initiation will be
outlined for peas.
In peas the genes at least eleven major loci, /j, e, sn, hr, dne, ppd, gi,

del, dm, veg-l and veg-2 interact to control the flowering phenotype (55,57)
(Table 3). Phenotypes range from day-neutral types, through quantitative
long day types, to types with an almost qualitative requirement for long days
(55) (Fig. 6). A short-day mutant has even been isolated, as have mutants
that never produce a flower (57). Certain genotypes possess large
vernalization responses, while others show little or no response to
vernalization (63). The change from vegetative to reproductive growth in
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Table 3. The phenotype and possible site and mode of action of the nowering mutations in peas (55, 57).

Milia/ion Phenotype Site ofAc/ion Mode ofaction

sn Promotes nowering, day neutral Leaves including cotyledons Blocks production of a graft trans-
missible nower inhibitor

dne (as above) (as above) (as above bulleaky)
ppd (as above) (as above) (as above for sn)
Iv Reduced quantitative LD Leaves excluding cotyledons Causes Sn Dne Ppd activity 10

photoperiod response be reduced at an early age
e Delays flowering initiation Primarily cotyledons Increases Sn Dfle Ppd activity

in cotyledons

IIi Delays nowering Leaves Blocks production of graft
transmissible flower promotor

fsd Delays flowering, no flowering Leaves (as above)
inlD

If Promotes flowering. reduces lenp,h ShOOl apex Increases sensitivity to the floral
of juvenile period signal

vell-] Vegetative, no flowers produced ShOOl apex Homeomeotic; inflorescence siles
occupied by vegetative lnnches

veg-2 (as above) (as above) (as above)
del Detenninale ShOOl apex Growth of apical merislem

ceases soon afler the onset of
flowering

peas is thought to be controlled by the time at which the balance of a flower
promoter to a flower inhibitor passes a threshold, even though the
biochemical nature of these substances is not known (63).
The three complementary genes, Sn, Dne and Ppd confer the ability to

respond to photoperiod since recessive alleles at anyone of these loci results
in an early day neutral phenotype. These genes appear to control steps
leading to the synthesis of the flower inhibitor in the cotyledons and leaves
(35, 55) since stocks homozygous for either sn or dne lack the ability to delay
flowering in Sn Dne stocks when grafted to sn Dne or Sn dne scions. Since
the delaying ability of the gene combination Sn Dne Ppd occurs only under
short photoperiods, it seems likely that long photoperiods promote flowering
by retarding activity of the pathway leading to inhibitor production (35, 55).
This process is phytochrome controlled, with the size of the inhibitory effect
depending on the length of the dark period when 25 h cycle lengths are used
(76). The phytochrome B response mutant, lv, reduces the size of the
photoperiod response (109) but does not influence flowering on a day-neutral
background (e.g., sn, 79). This suggests that Sn, Dne and Ppd act
downstream of phytochrome and its direct response pathway. This is
supported by the fact that sn, dne and ppd plants do not possess any of the
other pleiotropic effects of the phytochrome mutants. However, the product
of the Sn Dne Ppd pathway, as well as influencing flower induction, and
hence initiation, also influences a range of other developmental processes
including flower development, yield, apical senescence (or more correctly
cessation of apical growth), vegetative vigor and the production of basal
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Fig. 6. The effect of the flowering genes controlling hormone levels, E, Sn and Hr on the
flowering node (indicated by tape and arrows), development ofpods, cessationofapical growth
and senescence in 12 week old pea plants grown in a 10 h photoperiod. Note that Sn and Hr
influence many facets of growth (A) even if the flowering node of the plants is similar due to
the presence of E (B). All plants possessed gene if.

laterals (55, 77). This may occur if the primary role of the Sn Dne Ppd
product is to direct assimilate flow (55, 77). Consequently, if other genes
mask the photoperiodic effect of the Sn Dne Ppd combination on flower
initiation their presence may be traced using one or more of these pleiotropic
characters.
The genes E and Hr modify the expression of the Sn Dne Ppd

combination since the E/e and Hr/hr gene differences have little effect in
homozygous sn plants (55) (Fig. 6). Gene E has its major influence in the
cotyledons where it appears to reduce inhibitor production by the Sn Dne Ppd
pathway resulting, in some circumstances, in early flower initiation (55). Hr
exerts its major influence in the foliage leaves (72). The output of the Sn
Dne Ppd pathway appears to decrease rapidly with age in hr plants, which
then behave as quantitative long day plants. This decrease in activity is
reduced in Hr plants, and they therefore behave as near qualitative long day
plants (72) (Fig. 6). Genes E and Hr are therefore regulatory genes
influencing hormone levels by regulating the ontogenetic stages and tissues
in which the 'structural' genes Sn, Dne and Ppd are expressed (Table 3).
Mutationsgi and fsd are also considered to be honnone synthesismutants

since they appear to operate by controlling steps in the pathway leading to the
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synthesis of the flower promoter. Grafting studies clearly show gi and fsd
plants are deficient in some substance essential for flowering since leafy wild­
type stocks are capable of promoting flowering in gi and fsd scions (57).
Plants possessingfsd (and some gi plants) do not flower in long photoperiods
(18-24 h) possessing normal levels of far red (FR) light, and thus can be
classified as short day plants. However, flowering was delayed substantially
relative to the progenitor varieties even in short days. The gi plants show a
strong vernalization response which has been localized to the apical bud
(Beveridge and Murfet, unpub. results), consistent with the view that
vernalization may influence the sensitivity to the flowering signal (75). When
mutations in both the flower promoter and flower inhibitor pathway were
combined (e.g., sn gO flowering was unstable. Some plants flowered earlier
than wild-type plants while others remained vegetative indefinitely.
Vegetative reversion was common, and the phenotype suggests that the
hormonal situation in sn gi plants hovers close to the flowering threshold for
a long period of time. Normal ontogenetic strengthening of the flowering
signal with age may be absent.
Gene Lfoperates at or near the shoot apex and influences the sensitivity

of the plant to the putative flowering hormones (55) (Table 3). Four distinct
alleles, lp, If, Lfand Lfd are known at the If locus and respectively lead to
a higher promoter to inhibitor ratio being required for flowering as
determined by grafting experiments (Fig. 7). The Lf alleles consequently
determine the length of the juvenile phase under highly promoting conditions
resulting in minimum flowering nodes of 15, 11, 8 and 5 for Lfd, Lf, Ifand
/fa respectively. They disrupt the normal relationship between vegetative
maturity as indicated by leaf form and the onset of flowering and thus
provide an excellent example of heterochrony.
The remaining mutations in peas (e.g., veg-J, veg-2, det,fds,pim) appear

to affect processes beyond the perception of the flowering signal in the apex.
Some of these may control the identity of the floral meristem, or floral
organogenesis, in a similar fashion to ljy in Arabidopsis or flo in Anti"ihinum
(14, 15) (e.g., veg-J and veg-2; 57). Consequently, while the growth pattern
of the plant clearly indicates the flowering signal from the leaves has arrived
and been perceived at the apex in these mutants, the veg-J and veg-2 mutants
do not produce any flowers regardless of the environmental conditions (57,
77). The det mutation on the other hand causes the shoot to cease growth
after a small number of reproductive nodes (57), but does not greatly
influence flower initiation itself. However, the double mutant det veg-J is
reported to produce flowers (90). Therefore, while it is possible by grafting
to define genes involved with induction in the leaves, it becomes difficult to
define which mutants influence the ability of the apex to respond to this
inductive signal, and which control subsequent steps leading to flower
initiation and organogenesis. A detailed study of the interactions of these
genes may, however, elucidate the steps leading from induction, through
evocation to initiation and hence to flower development. While the later part
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Fig. 7. The effect of the flowering
alleles /f", Ifand Lf, which control the
sensitivity of the apex to the flowering
honnones, on the growth of7 week old,
day-neutral (sn hr) pea plants. The
flowering node for each plant is
indicated by the arrows. Note the
pleiotropic effects of the If alleles on
peduncle length, lateral outgrowth and
pod development (55,57). (Photograph
provided by Dr. I.e. Murfet, Univ. of
Tasmania).

of this sequence has been well defined by the work in Arabidopsis and
Anti"ihinum (15), the early steps near reception in the apex clearly deserve
further examination.
Other genes in peas (e.g., the internode length genes Ie, la and cry, 55)

have minor pleiotropic effects on flowering. These effects are probably
secondary consequences of the altered growth rate in these genotypes. The
involvement of gibberellins with the genes controlling flowering and apical
senescence in peas has been investigated extensively using application data,
metabolism of labeled gibberellins, and examination of the levels of
endogenous gibberellins by both bioassays and GC-MS (17, 70). These
studies provided inconclusive results regarding the direct involvement of any
of the flowering genes with the gibberellins. However, genetic evidence
shows that the expression of the flowering genes is not masked by the
presence of altered gibberellin levels in mutants Ie, na, Is or Ih (56), or in
double mutants such as Ih Is or Is na. Flower development is relatively
nonnal even though expanding tissue may possess less than two percent of
the nonnal level of GAs (30). However, the staminal filaments may be
reduced in length and thus fertilization may be reduced. This result is
contrary to the view for Arabidopsis where GA has been suggested to be
essential for flowering (Ill). These results suggest the flowering genes do
not operate by directly influencing gibberellin metabolism and demonstrate
the usefulness of producing combinations of developmental mutants since
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they provide finn evidence where physiological and biochemical data have
been inconclusive.
Although the nature of the 'flowering honnone(s)' remains obscure, an

understanding ofthe genetic control of flowering allows the physiology ofthe
partial processes to be examined and provides a firm basis for biochemical
comparisons. The similarity of the categories of mutants involved in
flowering to those shown for the biochemically better understood
developmental responses (e.g., internode length) offers hope that resolution
of the control of this fundamental transition may soon be possible. This will
be helped if the molecular nature of the genes controlling the early steps in
flowering can be detennined.

CONCLUDING REMARKS

The preceding discussion shows the power of genetics in deciphering the role
of honnones in different developmental processes in plants. In many cases,
mutants affecting levels or responses to honnones provide the most direct
evidence for the involvement of a specific class of hormones with a particular
developmental process (30, 41, 65, 101). The use of genetics in plant
honnone biology has drawn together hormone physiologists and
developmental biologists. Over the last 5 years there has been an intense
effort to select mutants specifically for the purpose of examining
physiological processes in higher plants, especially in Arabidopsis. It is to
be hoped that over the next few years, through the use of a combined genetic,
physiological, biochemical and molecular approach, an understanding of the
control of development in higher plants by plant hormones will be obtained.
A feature common to all the developmental processes examined (e.g.,

internode length, protonema development, and transpiration) is that honnone
mutants fall into two clear categories, honnone synthesis and honnone
response types. Hormone synthesis mutants are most easily recognized when
the effects of honnone overproduction or underproduction can be predicted
from physiological studies, such as in the case of the effects of ABA and GA
on transpiration and internode elongation, respectively. The response mutants
are a heterogeneous group which, on closer examination, may be further
characterized and categorized. The work with the GA-response mutants
influencing stem elongation clearly illustrates this complexity, and also
demonstrates that such mutants may, in some cases, act primarily by
modifying other developmental control systems (e.g., by influencing
phytochrome responses or IAA levels). The rapid development of molecular
techniques and the amenability of Arabidopsis to such studies appears to
provide the opportunity in the near future to determine the elements in the
response pathway for particular hormones. This has proven a major
stumbling block using physiological and biochemical techniques alone.
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It has been emphasized throughout this review that the hormonal control
of developmental processes can be regulated by hormone levels or hormone
responsiveness (sensitivity) (contrast with 104). So far, little attention has
been paid to the question whether the mutants have different effects in
various organs or at different times during development. However, where
this has been investigated the mutants have shown precise ontogenetic and
tissue specificity. For example, the na mutation in pea reduces GA levels in
vegetative tissue and the pods, but does not reduce GA levels in the
developing seeds (Swain unpub. results). The Ih and lJt alleles in peas have
differential effects on GA production in seeds and shoot tissue resulting in
contrasting phenotypes (99).

Further, discrete maternal and embryonic ABA pools have been
identified in developing seeds ofArabidopsis using the aba mutation (33, 39).
Some of these results are explained most simply if certain synthesis mutants
(e.g., na, sIn, Ihi

) are the result of mutations of regulatory genes or elements
rather than mutations of structural genes directly encoding biosynthetic
enzymes. If this turns out to be true it will add a new dimension to our
understanding of hormone biosynthetic pathways and their tissue specificity.
Since hormones are almost certainly involved in controlling ontogenetic and
tissue specific developmental changes, detailed examination of the present
mutants and the selection of further mutants with ontogenetic or tissue
specificity may be most beneficial.
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INTRODUCTION

Amongst honnones in both plant and animal kingdoms, ethylene, a gaseous
hydrocarbon, is unique. Despite its chemical simplicity, it is a potent growth
regulator, affecting the growth, differentiation, and senescence of plants, in
concentrations as little as 0.01 ~l/l. As recently as twenty-five years ago,
plant physiologists were divided as to whether this gas, which had been
shown to have a range of striking effects on plant tissues, could properly be
called a honnone. Since then, the advent of gas chromatographic means of
detecting and measuring ethylene, the elucidation of its biosynthetic pathway,
and the discovery of potent regulators of its production and action, have
provided powerful tools for physiologists to explore the role of ethylene in
plant growth and development. Ethylene is now considered to be one of the
important natural plant growth regulators, and the literature abounds with
reports of its effects on almost every phase of the life of plants. Although the
majority ofstudies have concentrated on particular processes, particularly fruit
ripening, flower senescence, and abscission, many other reported responses
of plants to ethylene may be important parts of nonnal growth and
development. The proceedings of several symposia (7, 51) and a number of
reviews (1, 18, 66) provide an excellent background in the subject; the
pathway of ethylene biosynthesis and molecular aspects of the role of
ethylene in fruit ripening are discussed in Chapters B4 and E4 respectively.
The aim of this chapter is briefly to review present understanding of the role
of ethylene in plant growth and development, highlighting effects of this gas
that have received less attention in previous reviews.
What are the selective advantages of this gaseous compound that led to

its widespread adoption by plants as a honnone? Although the nonnal
pathway of ethylene biosynthesis in plants is a complex, carefully regulated
series ofenzymatic processes, ethylene is also a common product ofoxidation
of many types of organic molecules. In particular, peroxidation of
unprotected long-chain fatty acids can generate substantial quantities of
ethylene. It is conceivable that there was a selective advantage to primitive
plants of the ability to recognize and respond to situations where stresses such
as high temperature, high light, or attack by microorganisms caused the
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generation of ethylene gas. One can imagine that once such a response
system was selected, there would be a further advantage to plants of
developing a controlled system of biosynthesis that would enable this new
regulator to be produced in response to a variety of stimuli, not simply
external oxidizing stresses.
The gaseous nature of ethylene may also explain its manifold hormonal

actions in plants. Lacking the nervous system of the animal kingdom, plants
appear poorly equipped to sense distant stimuli. The ready diffusion of
ethylene through the intercellular spaces may, for example, act as a signal of
damage, stress, or physical contact. Similarly the diffusion of ethylene may
be an important part of the coordination of ripening of quite different tissues
in ripening fruits. Another advantage of ethylene's diffusibility might be the
fact that its concentrations in the tissue can be altered simply by changing the
rate of synthesis. Whereas reducing the concentration of other hormones
requires metabolism or detoxification of that already in the tissue, ethylene
diffuses away, and the concentration in the tissue rapidly reaches the
equilibrium between the rate of production and the rate of diffusion. One can
imagine that rapid growth responses such as response to contact stimuli (6)
and the inhibition or acceleration of shoot elongation (18) would benefit from
such a rapid and sensitive response system.
In contrast to volatile insect pheromones which function as long-distance

sex attractants, ethylene does not appear to be utilized by plants as a "long
distance" hormone, despite its ability to be transported over long distances by
diffusion or air movements. There is no evidence, for example, that ethylene
levels in orchards are sufficiently augmented by the presence of some
ripening fruits to initiate the ripening of others. Of course, the diffusibility
of ethylene is a frequent problem for operators of greenhouses, cool stores,
and transportation facilities, who must avoid exposing sensitive crops (such
as lettuce and some cut flowers) to products of incomplete combustion, gases
from ripening rooms, or ripening fruits.

TECHNIQUES

Because ethylene is a common environmental pollutant, plants are often
accidentally exposed to it in physiologically active concentrations, sometimes
with devastating results (Fig. I). Such effects are often then studied in the
laboratory, where ethylene can easily be applied, either as a gas, or by
utilizing Ethephon (2-chloroethyl phosphonic acid), a compound that
decomposes to release ethylene at physiological pH. Almost every phase of
plant growth and development has been shown to be affected by ethylene in
some plant or other. Of course, this does not mean that any particular
response is a general effect on all plants, nor that ethylene is a natural
regulator of the affected process. A satisfactory demonstration of a natural
role for ethylene should also include evidence that ethylene production
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Fig. 1. Plants grown in a greenhouse heated with unvented heaters. Ethylene concentrations
in the greenhouse air were greater than 0.5 ~1II. (a) Defoliation in Pisonia; (b) discoloration
of Asplenium; (c) yellowing and defoliation of Schefj1era; (d) epinasty of Syngonium.

increases prior to, or concomitantly with, the process being studied, or that
ethylene sensitivity of the tissue increases at that time. In addition,
application of stimulators and inhibitors of ethylene production and action
should, respectively, accelerate and retard the process.
Physiologists working with ethylene are particularly fortunate in the

techniques that they have available for testing its role in plant growth and
development. The gas chromatograph, which spurred the tremendous
advances in our knowledge of ethylene effects during the last twenty-five
years, has been refined by the addition of photo-ionization and photoacoustic
detectors (63), which enable even more sensitive measurement of ethylene,
permitting determination of resting production rates where before we had to
content ourselves with that fiustrating concentration, "trace amounts".

Modulators of Ethylene Biosynthesis and Action

The elucidation of the pathway of ethylene biosynthesis (67, Chapter B4)
included the discovery of the immediate precursor to ethylene, 1­
aminocyclopropane-l-carboxylic acid (ACC). This compound is an excellent
exogenous precursor for ethylene, and enables application of "ethylene" in
liquid media without the disturbing effects of pH which accompany the use
of Ethephon (49), the previous best choice. In addition, we have some useful
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inhibitors of ethylene production. Aminoethoxyvinylglycine (AVG) and its
analogues inhibit ACC synthase, the enzyme that converts S-adenosyl
methionine (SAM) to ACC. These chemicals are effective at vanishingly low
concentrations (2), which is fortunate, since they are expensive.
Amino(oxyacetic) acid (AOA), another inhibitor of pyridoxal phosphate­
requiring enzymes like ACC synthase, is also relatively effective (19).
Although rather toxic, it is freely available, and inexpensive. Inhibitors ofthe
terminal step in ethylene biosynthesis, ACC oxidase, include free-radical
scavengers such as sodium benzoate, high temperature, uncouplers, low
oxygen, and Co++(67).
For years, ethylene physiologists used CO2 as an inhibitor of ethylene

action (11) in testing the involvement of ethylene in processes they were
examining. Although many recognized the possible other explanations of
CO2 effects (e.g., inhibition of respiration, effects on a range of enzymes, on
cellular pH, photosynthesis and stomatal aperture), it was all that was
available. The discovery that Ag+ was a potent and specific inhibitor of
ethylene action (4), and formulation of this ion in the stable, mobile and non­
phytotoxic thiosulfate complex (STS), provided an excellent tool for probing
the involvement of ethylene in almost any phase of plant growth and
development (58). It seems surprising that many workers studying ethylene
effects fail to utilize this compound in exploring ethylene responses.

In recent years, a number of new inhibitors of ethylene action have been
synthesized. The first in the series was 2,5-norbomadiene (NBD), a cyclic
olefm which appears to compete with ethylene at its binding site (55). This
chemical had the advantage over Ag+ of being volatile, and could therefore
be applied in experiments where Ag+ could not be used, for example because
of phytotoxicity, or because of the mass of the tissue under study. Its
volatility also allowed experiments where it was desirable to treat with an
inhibitor only temporarily. The disadvantages of NBD were that relatively
high concentrations (ca. 2,000 ~1/1) were required to overcome some
ethylene responses, that it was difficult to design a protocol to maintain a
steady treatment concentration (50), and that it had an offensive aroma.
Subsequently, a compound designed as a photoaffinity label for the ethylene
binding site (diazocyclopentadiene, DACP) was shown to have similar
properties to those of NBD, with the advantages that it was active at lower
concentrations, and inhibited ethylene action irreversibly if the tissue was
illuminated, during treatment, with fluorescent light (54). Further research
on these volatile inhibitors promises to provide a non-toxic and very effective
gaseous inhibitor of ethylene action.
Being volatile itself, ethylene can also be applied for short periods, a

property of this hormone of which advantage is all too rarely taken.
Frequently, however, the "hypobaric" reduction of tissue ethylene
concentrations has been used to test for ethylene involvement in plant
responses. In this technique, reduction of the total pressure to 0.1 atm and
supplying pure oxygen places the tissue in a normal oxygen partial pressure
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but where the diffusivity of ethylene is greatly increased. Hypobaric ethylene
removal is relatively difficult, technically, because of the problems of
providing appropriate vessels, of controlling pressures, and of maintaining
humidity at low pressures.

ETHYLENE RESPONSES

The Release of Dormancy
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Fig. 2. Effect of ethylene exposure prior
to forcing on the flowering ofNarcisssus
tazetta cv. Soleil d'Or. Cured bulbs were
graded byweight and exposed to..."smoke
from smouldering wood and fresh leaves
for several hours on each of 10
consecutive days". The bulbs were then
stored, and planted in the normal manner.
(Redrawn from the data of Imanishi, H.
(1963) Scientia Hortic. 21, 173-80).

The ability of many plants to grow in regions with adverse climates, such as
freezing winters, or hot dry summers, is closely tied to their ability to suspend
operations during adverse weather, and to recommence, often quite rapidly,
when the weather improves. The timing and the mechanism of the
reactivation of growth and development is still imperfectly understood, but
in some cases it appears that ethylene may play some role.
The dormancy of many seeds can be broken by application of growth

regulators. In a number of species, ethylene application stimulates the
germination of dormant seeds (32, 57). A number of authors have
demonstrated substantial production of ethylene by germinating seeds, but it
is probable that this ethylene is the result of the stresses of germination, and
therefore not associated with release of dormancy.
The flowering of many bulb crops

is controlled by a proper schedule of
storage at high and low temperatures to
break dormancy and initiate flower
development. For years it has been
known that ethylene pollution of the ~

storage area can cause flower '5 60

~malformations or abortion (termed .lS

"blasting") in these crops (17). It has ~ 40

been now shown (27) that exposure of '$.

dormant iris, narcissus, tulip, freesia and
gladiolus propagules to smoke or to
ethylene at the appropriate time will
hasten shoot and root growth, shorten the
time to flowering, and increase the
number of small propagules which
successfully flower (Fig. 2). The
mechanism by which ethylene "breaks"
the dormant state of these propagules is
still unexplored. The pronounced effect
of ethylene on sprouting of potatoes (52)
is associated with increased respiration
and mobilization of carbohydrates (25).
Although it seemed possible that such
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mobilization would be the basis for the shorter dormant period and improved
flowering of bulbous crops treated with ethylene, measurement of soluble
carbohydrate changes in the apex of dormant iris bulbs during ethylene
treatment did not reveal any significant changes (26). In a study ofBrodiaea
inflorescences, it was shown that the flower-inducing effects of ethylene
treatment were associated with rapid expansion of the apical meristem (22).

Shoot Growth and Differentiation
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The period between imbibition of a seed and the unfolding of the first true
leaf is the most perilous time in the life of any green plant. Even if the
succulent new plant survives the attacks of pests and pathogens, its path to
the sun may be frustrated by barriers in the soil. The dramatic effects of
ethylene on the growth and development of etiolated seedlings were the basis
for the discovery by Neljubov (41) of the physiological action of ethylene.
The so-called "triple response" involves a reduction in elongation, swelling
of the hypocotyl, and a change in the direction of growth. This response may
well be the means by which seedlings grow around obstacles in the soil (20).
It presumably results from a redistribution of auxin in response to the
ethylene induced by the contact stress between the seedling and the obstacle.

In another "avoidance"mechanism, some aquatic plants, such as star-wort
(28), and rice (31), grow much faster when exposed to ethylene. In the star­
wort, the compressed internodes of the
floating rosette that forms the surface
portion of the plant start to elongate very
rapidly following submergence, or
treatment with ethylene (Fig. 3). Not
only is the ethylene content of the
aerial spaces in the submerged shoots
high, but also the effect of submersion

,l:

can be eliminated by a pretreatment with ~]
Ag+. The data are consistent with the
hypothesis that increased intercellular
ethylene content is the signal that the
plant has been flooded. Rapid diffusion 0 L..-_""-_........._ ........_ ............J

into the air keeps intercellular ethylene 10 30 50

low when the plants are above water. Time (h)

Flooding. (and the sparin~ solubi~ity .of Fig.3. The effect of ethylene (1.5 Ill/I)
ethylene m water) results m a rapid nse or submergence on stem extension in the
in intercellular ethylene content, and a star-wort (CalJitriche platycarpa L.).
growth response directed to returning the Detached rosettes were placed in half-
leaves to an aerial environment. strength Hoagland's solution and treated.

f th I . f Length of the plant was measured at
One 0 e c asSIC symptoms ° . t I (R dra ti Jackso M B. I . th In erva s. e wn rom, n,. .

ethylene exposure m p ~ts IS e (1982) In: Plant Growth Substances, pp.
downward growth of the petioles, termed 291-301, Wareing, P.F., ed. Academic

Press, N.Y.)
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"epinasty" (Fig. 4). This symptom is considered to result from a redistribution
of auxin in response to the ethylene treatment; increased auxin in the upper
part of the petioles causes increased growth there~ and a consequent
downward bending of the petiole. Epinasty is typically a symptom of
inadvertent exposure of plants to ethylene~ and is a symptom common to
plants that are flooded~ or stressed in other ways. The epinastic curvature of
leaves of flooded plants is now known to be due to the transport of ACC
from the roots to the petioles~ and its conversion~ there~ to ethylene (9). It is
possible that other epinastic responses to stress are also mediated via
enhanced ethylene production in the petiole.
Stress ethylene may also modify shoot growth. The reduced growth and

improved trunk diameter of unstaked shade trees is probably due to ethylene
produced in response to flexing stress (40). Tree trunks treated for an
extended period with ethylene are of markedly greater diameter than air­
treated controls (Fig. 5). The site of production of the ethylene induced by
flexing~ and the way in which it exerts its effects have not yet been
determined.
Low concentrations of ethylene applied to plants of the "diageotropica"

tomato~ a mutant which normally grows horizontally~ partially restored the
plants to a normal growth habit. Zobel (71) suggested that this mutant was
unable to produce ethylene~ and hypothesized that basal ethylene production
is required for normal growth. Other workers have shown that the mutant
can produce ethylene at normal rates (29)~ and suggest that its response may
be the result of insensitivity to ethylene~ or possibly auxin.

In our studies~ we have found that early application of Ag+ as STS to
potted plants of various taxa has no perceptible effect on growth
developmen~ and flowering~ while effectively inhibiting the eventual
abscission of flower petals (12). Likewise the ethylene-resistant err} mutant

Fig.4. Epinasty in poinsettia (Euphorbia pulcherrima) plants treated with ethylene at different
concentrations. The bracts and leaves were removed from the plants to demonstrate the
curvature of the petioles.
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Fig.5. Effect of ethylene on the growth ofpine tree trunks. The portion of the trunk between
the arrows was treated with air (A) or 5 to 20 ~Ul ethylene (B) for 99 days. (photo, Neel).

ofArabidopsis has normal morphology (70). Since normal growth continues
even when the action of ethylene is strongly inhibited, it seems that ethylene
action is not essential for normal growth and development. The curious
behavior and ethylene response of the diageotropica mutant must relate to
modulation of the effects of growth regulators other than ethylene.

Root Growth and Differentiation

Roots, too, respond markedly to the ethylene content of their environment.
This is of particular importance, because the soil atmosphere can contain
quite high concentrations of ethylene (28). Typically, root growth is
stimulated at low concentrations of ethylene, and inhibited at higher
concentrations (29, Fig. 6). The anatomy of roots can also be affected by
their ethylene content. A particularly good example of this response is the
development of aerenchymatous roots in flooded maize plants (28). This
adaptive response to increased intercellular ethylene can also be induced by
ethylene treatment and prevented by Ag+. Ethylene appears to play an
important role in the penetration of dense soil media by roots. When seeds
of normal tomato plants are placed on dense agar medium containing STS,
the roots fail to enter the agar, and the developing plantlet develops a
corkscrew appearance as it repeatedly fails to anchor itself (69). Etrl
seedlings showed the same behavior when placed on water agar. It appears
that ethylene produced by young roots in response to the obstruction of dense
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Fig. 6. Elongation of primary roots of rice and
white mustard after 24 h treatment with
ethylene at various concentrations. (Redrawn
from, Jackson, M.B. (1982) In: Plant Growth
Substances, pp. 291-301, Wareing, P.F., ed.
Academic Press, N.Y.).

Fig. 7. Effect oftreatment for 4 days
with 1.5 ~1Il ethylene (left) or air
(right) on the formation of root hairs
on mung bean roots (photo, Robbins).

medium may be involved in a growth response that allows· the roots to
penetrate.
There has been little study of another interesting response of roots of a

number of species to ethylene: the massive production of root hairs (Fig. 7).
It is not yet known whether ethylene is involved in the normal development
of root hairs. However, it is conceivable that in this phenomenon, too,
ethylene acts as a signal, indicating that the root is well embedded in the soil.

Responses to Physical Stimuli

Plant physiologists have long been fascinated by the ability of plants to
respond to physical stimuli. Although a, number of these responses (for
example, those to gravity and light) appear to be mediated through changes
in the distribution of auxin, ethylene has been implicated as the active agent
in some cases (6). Even quite gentle stimulation of plants will result in
increased production of ethylene (23). Ethylene may therefore be a mediator
in the response of some plants to tactile stimuli. In many climbing vines,
roots attach the vine to supporting walls or other plants by modified root
hairs. The stimulation of root hair development on roots of plants exposed
to ethylene (Fig. 7) suggests that localized contact-induced ethylene may be
the signal for the elaboration of these supports.
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Fig. 8. Effect of basal application of
dissolved ethylene (equilibrated with 6
I1UI in air) on the number of adventitious
roots on the hypocotyls of mung bean
cuttings after 4 days. Redrawn from (50).

Ever since it was demonstrated that
application of high concentrations of
auxin will stimulate ethylene production,

!- 35
researchers have questioned the relative i
roles of auxin and ethylene in the f 30
formation of adventitious roots during ~

auxin-stimulated rooting of cuttings. The ! 25

possible involvement of ethylene is
strengthened by reports that rooting of
hard-to-root plants can sometimes be
improved by scarification (wounding) of
the base of the cuttings, a treatment that
would induce production of wound
ethylene. Studies of the effects of
ethylene, ethylene producing compounds,
and inhibitors of ethylene synthesis and
action on rooting of cuttings have led to
conflicting interpretations of ethylene's
role in the process. Using a rooting chamber which allowed us to apply
ethylene to the base of mung bean cuttings and not to the upper portions, we
showed (50) that ethylene does indeed stimulate adventitious rooting (Fig. 8).
Since application of inhibitors of ethylene synthesis and action to similar
cuttings reduced rooting, we concluded that ethylene plays a role in
adventitious rooting of untreated mung bean cuttings. Its role in rooting of
other cuttings is not yet known.

Abscission

Amongst the most spectacular and commercially important effects of ethylene
is the stimulation of abscission. Physiologists are still divided about the role
of ethylene in natural abscission, but the majority of the data on hormonal
control of abscission are consistent with the following hypothetical scheme
(45):
• A gradient of auxin from the subtended organ to the plant axis maintains
the abscission zone in a nonsensitive state. This gradient is itself maintained
by factors which inhibit senescence of the organ. Thus, auxins, cytokinins,
light, and good nutrition tend to reduce or delay abscission.
• Reduction or reversal of the auxin gradient causes the abscission zone to
become sensitive to ethylene. Application of auxin proximal to the abscission
zone, removal of the leaf blade, or treatments which accelerate its senescence
(shading, poor nutrition, ethylene) therefore hasten abscission. Ethylene, or
stresses which enhance its production, also may hasten abscission by reducing
auxin synthesis and/or interfering with its transport from the leaf. Where
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ABA stimulates abscission, it may do so by stimulating ethylene production,
or by interfering with the production, transport, or action of auxin.
Once sensitized, the cells of the abscission zone respond to low

concentrations of ethylene, whether exogenous or endogenous, by the rapid
production and secretion of cellulase and other hydrolytic enzymes, and
subsequent shedding of the subtended organ.
This scheme suggests a key role in abscission for ethylene, a view that

is still somewhat controversial (53). The importance of ABA in abscission
is widely questioned, although this hormone has been shown to be of primary
importance in seed shedding in grasses (44).

Flower Induction

The induction of flowering in pineapple by ethylene or ethylene-producing
chemicals is of considerable commercial importance. Other tropical fruits
(mango, wax apple) also appear to respond to ethylene. In mango orchards
it has long been the practice to hasten flowering by "..keeping smoky fires
going for periods of six to seventeen days in such a way that a dense smoke
is passing up through the trees" (14). This treatment ensures flowering in
climates where trees do not experience drought or chilling stresses (which
might be suggested to act through stimulation of stress ethylene production).
No information is yet available on the mechanism by which ethylene induces
flowering in these species. Application of high concentrations of ethylene
during the inductive long night has been shown to prevent the induction of
flowering in Pharbitis nil (56). We used this response as a probe to examine
the molecular basis of the induction of flowering in this species (37).

Sex Expression

Not long after Ethephon became available commercially, it was demonstrated
that application of this material to seedlings would dramatically change the
ratio of male to female flowers in members of the Cucurbitaceae (1). Such
applications were used to accelerate fruit production in lines of cucumber that
naturally produced a number of male flowers before any female flowers
appeared. It seems as though ethylene may be an important part of the
natural determination of flower sex. Application of Ag+ has been shown to
induce male flowers on the gynoecious cucumber cultivars used to produce
F1 hybrid seed, and is now used commercially to permit propagation of these
lines.

Flower Opening

Ethylene may be involved in different ways in the opening of flowers. Low
concentrations of ethylene may accelerate the opening of carnation buds (13);
in roses ethylene has diverse effects, depending on the cultivar (46).
Opening of some cultivars, such as 'Lovely Girl' is strongly inhibited by low
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Fig. 9. Effect of ethylene concentrations
on the rate of opening of two rose
cuitivars.

concentrations of ethylene (Fig. 9). In
others the process is unaffected ('Gold
Rush'), or substantially accelerated
('Stirling Silver'). ~ 8

De Candolle (16) suggested that the ~
E

..."unusual movements (of the sexual :6 6

organs of several flowers)...interest the !
physiologist on two counts, firstly as a ~ 4

proof ofplant sensitivity, and secondly as .;'
an indication of the analogy existing io 2
between these organs and the
corresponding organs of animals"! The
rapid growth of the filaments in intact
flowers ofGaillardia can also be seen in
detached filaments treated with auxin
(33). The hypothesis that auxin-induced
ethylene plays a part in this rapid growth
needs to be tested by exploring the
effects of some of the specific inhibitors' of ethylene synthesis and action that
are now available.

Flower Senescence

Most research on the physiology of flower senescence has been carried out
on a limited number of species; morning glory (Ipomoea) and carnation
(Dianthus) have been the most thoroughly studied (21). In these flowers,
senescence is associated with a burst of ethylene production, can be induced
by treatment with exogenous ethylene or ACC and is prevented by pre­
treatment with inhibitors of ethylene synthesis or action. In a pattern similar
to that seen in many fruits, the onset of senescence is associated with a
coordinated increase in the activities of ACC synthase and of ACC oxidase
(lO). Detailed study of ethylene production in aging carnation petals has
revealed that the biosynthesis of ethylene is separated between the base and
the upper portion of the petal (39). Basal portions of the petals produce little
ethylene when treated with ACC. Upper portions produce little ethylene on
their own. These results are interpreted to indicated that the majority of the
ACC synthase is located in the lower portion of the petal, and that ACC
oxidase is largely located in the upper portion. Studies of the distribution of
mRNAs coding for the enzymes of ethylene biosynthesis in Pha/eonopsis
orchids (43) demonstrate a similar situation - although their petals contribute
up to 26% of total flower ethylene and accumulate high levels of ACC
oxidase mRNA and activity following pollination, no ACC synthase mRNA
or activity was detected in the petals. The ACC is apparently synthesized in
the ovary and transported to the petals where it is oxidized to ethylene.
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Fig. 10. Effect of pretreatment with STS (4 mM Ag+, 10 min)on carnation flowers held in
deionized water at 20'C for 14 days.

The inhibition of flower senescence by Ag+ has fonned the basis of an
effective practical treatment for cut flowers (48). Commercial growers of
carnations commonly treat the flowers with STS after harvest to inhibit
ethylene action. This treatment can extend the life of the flowers as much as
4-fold (Fig. 10), but its continued commercial use is in question because of
environmental concerns over the use of silver salts. Researchers have
therefore continued to examine the biology of ethylene-induced flower
senescence in order to develop alternative control methods. Substantial
variation in sensitivity to ethylene has been shown among carnation varieties
(66), suggesting that a classical or molecular genetic approach to preventing
ethylene-induced flower senescence might be successful.
Woodson and his colleagues have examined molecular events associated

with senescence in carnations (65, 35). Using differential hybridization to a
cDNA library prepared from senescent carnation petals, they isolated three
senescence-related cDNA clones (35). Expression of two of the cloned
mRNAs in response to ethylene was floral specific (36), while the expression
of another was induced in both flowers and leaves exposed to ethylene.
Ethylene treatment increased expression of these mRNAs in petals (Fig. 11);
a six hour treatment with 1 ~U-l induced high expression of pSR5 and
pSRI2, but pSR8 was not fully induced unless the treatment concentration
was 100 1,11.1-1. Abundance of some of the mRNAs decreased after removal
of ethylene, indicating that continued perception of ethylene is required for
their expression. Sequence analysis suggests that pSR12 codes for ACC
oxidase (59), and that pSR8 codes for a glutathione s~transferase (38). In the
near future we may expect the senescence of ethylene-sensitive flowers to be
modified by molecular engineering, using these tools.
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The spectacular effects of ethylene
on carnations and some other flowers,
and the benefits obtained by pretreating
them with Ag+ have given rise to the
erroneous generalization that flower
senescence is caused by ethylene. For
many flowers this is not true. A study of
the responsiveness of flowers from
different families to ethylene (64)
revealed that ethylene caused petal
wilting in flowers from the
Caryophyllaceae, Solanaceae, and
Orchidaceae, but that in most other
families, ethylene treatment does not
curtail flower life. Nor will pretreatments
with inhibitors of ethylene synthesis or
action extend the life of such flowers.
These observations suggest that the
ethylene-mediated senescence of
carnation and morning glory is only one
type of flower senescence.

Pollination

The rapid senescenceof some flowers following their pollination has provided
an interesting experimental system for examining the control of flower
senescence (42). Pollination causes a very rapid increase in ethylene
production, first by the gynoecium, and then by the petals (Fig. 12).
A number of workers, intrigued by the rapidity of the pollination

response, have sought the nature of the pollination stimulus. Auxin, which is
present in high concentrations in pollen, has been suggested as a possible
pollination stimulus, but it does not move in the stigmas of carnations (47).
We demonstrated that the stimulus was not ethyleneper se because pollinated
flowers wilted just as rapidly when we placed a tube over the pollinated
stigmas and aspirated the tube to remove ethylene produced by the gynoecium
(61). The finding that pollen of many species contains substantial
concentrations of ACC (61) led us to hypothesize that ACC might be the
stimulus for the pollination response. The stigma of carnation flowers
contains a much higher activity of ACC oxidase than the other tissues of the
flower, and is therefore well prepared for rapid conversion of ACC to
ethylene.
Although there is sufficient ACC in the pollen to explain the initial burst

in ethylene production by the gynoecium, the role of pollen ACC in the early
ethylene production by pollinated flowers has been questioned (24). Cosmos
pollen, which contained very little ACC, greatly stimulated ethylene
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Fig. 12. Effect of pollination on ethylene
production in Petunia flowers. Redrawn
from (62).

Fig. 13. Effect of 2 111 droplets of AVG
(2 nmol) or H20 (control), applied to
Petunia stigmas 3 h in advance of
pollination, on early ethylene evolution
from styles excised from freshly opened
flowers. Redrawn from (24).

production by Petunia stigmas. Pretreatment of stigmas with AVG prevented
the pollen-stimulated burst of ethylene production, suggesting that it comes
from newly synthesized ACC (Fig. 13). These data suggest that the early
effects of pollination are related to some other interaction between the pollen
and the style.
Whatever the role of pollen ACC, there is increasing evidence that

synthesis and transport of ACC plays an important part in post-pollination
events. Increased ethylene production by the gynoecium following
pollination or wounding indicates an increase in the activity ofACC synthase
(since ACC oxidase is constitutive and in high activity in this organ) and we
have demonstrated such an increase in pollinated Petunia flowers. Using
radioactively labelled ACC, we showed that ACC applied to the stigma is
transported as ACC to the petals (47), and have suggested that ACC may be
the mobile pollination stimulus. The fmding that pretreatment of the stigma
with AVG delayed pollination-induced senescence (24) supports this
suggestion.

Wound Responses

In many plant responses, ethylene appears to function as a wound hormone.
Its production rises rapidly when plants are wounded or exposed to stress, and
the responses of plants to ethylene often seem to be tailored to reducing stress
or averting infection of wounds. Thus, for example, leaf abscission
accompanying severe drought stress may be an adaptive response to ethylene
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which reduces the evaporative surface of the affected plant. Similarly,
ethylene can elicit the production of phytoalexins--compounds which appear
to combat fungal or bacterial infection in wounded plants.
A spectacular wound response of some plants to ethylene is the

stimulation of secretory processes. In some species ofPrunus application of
Ethephon results in the stimulation of gum production--normally a response
to infection or other stresses. In Hevea, the rubber tree, a similar response is
valuable commercially. Ethephon treatment maintains the flow of latex from
the trees, thereby considerably improving yields, and reducing labor costs.
There are some indications that the vascular blockages that accompany "wilt"
diseases, and are also found in the stems of some cut ornamentals, may also
be an ethylene-mediated wound response.

Leaf senescence

In isolated systems (leaves or disks, typically held in the dark), the progress
of leaf senescence shows some of the physiological characteristics of flower
senescence and fruit ripening. In the few systems that have been examined,
leaf senescence has been shown to be accompanied by increased respiration
(a "climacteric" peak is sometimes seen), and increased ethylene production.
The fact that ethylene treatment of intact plants or detached leaf tissue often
accelerates leaf senescence has been taken as evidence that ethylene is a
primary agent in the process. Leaves of ethylene-resistant mutants of
Arabidopsis show reduced senescence rates when treated with ethylene (70)
but senesce anyway in ethylene-free air, suggesting that senescence can occur
in the absence of ethylene action. Molecular tools have permitted a
comparison of the events of natural senescence on the plant, and senescence
of detached leaves in the dark. Three senescence-related cDNA clones were
isolated by subtractive differential screening ofa cDNA library prepared from
senescing detached leaves of barley (Hordeum vulgare) (3). Two of the
three transcripts showed very similar expression patterns: in detached leaves
they were induced by abscisic acid and inhibited by kinetin. They were also
induced by wounding and osmotic stress, but could not be detected in
naturally senescing leaves. The third mRNA, represented by only one of the
six cDNA clones, behaved differently. It accumulated in senescing detached
leaves, but its expression was not affected by ethylene application, wounding,
or drought conditions. This third transcript did accumulate during natural
senescence of barley flag leaves. These data call into question the relevance
to natural leaf senescence of the many physiological and growth regulation
studies that have been carried using detached leaves. They are consistent
with a model where ethylene may be involved in stress-induced acceleration
of leaf senescence, but is not involved in natural senescence.
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Fruit Development and Ripening

The stimulation of fruit ripening was one of the earliest reported effects of
ethylene gas, and is the basis for what is probably the most widespread use
of ethylene and compounds which liberate it. Commercially, harvested
bananas, tomatoes, avocados, melons, and kiwifruit are ripened with ethylene
gas. Ethephon is sprayed in processing tomato fields late in the season to
ensure uniform ripeness of the fruit. For many years the question ofwhether
ethylene production by fruit rose before or after the other events of ripening
(usually signalled by the onset of the respiration climacteric) was hotly
debated. For most of the fruit that have been examined using single-fruit
samples and high-sensitivity gas chromatography, it has been found that
increased ethylene production is coincident with, or follows, the onset of the
respiration climacteric (Fig. 14).
The melon, in which a substantial rise in ethylene production occurs

before the onset of ripening, is not typical of climacteric fruits. Most workers
studying the control of the onset of ripening now support the hypothesis that
the concentrations of an unidentified "ripening inhibitor" must fall before
endogenous ethylene can induce the onset of the "climacteric" patterns of
respiration and ethylene production that accompany fruit ripening. Perhaps
the best evidence for such an inhibitor comes from work with avocados.
Some cultivars of avocado will not ripen while attached to the tree, even if
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Fig. 14. Respiration and ethylene production ofa feijoa fmit (a) and of 'Cox's Orange' apples
(b) during the onset of ripening. The apple data are obtained from many different fruit
sampled at different times - day 0 is the day for each apple on which ethylene production
started to increase.
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treated with high concentrations of ethylene. Shortly after removal they
become very sensitive to applied ethylene, and will ripen in the absence of
exogenous ethylene after a few days (5). Extraction and identification of the
hypothetical inhibitor would provide an important practical tool for
controlling fruit ripening that might have far-reaching practical implications.
The molecular approaches described in Chapter E4 provide convincing
evidence of the requirement for endogenous synthesis and action of ethylene
in climacteric ripening.

Seed Dispersal

The fact that abscission of tissues within the fruit precedes explosive dispersal
of seeds in some species suggest that here, too, ethylene may play an
important role. In the "squirting cucumber", ethylene production by the fruits
rises substantially in the period prior to the splitting of the fruit rind (29).
This increased ethylene production is presumed to be responsible for inducing
the abscission of the turgid fruit tissues which precedes seed ejection. A
similar mechanism may be the basis of seed dispersal in many other species.

Mechanism of ethylene action.

Most of the physiological and biochemical evidence suggests that the
manifold effects of ethylene are mediated through induction of new proteins
and enzymes. For example, treatment of Coleus explants with inhibitors of
transcription, message processing, and protein synthesis, substantially delays
ethylene-induced senescence (45). Studies of ethylene binding in plants
suggested a model for ethylene action where reversible association of ethylene
with a membrane-bound receptor would result in activation or release of a
"second message" (55). Ethylene-mediated changes in the transcription of
mRNA would result from the activity of this second message. Bleecker et al.
(8) used the response of etiolated seedlings to ethylene as a tool to isolate
ethylene-resistant mutants ofArabidopsis (etrJ). These mutants provided an
experimental system for investigating the molecular basis of ethylene action
since binding assays suggested that the mutation was in the hypothetical
ethylene binding site. The ETRJ gene has now been cloned by the method
of chromosome walking (IS). The role of the cloned gene in ethylene
responsiveness was tested by transforming wild-type Arabidopsis plants with
the dominant ETRJ-J mutant gene. The transformed plants were resistant to
ethylene. Although the sequence of the amino-terminal half of the deduced
ETRJ-J protein appears to be novel, the carboxyl-terminal half is similar in
sequence to both components of the prokaryotic family of signal transducers
known as the two-component systems (34). In these systems, attachment of
a hormone results in activation of a kinase, which autophosphorylates (usually
on a histidine residue), and then transfers the phosphate to a "response
regulator" protein which binds to an output protein, such as a transcription
factor. Since polypeptide regions with strong homology to both of these
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component proteins are present in the deduced aminccid sequence of the
ETR1-l protein, it appears possible that an early step transduction of the
ethylene signal in plants may therefore involve transJ of phosphate as in
prokaryotic two-component systems (34). A hypothcal model based on
Sisler's ligand hypothesis (55) and the two-component systems is shown in
Fig. 15. In this model, attachment of ethylene to the binding site in the
ETR1-l polypeptide activates the kinase domain, which autophosphorylates
then transfers phosphate to the response regulator domain. This
phosphorylation could result in release of an activated ligand or activation of
soluble factors that would then potentiate the derepression of genes involved
in the effects of ethylene.

Ethylene

Response

DISCUSSION

Fig. 15. Hypothetical model
for two-component regulation
of ethylene action. Binding of
ethylene to the receptor
activates the kinase domain,
which autophosphorylates, then
transfers the phosphate to the
response regulator protein,
resulting in release of a ligand,
or activation of a transcription
factor.

In reviewing the role of ethylene in plant growth and development it becomes
clear that this role may be quite different from those of the other plant
hormones. Although ethylene appears to be involved in a great many plant
responses, it is almost always as a signal of environmental or physiological
change. There is scant evidence that ethylene is an important component of
the balance of growth regulators that maintains normal vegetative growth;
indeed, plants grow quite normally under hypobaric conditions, or after
application of sufficient Ag+ to strongly inhibit the action ofethylene, and the
etr mutant of Arabidopsis appears perfectly normal apart from having
dramatically reduced responsiveness to external ethylene. Changes in plant
growth are, however, often associated with increased production of or
sensitivity to ethylene. Ethylene production increases in response to
environmental stresses (physical stimuli, flooding); sensitivity to endogenous
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ethylene increases in organs reaching physiological maturity (maturing fruits
and flowers, or aging leaves).
The induction of any change in plant behavior is the result of an

interaction between tissue sensitivity and the concentration of the effective
hormone. Ethylene does not act alone in affecting plant behavior; the action
of ethylene can almost always be modulated by application of other plant
hormones. It may be that the sensitivity of the tissue to ethylene is a function
of the concentrations of other hormones.

It is also apparent that information on the response of plant tissues to
ethylene, and its role in growth and development far outstrips our
understanding of how these responses are mediated. We know much about the
biochemical changes associated with ethylene-mediated abscission and fruit
ripening, and several groups are now studying the molecular biology of these
processes. In contrast, almost nothing is known of the mechanisms by which
ethylene mediates such processes as dormancy release, aerenchyma
development, growth inhibition or stimulation and stimulation of latex
secretion. Elucidation of these mechanisms provides a rich field of research
for those interested in the regulation of plant growth and development.
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INTRODUCTION

Fig. 1. Chemical structure of selected auxins. I. IAA =
indole-3-acetic acid, the major native auxin; II. 2,4-D =
2,4-dichlorophenoxyacetic acid, a synthetic auxin widely
used as a herbicide; III. azido-IAA = 7[3H]-5N3-indole-3-
acetic acid, a photoaffinity analog; IV. PAA
phenylacetic acid, a weakly active native auxin.

c5F"
CI

n.2,4D

IV: PAAm. Azido-lAA

I. IAA

The concept of translocation of chemical messengers in higher plants was
proposed in the nineteenth century by Charles Darwin. From experiments on
the response of oat seedlings to light, Darwin suggested that the translocation
of an unknown substance might regulate the phototropic response. The
chemical messenger was later shown to be auxin, of which indole-3-acetic
acid (IAA; Fig. 1, I) was found to be the predominant, naturally-occurring
form. The polarity of auxin transport in cereal seedlings was established by
the 1930s, and later found to be a widespread feature of shoot and root
tissues. Excellent reviews of the historical development of auxin polar
transport studies are available elsewhere (12, 25, 62).
Polar auxin transport

has long been linked, at
least in theory, to polar
development,differentiation,
and growth phenomena,
such as apical dominance,
vascular development, and
tropisms. The focus here
will be to re-examine these
links in the context of recent
analyses exploring the
biochemistry and cell
biology of auxin transport,
with the goal of identifying
molecular mechanisms for
the regulation of plant
growth and development
through modulation ofauxin
transport.
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PHYSIOLOGICAL CHARACTERISTICS OF POLAR AUXIN
TRANSPORT

Polar auxin transport has classically been detected and analyzed by applying
either unlabeled or radiolabeled auxin (usually IAA) to one end of a tissue
segment, either as a fixed source or as a pulse, and following movement of
the hormone through the tissue. In early studies, movement of auxin was
determined by bioassay. Currently, auxin transport is followed by
quantitation of radiolabel in dissected sections of the tissue segment or by
measurement of movement of the radiolabel into an agar 'receiver' block at
the opposite end of the segment (Fig. 2). Recent analyses using physical or
chemical techniques have demonstrated that, in many tissues, all or most of
the polarly transported radiolabel remains in the form of IAA. The results of
classical polar auxin transport studies have been extensively reviewed (12, 25)
and will only be summarized here.
While polar auxin transport is the main theme of this Chapter, it should

be emphasized that both endogenous and applied auxins can also move in the
plant's vascular system. For example, auxin applied to mature leaves is
translocated in the phloem like a photoassimilate, and has also been reported
to move in the xylem transpiration stream. In the vascular system, transport
occurs by mass flow. In contrast, the direction of polar auxin transport is
determined by distribution of protein carriers rather than by gross potential
gradients. Inactive auxin conjugates such as inositol esters may move in the

I
~ A (donor)

B (receiver)

apex

hypocotyl

apical end (A) /

excised ~ ~
section ~invert

....'end(8) :II: B (donor)

A (receiver)

seedling of, e.g., Cucurbita pepa

agar donor block
containing =~

radiolabelled auxin

Fig.1. The classical method for the measurement ofauxin transport. Auxin transport through
a seedling hypocotyl is basipetal. The polarity is independent of orientation with respect to
gravity.

510



T. L. Lomax, G. K. Muday and P. H Rubery

Fig. 3. Chemical structure of selected auxin transport
inhibitors. I. NPA =I-N-naphthylphthalamic acid, a synthetic
phytotropin; II. 2,3,5-TIBA = 2,3,5,-triiodo-benzoic acid, a
synthetic auxin transport inhibitor which does not bind to the
phytotropin binding-protein and which is itself polarly
transported. III. PBA=l-pyrenoylbenzoic acid, the most active
synthetic phytotropin; IV. morphactin = 2-chloro-9­
hydroxyfluorene-9.carboxylic acid, also causes changes in
morphology which phytotropins do not; V. azido-NPA =
3,6[3H2]-5'N3-naphthylphthaIamicacid,aphotoaffinityanalog;
VI. quercetin =one ofthe naturally-occurring flavonoids which
have polar auxin transport inhibiting activity and compete for
NPA binding.
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vascular system and be 'activated' by enzymatic hydrolysis at unloading
zones, before being distributed by polar transport. An important question is
how auxin, in theory a highly permeant molecule, is kept relatively confined
and prevented from exchanging freely between the different transport systems
(47).
Polar transport is specific for IAA and synthetic auxins, although 2,4-D

(Fig. 1, II) in particular moves at only about 20% the rate of IAA. It is an
energy-requiring process, as evidenced by the facts that an uphill auxin
concentration gradient can be established along the tissue, and that
anaerobiosis and metabolic poisons, such as cyanide and dinitrophenol, inhibit
polar auxin transport. Auxin transport inhibitors, such as I-N­
naphthylphthalamic acid (NPA, Fig. 3, I) and 2,3,5-triiodobenzoic acid
(TIBA, Fig. 3, II), have been identified based on their ability to specifically
inhibit polar transport
of radiolabeled IAA
through segments of
etiolated hypocotyls
and coleoptiles (12,
26). The enhanc­
ement of radiolabeled
auxin accumulation
into stem segments or
thin sections by
addition of the auxin
transport inhibitors
indicates that these
compounds act at the
site of efflux (7, 59).
In shoot tissues

the polarity of auxin
transport is basipetal,
i.e. auxin moves
preferentially from
the morphologically
apical to more basal
regions (Fig. 2).
While in coleoptiles
all cells may transport
auxin, in most tissues
polar auxin transport
is confined to certain
cells that do not
include the mature
vascular elements. In
maize seedlings,
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transport may be through the epidermis (24), but the cambium and the young
cells differentiating from it appear to be the major pathway for long distance
polar transport in dicot stems (39). In roots, the polarity of auxin transport
is not as clear. Two distinct transport streams have been identified in roots,
but in different tissues. Application of radiolabeled auxin to the tip of roots
leads to basipetal transport of the auxin in bean (6) and maize (5). This
basipetal transport is inhibited by TIBA, and microautoradiography indicates
that this basipetal transport is through bean root epidermal tissues (65). In
addition, application of radiolabeled auxin to the base ofmaize roots leads to
acropetal auxin transport (57). This acropetal transport is also sensitive to
inhibition by TIBA and microautoradiography indicates that this transport is
through the central cylinder of bean roots (65).
Both flux and velocity of auxin transport can be estimated from the

kinetics of auxin arrival at the receiver or by following the movement of a
pulse of radiolabeled auxin through the tissue. The velocity measurements
suggest that IAA transport occurs at between 5 and 20 mm/h in shoots and
coleoptiles of a variety of plants. This is consistent with the basic mechanism
ofmovement being diffusion rather than mass flow (12). Although isotropic
diffusion does not have a velocity as such, the polar movement of auxin is a
true transport process resulting from a biologically-specified asymmetric
diffusion. Thus, molecules have a greater probability of basipetal than of
acropetal movement, which is manifested as an overall velocity.
A number of criticisms have been directed toward the classical auxin

transport experiments using stem or coleoptile segments. Wound responses
occurring in response to excision of shoot segments may alter the transport
capacity (56) and wounding has been demonstrated to abolish the phototropic
response of maize coleoptiles (43). Also, early experiments performed with
low specific activity radiolabeled auxin required large concentrations of auxin
in order to allow transport measurements. These concentrations were
sufficient to perturb growth responses and to alter auxin transport. Several
recent experiments have overcome these problems by measuring auxin
transport through application of tracer concentrations of radiolabeled IAA
using intact plants. Auxin is transported through stems of intact light-grown
pea plants at rates of 7-15 mm/h, similar to the rates found with etiolated
samples and with segments of pea stems (23). In etiolated maize coleoptiles,
the velocity of auxin transport is greater through intact coleoptiles than
through tissue segments (43). The rate of transport is greatest at the tip (20
mm/h) and decreases toward the base (12 mm/h at the mesocotyl node).
Transport in intact plants is saturable by high levels of IAA, suggesting that
this auxin movement is protein-mediated. Furthermore, tracer quantities of
IAA did not influence growth, and the radiolabel stayed in the form of IAA.
Auxin transport inhibitors block polar transport in intact coleoptiles and
hypocotyls, elegantly demonstrating their effect on auxin transport in vivo
(23,43).
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THE CHEMIOSMOTIC HYPOTHESIS FOR POLAR AUXIN
TRANSPORT

Polar transport of auxin appears to involve both active and passive
components. Evidence for the existence of a passive diffusion component is
provided by the fact that respiration inhibitors do not completely stop the
uptake and efflux of auxin from individual cells (12). The participation of
a transport component that requires energization is indicated by the inhibition
of polar transport by anaerobiosis and by inhibitors of respiration. The
specificity and saturability of the process also indicates mediation by protein
components. In addition, specific inhibitors of auxin transport, such as NPA,
have been used to identify proteins associated with the plasma membrane
(PM). Polar auxin transport occurs in a cell-to-cell fashion, but not in all
cells. This specific cell-to-cell polar transport requires protein carriers for
auxin movement. Specific protein-mediated transport is a critical component
of an auxin transport system that can be differentially regulated during plant
growth, development, and response to the environment.
The current concept of polar auxin transport, known as the chemiosmotic

hypothesis of polar auxin transport (59), was proposed independently by
Rubery and Sheldrake in 1974 (51) and Raven in 1975 (46). As diagrammed
in Figure 4, the chemiosmotic hypothesis proposes that the proton motive
force across the PM provides the driving force for auxin transport. IAA is

IAAH:!= lAA'+H+

Cetlwan

IAAH

Plo..... --+----i
_one

Efflux
carrier

11 pH = 7.0

IAA- +H+

Direction
of

Auxin
T..""port

pH = 5.5

Fig. 4. Schematic model of the chemiosmotic hypothesis for polar auxin transport.
Undissociated IAA in the cell wall space can enter the cell either by diffusion or via an uptake
symport. Once in the more basic cytoplasm, the IAA dissociates and can exit only via an
anion efflux carrier. Metabolically-maintained pH differences across the plasma membrane
provide the driving force for transport, while the basal localization of the efflux carrier
provides its polar nature.
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a weak acid with a PK. of 4.7. It has a carboxyl group that will be more
protonated in the extracytoplasmic space (with a pH approximately equal to
5.5) than inside the cell (with a pH of 7). Undissociated lipophilic IAA in
the cell wall can thus move across the cell membrane into the cytoplasm.
The IAA then dissociates in the more basic environment of the cytoplasm,
and accumulates as a result of the lower membrane permeability of the
anionic form. In addition uptake is suggested to be partly via a saturable,
specific Ir/IAA symport carrier that is evenly distributed around the
membrane. Efflux of IAA anions is thought to take place via a saturable,
auxin-specific carrier that occurs primarily at the basal end of cells, and
which is dependent upon IAA-concentration and electrical gradients for
transport to take place. It is the basal location of this carrier which is thought
to be responsible for the polar nature of auxin transport. According to the
chemiosmotic theory, metabolic energy is expended in order to maintain the
pH and electrical gradients and the polar permeability. The identification and
characterization of the carriers involved in both IAA uptake and polar efflux
is described next.

THE AUXIN UPTAKE CARRIER

An uptake carrier for auxin was originally proposed because of kinetic
detection of a saturable component of auxin uptake by both cultured
suspension cells and stem segments (7, 51) The carrier-mediated nature of
IAA uptake has been substantiated by studies of the association of
radiolabeled IAA with isolated membrane vesicles. Membranes isolated
from zucchini (Cucurbita pepo L.) hypocotyls have been used to demonstrate
uptake of 14C_IAA into sealed microsomal vesicles prepared such that they
mimic the transmembrane pH and electrical gradients which exist in vivo
(14). The zucchini membrane vesicles have all of the essential components
of in vivo polar auxin transport, including an efflux carrier that could be
inhibited by NPA and TffiA (Fig. 5). NPA-sensitive IAA uptake was shown
to be exclusively into the population of outside-out, sealed PM vesicles (14,
29, 31).

In vitro IAA uptake by vesicles is a saturable, carrier-mediated process
which is specific to active auxins (29). The ability of the uptake carrier to
function in an electrogenic manner was demonstrated by the addition of
valinomycin, a specific K+ ionophore, to membrane vesicles loaded with 2S
mM KCI and resuspended in a low K+ medium. This resulted in a large
increase in 14C_IAA accumulation, presumably due to the creation of a
considerable diffusion potential across the membrane (14). Nigericin, an
K+fIr ionophore, and FCCP, a protonophore, both reduced IAA accumulation
to the background level found with no pH gradient present (31). Using
electron spin resonance (ESR) probes to measure the 4pH, nigericin was
shown to totally dissipate the pH gradient, while FCCP reduced the pH
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Fig. S. Model of auxin transport in sealed, right­
side out plasma membrane vesicles from shoot
tissues. The vesicles are isolated such that the pH
and electrical potential gradients l:J'e similarto those
of intact cells. Such vesicles isolated from zucchini
hypocotyls can maintain a pH gradient for many
hours and studies with radiolabeled IAA have
shown that they contain the essential components of
the polar auxin transport system, including an
electrogenic uptake symport which transports IAA
along with two protons and an efflux carrier which
can be inhibited by polar auxin transport inhibitors.

T. L. Lomax, G. K. Muday and P. H Rubery

gradient only to the point where
the proton motive force was pHo =5.5

reduced to zero by an equal but
opposite electrical potential. This
experiment indicates that IAA
uptake depends on proton motive
force rather than apH. Using
ESR to quantitate both the sealed
vesicle volume and magnitude of
the pH gradient, it was
determined that IAA
accumulation was considerably
larger than predicted by
diffusional equilibrium at the
measured pH gradient. This led
to the proposal that the lAA
uptake carrier is electrogenic,
with each protonated IAA
molecule accompanied by an
additional proton, thus providing
additional driving force (31).
Analysis of the uptake of
radiolabeled probes as a measure
of apH and membrane potential
measurements substantiated this
hypothesis, and provided
evidence that a 2H+/IAA' symport
is a more likely mechanism than IAAHIW (52).
The role of an uptake carrier for IAA in the overall process of auxin

transport and/or growth and development of the plant is perhaps less obvious
than the role of the auxin eftlux carrier in polar transport. Nevertheless,
several potential functions are worth highlighting. The polarity of auxin
transport could be achieved or enhanced by apical distribution of the uptake
carrier rather than the basal localization of the eftlux carrier, since it is the
relative permeability that matters. The uptake symport may also optimize
lAA accumulation when low auxin concentrations are present in the
extracellular space or when the pH gradient across the PM is small.
Another possibility is that the IAA uptake carrier is more important in

cells other than the few cell files where polar auxin transport takes place.
Since the lateral transport of IAA is also important to the development and
growth physiology of the plant, the uptake symport may playa major role in
this phenomenon. The response to both gravitropic and phototropic stimuli
requires a rapid change in the lateral movement of IAA to direct the change
in growth pattern. There is evidence which suggests that not only auxin
transport, but also sensitivity to auxin is altered during the gravitropic
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response of plants (53), and data have been presented which suggest that
changes in uptake kinetics can alter tissue sensitivity to IAA (58). There is
currently little infonnation on the mechanism of this change in auxin
transport, but some possibilities include; 1) increasing the driving forces for
lAA transport, 2) changing the amount of a particular carrier, 3) altering the
affinity or efficiency of a carrier, or 4) altering the distribution of a carrier.
The isolation of the IAA uptake and efflux carriers should allow probes to be
developed with which to study their distribution, and such studies will help
distinguish between these possibilities.

Biochemical characterization of a potential auxin uptake carrier.

The isolation and characterization of proteins which bind IAA has recently
been made possible by the simple but powerful technique of photoaffinity
labeling. With this technique, auxin-binding proteins are covalently tagged
with a tritiated azido-IAA (7[3H]-5N3-IAA; Fig. 1, III). Using this method,
high specific activity labeling oftwo PM polypeptides (with molecular masses
of approximately 40 and 42 kD) with azido-lAA has been observed in a
variety ofdicotyledonous and monocotyledonous plants, as well as in conifers
(15, 30). The polypeptides are very low abundance, integral membrane
proteins (16), which are detected in auxin-responsive tissues such as roots,
stems, and fruits, but not in auxin non-responsive tissues such as mature
leaves. The ability ofdifferent auxins and auxin analogs to inhibit azido-IAA
labeling is similar to the specificity of those compounds for competition with
both in vitro 14C_IAA uptake into membrane vesicles, and in vivo lAA
transport studies with hypocotyl segments (15). The specificity does not
agree with that for auxin efflux, and auxin transport inhibitors do not affect
azido-lAA labeling of the 40 and 42 kD polypeptides. Taken together, these
characteristics are consistent with the 40 and 42 kD azido-lAA binding
proteins being components of an auxin uptake carrier.
Surprisingly for proteins which behave as hydrophobic membrane

proteins, the 40 and 42 kD azido-lAA binding polypeptides both partition into
the hydrophilic aqueous phase during extraction with the non-ionic detergent
Triton X-114 (16). Such partitioning behavior is, however, consistent with
the behavior of known multimeric integral membrane proteins that aggregate
to fonn water-filled channels through membranes, such as the acetylcholine
receptor. The 40 and 42 kD polypeptides appear to aggregate under native
conditions, fonning an apparent dimer at ca. 80 kD and a multimeric complex
at ca. 300 kD (16). These characteristics are consistent with the hypothesis
that the 40 and 42 kD polypeptides are subunits of a multimeric integral
membrane protein that has an auxin binding site, and which may possess a
transporter or channel function. While this evidence is consistent with the
notion that the 40 and 42 kD polypeptides are components of an auxin uptake
carrier, it does not exclude the possibility that they represent either a PM-
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localized auxin receptor, an auxin-regulated channel protein, or some other
protein that specifically binds IAA.

THE AUXIN EFFLUX CARRIER

Compounds which specifically inhibit polar auxin transport have served as
valuable tools in the characterization of the auxin efflux carrier. In addition
to NPA and TIBA, a number of synthetic inhibitors of auxin transport have
been identified (26, 49). The most studied class of such inhibitors is the
phytotropins, compounds that inhibit plant gravitropic and phototropic
responses in addition to the polar transport of auxin, and which have the
common structural theme of benzoic acid ortho-linked to a second aromatic
ring system. NPA is a widely-used phytotropin, although I-pyrenoylbenzoic
acid (PBA, Fig. 3, III) is the most active synthetic compound (49). Not all
polar auxin transport inhibitors are classed as phytotropins due to structural
deviations from the definition: TIBA and the morphactins, such as 2-chloro­
9-hydroxyfluorene-9-carboxylic acid (Fig. 3, IV), are the best established
exceptions. As described above, the accumulation of auxin into stem
segments and membrane vesicles is accentuated by inhibitors of auxin
transport, with kinetics confirming that the auxin efflux carrier is the target
of these inhibitors (7, 14). Auxin transport and binding studies indicate that
all types of auxin transport inhibitors act at a site distinct from the auxin
binding site on the efflux carrier; i.e., they are non-competitive with auxins.

Biochemical characterization of the auxin efflux carrier

Transport of molecules across membranes can be mediated either by single
polypeptides or by complexes containing several polypeptides. Originally, it
was assumed that both the IAA transport activity and the NPA binding
activity of the auxin efflux carrier resided on the same polypeptide. Recent
indirect evidence, however, has suggested that the auxin efflux carrier has at
least two components, with distinct catalytic (transport) and regulatory
activities. This evidence is based on procedures that can separate NPA
binding activity from IAA efflux activity. Treating zucchini hypocotyl
sections with inhibitors of protein synthesis does not significantly affect the
ability of hypocotyl segments to accumulate radiolabeled IAA (38). Vesicles
isolated from these segments also accumulate radiolabeled IAA and bind
[3H]NPA. The ability of NPA to elevate auxin accumulation is, however,
greatly reduced by the inhibition of protein synthesis, in both segments and
vesicles. This result suggests that the auxin transport site on the efflux carrier
system and the receptor site for NPA may reside on separate proteins linked
by a third, rapidly turned-over, transducing protein (38). Further
investigations have indicated that the phytotropin effects on the auxin efflux
carrier are not transduced by a GTP-binding protein (G-protein; 68).
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Examination of the biochemical behavior of the NPA-binding protein
also suggests that this protein is distinct from the IAA transport activity.
Proteins which transport hydrophilic molecules across the PM must be
integral to the membrane. Recent experiments have demonstrated that the
NPA-binding protein is peripheral to the membrane. Treatments with sodium
carbonate at pH 11 and potassium iodide are frequently used to dissociate the
ionic interactions by which peripheral proteins associate with the membrane
or membrane proteins. Both sodium carbonate and potassium iodide
treatments release NPA binding activity from zucchini PM vesicles (Cox and
Muday, unpublished data), demonstrating that this protein is peripheral. This
substantiates the role of the NPA-binding protein as a distinct regulatory
polypeptide.

The phytotropin-binding site

The binding of radiolabeled phytotropins, predominantly [3H]NPA, has now
been characterized extensively (40,49). Membranes isolated from most plant
organs are able to bind NPA, with similar affinity for radiolabeled NPA
reported in coleoptiles, leaves, stems, and roots of Zea mays (27). Isolation
by aqueous two-phase partitioning leads to a purified PM fraction that will
bind eH]NPA with high affinity <K.t=15 oM) (2,40). Although evidence has
been presented for two NPA-binding sites in zucchini membrane preparations
(35), a detailed analysis of emNPA binding to zucchini microsomes and PM
indicates that only a single emNPA-binding site can be resolved on
Scatchard, Hill, and Lineweaver-Burk plots using two different filtration
assays (40). A single NPA-binding site has also been indicated by linear
Scatchard plots in maize, pea, Arabidopsis, and sunflower membranes (2, 60,
61, 64). These analyses suggest that NPA and other auxin transport inhibitors
bind not only with high affinity, but with high specificity to a single site
associated with the PM. The two sites observed in zucchini (35) have several
alternative explanations, including the possibility that they may represent both
an NPA-binding site and the contributions of uptake ofNPA, since isolation
of zucchini membranes results in very tightly sealed vesicles which can
maintain pH and electrical gradients for long periods of time.
Detailed comparisons of the structure and activity of auxin transport

inhibitors in several physiological assays and binding assays have been
performed (26, 49). Using this detailed information, molecular modeling of
the NPA-binding site has been performed (3), resulting in a map of the site
at which auxin transport inhibitors bind. Identification and purification of the
NPA-binding protein will provide additional information on the biochemical
character of this protein and its function. Several approaches have been used
to identify candidate proteins, but purified NPA-binding protein has not yet
been isolated. Monoclonal antibodies which prevent NPA binding to both
intact microsomal membrane vesicles and proteins solubilized from these
vesicles (20) have been used to identify a 77 kD protein in fractionated
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extracts of pea membranes (22), while a 23 kD protein has been identified
(72) by photoaffinity labeling ofmaize coleoptile PMwith 5'-azido-[3,6-3H2l­
NPA (Fig. 3, V). Binding of the azido-NPA derivative was reduced by
adding high concentrations of auxin transport inhibitors or auxins (l mM) to
the labeling reaction. It is not yet clear why the two potential candidates for
the NPA-binding protein are so different in size, or if both are involved in
NPA regulation of auxin efflux.

Naturally-occurring auxin transport inhibitors

The phytotropin-binding site associated with the auxin efflux carrier
presumably has an in vivo function, and may regulate auxin transport in
plants by binding a natural regulator of auxin transport. The first potential
native regulator identified was phenylacetic acid (PAA; Fig. I, IV), a weak
native auxin which was shown to be an inhibitor of polar auxin transport in
pea shoots (36). This compound is not itself polarly transported, but appears
to block the movement of auxin, apparently at the site of efflux. Binding
experiments, however, show that PAA does not inhibit NPA binding at
concentrations as high as I mM, suggesting that this compound does not act
at the same site as phytotropins (21).
Flavonoid compounds, such as quercetin (Fig. 3,VI), have been shown

to block auxin efflux from hypocotyl segments, to compete for [3H]NPA
binding in membrane vesicles (21), and to stimulate accumulation of
radiolabeled IAA by membrane vesicles (11). Consequently, these
compounds have the biochemical activity of auxin transport inhibitors,
although the concentration of flavonoid required for action is much higher
than the concentrations required for the synthetic inhibitors. It has been more
difficult to demonstrate directly that these flavonoid compounds prevent polar
auxin transport in segments, perhaps due to the immobility offlavonoids (50).
Other characteristics of flavonoids make them attractive candidates as
endogenous regulators of auxin transport, as discussed below.

Subcellular localization of the NPA-binding protein

The basal localization of the auxin efflux carrier in stem cells has been
proposed to drive the polarity of auxin transport (46, 51).
Immunocytochemical studies using monoclonal antibodies against the NPA­
binding protein supported a basal localization in pea stem cells (20). This
exciting and potentially important result was the first experimental evidence
suggesting the distribution of the NPA binding reflected the polarity of auxin
transport. Unfortunately, those NPA-monospecific antibodies no longer exist
and these intriguing findings can not be expanded. In other studies, when
auxin-accumulating PM vesicles from maize and zucchini were fractionated
on dextran density gradients, two membrane populations, which had distinctly
different auxin transport characteristics, were isolated (32). Vesicles from the
lower part of the gradient accumulated IAA and this accumulation could be
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strongly increased by addition of phytotropins. These vesicles also had high
levels ofNPA binding activity. In contrast, vesicles from the top part of the
gradient showed saturable, specific accumulation of IAA with only a small
stimulation by phytotropins, and with very few binding sites for NPA. The
accumulation of IAA was reduced relative to the vesicles from the lower
fraction. The authors suggested that these vesicle populations could have
been derived from the basal and apical parts of the PM, respectively, and
resulted from an asymmetric localization of the auxin efflux carrier. Recent
evidence indicating that the NPA-binding protein is on a polypeptide separate
from the efflux carrier suggests that these results could have two
interpretations. Either the entire efflux carrier complex may be restricted to
the base of stem cells, or the efflux carrier may be evenly distributed in the
membrane of plant cells while the NPA-binding protein may be localized to
the base of the membrane and associated with only a subset of the efflux
carriers.
In order to understand the mechanisms by which auxin transport is

regulated by the NPA-binding protein, it is necessary to determine whether
this peripheral protein is associated with the extracytoplasmic or cytoplasmic
face of the membrane. Several lines of evidence suggest that this protein
may function on the cytoplasmic face of the membrane. Two membrane
vesicle populations which bind NPA can be isolated from zucchini
hypocotyls, and it has been proposed that they differ in the orientation of the
vesicles (34). The population suggested to be outside-out was unable to bind
the NPA anion, but bound the membrane permeant uncharged NPA species.
The inside-out population was able to bind NPA in either ionization state.
Furthermore, NPA binding activity increases as outside-out zucchini vesicles
are converted to inside-out or open vesicles by multiple freeze thaw cycles
or by removal of sucrose in the buffer (14). After hypocotyl segments are
incubated with NPA or quercetin and the segments subsequently washed, the
inhibitors trapped within the vesicles were still able to accentuate IAA
accumulation over the control (50). Lastly, a modification of the flavonoid,
quercetin, by addition of a sulfate group has been found to increase the
affinity of that flavonoid for the NPA-binding site, but reduce the ability of
that compound to block IAA accumulation into membrane vesicles (11). The
authors suggest that an external site could be occupied non-productively, but
that the binding of NPA to the external site would exclude binding to an
internal site. An even simpler interpretation of their results is that the charge
of the sulfated molecule made it membrane impermeant and that the site of
action for this compound is at the internal face of the membrane.

AUXIN TRANSPORT IN PLANT GROWTH AND DEVELOPMENT

Polar auxin transport is required for the normal growth and development of
plants. The transport of auxin is not a constant process, but changes
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throughout the plant life cycle. Changes in auxin transport can occur in
response to the developmental program of plants, as well as in response to
environmental stimuli such as light and gravity. In addition, modulation of
auxin transport may control growth and development. Evidence for such
control is given below. The role of auxin transport in embryogenesis has
recently been summarized (4), so it will not be discussed further.

Role of auxin transport in gravitropism and phototropism

The role of auxin transport in the gravitropic and phototropic responses of
plants has been suggested in a theory commonly referred to as the Cholodny­
Went hypothesis. This hypothesis suggests that gravitropism occurs as a
result of changes in the transport of auxins, i.e. when stems are reoriented
relative to the gravity vector, lateral auxin transport occurs and the
redistribution of auxin leads to the differential growth on the two sides of the
stem, resulting in an orientation that is again normal with respect to the
gravity vector. The effect is opposite in roots where the auxin which is
reoriented to the lower side inhibits growth, so the root grows down (10, 45).
Strong support for this hypothesis comes from the ability of auxin transport
inhibitors to completely abolish the gravity response in both shoots and roots
(26, 41). It should be noted that auxin transport is believed to be important
in transduction of the gravity signal, not in it's perception.
The Cholodny-Went hypothesis has been difficult to prove because ofthe

rapidity of the gravitropic response (10), and the limitations in the sensitivity
of measurements of auxin redistribution (63). Changes in plant growth in
response to gravistimulus are often visible in less than 5 minutes (45).
Although the development of auxin asymmetries in response to
gravistimulation has been observed by many investigators, it has been more
difficult to demonstrate that the rapidity and magnitude of the changes in
auxin distribution are sufficient to cause the reorientation of growth. Recent
papers have reported that auxin asymmetries in response to both gravity and
light precede the growth response in tomato shoots (13), maize coleoptiles
(18, 44) and maize roots (71).
An alternative approach to examine auxin gradients in response to gravity

and light stimuli utilized a gene fusion between an auxin-responsive promoter
and the gene encoding the reporter enzyme {3-glucuronidase (GUS) (28). The
expression of this fusion protein in transgenic plants was differentially
induced across stems during gravitropism and phototropism, supporting the
hypothesis that redistribution of auxin is an important part of the gravitropic
and phototropic response (see Chapter D2, Fig. 7). Using NPA and TIBA to
block auxin transport, Li et al. showed that auxin transport was essential for
the auxin-specific gene expression in response to both gravitropic and
phototropic stimulus, further strengthening the relationship between auxin
transport and tropistic responses. Clearly, auxin transport is required for
gravitropism, since auxin transport inhibitors abolish this response, but
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evidence is accumulating which indicates that changes in auxin transport are
not sufficient for gravitropism (10, 63). This subject is the basis of Chapter
G5.

Role of auxin transport in elongation growth

An increase in growth in subapical regions of a dicot stem can be seen as
they are reached by a pulse of applied auxin transported down from the apex
(69) (see Chapter A2). This demonstrates that IAA transport has a regulatory
role in elongation growth. Auxin transport inhibitors alter elongation of roots
and shoots, but in opposite fashions, since the auxin sensitivity of these
tissues are very different. Exogenous auxin stimulates shoot growth, while
it inhibits root growth, suggesting that the physiological concentrations are
sub- and supra-optimal, respectively. Not surprisingly, low levels of auxin
transport inhibitors have been shown to increase elongation growth of maize
coleoptile segments and to sustain IAA-induced elongation (66). These
effects occur, presumably, by raising auxin concentration in tissues in which
growth is stimulated by auxins. In contrast, auxin transport inhibitors reduce
root growth and this growth inhibition is further promoted when auxins and
auxin transport inhibitors are applied simultaneously (41), again, presumably,
by raising auxin concentrations in tissues to supra-optimal levels.
Another link between auxin transport and elongation is apparent when

the distribution of IAA is compared to the elongating and non-elongating
regions of stems. The sub-apical region of hypocotyls elongates rapidly, and
this tissue also has much higher levels of auxin (42), which also correlates
with a greater auxin transport capacity (54, 61). In tissues of greater
physiological age which are located further from the apex, the growth rate
and auxin transport rate are reduced in parallel. IAA accumulation is also
elevated in vesicles or hypocotyl segments of greater physiological age,
suggesting that auxin efflux is reduced in these tissues. The fact that
[3H]NPA-binding capacity and the sensitivity of IAA accumulation to NPA
are also decreased in vesicles -of greater physiological age (61) suggests that
changes in the capacity for auxin transport mediated by the auxin efflux
carrier correlates with both auxin levels and elongation growth.

Role of auxin transport in lateral root development

Auxin transport inhibitors completely abolish lateral root development, while
auxins stimulate lateral root growth (41). These results suggest that the
effect of auxin transport inhibitors on lateral root growth is different from that
on primary growth. This effect cannot be due to an elevation of auxin
concentration to inhibitory levels, since auxins stimulate lateral root growth.
An alternative hypothesis is that auxin transport inhibitors prevent the
movement of auxin to tissues in which elevated concentrations are a
requirement for nonnallateral root development. When both IAA and NPA
are applied simultaneously, the effect of auxin transport inhibitors on lateral
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root growth is dominant. In contrast, application of either IAA, NPA, or both
compounds together inhibits elongation of the primary root, which supports
the hypothesis that phytotropins reduce primary root elongation by raising
auxin concentrations. It is possible that auxin transport inhibitors reduce
primary root growth by raising auxin concentrations, but reduce lateral root
growth by depleting auxin concentrations, if elongation growth and lateral
growth are found in two spatially separated tissues with differing auxin
sensitivities.
Auxin-inhibited and auxin-requiring growth responses in roots are

spatially separated in both longitudinal and lateral directions. Lateral root
growth occurs basal to the elongation region of roots. Consequently, it is
possible that treatment with NPA leads to IAA accumulation in the elongation
region of the primary root, where it inhibits elongation, but does not reach the
region of lateral root initiation. This pattern of effects is consistent with the
polarity of auxin transport in roots, being basipetal. This separation of tissues
is also interesting in light of evidence suggesting that there are two distinct
polar auxin transport streams in different tissues in roots, with basipetal
transport occurring in the epidermal tissues and acropetal transport occurring
in the central cylinder of roots. Localized application of auxin has indicated
that the IAA elongation growth signal moves in a basipetal fashion (5, 33),
suggesting that the basipetal, epidermal transport stream controls growth.
In contrast, the acropetal transport stream may provide the auxin to the

tissues from which lateral roots emerge. Radiolabeled auxin applied to the
apical bud of intact pea seedlings reached the root and accumulated in the
lateral root primordia, although little radiolabel was detected in the apical
region of the primary root (48). Thus, the concentration of auxin in the
pericycle cells, from which lateral roots emerge, may be controlled by this
acropetal transport. Furthermore, removal of the root tip leads to increase in
number of lateral root primordia, with the largest number of primordia
forming in the·most apical segment of the decapitated roots, suggesting the
accumulation of an acropetally-moving promoter at the cut surface (67).
Removal of cotyledons leads to the loss of this acropetal signal. Together,
these experiments indicate distinct functional significance for the two polar
auxin transport streams in controlling root growth and development.
Although the elimination of lateral roots by auxin transport inhibitors

indicates that auxin transport is required for lateral root growth (41), it does
not demonstrate whether subtle variations in auxin transport can lead to
variations in lateral root development. A clear correlation has been identified
between lateral root growth and the abundance of the NPA binding protein
in roots of a variety of dicotyledonous plant species (8). As shown in Table
1, plants which have a low amount of lateral root growth have a greater
abundance of NPA binding activity, whereas plants with a high degree of
lateral root growth have a lower NPA binding activity.
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Table 1. Comparison of the abundance of NPA-binding protein activity with the ratio of
primary and secondary root growth.

primary / secondary Root Bmaxa
Plant root growth (pmol/mg)

Zucchini 0.35 0.45

Bean 0.47 0.59

Radish 0.79 0.63

Pea 1.5 1.4

Tomato 4.1 2.3

a Bmax is the maximum number of binding sites as calculated from the x-intercept of a
Scatchard plot of 3H-NPA binding

MECHANISMS FOR THE REGULATION OF AUXIN TRANSPORT

Changes in a natural regulator of auxin transport

Auxin transport can be reduced in living tissue by exogenous application of
auxin transport inhibitors. As described above, reduction of auxin transport
by synthetic inhibitors profoundly affects root and shoot growth, lateral root
development, and ability of plants to respond to gravity and light. The
flavonoid compounds mentioned above may regulate auxin transport in vivo
through binding to the same site as phytotropins (21, 50). Other
characteristics of flavonoids make them attractive candidates for endogenous
regulators of transport. Flavonoids are ubiquitous in higher plants, where
they are concentrated in specific regions that include the reported locations
of polar auxin transport. The variety of flavonoids affords great potential for
diverse patterns of auxin transport regulation in different species, tissues, and
physiological circumstances (49). Furthermore, flavonoid biosynthesis is
tightly regulated and responsive to stimuli which also alter polar auxin
transport (21).
Rhizobial nodule initiation may be a system which allows demonstration

of the regulation of auxin transport by flavonoids in vivo. Evidence suggests
that an increase in the concentration of naturally occurring auxin transport
regulators may control nodulation in roots of several species. Flavonoid
aglycones have been shown to regulate rhizobial nodule initiation at the
genetic level. Formation of 'empty' nodule-like structures on uninfected roots
have been documented in response to application of the synthetic auxin
transport inhibitors, TIBA and NPA. These pseudonodules express
nodulation genes in correct temporal and spatial patterns (55), suggesting that
an early step in nodulation may b~ inhibition of auxin transport. These
nodules also contain a 23 kDa protein identified by azido-NPA and azido­
IAA binding as a candidate for the NPA binding protein (19). In addition,
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it has recently been reported that a compound produced by Rhizobium meliloti
strains is able to act as a competitive inhibitor of auxin transport (17).
Addition of luteolin, a flavonoid compound that induces expression of
nodulation genes, to the culture medium increased auxin transport inhibiting
activity. Luteolin itself does not appear to act as a transport inhibitor, but a
luteolin metabolite may be the active molecule. Although there presently is
no direct evidence linking changes in concentration of an endogenous auxin
transport inhibitor with changes in auxin transport, these results are suggestive
of this type of regulation.

Changes in activity of the NPA-binding protein

Changes in abundance or catalytic activity of the NPA-binding protein could
also control the amount of auxin transport and thereby influence plant
development. Factors which affect the development of plants, including the
physiological age of tissue, the concentrations of other hormones, and the
calcium concentration, can also affect the amount of auxin transport through
modulation of the levels of the NPA-binding protein. As mentioned above,
analyses of Helianthus hypocotyls of different physiological ages
demonstrated that the reduction of polar auxin transport was correlated with
a decrease in the activity of the NPA-binding protein (61). In ethylene­
treated tissues, the reduction in transport clearly was related to the decrease
in the abundance ofactive NPA-binding protein (60). Additionally, depletion
of endogenous auxin concentration in segments of maize coleoptiles by
incubation in buffer leads to a reduction of auxin transport (70). The loss of
basipetal transport is accompanied by a reduction in auxin efflux (indicated
by an increase in auxin accumulation by segments), reduction in phytotropin
sensitivity of this auxin accumulation, and a decrease in the abundance of
NPA binding activity. These results suggest that auxin transport in maize
coleoptiles is autoregulated by the endogenous auxin level through its
influence on the auxin efflux carrier.

Changes in the spatial distribution or association of the NPA-binding
protein

The differential growth response of plants to environmental factors such as
light and gravity requires changes in auxin transport. One mechanism that
could explain the reorientation of the auxin transport stream during
gravitropism and phototropism is the spatial redistribution of either the auxin
efflux carrier or the regulatory protein which controls transport. Several
groups have examined the regulation of auxin transport and their evidence,
albeit indirect, has indicated that redistribution of auxin transport proteins
may be responsible for alterations in auxin transport. Auxin transport is
reduced both in decapitated pea shoots and in secondary shoots under apical
dominance as compared with intact dominant shoots, but polar transport
capacity can be restored rapidly by treatments which re-established an apical
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auxin supply. Although these shoots exhibit reduced polar auxin transport,
there is no significant change in either the net uptake of [14C] IAA in stem
segments or in the sensitivity of such IAA uptake to NPA (37). Morris and
Johnson concluded that both subordinate shoots and decapitated stems have
approximately the same densities of functional efflux carrier as the cells of
normal shoots, and suggested that the loss of an apical source of auxin "leads
to a randomization of the distribution of auxin-anion efflux carriers in the
plane of the PM". It should be noted that these data cannot differentiate
between randomization of the efflux carrier or the regulatory, NPA-binding
protein.

Polar auxin transport has been reported to be dependent on cellular
calcium concentrations or calcium movements (1, 9). Polar auxin transport
is reduced in calcium-depleted plants, but this reduction is reversed by
addition of calcium. In membranes isolated from calcium-depleted zucchini
hypocotyls, NPA binding is similar to the control values, but the NPA­
sensitivity of transport is diminished (I). This result could be interpreted to
suggest that under conditions where calcium is limited, the NPA-binding
protein is still present in cells, but unable to regulate the transport through the
efflux carrier, perhaps due to an alteration in association with the carrier
complex.

Summary of regulation of auxin transport

Experimental evidence has indicated at least three major mechanisms by
which auxin transport can be regulated. Changes in the concentration of
endogenous regulators of transport, changes in activity of the auxin efflux
carrier proteins, and changes in the association or distribution of proteins
associated with the efflux carrier have all been experimentally implicated.
These results are intriguing, but molecular probes with which to examine the
proteins involved in auxin transport are necessary before study of the
mechanisms by which this regulation occurs will be approachable.
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INTRODUCTION

The vascular system of the plant connects the leaves and other parts of the
shoot, with the roots, and enables efficient long-distance transport between the
organs. In higher plants it is composed of two kinds of conducting tissues:
the phloem, through which organic materials are transported and the xylem,
which is the pathway for water and soil nutrients. In angiosperms, the
functional conduits of the phloem are the sieve tubes; and those of the xylem
are the vessels (4, 37). Vascular development in the plant is an open type of
differentiation, it continues as long as the plant grows from apical and lateral
meristems. The continuous development of new vascular tissues enables
regeneration of the plant and its adaptation to changes in the environment.
This differentiation of vascular tissues along the plant is induced and
controlled by longitudinal streams of inductive signals (4, 42). In spite of the
complexity of structure and development of the vascular tissues (37), there
is evidence that the differentiation of both the sieve tubes and the vessels is
induced by two hormonal signals, namely: (i) auxin, indole-3-acetic acid
(lAA), produced mainly by young leaves (4,6,26,27,42), and (ii) cytokinin
produced by root apices (8, 9, 18). This fact raises the question how these
two hormonal signals control the differentiation of complex patterns of
phloem and xylem? Nevertheless, it should be emphasized that additional
growth regulators, like gibberellin (1) and ethylene (7, 45), may also be
involved in vascular differentiation. They are beyond the scope of this article
and the reader is directed to reviews on the topic (4, 5, 6, 24, 39, 42, 46).
A major problem in studying vascular differentiation is the difficulty of

observing the phloem (4, 39). Therefore, it is not surprising that reports on
phloem differentiation are confusing and often contradictory. Some of these
contradictions have been clarified by using a clearing technique which enables
to study the three-dimensional structure of both the phloem and xylem in
thick preparations (15).
The aim of this chapter is to present a summary of current thoughts and

evidence on the role of both auxin and cytokinin in controlling phloem and
xylem differentiation. Recent evidence from transgenic plants is also
discussed.
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The induction of vascular tissues

Structure and Development of Vascular Systems

In order to discuss the role of both auxin and cytokinin in vascular
differentiation, there is need to present some of the basic features of these
tissues.
. The first organized vascular system found in lower members of the plant

kingdom consists of phloem with no xylem (22). Thus, we find the first
developed sieve tubes in members of the brown algae. Much later during the
evolution of plants, in the transition from aquatic to terrestrial habitats, the
water conducting system developed.
The vascular systemsofhigher plants are complex tissues, as they consist

of several types of cells (37). The conducting elements of the phloem, the
sieve-tube elements, lose their nucleus at maturity. Their cytoplasm is
connected through the sieve areas to build the sieve tubes. In the xylem, the
vessels function as non-living cells after autolysis of their cytoplasm. They
are easily detected by their secondary wall thickenings, which keep their
shape when they are dead, against the pressure formed by their surrounding
cells.
In the embryo, and in the young portions of the shoots and roots,

primary phloem and primary xylem are formed from the apical meristem - the
procambium. Recent studies on the genetic control of the activities of the
apical shoot meristem have uncovered genes that are expressed in the
procambium (32, 36). These genes are expressed in the pattern of the
vascular meristem and are the first molecular markers that may be used to
reveal the early stages of the developmental program controlling vascular
differentiation (7). During the development of gymnosperms and
dicotyledons, a lateral vascular meristem, the cambium, differentiates in the
older parts of the plant body and produces the secondary phloem and xylem,
which increase the width of the woody parts.
Along the plant axis the vascular tissues are organized in longitudinal

strands which are also called vascular bundles, or they are arranged in a
continuous cylindrical complex. The xylem is formed in the inner side
towards the pith and the phloem towards the outside. In some plant families
phloem can be found both in the outer and inner side of the xylem (22).
Xylem does not differentiate in the absence of phloem. On the other hand,
phloem often develops with no xylem. Thus, we find phloem anastomoses
(Fig. IA) between the longitudinal bundles in many plant species (12, 15).
The phloem anastomoses may operate as an emergency system which enables
the plant to respond to damage by providing alternative pathways for
assimilates around the stem (12). Longitudinal bundles of phloem with no
concomitant xylem are usually found in the stem of many species. For
example, in mature internodes of Coleus, on each bundle of phloem with
xylem (a collateral bundle), there is another bundle which consists of phloem
only (9, 11). In the young internodes there are more phloem- only bundles
than collateral bundles (39). In the course of vascular development, phloem
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Fig. 1. Transverse sections, taken from internodes of Luffa cylindrica, stained with 2%
lacmoid in 96% ethanol (1), both x200. A From an intact untreated plant. The photograph
shows a typical phloem anastomosis consisting of sieve elements only. B. From a decapitated
stem treated for 10 days with 1.0010 naphthaleneacetic acid (NAA) applied in a lanolin paste.
The high auxin concentration induced the differentiation of tracheary elements in the
anastomosis. S, sieve element; T, tracheary element.

differentiation precedes that of xylem. Therefore. the first elements to
differentiate from the procambium are the sieve elements (22). In tissue
culture the vascular elements differentiate from parenchyma cells· by
redifferentiation and have a similar sequential pattern in which the phloem
appears before the xylem (2).
Along the plant axis there is a general and gradual increase in the

diameter of both sieve-tube and vessel elements from leaves to roots. The
narrowest vascular elements are found in the leaves and the largest elements
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are observed in the roots. The basipetal increase in vascular element size
from leaves to roots is often associated with basipetal decrease in vascular
element density (4, 16). Thus, for example, vessel density is generally
greater in stems where vessels are smaller than in roots where vessels are
larger.

THE INDUCTION OF VASCULAR DIFFERENTIATION BY AUXIN
AND BY LEAVES

Developing buds and young growing leaves induce vascular differentiation
below them. In the spring the young leaves stimulate cambium reactivation
and formation of new phloem and xylem which extend downwards from the
developing buds toward the root tips (13, 38). The removal of young leaves
from stems reduces or prevents vascular differentiation below the excised
leaves (26, 30). The effect of the leaves on vascular differentiation is polar:
leaves promote vascular differentiation in the direction of the roots (6, 26, 42)
but have no effect, or even a slight inhibitory effect on vascular development
in the direction of the shoot tip (10). The stimulation effect of the leaves can
also be demonstrated by grafting shoot apices with a few leaf primordia onto
callus, which results in the formation of both phloem and xylem below the
graft in the callus tissue (49).
It is well known that one of the major signals produced by the young

leaves is auxin, which moves in a polar fashion towards the roots. Jacobs
(26) demonstrated that indole-3-acetic acid is the limiting and controlling
factor in xylem regeneration around a wound in Coleus. A source of auxin
replaces the effect of the young leaves in promoting vascular regeneration
(Fig. 2). Auxin alone replaces both qualitatively and quantitatively the effect
of the leaves on phloem and xylem regeneration in Coleus (30, 48).
In his elegant series of experiments done with pea seedlings, Sachs (42)

brings evidence supporting his hypothesis that canalization of auxin flux
determines the orderly pattern ofvascular differentiation from leaves to roots.
According to the 'canalization hypothesis' (42) the organization of the
vascular tissues in orderly bundles is determined by the flow ofauxin through
the cells prior to vascular differentiation. Auxin movement from an auxin
source probably occurs initially by diffusion. As the auxin diffuses through
the cells it induces the formation of the polar auxin transport system (see
Chapter G3) along a narrow file of cells through which diffusion has been
taking place. The continuous polar transport of auxin through the cells
induces a further complex series of events which finally result in the
formation of a vascular bundle. When the vascular bundle has developed it
remains the preferable pathway for auxin transport, as cells possessing the
ability to transport auxin are associated with vascular tissues (25, 35).
As the vascular strands are the fastest channels for auxin flow they

become the preferable pathways for further auxin transport. Therefore new
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Fig. 2. A longitudinal view of xylem
regeneration around awound induced by1M
in a young internode, with the leaves and
buds above it excised. The tissue was taken
from a decapitated internode of Cucumis
sativus treated for 7 days with 0.1% 1M in
lanolin, which was applied to the upper side
of the internode immediately after the
wounding. The tissue was cleared with pure
lactic acid and remained unstained, xSO. The
photograph shows a typical polar pattern of
xylem regeneration around a wound which
was induced by the basipetal polar flow of
auxin. The polar regeneration is
characterized by a dense appearance ofmany
regenerative tracheary elements (arrow)
immediately above the wound that
differentiated close to the wound surface.
Below the wound there are a few elements in
defmed files that connect to the damaged
strand at greater distances from the wound.
The polar pattern of xylem regeneration
reflects the pattern of auxin movement
around the wound. As the vascular strands
are the preferable pathways for auxin
movement, the applied 1M moved
basipetally in the damaged strand to where it
was interrupted by the wound andwas forced
to fmd a new pathway around the obstacle,
resulting in a somewhat higher auxin
concentration immediately above the wound.
This higher auxin concentration resulted in
many more regenerative tracheary elements
above and close to the wound than below it.
W, wound.

streams of auxin from young developing leaves are directed towards the
vascular bundles, thus continuing the development of a discrete vascular
network whose position is determined by the location of the leaf primordia.
For a review on the topic see Sachs (42).
Phloem is induced at low auxin levels while there is a need for higher

auxin levels for xylem differentiation in Coleus stems (48). Bruck and
Paolillo (21) reported that more phloem than xylem differentiated after leaf
excision in Coleus. They suggested that the phloem-only bundles represent
an auxin deficient stage of potentially collateral bundles (consisting of both
phloem and xylem), which depends on auxin availability to the bundle for
fulfillment. In tissue cultures, phloem differentiates with no xylem at low
auxin levels (Fig. 3), whereas both phloem and xylem are induced at higher
auxin concentrations (2). Thus, xylem differentiation only takes place at
higher auxin levels. As this also fulfills the requirement for phloem
differentiation, it explains why xylem does not differentiate in the absence of
phloem and always accompanies the pattern of phloem.
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I propose that phloem anastomoses, which consist of phloem with no
xylem (12, 15), and occur between the longitudinal bundles, are induced by
lateral streams of a low auxin level that occur between the longitudinal
bundles. It is therefore expected that high auxin levels would induce xylem
in these anastomoses. The induction of anastomosis of phloem with xylem
by the application of high auxin concentration to decapitated young stems of
Luffa (Fig. IB) supports this view.
An additional factor to be considered in the control of vascular

differentiation is the capacity of mature vascular tissues to transport auxin.
Auxin from mature leaves moves rapidly in a non-polar fashion in the phloem
(25, 35). When the phloem is damaged below mature leaves there is a
quantitative increase in vascular differentiation below these leaves (20). It is
believed that this promoting effect of the wounding is due to an additional
source of auxin in the wound region which arrives from the mature phloem.
This is an additional mechanism which enables leaves to regulate their
supportive vascular system.
The concept that low sucrose levels (1.5-2.5%) induce xylem

differentiation with little or no phloem, whereas high sucrose levels (3-4%)
favor differentiation of phloem with little or no xylem (49) has been seriously
questioned (2, 34, 51). Later studies show that sucrose is needed only as a
carbon source and it does not have a specific effect on phloem differentiation
or on the relationship between phloem and xylem (2, 34, 51). For a review
of this topic see Aloni (4).

The Role of Auxin in Controlling Cell Size in Vascular Tissues

The following 'six-point hypothesis' (16) has been proposed in order to
explain the gradual increase in vessel size and decrease in vessel density (i.e.,
number of vessels per transverse-sectional area) from leaves to roots. It is
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based upon the assumption that the stable and steady polar flow of auxin
from leaves to roots controls the polar changes in vessel size and density
along the plant axis.
(1) Basipetal polar flow of auxin from leaves to roots establishes a gradient
of decreasing auxin concentration from leaves to roots.

(2) Local structural or physiological obstruction to auxin flow results in a
local increase in auxin concentration.

(3) The distance from the source of auxin to the differentiating cells controls
the amount of auxin flowing through the differentiating cells at a given
time, thus determining the cells' position in the gradient.

(4) The rate of vessel differentiation is determined by the amount of auxin
that the differentiating cell receives; high concentrations cause fast, low
concentrations result in slow differentiation. Therefore, the duration of
the differentiation process increases from leaves to roots.

(5) The final size of a vessel is determined by the rate of cell differentiation.
Since cell expansion is stopped when the secondary wall is deposited,
rapid differentiation results in narrow vessels, while slow differentiation
permits more cell expansion before secondary wall deposition and
therefore results in wide vessels. Decreasing auxin concentration from
leaves to roots therefore results in an increase in vessel size in the same
direction.

(6) Vessel density is controlled by the auxin concentration; high
concentrations induce greater, low concentrations lower densities.
Therefore, vessel density decreases from leaves to roots (16).

Experiments with bean (16), Acer stems (17) and Pinus seedlings (43),
support the above'six-point hypothesis'. The experiments show that the rate
of vessel (16, 17) and tracheid differentiation (43) decreases with increasing
distance from the auxin source. The rate of vessel formation in bean was
found to be constant at any studied distance from the auxin source (16).
Various auxin concentrations applied to decapitated bean stems induced

substantial gradients of increasing vessel diameter (Fig. 4) and decreasing
vessel density from the auxin source towards the roots. High auxin
concentration yielded numerous vessels that remained small because of their
rapid differentiation. Low auxin concentration resulted in slow differentiation
and therefore in fewer and larger elements (16). Auxin concentration also
influenced the patterns of vessels in the secondary xylem of bean.
Immediately below an auxin source the vessels were arranged in layers.
Further down along the stem, where lower levels of auxin are expected, the
vessels were grouped in bundles (16).

Vascular Adaptation and Wood Formation in Deciduous Hardwoods

Vascular plants grow in different environments, ranging from deserts to
rain forests and from alpine regions to the tropics. Comparative anatomical
studies reveal similarities in structure of vascular system in plants grown in
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extreme habitats versus ones grown in mesomorphic environments (4).
Shrubs and dwarf trees, which occur naturally in extreme environments, show
a high density of very narrow vessels. Such vascular systems are typical to
extreme habitats and are deemed adaptive safety mechanisms against drought
and freezing. Conversely, forest trees and lianas, which are typical in the
tropics and rain forests, have vessels of very wide diameter, which affords
maximal efficiency ofwater conduction and is considered to be an adaptation
to mesic conditions. Aloni (4) suggested that the environment controls the
plant's vascular system through its control of the plant's development, height,
and shape. According to the 'vascular adaptation hypothesis' (4) a limiting
growth factor in the plant's environment limits the development and size of
the plant and results in a small suppressed shoot, whereas favorable
conditions allow the plant to attain its appropriate shape and maximal height.
The height of the plant and the degree of its branching determine gradients
of auxin along the plant's axis. An increase in the plant's length and a
diminution of its branching enhances the gradients of auxin from the young
leaves (the sources of auxin) to the lower parts of the stem. In small shrubs,
which are typical to extreme habitats, the distances from the young leaves to
the roots are very short and no substantial gradient of auxin can be formed.
Therefore, the levels of auxin along these small plants are relatively high and
result in the differentiation of numerous very small vessels in the greatest
densities [as predicted by the 'six-point hypothesis' (16)]. Conversely, in the
large trees and in the long Iianas, the very great distances from the young
leaves to the roots enable a substantial decrease in auxin levels in the lower
parts of the stem and in the roots; this leads to the differentiation of very
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wide vessels in low density. For experimental evidence supporting this
adaptation hypothesis see Aloni (4) and Roberts et 01. (39).
In temperate deciduous hardwood trees, the size differences of the

vessels, or pores, in the early- and latewoods are quite marked and two
categories ofdeciduous trees are determined: diffuse-porous species and ring­
porous species. In ring-porous wood, the vessels produced at the beginning
of a growth season are significantly wider than those produced at the end of
the season, while in diffuse-porous wood, the vessels are more or less
uniform (37). Ring-porous trees have originated from diffuse-porous plants
(6, 50). Aloni (6) suggested that continuous selective pressures in limiting
environments finally resulted in the development of the specialized ring­
porous wood that maximized the efficiency of water conduction. Evidence
which support the' limiting-growth hypothesiS' (6) shows that the selection
for ring-porous wood has led to a decrease in the intensity of vegetative
growth, accompanied by reduced levels of growth regulators. The later was
followed by an increase in the sensitivity of the cambium to a relatively low
levels of auxin stimulation. These physiological changes created the special
internal conditions that enable the differentiation of very wide and long
earlywood vessels during spring in the ring-porous trees. It has been recently
shown that low-level streams of auxin control the differentiation of wide
earlywood vessels in ring-porous trees. While moderate or high auxin levels
applied to ring-porous trees at the time of bud break limit the size of the
earlywood vessels and result in a diffuse-porous type of wood (6).
Studies on transgenic plants with altered levels of IAA confirm these

general relations between auxin level and xylogenesis (28). Auxin­
overproducing plants (i.e., overexpressing the iaaMgene) contain many more
xylem elements than do control plants, and their xylem cells are smaller (29).
Conversely, plants with lowered IAA levels (i.e., expressing the iaaL gene as
an anti-auxin gene) contain fewer xylem elements of generally larger size
(40). For additional information on this topic see Chapter E2.

THE INDUCTION OF VASCULAR TISSUES BY CYTOKININ AND
BY ROOTS

Roots do not induce vascular differentiation nor must they be present in
order to obtain vascular tissues in stems. The roots, however, have two major
functions in vascular differentiation, namely: (i) the root orients the pattern
of vascular differentiation towards the root tip by acting as a sink for the
continuous flow of auxin deriving from young leaves (41), and (ii) the root
apices are sources of inductive stimuli that promote vascular development (8).
The major developmental signal of the root is cytokinin. Cytokinin, in the
presence of an auxin source, controls the early stages of fiber differentiation
in stem tissue of Helianthus (3, 44) at the stage when many cell divisions
occur in the differentiating tissue. Cytokinin also controls the regeneration
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of vessels and sieve tubes around a wound in Coleus internodes (9, 18). It
should be emphasized that cytokinin alone, or root apices in the absence of
an auxin source, do not induce vascular differentiation in stem tissues.
In spite of the fact that cytokinin is known to influence vascular

differentiation in tissue cultures (23, 24, 39), relatively little information has
been gained about the role of cytokinin from studies done with intact plants
(44). This chapter provides the recent evidence on the role of cytokinin in
controlling vascular differentiation in plants.

Vessel differentiation

The role of cytokinin in regenerative differentiation of vessels around a
wound was studied in excised internodes ofColeus receiving IAA in lanolin
at their apical ends and cytokinin in aqueous solution at their base (18). This
in vivo system enables an experimental study of the role of growth regulators
in organized tissues which maintain the natural gradients and polarities
inherent in the intact plant. In order to minimize endogenous cytokinin
production due to adventitious root formation, I-mm slices have been
removed daily from the basal end of the excised internodes (18).
Nevertheless, the control internodes with no cytokinin exhibited a low amount
of vessel regeneration (Fig. 5). This low regeneration may have been due to
residual amounts of cytokinin in the internodes, or to low cytokinin
production by unemerged adventitious root primordia. Experiments with
kinetin (Fig. 5), zeatin and 6-benzylaminopurine (BAP) revealed that
cytokinin is a controlling factor in the regeneration of vessels around a wound
(18). The three cytokinins studied had different effects on vessel regeneration
in the Coleus internodes. Zeatin displayed its maximum promoting effect
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Fig. 5. Effect ofcytokinin on the relationship between the regeneration of sieve tubes (0) and
vessels (.) in mature internodes ofColeus blumeiBenth, counted 7 days after wounding. The
kinetin was applied in aqueous solution to the bases of the excised internodes treated with low
concentration ofauxin (0.1% IAAw/w in lanolin) at their apical end. Values are means: SE
(n=10) (9).
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under low (0.1% IAA in lanolin) auxin level, kinetin showed its maximum
effect under high (1.0%) IAA level, while BAP was the least effective
cytokinin at any auxin level tested. Furthermore, kinetin displayed its
maximum effects on vessel regeneration in the Coleus internodes at 5 and 10
""g mr· (Fig. 5), while zeatin produced its strongest promoting effect at 20 ""g
ml-· (18).

There is evidence that along the stem axis ofColeus the internodes may
show different responses to cytokinin (18). This probably indicates that
different sites in the plant body may operate at different levels of cytokinin.
In addition, cytokinin may have diverse metabolism in different plant organs
(19).

Studies of transgenic plants with altered levels of cytokinin confirm the
involvement of cytokinin as a controlling factor in the differentiation of
vessels (31, 33). The first study of cytokinin-overproducing plants, Le.,
overexpressing the ipt gene, shows reduced xylem formation in transgenic
plants in comparison with the control (33), while in the second study the
vascular tissues are more centralized in the transgenic plants, giving the
appearance of a thicker vascular cylinder with more xylem elements than in
the control plants (31).

The regeneration of vessels induced by cytokinin in the Coleus
internodes is polar (Fig. 6). The maturation of regenerated vessels occurred
in the acropetal direction (18). In the internodes treated with cytokinin, the
regenerated vessel members below the wound were fully differentiated while
secondary wall formation on the members at the upper end above the wound
was incomplete (Fig. 6). In addition, more regenerated vessel members
differentiated below the wound than above it. In extreme cases the
regenerated vessel members above the wound were absent, while below the
wound there was usually complete regeneration (18).

A major question concerning the role of cytokinin in inducing the
acropetal polar pattern of vascular differentiation is the question if root apices
can stimulate the development of polar patterns of vessel differentiation
similar to those induced by cytokinin. The following evidence (Fig. 7) shows
that adventitious roots of Cucurbita stimulate differentiation of regenerated
vessels in the acropetal direction (8), similar to the pattern induced by
cytokinin in the Coleus internodes (Fig. 6) (18). The regenerated vessels of
the adventitious root develop from the root toward the neighboring strands,
usually with an upward tendency towards the leaves (Fig. 7B). In a later
developmental stages these regenerated vessels connect the vessel system of
the adventitious root with the neighboring vascular strands.

The adventitious roots of Cucurbita promote the maturation of
regenerated vessels near them (8), similar to the acropetal polar pattern of
vessel regeneration induced in the Coleus internodes by cytokinin (18). It is
therefore suggested that the acropetal polar pattern of regenerated vessel
differentiation in Cucurbita (Fig. 7) is induced by cytokinin originating in the
adventitious roots.
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Fig. 6. A longitudinal view of the
xylem in a mature internode of
Coleus blumei Benth, showing a
typical polar pattern of xylem
regeneration induced by cytokinin
around a wound (W), 7 days after
wounding, x 32. The internode was
treated with 20 p.g mI-· zeatin in
aqueous solution at its base and with
1.0"10 IAA (w/w) in lanolin at its
apical end. Generally, the cytokinin
induced more regenerated vessel
members below the wound than
above it. There is an absence of
regeneration of vessel members
immediately above the left side of
the wound (arrowhead), demonstra­
ting an interruption to the acropetal
movement of zeatin by the wound.
The cytokinin induced a novel
pattern of xylem regeneration in
addition to the familiar one immed­
iately around the wound. The novel
pattern of regenerated longitudinal
vessels which differentiated away
from the wound, wasdefmed as
supplementary regeneration (8). The
maturation of longitudinal supple­
mentary regeneratedvesselsoccurred
in the acropetal direction. It is
proposed that· the wound interrupts
the acropetal movement of zeatin
resulting in a local increase of

cytokinin concentration immediately below the wound. The high cytokinin concentration increases
the responsiveness of the cambium initials located below the wound to the auxin stimulation. The
increased sensitivity ofthe cytokinin-affected cambial initials enables a fast and strong response of
these cells to the basipetal polar flow oflAA coming from above the wound (18).

Sieve-tube differentiation

Cytokinin proved to be a controlling factor in sieve-tube regeneration around
wounded collateral bundles .in excised Coleus internodes in which the
endogenous cytokinin level had been minimized (9). At appropriate
concentrations, both kinetin and zeatin induced a significant increase in sieve­
tube regeneration around the wound. Zeatin was mosteffective with low
auxin levels (0.1% IAA in lanolin), while kinetin was most effective with
high auxin (1.0% IAA)(9).
There are contradictory results concerning the quantitative relationship

between phloem and xylem regeneration in Coleus plants. High ratio of
phloem/xylem strands (an average of 2.24) was found in regeneration around
a wound (11), while low ratios (ranging from 0.07 to 0.37) were reported in
grafts (47). At optimal cytokinin levels the ratio of phloem/xylem was the
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Fig. 7. Longitudinal views of regenerated vessels (arrowheads) originating at the base of
adventitious roots (R) in the hypocotyl ofCucurbita pepo L, observed 2 days after main root
removal. The hypocotyls were cleared in lactic acid and remained unstained, both photographs
x 400. The dark longitudinal strand in each photograph is a vascular bundle. A shows a side
view ofan adventitious root, with the first regenerated vessel elements at its base (arrowhead).
Bshowsthe view from the inside of the hypocotyl and therefore the adventitious root develops
away from the eyes of the observer. The photograph shows the maturation pattern of three
regenerated vessels (arrowheads) originating from one adventitious root (8).

highest and reached an average of 3.09 (Fig. 5) (9). It seems that the
cytokinin-affected cambial initials inColeus internodes becomemore sensitive
to very low levels of auxin, which are known to induce phloem with no
xylem (2, 4) and therefore result in high ratios of phloem/xylem.
Recently, we have found that cytokinin and auxin are also involved in

controlling callose levels in the sieve tubes. High levels of cytokinin promote
callose production on the sieve plates in excised internodes ofColeus (9). On
the other hand, the first maturing leaves of Vitis show the opposite effect,
namely that they stimulate the removal of dormancy callose and that this
effect can be mimicked by a source of auxin (14). Therefore, it is proposed
that production and dissolution of callose in the sieve tubes is controlled by
the relative cytokinin/auxin levels. Cytokinin stimulates callose production
toward the end of the growing season when the levels of auxin decline.
Immediately after the leaves abscise, the effect of cytokinin produced by the
roots would predominate, leading to heavy callose production which plugs the
sieve tubes for the winter (9).

SUMMARY AND CONCLUSIONS

The polar movement of auxin from leaves to roots induces continuous
vascular tissues along the flow of auxin. Auxin, which is the limiting and
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controlling factor for both phloem and xylem differentiation, induces phloem
with no xylem at low auxin levels. Xylem differentiation takes place at
higher auxin levels. As this also meets the requirements for phloem
differentiation, it explains why xylem does not differentiate in the absence of
phloem and always accompanies the pattern of the phloem.
The non-polar transport of auxin in the phloem promotes vascular

differentiation in instances of wounding below mature leaves, and serves as
an additional mechanism which regulates vascularization in wound regions.
The polar flow of auxin controls the size and density of vascular

elements along the plant axis. The general increase in the diameter of
vascular elements and decrease in their density from leaves to roots is
suggested to be due to a gradient of decreasing auxin concentration from
leaves to roots. High auxin levels near the young leaves induce numerous
vessels that remain small because of their rapid differentiation, while low
auxin concentrations further down result in slow differentiation and therefore
in fewer and larger vessels. Vascular adaptation, as well as size and patterns
of vessels in hardwood trees are also controlled by auxin.
Cytokinin, which is the major developmental signal of the root, is

involved in the differentiation of fibers, vessels and sieve tubes as a limiting
and controlling factor. Cytokinin, in the presence of auxin, stimulates early
stages of vascular differentiation, at the time when many cell divisions occur
in the differentiating tissue. However, late stages of vascular differentiation
may occur even in the absence of cytokinin. Cytokinin increases the
sensitivity of tissues to auxin stimulation. This increased sensitivity favors
sieve-tube differentiation resulting in the highest ratio ofphloem/xylem under
the optimal level of cytokinin. It is therefore suggested that the
differentiation of phloem strands with no xylem in young internodes results
from optimal cytokinin levels in the young parts of the shoot.
Cytokinin and auxin influence callose levels in the sieve tubes and are

probably involved in controlling dormancy and activity of these phloem
conduits.
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INTRODUCTION

Honnones are chemical messengers which act at target sites to regulate rates
and amounts of growth of cells in tissues of roots, stems, leaves, buds,
flowers, and fruits. In this chapter, we shall focus on the roles that honnones
play in the orientation of growth of plant organs, particularly of roots and
shoots. The basic growth-orienting processes that we shall discuss include
phototropism-the orientation of shoots toward unilateral light sources;
gravitropism-the orientation of roots downwards and of shoots upwards in
response to gravistimulation (placement of plants horizontally); and
thigmotropism-the change in orientation of growth in stems from one of
rapid elongation to one of repressed elongation and promoted lateral
expansion as a result of mechanical perturbation.

PHOTOTROPISM

Nature of the Response and Its Adaptive Significance.

It is well-known that unilateral light plays a central role in orienting shoots
of plants; that is, it causes them to grow asymmetrically so that shoots
become oriented toward sources of higher light intensity, as we have all
observed with plants growing in a window. The adaptive significance of this
response is quite obvious: it allows the leaves and stems of shoots to capture
more radiant energy in the process of photosynthesis.
When shoots grow toward unilateral light sources, we call this a positive

phototropic response. Roots are generally negatively phototropic and thus
bend away from unilateral light sources. Some vines in the tropics, such as
Monstera deliciosa and Philodendron spp., also exhibit negative phototropic
responses in their shoots during seedling and early vegetative stages of
development (53). Because of this, their shoots, at these stages, tend to grow
toward objects such as tree trunks that cast shadows and are loci where light
intensities are lower than in surrounding areas where trees are not growing.
The shoots of these lianas (vines) attach themselves by means of aerial roots
as they grow up the tree trunk. Later, when the shoots of these plants are
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older and have reached the canopy of the trees upon which they grow, they
exhibit a positive phototropic response. The adaptive significance of both
phototropic responses is easily seen.

TheThree Primary Components ofthe Phototropic ResponseMechanism
in Higher Plants.

The overall mechanism of positive phototropic curvature can be divided into
three phases: (a) the light perception phase, (b) the transduction phase, and
(c) the asymmetric growth response phase. In light reactions such as
phototropism, it is inherently assumed that the perception phase involves
absorption of particular wavelengths of light by a particular phototropically
active pigment. The action spectrum for phototropism in grass seedlings
indicates that greatest positive phototropic curvatures occur in blue light
(peaks occur at 420, 436, and 475 nanometers) with a second, but lower, peak
occurring in the ultraviolet region (peak occurs at 370 nanometers). The
nature of the phototropically active pigment has been a matter of controversy,
some saying that it is a carotenoid pigment, and others saying that it is a
flavin pigment (5, 9,45, 60); most current evidence supports the idea that a
flavin pigment is the primary photoreceptor pigment for the process (11, 12,
45). During the transduction phase, the auxin, indole-3-acetic acid, becomes
asymmetrically distributed in most plants-with more accumulating on the
shaded side than on the illuminated side. We shall have more to say about
the experimental evidence for how this IAA asymmetry may arise in the next
section. During the asymmetric growth response phase, cell elongation is
inhibited on the illuminated side. As a consequence, the shoot curves toward
the light.

How Is Auxin Asymmetry Established in Phototropically Stimulated
Shoots?

To answer this question, one can postulate several possible ways by which
IAA becomes asymmetrically distributed in shoots of seedlings which are
illuminated unilaterally: (a) light causes a net transport of IAA to the shaded
side; (b) light causes destruction ofIAA on the illuminated side; (c) less IAA
is synthesized on the lighted side; and (d) light causes a decrease in rate of
IAA transport on the lighted side.
Two experimental approaches have been used to examine these

possibilities (60). One involves the use of diffusates collected in agar blocks
which are then assayed by the IAA-specific and sensitive Avena coleoptile
curvature test. The other involves the use of 14C_IAA applied in donor agar
blocks placed on grass coleoptile or dicot seedling shoot tips, and the
measurement of radioactivity in both tissue samples and in receiver agar
blocks following phototropic stimulation of the seedlings. We shall next
examine the results of experiments that have employed each of these
protocols.
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The auxin diffusate--bioassay experiments basically involve excision of
Avena coleoptile tips, placing them on agar receiver blocks to collect
diffusible auxin following various types of light or mechanical treatments, and
testing the auxin activity in the diffusates by means of the Avena coleoptile
curvature bioassay. These experiments were done over the course of several
decades, starting in the early 1900s. They showed several important results:
(a) the coleoptile tip is necessary for phototropic curvature to occur, for if it
is absent, no curvature occurs in unilaterally illuminated seedlings; and if the
tip is replaced on the cut seedling stump, curvature does occur. Thus, the tip
of the grass seedling coleoptile is the primary source of diffusible auxin that
mediates the phototropic curvature response. (b) The auxin moves basipetally
from the tip region, and when collected from the basal ends of coleoptile tips
that have been unilaterally illuminated, one finds about 60% of the diffusible
auxin in receptor blocks placed below the shaded side and 40% in blocks
placed below the illuminated side. (c) If a mica or glass barrier is placed
vertically through coleoptile tips of unilaterally illuminated Avena seedlings,
no such asymmetry in diffusible auxin in the receptor blocks is seen; the
amount of diffusible auxin in essentially the same in receiver blocks placed
below shaded and illuminated sides of the coleoptiles. From this series of
experiments, it was concluded that light causes a lateral migration of auxin
across the coleoptile tip, and because more auxin accumulates on the shaded
side, greater cell elongation occurs here, causing the seedling shoot to display
a positive phototropic response. This conclusion is the basis for the famous
Cholodny-Went hypothesis, first proposed in 1928 (60). It has been invoked
to explain both phototropic curvature responses in shoots and gravitropic
curvature responses in roots and shoots (see next section), and until recently,
has largely been unchallenged.
Studies (5, 11, 12, 56, 60, 62) based on the use of 14C_IAA to follow

IAA distribution and rate of movement in tissue to which it is applied in
unilaterally illuminated seedlings of both cereal grasses and the dicot,
sunflower, are summarized below as follows: When 14C_1AA is applied to the
apical portions of excised Avena coleoptiles whose tips have been removed
(to remove the primary endogenous IAA source), the ratio of radioactivity
obtained in basally applied receiver agar blocks is 25:75 for the illuminated
and shaded sides, respectively. The ratio of radioactivity in the tissue halves
is 35:65 for the illuminated and shaded portions, respectively. These results
indicate that for Avena seedlings, under these conditions, the IAA that is
applied to the coleoptile apex moves in a basipetal direction, and in doing so,
becomes asymmetrically distributed in the tissue itself and this leads to a
difference in the amounts of IAA that arrive at the receiver agar blocks.
Further, under these conditions, the unilateral light treatment, in comparison
with dark controls, has no effect on the total amount of radioactivity obtained
in the receiver blocks. Thus, one must rule out the possibility that asymmetry
in IAA in the tissue comes about by light causing an inactivation of IAA on
the illuminated side.
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The above results are not always obtained with other plants. A similar
experiment with 14C_IAA was performed on sunflower seedlings, and in this
case, no asymmetric distribution of radioactive IAA occurs in the stem tissue
ofunilaterally illuminated seedlings (62). IfIAA does not get asymmetrically
distributed in such seedlings, it is possible that other hormones, such as native
gibberellins, do so, and these could be the effector hormones. It is also
possible, that in such seedlings, light has a more direct effect-that of
decreasing the rate of cell elongation on the illuminated side.
In studies on the influence of light on the rate of longitudinal transport

of 14C_IAA inAvena coleoptiles, it was found that light significantly represses
the rate of basipetal IAA transport in uniformly illuminated coleoptiles,
relative to dark controls (56). The amount of decrease in IAA transport rate
is 12 to 17% over a short period following exposure of the coleoptiles to blue
light for 15 minutes. Similar results were also obtained for transport of 14C_
IAA in maize coleoptiles. It therefore appears that the asymmetry in IAA
that develops in tissue ofunilaterally illuminated seedlings could be explained
by light causing a diminution in the rate of basipetal transport of IAA on the
lighted side. How light brings about a decrease in IAA transport rate is
unknown and should be explored.
From the above, it is clear that the role of IAA, or of other hormones,

in regulating the positive phototropic curvature response needs to be
reinvestigated. The Cholodny-Went hypothesis of light inducing IAA
transport to the shaded sides of unilaterally illuminated seedlings is open to
question, particularly in view of the fact that (a) the rate ofIAA transport to
the shaded side may be too slow in relation to the kinetics for the bending
response, and (b) one could also explain the asymmetry on the basis of light
causing a decrease in rate of IAA transport downwards on the illuminated
sides of the seedlings. We are further confounded by the fact that no IAA
asymmetry has been shown experimentally to occur in some plants, such as
the unilaterally illuminated sunflower seedlings. Moreover, all the above
plants were first grown in the dark (etiolated), then given unilateral light
treatments. In de-etiolated, green seedlings, there is no convincing
experimental evidence that such IAA asymmetry does, in fact, occur when the
seedling are illuminated unilaterally (62). Here, the positive phototropic
curvature response could be explained by light directly causing a diminution
in rate of cell elongation on the illuminated sides, as compared with that on
the shaded sides of such green seedlings.
A reinvestigation of the role of auxin in the phototropic response of

maize coleoptiles has, in fact, been carried out by Briggs and co-workers (3),
with the seeming vindication ofthe Cholodny-Went hypothesis in that system.
They have shown that there is a growth rate depression on the irradiated side.
There is also a basipetal migration of the growth responses which occurs at
the same rate as the growth stimulation caused by exogenous applications of
lAA. By applying different concentrations of lAA in lanolin unilaterally or
symmetrically to intact coleoptile tips, they demonstrated that the endogenous
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auxin content was limiting, because applied auxin enhanced growth. The
concentration of asymmetrically applied IAA needed to counteract unilateral
light was only about twice that which, when applied symmetrically, induced
an overall growth rate equivalent to that on the shaded side of a non-auxin­
treated, unilaterally illuminated coleoptile. Thus, a two-fold concentration
difference between shaded and illuminated sides could explain phototropic
curvature of maize coleoptiles. This is within the range of auxin asymmetry
commonly found.

GRAVITROPISM

Nature of the Gravitropic Response in Higher Plants and Its Adaptive
Significance.

One ofthe best, and agriculturally important, manifestations ofthe gravitropic
curvature response is seen in shoots of cereal grasses which have become
prostrated by the action ofwind or rain. This phenomenon is called lodging.
Once lodged, and provided that the shoots are not too heavy with grain, they
begin to manifest an upward bending response. In cereal grasses, this
curvature response takes place at swollen localized regions of the leaf sheath
bases and, in some grasses (mainly C-4 grasses), also at the bases of the
internodes. Such regions are referred to, respectively, as leaf sheath and
internodalpulvini. It requires almost 60 hours for the shoots of lodged cereal
grasses to attain an upright position (90°curvature response) (Fig. 1). At
30°C, they bend upward at the rate of about 1.5°. hour"l [in oat (Avena)
shoots]. This response is clearly temperature-dependent, asAvena shoots, for
example, show no such upward bending at 40°C or at 4°C. Those held at the
latter temperature "store" growth potential, for if these shoots are now placed

Fig. 1. Gravitropic response in two oat (Avena) shoot segments photographed every three
hours over a 48-hour period. The segment on the right was held in a nonnal position with the
basal stem portion held finnly to pennit the apical portion to bend upwards. The segment on
the left has the apical sheath portion held finnly in place, pennitting the stem portion to bend
upwards. This upward bending response in gravistimulated grass shoots, such as oat(Avena),
occurs at the swollen leaf-sheath pulvinus. From (28).
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at 30°C, rapid upward bending ensues. On the other hand, the response is
very sluggish or nil for shoots held at 40°C for two days, then placed at
30°C.
The upward bending response is even more rapid in prostrated

(gravistimulated), dark-grown maize seedlings (2). Upward bending is
initiated in the coleoptile within one to three minutes and progresses
basipetally to the mesocotyl (first internode) where bending is first seen
within five minutes after shoots are placed horizontally. By 60 minutes, the
shoots have attained an upright position after a couple of overshoots to the
right and left of vertical. Thus, the rate of upward bending is of the order of
1.5 to 2 degrees. minute-I. Time-lapse photographs of this upward bending
response in maize seedlings are shown in Figure 2.
What we have just described in older cereal grass shoots and in maize

seedlings is termed a negative gravitropic curvature response. It is also
manifest in setae of mosses and liverworts, shoots of lower vascular plants
and ferns, newly developing shoots of conifers (Fig. 3), and shoots of both
monocots and dicots at all stages of shoot development. With the exception
of grasses, sedges, Ephedra, and scouring rushes (Equisetum spp.), which
have active intercalary growth systems and show the negative gravitropic
response at localized sites associated with their nodal regions, most shoots
manifest the response over extensive, elongating portions of their internodes.
This can be seen in elongating conifer shoots (Fig. 3) and in dicots such as
mung bean and sunflower seedlings. The adaptive significance of this
negative gravitropic curvature response is that it orients the photosynthetically
active shoots toward the sun so that more incident solar radiation is captured
in photosynthesis. The upright orientation of shoots involved in sexual
reproduction may also be important for pollen dispersal by wind, attracting
pollinators (e.g., insects, birds, bats), and in seed dispersal. For humans,

Fig. 2. Time-lapse photograph of a seedling of maize or com (Zea mays) during gravitropic
curvature. The initial photograph was taken just as the seedling was placed horizontally
(gravistimulated). Successive photographs were taken at IS-minute intervals. The India ink
mark at "N" denotes the node between the coleoptile (at left) and the mesocotyl or first
internode (at right). From (2)
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Fig.3. Illustration ofupward
bending, negative gravitropic
curvature response inNorway
spruce (Picea abies) shoots.

upright growth of shoots is essential for proper harvesting of crops such as
grains. Plant breeders have developed semi-dwarf cultivars of cereals, such
as wheat and rice, which are resistant to lodging during heading (flowering
and grain-filling) stages ofdevelopment. More traditional, taller cultivars are
very prone to lodging, and when their shoots do not show upward bending
(recovery), yield losses can be very severe.
A positive gravitropic curvature response is displayed by primary roots

and most adventitious roots. In prostrated seedlings, it requires about one to
two hours for the roots to attain a vertical orientation toward the center of
gravity. Lateral roots do not always show such a pronounced curvature
response. Some grow outwards at ca. 45°, and others show no downward
bending in the nonnal course of their development. Those roots which show
no positive gravitropic response are tenned ageotropic. Ageotropic growth
is also displayed by shoots of 'lazy' mutants (e.g., ageotropica mutant of
tomato and lazy mutants of rice, wheat, and maize), stolons or runners (e.g.,
strawberries), and underground stems or rhizomes (e.g., bamboos, quackgrass,
and potato). The adaptive significance of the ageotropic response in stolons
and rhizomes is one of facilitating vegetative propagation. The 'lazy' mutants
of maize and tomato, of course, have no agricultural value because of their
pennanently "lodged" growth habit. The positive gravitropic curvature
response in primary and adventitious roots facilitates the growth of these roots
into the soil and thus provides anchorage for the plant and facilitates the
acquisition of water and mineral nutrients.

The Primary Components of the Gravitropic Response Mechanism in
Higher Plants.

As with phototropism, we can conveniently subdivide the gravitropic response
mechanism into three sequential components: gravity perception, gravity
transduction, and asymmetric growth response. For convenience, we shall
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discuss the gravitropic responses in roots and shoots of higher plants in tenns
of these three components.

Gravity Perception in Roots and Shoots.

In both roots and shoots, gravity is considered to be perceived by starch­
containing plastids (amyloplasts or chloroplasts), which we call statoliths (1,
18, 21, 23, 41, 60, 62). The cells which contain statoliths are tenned
statocytes. In dicot and monocot roots, the starch statoliths occur in the root­
caps, whereas in primary shoots of these plants, they occur in parenchyma
cells of cortex, usually in close proximity to vascular bundles of the primary
vascular system. When shoots or roots are gravistimulated, the starch
statoliths fall to the bottoms of the statocyte cells within less than one minute,
usually impinging on the rough endoplasmic reticulum and the plasma
membrane. That the starch grains are essential for the gravitropic response
to occur in roots is witnessed by the fact that when root-caps are carefully
excised (as is easily demonstrated with maize seedlings, which have a
meristematic calyptrogen between the root-cap and the root apex, making it
easy to separate the cap from the apex), the roots do not show a positive
gravitropic response; however, when the root-caps are replaced on the root
apices, the gravitropic curvature response is restored (60, 62).
Kiss et af. (1989) and Caspar and Pickard (1989) have observed that a

starchless mutant (IC?) ofArabidopsis thaliana is gravitropic (8, 32). The
latter investigators raised the question as to whether or not starch and
amyloplasts playa role in gravity perception. The fonner researchers, based
on their studies ofwild type (WT) and Ie? starchless mutant ofArabidopsis,
concluded that WT roots are more sensitive to gravity than IC? roots; that
is, in the time-course of curvature after gravistimulation, curvatures in IC?
roots is both delayed and reduced in amount compared to WT roots. Further,
they indicate that starch is not required for gravity perception in IC? roots,
but it is necessary for full sensitivity. In sum, then, it is likely that starch­
filled amyloplasts function as the statoliths in WT Arabidopsis root caps,
while the starchless plastids, which are relatively dense and the most movable
component in IC? mutant Arabidopsis-root cap columella cells, may also
function as statoliths.

In the leaf-sheath pulvini of cereal grass shoots, the starch statoliths are
actually chloroplasts which contain large starch grains. They occur in
statocytes located in V-shaped cell clusters on the inner sides ofeach vascular
bundle in the ground parenchyma (30). In Avena fatua the acquisition of
gravisensitivity correlates with the development of 14 to 16 statocytes in
association with each vascular bundle (67). When the shoots are
gravistimulated, the starch statoliths in the pulvini cascade to the bottoms of
the statocytes within two minutes, and most complete their descent within 15
to 30 seconds. Proof of their essentiality for a negative gravitropic curvature
response to occur in these shoots has now been unequivocally established
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(58). To determine if starch statoliths do, in fact, act as gravisensors in cereal
grass shoots, starch was removed from the starch statoliths by placing 45­
days-old intact barley plants (Hordeum vulgare cv 'Larker') in the dark at
25°C for 5 days. Evidence from staining with 12-KI, scanning electron
microscopy, and transmission electron microscopy indicated that starch grains
were no longer present in plastids in the pulvini of plants placed in the dark
for 5 days. Furthermore, gravitropic curvature response in these pulvini was
reduced to zero, even though pulvini from vertically oriented plants were still
capable of elongating in response to applied auxin plus gibberellic acid.
However, when 0.1 M sucrose was fed to dark pretreated, starch statolith-free
pulvini during gravistimulation in the dark, they not only reformed starch
grains in the starch-depleted plastids in the pulvini, but they also showed an
upward bending response. Starch grain reformation appeared to precede
reappearance of the graviresponse in these sucrose-fed pulvini. These results
strongly support the view that starch statoliths do indeed serve as the
gravisensors in cereal grass shoots.
One of the big mysteries in the gravitropic response mechanism is how

perception of the gravitropic signal by organelles such as starch statoliths
leads to the next phase of the response, namely, transduction. One idea that
is extant is that the starch statoliths serve as information carriers (e.g., of
enzymes or of Ca2+) (28, 35, 41). As the starch statoliths cascade to the
bottoms of the statocyte cells in gravistimulated cereal grass pulvini, they
drag down with them tonoplast membranes. These unit tonoplastmembranes,
as well as the double plastid membranes, could be sites where hormone­
synthesizing or hormone-deconjugating enzymes are located. Otherwise, the
starch statoliths may stimulate the plasma membranes of the statocyte cells
to open ion channels. The existence of mechanotransductive ion channels
(MCs) has been demonstrated from the measurement of changes in
conductivity across the protoplast membrane of tobacco and onion by using
the patch clamp technique (15, 50). Opening of these plasma membrane­
localized MCs by fallen statoliths may result in the massive ion transport
(e.g., Ca2+) across the plasma membrane which, in tum, initiates the cascade
of events that occur in the signal transduction pathway. However, the
presence of such ion channels in statocyte cells of cereal grass shoot pulvini
should be carefully examined.
One novel idea recently put forth by Randy Wayne and colleagues (63)

is that gravity perception is not via statoliths, but rather via differential
pressure perception at opposite ends of the cell. This is based on studies with
giant algal cells of characean algae (e.g., Chara), which lack starch. He
proposes that (l) proteins in the cell-extracellular matrix (the cell wall)
junction may be required for gravisensing, (2) the cell-extracellular matrix
junction is, without exception, required for graviperception in statolith-free
Chara internodal cells, and (3) the function of statoliths is to enhance the
overall density of the cytoplasm so that the pressure receptors can function.
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Gravity Transduction in Roots and Shoots.

The second component ofthe gravitropic response mechanism is transduction.
The essential component of this process is the development of hormone
asymmetry (22, 24, 25, 47, 48, 58, 60, 61, 62). Basic dogma from the
Cholodny-Went hypothesis says that the asymmetry comes about as a result
of basipetal transport of IAA from the upper to the lower sides of
gravistimulated roots and shoots. Cell elongation is then inhibited in the
former and stimulated in the latter (where up to a 10,000-fold difference in
sensitivity of root cells, as compared to shoot cells, to IAA is the basis for the
difference in the cell elongation response) (60). It will become apparent after
reading the material which follows (a) that IAA is not the only hormone
involved in regulating the upward bending response in gravistimulated shoots;
and (b) that non-hormonal messengers, such as Ca2+, may be involved in
regulating gravitropic curvature (52, 57). Thus, as with phototropism, the
Cholodny-Went hypothesis has been challenged as the sole mechanism for
explaining how upward bending occurs in shoots and downward bending
occurs in roots. Some investigators (16) have gone so far as to say that
hormones may not even be involved in mediating the response. This is
highly unlikely in view of what we know about the regulation of gravitropic
curvature with exogenously applied hormones such as lAA, GAs, ABA, and
ethylene, and endogenous changes which occur in the distribution of one or
more of these same hormones in graviresponding organs.

Root Gravitropism
The role of hormones in regulating root gravitropism has been

controversial for the past decade (60,62,64,65). IAA has been the primary
hormone cited as regulating the process. Many experiments have shown that
the root cap produces a growth inhibitor and that this inhibitor causes a
reduction of growth on the lower side of the root. The Cholodny-Went
hypothesis proposes that this inhibitor is auxin, which moves from the root
cap to the lower side of the growing zone of a horizontal root. A primary
source of auxin for the root is the shoot, but apparently auxin synthesis can
also take place in the root tip itself (55). In addition, IAA applied to the root
tip can migrate back to the growing zone (10), and, if placed laterally on the
tip, it can induce a bending toward that side. When IAA is applied laterally
to the growing zone of a horizontal root, three times more IAA moves
downward to the lower side of the root than in the reverse direction (34).
This polarity of lateral auxin movement is abolished by the removal of the
root cap. If there is a higher level of endogenous IAA in the lower side of
a horizontal root (a point not yet conclusively settled), then it would probably
inhibit growth via the synthesis of ethylene, because if ethylene synthesis is
blocked, then IAA no longer inhibits root growth, but only causes a
stimulation (42). According to a model proposed by Hasenstein and Evans
(20), lAA synthesized in the shoot is transported to the root cap through the
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vascular system. In vertically held roots, the statoliths (starch-filled
amyloplasts) in root cap cells are at the basal ends of the cells. Under this
situation, IAA and calcium ions are symmetrically distributed in the root cap
tissue. Then, IAA and Ca2+ are transported acropetally to the elongating zone
of the root cortex. When roots are placed horizontally, the statoliths settle
down to the lateral side of the plasma membranes which face the source of
gravity. Somehow, this event initiates the polar transport of Ca2+ and IAA
to the lower half of the cap. Acropetal transport of asymmetrically
redistributed Ca2+ and IAA in the root cap results in the accumulation of IAA
in the lower side of the root elongation zone. Such a supraoptimal
concentration of IAA in the lower side of the elongation zone inhibits cell
elongation in this region either by enhanced synthesis of ethylene or by other
unknown mechanisms. The lAA role is thus still a viable one. In fact,
today, IAA receives most support as being the primary effector honnone that
regulates the root gravitropic curvature response. ABA, once thought to be
also involved in root gravitropism regulation, has clearly been shown not to
be involved because ABA-free mutants still respond to gravity.
When roots are gravistimulated, one of the initial events which takes

place is a rapid proton efflux on the upper side of the elongation zone of the
root (41, 43). This is easily seen with the proton efflux indicator dye,
bromcresol purple, which changes from red at pH 6.5 to yellow at more acid
pH's; the shift from red to yellow indicates proton efflux. No such color
change occurs on the lower side of the downward bending root. Such a
change on the upper side of the root would make the pH in the vicinity of the
cell walls lower, and this would favor the enhancement in the activities ofone
or more cell wall-loosening enzymes. This has not yet been demonstrated
experimentally, but it is a likely event. It could explain the rapid increase in
cell elongation that occurs on the upper side, in the growing zone, of a
gravistimulated root.
We cannot leave the subject of root gravitropism without mentioning an

important non-honnonal regulator of the process, namely calcium (35, 36,
41). Exogenously applied 4SCa typically moves to the lower side of tips of
gravistimulated roots. When Ca2+ is placed on the lower side of the tip, the
root will curve downward. EDTA or EGTA, calcium chelators, will block
the effect of Ca2+ in inhibiting root curvature. Thus, its role in regulating the
curvature response is undisputed. One of its primary physiological roles is
to activate the enzyme modulator, calmodulin; the calmodulin activates
plasma membrane bound Ca-ATPases in plant cells. Ca2+ is also essential for
the basipetal transport of lAA in both roots and shoots, and it may have
important regulatory effects on the cell elongation process itself. It may also
be important in gravity perception because the starch statoliths themselves
have significant amounts of Ca2+ associated with them. The descent of the
starch grains in the root cap in gravistimulated roots may provide a
mechanism for getting Ca2+ to the lower side of the root where it exerts its
regulatory effect on cell elongation back of the root apex. The means by
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which a Ca2+ redistribution causes downward bending may be via IAA since
the presence of Ca2+ on the lower side of the root enhances the downward
movement of IAA applied to the upper side (34). In addition Ca2+ has been
found to be necessary for the growth-inhibitory action of IAA in roots (20).
Ca2+ redistribution in the root cap may cause auxin to move upward from the
root cap. Alternatively, the Ca2+ might possibly move to the growing zone
and there influence the distribution and inhibitory action ofauxin. This auxin
could have arrived in the growing zone either by downward movement from
the stem, or by upward movement from the root cap. As auxin is only
inhibitory in the presence of Ca2+, the gravitropic response could, in fact, be
caused by evenly distributed auxin in the presence of an asymmetric
distribution of Ca2+ (20). The exact mechanism awaits elucidation.

Shoot Gravitropism
In shoots, several hormones are implicated in the regulation of negative

gravitropic curvature (28, 43, 46, 47,54,58,60,61,62). These include IAA
and its myo-inositol ester and amide-linked conjugates, GAs and their
glucosyl esters and glucoside conjugates, and ethylene. The hormone(s)
involved apparently vary with the experimental system (plant) being
considered, and as expected, multihormonal control occurs in most of them.
We shall first examine hormonal control by lAA in gravistimulated maize
seedlings.
As mentioned earlier, the upward bending response in maize seedlings

occurs very rapidly, usually within one hour at 30°C (2). It starts within
three minutes in the coleoptile and five minutes in the mesocotyl (first
internode). The onset of auxin asymmetry is also very rapid. Analyses (2)
for free IAA in gravistimulated seedlings indicates that top half / bottom half
asymmetry first appears within three minutes in the mesocotyls. This is two
minutes before the mesocotyls start to bend upward; thus, lAA could be an
important effector hormone in triggering the upward bending response. Full
lAA asymmetry is established within 15 minutes after seedlings are oriented
horizontally. Fifty-seven percent of the free lAA occurs in the lower halves
of the mesocotyls at this time and remains at this level at 30, 60, and 90
minutes after seedlings are first gravistimulated. We can only speculate on
how the asymmetry in lAA is established. Further experiments are necessary
to determine whether or not basipetal transport is fast enough. It is also
possible that the lAA asymmetry arises as a result of release of IAA from its
conjugates to a greater extent on the lower side, and/or that more IAA
synthesis begins to occur here soon after seedlings are gravistimulated.
In gravistimulated cereal grass shoots at older stages ofdevelopment (late

vegetative and early reproductive stages), the leaf sheath and internodal
pulvini are the primary sites for the upward bending response, as we have
mentioned earlier. At least two hormones, lAA and GAs, are important in
regulating the response during the transduction stage (28). If Avena shoots
(45 days old) are gravistimulated for 24 hours, they attain an upward
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curvature that is of the order of 30°. If the leaf sheath pulvini from these
plants are partitioned into top and bottom halves to compare with "left" and
"right" halves in vertical control plants, and these tissue fractions are analyzed
for free lAA, one obtains the results depicted in Figure 4. The vertical
control pulvini contain 60 to 70 nanograms of free IAA per gram dry weight
of pulvinus tissue. The sum total of free lAA in the gravistimulated pulvini
(top plus bottom halves) is 420 nanograms per pulvinus, indicating that
enhanced lAA synthesis (a seven-fold increase over that of controls) is
induced by gravistimulation in these shoots (28). An average of 120
nanograms lAA occurs in the top halves and 300 nanograms IAA occurs in
the lower halves, an asymmetry of ca. 1:2.5 top/bottom. In Avena jatua a
top/bottom asymmetry of lAA can be detected in as short a time as 15
minutes of gravistimulation, when only 1 to 10 degrees of upward bending
has occurred (67). One mechanism for establishing the IAA asymmetry may
be the redirecting of the endogenous polar auxin transport system. In upright
pulvini, lAA is actively transported basipetally (in a downward direction),
from the leaf blade through the pulvinus to the node below (46, 69). A link
between this transport system and gravitropism was established by the
observation that the appearance of pulvinus gravisensitivity coincides with the
development of the polar transport system in Avenajatua (67). Another link
came with the finding that, if the pulvinus is turned upside-down, then the
direction of transport within the tissue reverses, so that IAA is then actively
moved in an acropetal, but still downward, direction (68). Similarly, when
the pulvinus is placed on its side, transport is reoriented so that IAA moves
downward, producing lateral asymmetry (6). This movement of IAA still
involves the polar transport system since it is blocked by several inhibitors of
that system. Measurable asymmetry of IAA occurs before a detectable
growth response following gravistimulation, and the addition of sucrose,
which hastens the generation of a growth response, also produces a more
rapid redistribution of IAA (6). These results indicate that the reorientation
of IAA transport, putting more lAA in the pulvinus bottom than in the top,

Fig. 4. Amount of free lAA in ng/g dry weight in Avena sativa (oat) leaf-sheath pulvinus
tissue. At left, pulvini were also left upright, but were divided into 'left' and 'right' halves.
At right, pulvini were gravistimulated for 24 hours so that shoots attained a 30° upward
bending response; they were then divided into top and bottom halves for the free lAA analysis.
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stimulates the asymmetric growth response. However, inhibitors of the
transport system, which completely block lateral IAA transport, only block
part of the growth response. Therefore, other processes, such as differential
IAA synthesis, occurring more at the bottom than at the top, or the
conversion of conjugatedIAA to the free (active) form, may also be
important in the graviresponse.
Gravistimulation also brings about changes in the levels of free GAs, as

well as GA conjugates, in Avena leaf sheath pulvini (47). With
gravistimulation of shoots to 300 (24 hrs. required), and comparable
fractionation of pulvinus tissue into lower and upper halves (compared with
"left" and "right" halves ofvertical control pulvinus tissue), one finds that GA
conjugates predominate in the upper halves, that acidic GA3, GA4, and GA7­
like GAs are in greatest abundance in the lower halves, and that total free
GAs and GA conjugates decrease slightly as a result of gravistimulation.
When the Avena shoots are fed 3H-GA4, and one "chases" the metabolites
formed during gravistimulation, it is clear that the lower halves produce
and/or retain more of the free acidic GAs, and the upper halves produce more
of the highly water-soluble GA conjugates. Differential GA and/or GA­
conjugate synthesis is clearly implicated, but part of the asymmetry could also
arise as a result of differential movement of free GAs and of GA conjugates
to the respective pulvinus halves.

Changes in the Sensitivity to Auxin of Cereal Grass Shoots During the
Gravitropic Response.
Even though it is controversial, the basic concept of the Cholodny-Went

theory is widely accepted to represent the involvement of IAA in the
regulation of asymmetric growth during tropic responses (61). Asymmetric
distribution of IAA, correlated with asymmetric tissue growth, has been
detected in different types of plant tissues during the gravitropic response.
Asymmetric proton efflux in the elongation zone ofgraviresponding roots has
also been detected (41, 43). These results indicate that 'acid-growth' caused
by lAA is a relevant theory to explain the asymmetric growth mechanism
during tropic responses. Measuring asymmetric proton efflux, with the pH
indicator dye, bromcresol purple in graviresponding cereal grass pulvini is
more difficult than for roots. However, by inserting a pH microelectrode into
graviresponding Avena pulvinus tissue, the pH drops in the elongating
portions (bottom) of a pulvinus can be monitored continuously (Fig. 5).
Moreover, the negative gravitropic response in pulvini is completely inhibited
by pretreating the pulvinus tissues with 0.5 mM vanadate (a potent inhibitor
of plasma membrane localized H+-ATPase) for 2 hrs. These results indicate
that the proton efflux induced by H+-ATPase is an important step in the
asymmetric cell elongation in gravistimulated Avena sativa (oat) shoot
pulvini.

Recent measurements of the effects of exogenously supplied IAA on the
gravitropic tissue elongation of soybean hypocotyls (54) and Avena shoot
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pulvini clearly indicate that elongating portions of graviresponding pulvini
show higher sensitivity to applied auxin. As shown in Figure 6, the
maximum tissue elongation of vertical (non-gravistimulated) Avena shoot
pulvini occurs at lO.sM IAA. Top portions (non-elongating portions) of
gravistimulated Avena shoot pulvini require the same amount of IAA for the
maximum tissue elongation as vertical, non-gravistimulated pulvini.
However, only 10.8M lAA is sufficient to cause maximum tissue elongation
in bottom portions ofgravistimulatedAvena shoot pulvini. This indicates that
the bottom portions of gravistimulated Avena shoot pulvini are about 1,000
times more sensitive to lAA in their cell elongation response as compared to
that in the top portions. Correlated with this large difference in auxin
sensitivity, it has been found that the maximum in vitro activation of the
plasma membrane-localized proton pump (vanadate sensitive W-ATPase) in
the membranes isolated from top and bottom halves of gravistimulated Avena
shoot pulvini occurs at 10-6 and 10.8 M IAA, respectively (Fig.?). These
results indicate that the perception of the gravity signal increases auxin
sensitivity of bottom portions ofAvena shoot pulvini by reducing the amount
of lAA needed to elicit the maximum proton efflux across the plasma
membranes. Since the activation of the proton pump by IAA is mediated by
auxin receptor proteins (ARPs), it is possible that the perception of the
gravity signal initiates changes in such ARPs, either in their affinity constants,
or in their number at the lAA action sites in the bottom portions of
graviresponding Avena shoot pulvini. However, the presence of such ARPs
should be carefully examined in order to evaluate such a hypothesis.

The Role ofEthylene in Shoot Gravitropism.
Ethylene has been implicated as being another one of the regulatory

honnones in shoot gravitropism (19, 28, 49,50). Following gravistimulation
of cereal grass shoots, one finds very large increases in ethylene evolution
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from the tissues where curvature takes
place, with more ethylene emanating from
the lower halves than from the upper
halves. In Avena shoots that have been
gravistimulated, the burst in ethylene
production brought about by this treatment
occurs some six hours after shoots are first
placed horizontally; this is almost five and
one-half hours after initiation of upward
bending. Thus, one can conclude that
ethylene in this system does not playa
primary role in the initiation of curvature.
Its enhanced production and the greater
amount produced on the lower sides of
gravistimulated shoots may be brought
about, respectively, by the greatly enhanced
levels of IAA synthesized in pulvini of
gravistimulated shoots and the greater
amounts of IAA found in the lower halves.
Perhaps ethylene plays a role in the
differential expansion of cells that occurs
later during the course of upward bending.
In conifer shoots, such as those of

Cupressus arizonica, ethylene, auxin, and
gibberellin all appear to be important in the upward orientation (hyponastic
growth response) of elongating lateral shoots (4). In these plants, GA3, high
light intensity, decapitation, and certain levels of IAA increase ethylene
evolution and induce upturning of the lateral shoots. The ethylene evolution
precedes the initiation of shoot upturning, so it could be important in causing
this hyponastic response. Additional evidence in support of this idea comes
from exogenous ethylene applications to the shoots; here, such applications
cause upward bending. Furthermore, removal of endogenous ethylene from
the plants with an external mercuric perchlorate trap causes the branches to
grow downwards. Whether ethylene or GAs or IAA or a combination of
these hormones initiates the upward bending response in these plants is not
yet clear. Studies are needed on the kinetics for ethylene evolution and on
changes in levels of endogenous IAA and GAs during the course of
hyponastic growth of these lateral branches.

Molecular Biology of the Shoot Gravitropic Response in Pulvinus of
Cereal Grass Shoots

Gravity plays an important role in determining plant growth. In recent years,
a number of investigators have described the response of plants to gravity,
mostly from physiological and biochemical points of view (7,30,38,41,58).
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One component of the gravitropic response mechanism for the upward
bending response in pulvini of cereal grass shoots is sucrose hydrolysis,
mediated by invertase or P-fructosidase (EC 3.2.1.26) (17, 27, 70, 71).
During the gravitropic response in Avena, shoots invertase shows a significant
increase in its activity from the top half to the bottom half of the upturning
pulvinus (17, 71). Invertase is responsible for the hydrolysis of the
disaccharide, sucrose, to the two hexoses, D-glucose and D-fructose. These
hexoses provide substrate for starch synthesis in the gravisensors and for cell
wall biosynthesis in elongating pulvinus cells (17, 38). These hexoses are
also responsible for maintaining the turgor pressure in elongating cells of
graviresponding pulvini (7, 17, 70, 71).

It has been demonstrated that the activity of invertase the gene(s) is (are)
differentially upregulated in top versus bottom halves of graviresponding
Avena shoot pulvini (70, 71). Invertase activity increases in the pulvini
within 3 hrs after gravistimulation treatment (71). The maximal level of
enzyme activity is achieved 9-12 h after such treatments. This is followed by
a gradual decrease in enzyme activity to the background level characteristic
of vertical control pulvini. An asymmetric induction in invertase activity is
also observed in graviresponding pulvini. The bottom halves of the pulvini
show a four-fold invertase activity greater than that in the top halves of
pulvini in response to gravistimulation (Fig. 8).
In an attempt to gain an insight into the molecular mechanism of this

gravitropic metabolic response, the regulation of invertase gene(s) expression
by gravity was examined in the oat shoot pulvini (70, 71). The focus here
is primarily on the transcriptional regulation. The hypothesis is that the
upregulation of invertase activity by gravistimulation is most likely due to
differential enhancement in invertase ~ ---,

l000-r
mRNA. In order to test this hypothesis, - Top halves

poly(AYRNA was purified from oat 800 - Bonomhalves

pulvini (39). A partial-length invertase ~
cDNA was then synthesized by the -; 600

polymerase chain reaction (PCR) (31, 33, ~

59) and used as a probe to investigate the < 400

invertase mRNA expressed in response to i
gravistimulation (70, 71). Using,5 200

Northern blot analysis, one observes that
the level of a 1.90 Kb invertase mRNA is
very low at time zero of gravistimulation.
But, it is significantly induced I h after
initiation of gravistimulation treatment,
after which time, it decreases (Fig. 9A).
This indicates that the induction of
invertase mRNA by gravistimulation of
oat pulvini is rapid. In order to examine
the induction pattern of the
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Fig. 9. Northern blot analyses of oat shoot invertase
mRNA isolated from gravistimulated oat shoot
pulvini. Partially purified poly(A)1rn"A (5 Ilg/well)
was electrophoresed in 1% agarose gel, blotted onto
a nylon membrane, and hybridized with a_32PdCTP_
labeled invertase cDNA (PCR product) used as a
probe. A: mRNA isolated from intact gravistimulated
oat shoot pulvini. B: mRNA isolated from top halves
ofthe pulvini. C: mRNA isolated from bottom halves
of the pulvini. Lanes 1-6 represent mRNA isolated
from oat pulvini during different times of
gravistimulation. Lane 1: 0 h is the vertical control.
Lane 2: gravistimulated for 1 h. Lane 3: 3 h. Lane 4:
6 h. Lane 5: 12 h. Lane 6: 24 h of gravistimulation,
respectively.

gravistimulation-induced invertase mRNA in more detail, mRNA was
separately isolated from top and bottom halves of Avena shoot pulvini at
different times after initiation of gravistimulation treatment. As shown in
Figure 9, there is a clear pattern of kinetic changes in invertase mRNA levels
during the gravitropic response of the respective halves of oat shoot pulvini.
The 1.90 Kb mRNA was detected at a relative low level in the top halves of
the pulvini (Fig. 9B). On the other hand, this mRNA occurs at a very high
level in the bottom halves of the pulvini (Fig. 9C). The amount of mRNA
rapidly increases to a peak at I h after initiation of gravistimulation, and then
it gradually decreases afterwards. Using a densitometer, the maximum level
in these bottom halves of the pulvini that occurs at 1 h represents about a
five-fold increase above that of the time zero control (vertical pulvini).
The asymmetric induction of invertase mRNA by gravistimulation (Fig.

9) is consistent with the time-course changes in invertase activities (Fig. 8)
in the same tissues. A marked, transient accumulation of invertase transcripts
is followed by a transient increase in the enzyme activity. This allows one
to speculate that the induction of invertase mRNA level may account for the
changes of invertase activity that occur during the graviresponse. The
expression of invertase gene(s) in oat pulvini is regulated by gravistimulation
at the transcriptional level.

It is important to point out here that IAA redistribution following
gravistimulation treatments occurs within 15 minutes inAvenafatua (64) and
20 minutes in Avena sativa (6). Based on recent studies of Kim, Wu, and
Kaufman (unpublished), it is clear that IAA is directly involved in
upregulation in the levels of invertase mRNA and subsequent increase in
invertase activity in graviresponding oat pulvini.
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Auxin-regulated mRNAs Induced During Gravitropism
In addition to the fact that the expression of invertase gene(s) can be

rapidly regulated by gravity, a group of small auxin up RNAs (SAURs) genes
has been reported to be controlled during the gravitropic response of soybean
hypocotyls (40). These auxin-regulated RNAs in vertically oriented seedlings
are symmetrically distributed during the elongation of the hypocotyl.
However, the RNAs in horizontally oriented seedlings show a rapid
asymmetric distribution within 20 min after gravistimulation. The asymmetry
of the RNAs for SAUR genes coincides with the onset of rapid bending of
the hypocotyl. Therefore, gravity can alter expression ofSAUR genes during
the development of plants, but we still do not know the functions of such
genes in the gravitropic response mechanism, nor do we know what gene
products they code for.
In more recent work, Li, Hagen, and Guilfoyle (37) have elegantly

shown that an auxin-responsive promoter is differentially induced by auxin
gradients during the gravitropic response in shoots of transgenic tobacco
plants. Using l3-glucuronidase (GUS) as a reporter gene in chimeric gene
constructs utilizing the soybean small auxin up RNA (SAUR) promoter and
leader sequence, they show that (I) GUS activity expression is responsive to
exogenous auxin (lAA) in the range of 10-8 to 10-3 M; (2) during gravitropic
curvature, GUS activity becomes greater on the more rapidly elongating sides
of tobacco stems; and (3) auxin transport inhibitors (NPA, TIBA =
naphthylphthalamic acid and 2,3,5-triiodobenzoic acid, respectively) block
asymmetric distribution of GUS activity in gravistimulated stems. They
conclude that their results provide support for the formation of an asymmetric
distribution of auxin at sites of action during the gravitropic response. This
is very elegant evidence in support of the Cholodny-Went theory of
gravitropism. Illustrations of this work and further details relevant to it are
provided by Gretchen Hagen in Fig. 7 in Chapter D2.

Basis For the Asymmetric Growth Response after the Transduction
Phase of Gravitropic Cun-ature.

We have already alluded to possible mechanisms that could explain how
positive gravitropic curvature might occur in roots. Similar mechanisms may
be operating in shoots. These basically involve proton pumping, calcium
redistribution, calmodulin synthesis, and activation of calmodulin-binding
proteins (e.g., protein kinases, ATPases) (41, 52, 57), and auxin-induced cell
wall-loosening and wall synthesis (30). As for the shoot negative gravitropic
curvature response, we shall use as our model the grass leaf-sheath pulvinus
(30). The scheme in Fig. 10 depicts a cascade of events that could explain
the upward bending response mechanism in pulvini of grass shoots. The
asymmetric distribution of IAA and ofGAs and their conjugates is simply the
start of a chain of reactions which leads to asymmetric growth. In this chain
of events, protein and cellulose synthesis are essential; likewise, differential
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hormone-stimulated cell wall-loosening is involved. Both processes would
occur early in the process ofupward bending, the wall loosening starting first,
followed by cell wall synthesis. Experimental evidence shows that new
proteins are synthesized on both upper and lower sides of upward-bending
pulvini, and several have been identified. Cellulase synthesis increases in the
upper halves; this could allow the cell walls to become folded under the stress
created by upward bending in the pulvinus. Invertase activity increases
markedly in the lower halves; this could provide hexose substrate from
sucrose for the cell wall synthesis process. Future work will indicate how
hormones such as GAs and IAA regulate the expression of genes that
synthesize the particular proteins involved in the gravitropic response
mechanism. These proteins include Ir-ATPase, cell wall-loosening proteins
(enzymatic or non-enzymatic), invertase (sucrose-hydrolyzing enzyme), and
cell wall synthesis enzymes, such as glucan synthase.

TmGMOMORPBOGENESIS

Thigmonastic growth responses, or thigmomorphogenetic responses, refer to
the effect of mechanical perturbation on plant growth (26). It is manifested
in roots which grow away from stones or other barriers in the soil, the contact
coiling of tendrils, the closure of leaf traps ofDrosera (sundew) and Dionaea
(Venus' fly-trap) upon contact by insects or other contact stimuli, and the
diminution in stem length with concomitant thickening caused by mechanical
perturbation.
The last-mentioned example, growth retardation by mechanically

perturbed plants, has probably been studied most extensively, especially in
connection with its regulation by hormones. Several hormones appear to be
involved in the response (13). It is well-known that stress induced by various
stimuli, such as flooding, or mechanical perturbation (MP), will induce
ethylene formation in plants. In beans, MP elicits the production of the
ethylene precursor, ACC (I-aminocyclopropane-I-carboxylic acid) from its
precursor, SAM (S-adenosyl methionine), peaking at 30 and 90 minutes;
ethylene levels then rise, peaking at about two hours and ceasing by four
hours. This ethylene production typically causes the internodes to thicken
and show reduced linear extension growth. However, the hormonal
regulation of this response may be yet more complicated. Recent evidence
indicates that MP lowers the levels of endogenous GAs and increases the
levels of endogenous IAA and ABA. 14C_IAA basipetal polar transport is also
reduced significantly by MP. In this bean system, exogenously applied GA3
decreases the levels of endogenous IAA and ABA. Most recent evidence,
then, suggests that MP of bean internodes induces ethylene synthesis, which
in turn, induces the accumulation of high levels of IAA and the production
of ABA, both of which contribute to a diminution in internodal extension.
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The thickening of the internodes may be due to the effect of ethylene in
promoting lateral cell expansion.
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INTRODUCTION

The growing shoot apex is known to regulate a wide range of developmental
processes in plants including axillary bud growth, the orientation of laterals,
the growth of rhizomes and stolons, leaf abscission, and others (10, 22, 24,
42). These effects are expressions of correlative control, through which the
shoot apex exerts a central coordinating influence on plant development.
Plant response is affected by environmental variables such as light, soil
nutrients and various forms of stress. The correlative signal pathway may
involve nutrients and other factors, but plant hormones have a preeminent
role. In recent years, the understanding of correlative phenomena in plants
has broadened, and thus the developing fruit is now regarded as a potential
source of correlative effects which regulate growth in other fruits and in
axillary buds.

MANIFESTATIONS OF DOMINANCE IN PLANT DEVELOPMENT

Correlative Regulation of Axillary Bud Growth

Control by the Vegetative Shoot Apex
Among the correlative effects of the growing shoot apex, the inhibition

of axillary bud growth has received most attention, and therefore has become
most closely associated with the concept of apical dominance. Axillary buds
of developing shoots are generally kept in a state of partial or total inhibition,
or "quiescence". The primary source of the bud-inhibiting effect is the
growing shoot apex, and the relative strength of the repressive signal is
related to the vigor of the apex. Therefore, the axillary buds of rapidly
growing shoots are often fully repressed, while those on less vigorous shoots
may escape inhibition and develop into lateral branches. The degree of bud
growth repression is under genetic control, which explains the predictable
extent of branching exhibited by individual plant species.
The quiescent axillary buds may be regarded as "replacement apices",

many ofwhich remain inhibited under unfavorable conditions such as nutrient
poor soil, drought or shading. However, the buds may be induced to develop
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into lateral branches in case the plant is exposed to favorable conditions, or
the shoot apex is lost (l0, 22, 42).

Control by Reproductive Structures
The correlative effect of the shoot apex over axillary buds is most highly

expressed early in plant development. Consequently, much ofour knowledge
of this phenomenon is derived from work with plants in their juvenile state.
As plants mature, the emergence of reproductive structures initiates a major
rearrangement in the plant's overall morphology. This is likely to shift the
correlative relationships among the various organs and could alter the
dominant position of the shoot apex. Flower induction in Perilla
demonstrates this point. After photoperiodic flower induction, an increased
number of axillary shoots can be found in these plants (5). In oats, the
emergence of the inflorescence releases the lateral buds from inhibition and
allows them to develop into tillers (19). Strong correlation can be observed
between flower induction and the release of axillary buds in the short-day
plant Chenopodium rubrum. The photoperiodic conditions required to evoke
flowering are similar to those which permit axillary bud outgrowth (30).
Flowering, therefore, can decrease the level of dominance expressed by the
shoot apex.
Reproductive development at a more advanced stage however, can

severely restrict axillary bud growth. When axillary bud growth was
investigated in adult Phaseolus vulgaris plants, the growth rate was found to
be unaffected by the appearance of flowers (60). However, as the growing
fruits were approaching full size, axillary bud growth was suddenly
terminated. A rapidly developing cultivar, 'Redkloud', showed faster fruit
growth and earlier bud inhibition compared to a slower cultivar 'Redkote'.
In both cultivars, the cessation of bud growth coincided with the appearance
of fully grown fruits. Complete fruit removal allowed the resumption of
axillary bud growth in both cultivars and caused up to a two-fold increase in
the combined total length of axillary shoots (60). It seems, therefore, that
fruits of bean plants are able to exert "reproductive dominance" over the
growth of axillary buds. In peas, defloration caused both the continuation of
apical growth (which stops otherwise) and the emergence of axillary shoots
(15,34). The effect on lateral growth was most pronounced near the region
from which the flowers were detached. It is interesting to note that
decapitation, a common method of releasing axillary buds from dominance,
had no effect in these plants. Therefore, dominance over bud growth was
exerted not by the shoot apex but by the reproductive structures.

Dominance Among Developing Fruits

Interaction among developing fruits is affected by relative age and size.
Generally, older fruits assume a position of dominance and repress the
development of the younger fruits. Dominance phenomena in fruits have
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been described in many plants including beans (56, 63), apples (18), tomato
(18), and soybeans (23). In Phaseolus the proximal fruits on a raceme
develop earlier, and therefore grow larger, than the distal ones. In the
presence of vigorous older fruits the great majority of the younger fruits fail
to develop, and ultimately abort. However, if the older fruits are removed,
the incidence of abortion among the younger ones is reduced suggesting that
the older fruits are the source of the growth inhibiting signal (63). In
aborting Phaseolus fruits a sequence of symptoms is noted; first the cessation
of seed development, followed by the flattening of pods, loss of green color
and abscission of the fruits (63). Cytological analysis of aborting bean fruits
shows that they are arrested at the proembryo or the globular stage of
embryogeny (48).

Clonal Plant Development

Morphology
Diagravitropic stems such as rhizomes and stolons grow on or below the

surface of the soil and produce upright, orthogravitropic shoots from either
their terminal or axillary buds. These two types of stems--one horizontal and
the other vertical--represent the basic units from which clonal plants are built
as modular structures through a reiterative process of development. The
resulting system (the genet or clone) consists of a branching diagravitropic
structure bearing adventitious roots at the nodes, and supporting a multiplicity
of upright, leafy shoots (the ramets).
The growth form of clonal plants varies significantly depending on the

length of rhizomes or stolons, the distribution of their axillary buds, the
height of shoots, and the rate of axillary bud activation (6). Plants
characterized by short internodes and a high rate of lateral bud activation
develop in the form of a dense stand or "phalanx". In the so called "guerilla"
form, a group of widely spaced ramets are produced by rhizomes or stolons
in which the internodes are long and the activation of lateral buds is
irifrequent (6).
Stems of clonal plants may appear as transitional forms between

horizontal and vertical stems. These may represent particular stages in the
shoot's ontogeny, or arise in response to environmental effects. In certain
species (e.g., iris) the tip of the growing rhizome can be seen at a certain time
to tum upright, rise above ground and develop into a leafy shoot. In the
aquatic macrophyte Phragmites communis a developing underground rhizome
may change direction, emerge at a forty-five degree angle and continue to
develop as an above-ground stolon. These stolons have been observed to
appear generally at the edge of dense stands, traverse rocky or otherwise
inhospitable areas, and produce stands of shoots at favorable locations from
their axillary buds (Bernard and Tamas, unpublished). Some of the axillary
buds may develop as above-ground stolons, or dive below the soil surface and
grow as rhizomes.
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Shoots of some species regularly change orientation well after their
formation has been completed. The current year's shoots of the small
woodland sedge, Carex projecta, have been noted to fall over in the autumn,
overwinter, and then produce adventitious roots at the nodes and axillary
shoots from lateral buds (Tamas and Bernard, unpublished). Thus, the
heretofore vertically oriented shoots can become organs of vegetative
reproduction and facilitate the lateral distribution of the new members of the
clone.
The foregoing responses make it clear that the apical and axillary

meristems ofdiagravitropic stems possess an unusual degree ofdevelopmental
plasticity. Multiple and overlapping regulatory protocols may be operating
to coordinate the linear growth of apical buds, or the release of axillary buds,
with other responses such as the onset of a new differentiation sequence, or
the changing response of the apices to gravity. The evident flexibility of this
developmental system contributes much to the ability of the clonal plant to
adjust its strategy of growth to its environment, and extract necessary
resources efficiently. This point is briefly illustrated below.

Growth Strategy
Foraging. Some clonal plants can exploit resource-rich areas by

producing a network of rhizomes or stolons from which a stand of leafy
shoots is established. When adverse conditions are encountered, branching
in rhizomes and stolons is repressed and their linear growth is increased (13,
24).

Consolidation. Some clonal species in high-resource areas tend to
establish dense stands in virtual monoculture. The "consolidation strategy"
of these plants requires, first, the colonization of new areas, and second, the
consolidation of occupied space. In certain species, rhizomes take different
forms according to their developmental role. The longer rhizomes of
Brachypodium pinnatum undergo intensive branching and thus foster
colonization; the shorter ones develop fewer diagravitropic branches but
produce--from their numerous buds--groups of closely placed ramets (13).

The Conservative Strategy. Plants adapted to conditions of severe
deprivation typically show a slow rate ofgrowth; reduced branching; and the
production of short, thin rhizomes and stolons (13).

Gametophore Development in Mosses

The gametophyte generation ofFunaria hygrometrica, Physcomitrellapatens,
and other moss species has been used extensively for work on the hormonal
and genetic control of development (see Chapter Gland 8, 11). Mosses
provide an excellent system for the study of developmental regulation due to
the relative simplicity of the moss structure, well-defined cellular responses
to phytohonnones, and the ease of identification of developmental mutants in
the haploid gametophyte.
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Questions of central interest concerning moss gametophyte development
have been the regulation of growth in the protonemal filaments, and the
initiation ofgametophore buds from which the leafy gametophores, or shoots,
emerge. The developing protonema produces two morphologically distinct
types of filaments. Spore germination first gives rise to chloronema, and
after subsequentdevelopment, caulonemal filaments appear. While both types
of filaments grow by the repeated division of the apical cell, and both
develop side branches from the division of subapical cells, only in the
caulonemal filaments can subapical cell division produce gametophore buds
(11).
The apical cell appears to regulate both the development of the

protonemal filament and the initiation of the gametophore bud. The presence
of an active apical cell is required for the conversion of chloronema to
caulonema, and the preservation of the caulonemal structure. Both are
prerequisites for the development of gametophore buds. If the apical cell of
a caulonemal filament is detached or injured, the filament reverts to the
chloronemal stage (7).
In the developing gametophore ofmosses, as in the shoot of seed plants,

the growing apex appears to hold a position of dominance over the lateral
buds. The gametophore of Plagiomnium cuspidatum develops as a leafy
shoot with a growing apex but without lateral branches. Close to the axil of
each leaf an inhibited lateral bud can be found in the form of a small mound
of tissue (40). The removal of the gametophore apex activates mitosis in
many of these lateral buds, but in time the uppermost bud imposes dominance
over the others and develops into a lateral shoot.

Control of Abscission by the Shoot Apex

Among the numerous correlative effects of the growing shoot apex, the
acceleration of leaf abscission has received relatively little attention.
Observations on Phaseolus (25) and Gossypium (36) have revealed that the
abscission of petioles induced by deblading is enhanced in the presence of the
intact shoot apex. Decapitation of the shoot, on the other hand, causes a
delay in the abscission of petioles.

HORMONES IN CORRELATIVE INTERACTIONS

Auxin

The discovery and early characterization of auxin were closely linked to the
idea that growing tips of shoots and coleoptiles produce auxin, which may be
released to regulate the development of other structures elsewhere in the
plant. In their pioneering work on apical dominance, Thimann and Skoog
(64) demonstrated that axillary buds were under the correlative control of the
growing shoot apex. They found that decapitation of Vicia plants caused the
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outgrowth of the axillary buds, but the treatment of the cut surface with auxin
prevented bud growth. These results have since been confinned in numerous
plant species (22). The active substance responsible for the inhibition of
axillary buds has been isolated from Phaseolus shoot tips (particularly from
the young, developing leaves) and identified as indoleacetic acid (IAA) by
gas chromatography-mass spectrometry (22).
The expression of dominance by the shoot apex requires basipetal IAA

transport in the subapical part of the stem. The application of the lAA
transport inhibitor triiodobenzoic acid (TIBA) in lanolin below the shoot apex
releases the axillary buds from inhibition (65). Moreover, a comparison of
the branching tomato line 'Craigella' (which has weak apicaldominance) with
the isogenic non-branching line 'Blind' reveals that among the two, only
Blind is able to export radiolabeled lAA from the shoot apex (9). This
suggests that the branching character is due to the failure of the shoot apex
to export lAA. Therefore, the release of IAA from the shoot apex and its
subsequent basipetal transport appear to be essential steps in the process of
axillary bud growth inhibition.
A similar requirement may exist for IAA participation in reproductive

dominance, a condition in which axillary bud growth and the development of
younger subordinate fruits are repressed by older dominant fruits.
Experiments with Phaseolus plants show that the source of the inhibiting
signal is the seed of dominant fruits. When older fruits are deseeded, the
axillary buds resume growth (57), and the development of younger fruits is
released from inhibition (58). However, the replacement of the seeds in the
deseeded pods with IAA, or with the synthetic auxin naphthaleneacetic acid
(NAA), restores the growth inhibiting effect of the fruits on the axillary buds
(57) and the younger subordinate fruits (58). Thus, the dominant effect of
fruits can be duplicated by auxin application, suggesting that the correlative
signal may be IAA.
High levels of IAA have been found in the developing fruits and seeds

of several plant species (3). The ability of fruits to export IAA to
neighboring organs was tested in an experiment in which deseeded fruits of
Phaseolus or Glycine were injected with 14C_IAA. Subsequent analysis
recovered radiolabeled material from neighboring leaves, fruits and axillary
buds (56, 58). Larger fruits exported more applied 14C_IAA than smaller
fruits reflecting their relatively greater ability to exert dominance over other
organs. The role of a correlative signal for fruit-derived IAA has not been
confinned, but can be inferred from the results of several experiments. When
the pedicels of individual fruits on Phaseolus plants are treated with the lAA
transport inhibitor naphthylphthalamic acid (NPA), the resting axillary buds
near the treated fruits resume growth, as do the buds on defruited plants (56).
The buds on intact plants remain inhibited. Resumption of bud growth is not
the result of decreased competition for nutrients between fruits and axillary
buds because on NPA-treated plants fruit development is not inhibited (in
fact, fruit growth is substantially enhanced). In Glycine, free IAA as well as
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IAA-esters have been identified in phloem exudate (20). After the plants are
depodded, the IAA-ester level in the exudate decreases to about one-fifth of
its previous level, suggesting that the IAA is fruit-derived. Bangerth and his
collaborators have shown that the export of endogenous IAA from dominant
tomato, apple and other fruits is greater than from the younger inhibited
fruits, and that the removal of dominant fruits enhances IAA export from the
remaining fruits (18). These results are interpreted to mean that the fruit­
derived IAA is involved in the correlative signal that regulates dominance
relationships among fruits, and further that the older fruits achieve dominance
by repressing IAA export from the other fruits (18).
According to a recent report the seeds of pea plants export 4-CI-IAA,

which regulates gibberellin metabolism in the pod to stimulate pod growth
(41). Therefore, auxins other than IAA may also serve as the correlative
signal released from seeds.

Cytokinins

Exogenous cytokinin treatment of axillary buds stimulates bud outgrowth in
many plant species including apple, Cuscuta, Macadamia, oats, peas and
soybeans (10). It has been shown also that axillary bud growth is generally
well correlated with the level of naturally occurring cytokinins in the buds.
Cytochemical localization of cytokinins using immunogold in the apical and
axillary buds reveals much less cytokinin in the sideshootless tomato mutant,
Craigella Lateral Suppressor (Cis), than in its isogenic parental line Craigella
(51). Therefore, axillary bud growth in Cis plants seems to be impaired
because of diminished cytokinin biosynthesis or importation into the buds.
Zeatin appears to be the most active among the naturally occurring

cytokinins in promoting axillary bud growth. Analysis ofextracts from intact
Marsilea drummond;; stolons using high performance liquid chromatography
(HPLC) separation and enzyme linked immunosorbent assay (ELISA) shows
that the combined level of zeatin and zeatin riboside is highest in the growing
apical bud, and the levels in the axillary buds decline with increasing distance
of the bud from the apex (43). After decapitation, the youngest axillary bud
is the first to resume growth followed by the others in a basipetal sequence.
Therefore, the activity of zeatin and its metabolites in the axillary bud is
correlated with the bud's growth potential.
Perhaps the dominant organs repress growth elsewhere in the plant by

acting as an auxin-activated sink for root-derived cytokinins, and thus
preventing cytokinin transport to subordinate structures. In etiolated pea
seedlings, decapitation and removal of one cotyledon confers dominance of
the cotyledonless bud over the other. The application of the synthetic
cytokinin 14C-benzyladenine e4C-BA) to the roots of these plants results in
substantially greater accumulation of 14C in the dominant bud compared to the
inhibited one (44). When 14C_BA is supplied to the base of decapitated
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So/anum andigena cuttings~ the treatment of the apical stump with IAA
reduces the amount of 14C transported to the axillary buds (67).
Recent experiments by Bangerth suggest that the levels and distribution

of naturally occurring cytokinins are under the control of the shoot apex. The
results suggest further that this effect of the shoot apex is mediated by auxin.
When Phaseo/us vulgaris and Pisum sativum plants are decapitated~ the
concentration of two predominant cytokinins, zeatin riboside and isopentenyl
adenosine, increases dramatically in both species as shown by HPLC and
radioimmunoassay (RIA) of the xylem exudate of PhaseD/us and the stem
extracts ofPisum. The application ofNAA in lanolin to the stump abolishes
the effect of decapitation on cytokinin levels (Bangerth, personal
communication).
Therefore, either a redirection ofthe cytokinin supply from the roots may

be necessary to initiate axillary bud growth, or the decline in auxin supply
from the apex enables the axillary buds to commence cytokinin synthesis.
Although added cytokinin in rootless So/anum cuttings was able to stimulate
axillary bud growth (67), it was subsequently shown that shoots are
competent to produce their own cytokinin (66). However~ the repressed
lateral buds do not do so. Experiments with a purine synthesis inhibitor,
hadacidin, suggest that synthesis of endogenous cytokinins within the buds
themselves is required for bud growth to occur. Following decapitation,
hadacidin treated axillary buds remain inhibited, and the inhibitory effect can
be reversed by cytokinin treatment (32).
Work with Pisum indicates that the dominant apex regulates not only the

transport but the synthesis of active cytokinins as well (27). The conversion
of the inactive N6(~2-isopentenyl) adenine (iP) to the active form, zeatin, in
maturing plants is most pronounced at the apex of the stem and declines
toward the base, and its rate is directly correlated with the growth potential
of the axillary buds. Moreover, zeatin application to the axillary buds
enhances their growth in intact plants, but similarly applied iP is effective
only when the plants are decapitated. Therefore, decapitation of the shoot
seems to enable axillary buds to convert an inactive precursor to an active
cytokinin such as zeatin, possibly by altering the concentration of apically
derived IAA in or near the buds.

Gibberellins

There is a general lack of information on endogenous gibberellins in growing
and repressed axillary buds, and therefore a role of these substances in
axillary bud development remains hypothetical. Studies with exogenously
applied substances show that gibberellin treatment alone does not release
axillary buds from apical dominance, but it can cause rapid elongation in
released buds (10).
In peas, gibberellic acid (GA3) enhances the inhibitory effect of IAA

when the two are applied together at the shoot apex. The effect is thought
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to result from the more efficient release of IAA by the dominant apex
because GA3 stimulates the basipetal transport of radiolabeled IAA in these
plants (26).

Abscisic Acid

According to several reports, the inhibition of axillary bud growth is closely
correlated with the abscisic acid (ABA) content of the buds. An analysis
using gas chromatography-mass spectrometry-selected ion monitoring (GC­
MS-SIM) has shown that decapitation of Phaseolus vulgaris plants causes
both an increase of IAA, and a decrease of ABA levels, in the axillary buds
(17). ABA may conceivably act as an inhibitor in the buds because the
decline in the ABA level precedes the onset of bud outgrowth by several
hours. In the nonbranching Blind and CIs mutants of the tomato, the ABA
content of the axillary buds is much higher than in the branching parental line
Craigella (65), suggesting a role of ABA in bud growth regulation.
In Phaseolus, the presence of older fruits increases the level of

endogenous ABA, and inhibits growth, in the axillary buds as well as the
subordinate younger fruits (60, 63). The removal or deseeding of the
dominant older fruits causes a drop in the ABA level of axillary buds and
younger fruits, and allows the resumption of their development (57, 60, 63).
In defruited plants, axillary bud growth inhibition can be reimposed by

either direct ABA treatment of the buds or the application of auxin to the pod
cavity of the deseeded dominant fruits. However, ABA application to the
deseeded pods does not inhibit bud growth suggesting that the bud­
suppressing effect of fruits is not caused by ABA release from the fruits.
Rather, the ABA that accumulates in inhibited buds probably originates from
another source such as the leaves, or is synthesized within the buds under the
control of the dominant fruits.
The data indicate, therefore, that ABA is not the correlative signal

released by dominant organs such as growing fruits or shoot apices. The
evidence suggests instead that ABA acts within the axillary buds--or other
subordinate structures--as a second factor whose level can be regulated by the
dominant organ. In Phaseolus, decapitation lowers the ABA level in the
axillary buds, but this is prevented by the application of IAA to the cut stump
(29). These results suggest that IAA, moving down from the shoot apex, can
maintain a high ABA level in the axillary buds.
Taken together, the foregoing data provide strong evidence that in most

of the species under study the dominant structures elicit high endogenous
ABA levels in quiescent axillary buds and other subordinate structures, and
furthennore that the release of the buds from dominance is correlated with a
decrease ofABA concentration in the buds. However, these effects could not
be confinned in some studies (43), and in certain experiments on decapitation
the outgrowth of axillary buds preceded--rather than followed--the decline in
bud ABA levels (29).
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Relatively little is known about the synthesis, transport and cellular
effects of ABA in relation to the growth of axillary buds. Progress in these
basic questions of ABA physiology must occur before the role of ABA in
apical dominance can be adequately assessed.

Ethylene

It has been known for some time that high concentrations of IAA enhance the
synthesis of ethylene. A possible consequence of this is that a localized
ethylene buildup, triggered by an IAA signal, may cause growth inhibition in
specific structures. Indeed, IAA treatment ofetiolated pea stem segments was
shown to increase the rate of ethylene synthesis in nodal tissue and inhibit
axillary bud growth (10). In decapitated Viciajaba plants the treatment of
the cut surface with IAA repressed axillary bud growth, but the simultaneous
application of the ethylene synthesis inhibitor aminoethoxyvinylglycine
(AVG) prevented inhibition (46).
Contrary to the foregoing results, several reports have provided evidence

that ethylene does not take part in the repression of axillary bud growth. In
Phaseolus vulgaris, the application of IAA to the cut surface of decapitated
plants failed to increase ethylene emanation from the node below (22).
Moreover, AVG treatment of axillary buds inhibited rather than stimulated
bud outgrowth in decapitated Phaseolus plants (22). The introduction of the
auxin-overproducing tryptophan monooxygenase transgene into Arabidopsis
plants resulted in elevated levels of both auxin and ethylene, as well as
increased repression of axillary bud growth (45). However, in a cross
between these plants and those expressing an ethylene synthesis-inhibiting
transgene, strong apical dominance was maintained even though only auxin-­
but not ethylene--was overproduced. Similarly, transgenic tobacco plants, in
which ethylene production is inhibited through the introduction of the gene
for ACC deaminase, looked exactly the same as plants producing ethylene
normally (see Chapter E2).
In summary, while some reports have indicated the involvement of

ethylene in apical dominance, the evidence (10, 22) shows a general lack of
correlation between axillary bud growth inhibition and ethylene levels in bud
tissue.
Unrelated to the question of ethylene participation in apical dominance,

ethylene appears to stimulate axillary bud growth under conditions of gravity
stress. When shoots of Ipomea nil are inverted it induces the release of the
highest lateral bud adjacent to the bend, and this response is preceded by a
sharp increase in ethylene production and the retardation of shoot elongation
(10). Treatment of the inverted area with the ethylene antagonist silver
nitrate reduces the effect of inversion on shoot inhibition and lateral bud
release. Shoot inversion-induced ethylene synthesis and the consequent
inhibition of shoot growth also occurs in a number of species including com,
tomato, pea and sunflower (l0). The effect of ethylene in releasing axillary
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buds from inhibition appears to be indirect, either through the repression of
the shoot apex (and consequent reduction of its dominance), or the retardation
of auxin transport toward the axillary buds. The fact that shoot inversion
causes axillary bud outgrowth offers an alternative method to decapitation in
experiments on apical dominance, and makes it possible to subject the shoot
apex to analysis any time after bud outgrowth has taken place (lO).

HORMONES AND CLONAL PLANT DEVELOPMENT

The problem ofgrowth regulation in clonal plants has received relatively little
attention, and knowledge is fragmentary on hormonal relations in these plants.
The few available studies indicate, however, that general notions about the
role of auxins and cytokinins in apical dominance may be applicable to
rhizomatous and stoloniferous structures. In the stolons of Marsilea for
example, the IAA and zeatin levels of apical and axillary buds are closely
correlated with the bud's growth potential (43).
Certain morphogenetic effects of the dominant apex are uniquely related

to the developmental strategy of clonal plants. In the ancestral potato,
Solanum andigena, lateral buds develop into leafless, horizontal stolons in the
presence of the dominant shoot apex. Decapitation of the main shoot
transforms the stolons into orthogravitropic leafy shoots, but only in the
presence of roots or applied cytokinins. Stolon production seems to depend
on high gibberellin levels, and the effect of the dominant apex can be
duplicated by auxin application (22, 42, 67). GA3 can affect other aspects of
clonal plant development such as the stimulation of rhizome branching
observed in water hyacinth (lO).
Because clonal plants are composed ofboth horizontal and vertical stems,

their development may be particularly influenced by gravimorphic effects
(gravity-induced developmental effects). Placing shoots in an horizontal
orientation generally releases the axillary buds from inhibition presumably
through the restriction of apical growth due to gravity stress-induced ethylene
(lO). It is not known, however, whether diagravitropic and orthogravitropic
stems differ in their sensitivity to, or production of, ethylene.
Gravistimulation may also elicit morphogenetic changes in the development
of lateral organs. The tying down in a horizontal position of the erect shoots
of Cordyline terminalis causes the development of lateral buds on the upper
side into leafy shoots, and those on the lower side into rhizomes (lO).
Presumably, this response is caused by the redistribution of auxin between the
two sides of the stem.
The great developmental plasticity ofmany clonal plants depends on the

plant's ability to coordinate axillary bud growth and related responses with
environmental effects. In their recent review, Hutchings and de Kroon (24)
point out that there is remarkably little information on the relationship
between environmental variables and hormone activity in plants, and our
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understanding of environmental control of plagiogravitropic shoot growth is
especially poor. The available studies, however, suggest that environmental
effects on development are mediated through hormones. The fact that
elevated levels of soil nitrogen stimulate cytokinin synthesis, and thereby
enhance tiller formation, may be a factor in the consolidation of growth by
some clonal plants at nitrogen-rich locations. Shaded plants experience
decreased red/far-red ratio in the incident light which increases plant
sensitivity to gibberellins, increases internode length, inhibits axillary bud
growth and thereby stimulates escape from shaded areas (24). Much of this
remains speculative until the mechanism ofhormone action in these responses
is clarified.

CELLULARAND GENETIC CONTROL

Cellular Events in Developing Axillary Buds

The development of the axillary bud originates in the growing shoot apex.
A small group of cells in the axil of the leaf primordium is detached from the
apical meristem and becomes organized into the apex of the axillary bud (16).
Continuing growth produces a visible bud. Events in the developing bud are
under the control of the shoot apex. In the axillary buds of intact Pisum
plants mitosis is arrested, but it becomes activated within hours after the shoot
is decapitated (54). Some of the genes, known to be involved in the
regulation of the cell cycle of many eukaryotes, have been identified recently
in Pisum (54). The substance that controls the transition from G, to the S­
phase (and thus initiates mitosis) is the maturation promoting factor (MPF),
which consists of a protein kinase (p34cdC2 kinase) and cyclin B. The
conditions necessary for the initiation ofmitosis are high levels of cyclin and
the dephosphorylation of the kinase. The cdc2 gene that encodes the p34cdC2

kinase has been isolated recently from peas (54). Another gene, which
encodes a plant homologue of the animal mitogen-activated protein kinase
(MAP kinase), was identified in the axillary buds of pea plants decapitated
24 hours before analysis (54). MAP kinase is believed to be involved in
signal transmission between the cell surface and other parts of the cell. MAP
kinase is inactive in nongrowing (Go) human cells and Xenopus oocytes (held
at the GiM boundary). Many aspects of Pisum MAP kinase activity are
unknown including the timing of its synthesis, its mode of regulation and the
identity of its substrate.
The effect of specific phytohormones on mitosis may relate to their role

in apical dominance. In decapitated pea plants the treatment of axillary buds
with ABA prevents bud outgrowth, decreases the mitotic index of the
meristem and subapical regions of the buds, and delays the entry of the Go-,
nuclei of the inhibited buds into the S phase and then into mitosis (39). It is
to be noted that both the intact shoot apex and ABA treatment of the axillary
buds inhibit the cell cycle in axillary buds at the same stage.
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In Phaseolus vulgaris, a species with incomplete apical dominance,
axillary bud growth proceeds at a slow rate even in the presence of an intact
shoot apex (22). Both mitosis and cell expansion can be observed in these
buds. In plants with complete apical dominance, such as Tradescantia,
mitotic activity is inhibited and growth is arrested at an early stage of bud
development (38).
If the shoot apex is detached, mitotic activity and growth resume in the

lateral buds after some delay. Variation in the length of the lag period may
depend on the stage of the cell division cycle at which the inhibited cells are
held. In the axillary buds of Cicer, mitosis can be observed within an hour
after decapitation, followed by the resumption of bud growth and DNA
synthesis in that order (22). Presumably the cells have already completed
the duplication of DNA at the time of release (i.e., they are at the G2 stage)
and thus are able to undergo mitosis with little delay. On the other hand,
Tradescantia requires over four days for the resumption of bud growth
following shoot decapitation (38). The cells of inhibited Tradescantia buds
are held at the GI stage, and therefore DNA needs to be synthesized before
mitosis can occur.
The length of the lag period preceding bud growth may also depend on

the degree of inhibition expressed by the plant. The buds of Phaseolus,
which are incompletely suppressed in the intact plant, can show increased
internodal expansion four hours after decapitation of the main shoot (22).
This is in contrast to the much longer time required by Tradescantia, a
species in which axillary bud growth is totally suppressed during the growth
of the shoot.
The degree of bud inhibition may also influence the sequence of early

events after the removal of the dominant shot apex. In Tradescantia, bud
outgrowth is preceded by the resumption of mitotic activity in the bud apex
(38). In the less suppressed buds of Phaseolus, however, the initial growth
results entirely from the enlargement of internodal cells of the bud (22). Cell
division begins about a day after the onset of growth.
Analysis of axillary buds by Nougarede et al. (39) has shown that

changes in nucleolar composition are among the early cellular events caused
by decapitation. The cells of the inhibited cotyledonary buds of Pisum
sativum are held at the GO•I stage (defined as the prolonged GI stage) of the
cell cycle. Following decapitation the cell cycle is reactivated, and the cells
proceed through the S stage, the G2 stage and mitosis after 6, 12 and 24 hours
respectively. In the GO-I nucleolus a dense fibrillar component surrounds the
much lighter fibrillar center. Both contain DNA. Twenty-four hours after
decapitation the nucleolus becomes enlarged and much granular material
appears at its periphery. Staining with an RNase-colloidal gold complex
indicates significant accumulation of RNA in the granular component (39).
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Gene Expression In Axillary Buds

To characterize the biochemical events associated with axillary bud growth,
Stafstrom and Sussex investigated the protein composition ofPisum sativum
buds at different stages of development (53, 55). They selected four
categories of buds for study: dormant (nongrowing) buds on intact plants,
growing buds from plants decapitated 24 hours earlier, and those from two
transitional stages. Their analysis by two-dimensional polyacrylamide gel
electrophoresis (PAGE) reveals that each category of buds synthesizes a
unique set of proteins. The pattern of gene expression in the dormant-to­
growing transition buds three hours after decapitation (and well before the
onset of visible growth at eight hours) is already more similar to that in
growing buds than dormant buds, indicating that the changes may be among
the early events leading to bud outgrowth.
There is strong similarity also in the pattern of expression between the

dormant buds and the ones undergoing transition from the growing to the
dormant state. This transition is observed in small, subordinate buds that start
growing after the shoot is decapitated, but become inhibited two to three days
later under the influence of fast growing larger buds. The excision of the
larger bud after five days enables the small bud to resume growth (53, 55).
Therefore, individual buds can undergo cycles of growth and dormancy due
to changing patterns of dominance relations among neighboring organs.
The pattern of gene expression for the two transition stages differ, and

each contain gene products not present at any other stage, suggesting that the
molecular events during exit from dormancy are not the same as those that
occur during entry into dormancy (53). The results also show that dormant
buds incorporate labeled amino acids at the same rate as growing buds.
Therefore, the maintenance of bud inhibition appears to be an active process
that may involve the activation of dormancy-specific genes or the repression
of growth-specific genes (53).
Auxin treatment of the cut surface of decapitated plants stimulates the

formation of dormancy-specific proteins in the axillary buds, whereas the
application of kinetin to the axillary buds of intact plants results in the
synthesis of growth-specific proteins (53). These data support the view that
auxins and cytokinins control the development of axillary buds by the
activation of genes involved in dormancy and growth.
Some of the genes expressed in Pisum axillary buds have proven to be

useful developmental or hormone-specific markers (53, 55). RNA gel blot
analysis shows that the expression of the ribosomal protein clone pGB8 is
very low in the dormant buds of intact plants, but increases sharply within a
few hours after decapitation. In the small buds, located at nodes together
with larger buds, the increase in gene expression is temporary. A few days
after decapitation of the shoot, gene activity declines due to the inhibiting
effect of fast growing larger buds.
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The treatment of bud-bearing, cultured stem sections with 10 p.M IAA
(ensuring that the bud itself is not exposed) totally inhibits the expression of
pGB8 in the axillary buds (53, 55). Therefore, physiological concentrations
of IAA applied to the stem can inhibit both the outgrowth of axillary buds
and the activity of growth specific markers in the buds. In contrast, growing
axillary buds strongly express the auxin-responsive genes pIAA4/5 and
pIAA6 (53) suggesting that IAA concentration increases in growing axillary
buds.

Transgenic Plants with Altered Hormone Content or Sensitivity

Plants Transformed by Agrobacterium
Agrobacterium tumefaciens and A. rhizogenes are soil-borne plant

pathogens that incite crown gall and hairy-root disease respectively in
dicotyledonous plants. The cells of the host plant are transformed by the T­
DNA fragment of the infectious bacterial plasmid, an event that alters
drastically the subsequent developmental events in the host. In A.
tumefaciens the T-DNA of the Ti plasmid carries, among others, genes for
IAA (iaaM, iaaH) and cytokinin (ipt) biosynthesis (50) (see Chapter EI).
Tumor-inducing neoplastic growth is stimulated by the incorporation into the
host cells of the cytokinin and auxin biosynthetic genes which cause elevated
levels of lAA and cytokinin. Among the Ri (root inducing) plasmids in A.
rhizogenes, certain plasmids harbor two discrete T-regions designated TR­
ONA and TL-DNA for the right and left regions respectively. TL-DNA is
primarily responsible for Ri plasmid-induced pathogenesis due to the presence
of the genes rolA, rolB and rolC, collectively designated as the root loci (rol)
genes (roIABC). TR-DNA includes the iaaM and iaaH genes encoding for
lAA synthesis (52), and it plays an ancillary role in tumor induction.
Experiments with hormone overproducing plants have confirmed the

long-held view that the development of lateral buds is enhanced by cytokinins
and inhibited by auxins. The transfer of the isopentenyl transferase (ipt) gene
from A. tumefaciens to tobacco plants causes a sharp increase in the
endogenous cytokinin level, and stimulates axillary bud growth (28). On the
other hand, auxin overproducing plants carrying the iaaM gene from A.
tumefaciens show almost total suppression of axillary bud growth. A cross
of auxin overproducing plants with cytokinin overproducers results in a
decreased expression of apical dominance, suggesting that apical dominance
is regulated by the ratio of endogenous auxins and cytokinins (28).

The Rol Genes ofA. rhizogenes
Plants regenerated from hairy roots exhibit particular abnormalities

attributed to rol genes. The symptoms include wrinkled leaves, shortened
internodes, reduced apical dominance, and abundant, plagiotropic roots with
many laterals (52). Spano et al. (52) have demonstrated that rhizogenesis in
transformed plants is not due to elevated auxin levels but to the increased
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auxin sensitivity of the tissue. Enhanced auxin sensitivity has been
expressed also at the cellular level by hairy root protoplasts. Maurel et al.
(35) measured the effect ofNAA on the transmembrane potential difference,
and observed that to induce hyperpolarization in normal protoplasts requires
a thousandfold higher NAA concentration than in the transformed ones (35).
Unlike the transmembrane potential in protoplasts, cell division is not affected
by transformation with regard to its auxin sensitivity. Therefore, different
cellular responses to hormone action may be affected selectively by the
presence of rol genes.
Protoplasts from plants transformed by each of the three rol genes

individually also display enhanced auxin sensitivity. The effect ofNAA on
the transmembrane potential difference is greatest for rolB, moderate for rolA,
and lowest for rolC (35). The same ranking applies to the root inducing
ability of these genes. Therefore, enhanced auxin sensitivity may be a
necessary condition for root induction in transformed plants (35).
In contrast to their parallel effect on transmembrane potential, the three

rol genes have been shown to cause distinct morphological and biochemical
changes in transformed plants. Transgenic plants that carry the rolA gene
have wrinkled leaves and large flowers; the most prominent feature of rolB
plants is their increased tendency to form adventitious roots; and the plants
transgenic for rolC are characterized by smaller flowers and decreased
expression of apical dominance (49). According to evidence presented by
Estruch et al. (14), the rolB gene codes for a glucosidase able to hydrolyze
indole is-glucosides. The authors suggested that the expression of the rolB
gene causes the release of active auxins from the inactive is-glucosides (14).
It was also indicated that the rolC is-glucosidase releases active cytokinins
from glucoside conjugates. Therefore, the decrease in the expression of
apical dominance observed in rolC plants could be accounted for by the
higher level of endogenous cytokinins.
Taken together, the foregoing evidence indicates that the rol genes

harbored by the T-DNA of A. rhizogenes may influence plant development
by a combination of two effects namely the increased endogenous level of
auxins and cytokinins, and the enhanced sensitivity of cells to these
phytohormones. Because both auxins and cytokinins are involved in the
control of axillary bud growth, plants transformed by A. rhizogenes may
provide a valuable model system for the study of apical dominance.

Auxin-Regulated Gene Expression Monitored with Lux Reporter Genes

The level of IAA in various tissues during development has been studied by
Langridge et al. (31) in transgenic tobacco plants using bacterial luciferase
luxA and luxB (luxA&B) as reporter genes. In these plants, the luxA&B
genes are under the control ofthe auxin-responsive mannopine synthase (mas)
dual (P\,P2) promoters from A. tumefaciens. Therefore, IAA-regulated mas
promoter activity can be monitored by measuring the amount of light emitted
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from the luciferase-catalyzed reaction. Lux expression is stimulated by
applied IAA and other auxins. Video image analysis of luciferase activity
reveals enhanced lux gene expression in and around the axillary buds within
12 hours after decapitation, suggesting that decapitation causes an increase in
the auxin content of the buds (31).
Tamas et al. (59) have investigated the effect of the rolABC genes on lux

expression in the axillary buds of tobacco plants. RolABC x luxA&B (a
genetic cross between rolABC and luxA&B plants) and luxA&B plants were
decapitated and luciferase activity was monitored using luminometry in the
uppermost axillary bud. While no change occurred in the buds of the
luxA&B strain in the fIrst 24 hours following decapitation (although activity
increased rapidly thereafter), luciferase activity doubled in rolABC x luxA&B
buds in six hours and increased nearly fourfold in 24 hours. These changes
in luciferase activity were correlated with the growth response of the two
tobacco strains. The buds of the intact luxA&B plants were fully suppressed,
and started to grow two days after decapitation. In contrast rolABC buds,
which exhibited a slow rate of growth even in intact plants, began to grow
rapidly within a day after decapitation, and grew to twice the size of the buds
on the decapitated control plants within a week (59).
These results show, fIrst, that the enhanced expression of luxA&B genes

in the rolABC plants corresponds to the diminished level of apical dominance
in these plants; and second, that the increase in lux expression within the buds
of decapitated plants precedes the onset of bud growth, and thus could
indicate important hormonal changes involved in the release of apical
dominance. A particularly valuable feature of this system is its high
sensitivity. A few milligrams of fresh tissue weight is sufficient for several
replicate luciferase assays. Therefore, the mas promoter-regulated lux
reporter gene system provides a simple and sensitive technique to monitor the
auxin status of axillary buds during their release from apical dominance.

TISSUE POLARITY AND THE MECHANISM OF CONTROL

Polarity and Auxin Action

Thimann and Skoog (64) observed that the quiescent axillary buds of Vicia
contain little auxin, but the level increases substantially when bud growth is
resumed (this has been confIrmed by accurate physicochemicalmethods [22]).
Thus it was recognized that bud growth is directly correlated with auxin
production within the bud, even though auxin from the shoot apex represses
axillary bud growth. To explain this apparent paradox, it was suggested that
the conversion of a precursor to auxin in the axillary bud is inhibited by
auxin arriving from the shoot apex (64). Because the latter needs to pass
through tissues of the bud without enhancing growth therein, the implication
of the suggestion is that the effect of auxin in a tissue may depend on the
direction of its movement. Whether this is true in the case of axillary bud
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growth regulation has not been established, but the potential significance of
the idea is illustrated by studies on leaf abscission and xylem differentiation
in lateral buds. Each of these processes involves basipetal auxin transport
within the respective lateral organ (leaf or bud), and the physiological effect
of this auxin is inhibited by the auxin signal from the shoot apex.

Sachs (see Chapter G4 and 47) has made the observation that xylem
differentiation in developing stems is oriented toward a source of auxin such
as a lateral bud or the site of applied IAA. By making a pattern of incisions,
or varying the location of IAA treatment relative to the wound, the direction
of differentiation can be altered but it always follows the path of IAA
transport. These results are interpreted by Sachs to mean that auxin flux
through the tissue determines tissue polarity by inducing the formation of
auxin transport channels. Continued auxin flux is required to maintain and
reinforce the existing polarity which leads eventually to the differentiation of
vascular tissue along the auxin transport channels.
Further analysis of the system reveals that if two polar axes intersect, the

one with the stronger polarity can inhibit the formation or development of the
other. When auxin is applied laterally on a decapitated stem, it induces the
treated area to differentiate xylem tissue which eventually connects to the
existing vascular strand. If the latter is provided with a source of auxin from
the apical region above (e.g., a young leaf or auxin applied to the stump), the
site of lateral IAA application fails to form a vascular connection with the
existing vascular bundle (47). These data indicate that a relationship of
dominance may develop between the intersecting polar axes of two competing
organs based on the relative rate of auxin transport and the resulting strength
of the respective polarities. The data suggest further that the expression of
dominance by the stronger member inhibits polar auxin transport and retards
development in the subordinate organ.
If an analogous mechanism exists for the apical control of axillary bud

growth it would presumably meet two assumptions: first, that polar auxin
transport in the intact stem represses the formation or maintenance of auxin
transport channels in the axillary buds; and second, that the removal of the
dominant apex causes the induction or reactivation ofauxin transport channels
along the bud axis as a precondition for bud outgrowth.
The effect of auxin on leaf abscission depends on the direction of auxin

movement in the petiole. When petiole explants are prepared that include the
abscission zone at their midpoint, and IAA is applied to the distal end,
formation of the abscission layer is prevented. But if IAA application is
proximal to the abscission zone, abscission is stimulated (2). These responses
seem to be related to the competing effects of the leaf blade and the shoot
apex on the cells of the abscission zone. The presence of the leaf blade
prevents abscission by virtue of its continuing release of auxin. The shoot
apex has the opposite effect, and this too seems to be mediated by auxin.
The removal of the shoot apex delays the abscission of petioles (25), and the
abscission enhancing effect of the apex can be duplicated by IAA treatment
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of the stump (2). Thus leaf abscission and axillary bud growth show a
fundamental similarity in their response to auxin. First, both are subject to
the correlative effect of the shoot apex (which is mediated by auxin), and
second the effect of auxin secreted by the shoot apex is opposed by auxin
from the appropriate lateral organ (e.g., leaf blade and axillary bud
respectively).
The way cells in the abscission zone respond to IAA may in part depend

on their sensitivity to, and ability to produce, ethylene. Auxin treatment of
the distal end in Phaseolus petiole explants shortly after excision prevents
abscission, whereas the same treatment given more than 12 hours later
accelerates it. During the initial phase (stage 1), the petiole is insensitive to
ethylene treatment, but after 12 hours (stage 2) abscission is stimulated by
ethylene. Furthermore, auxin action in stage 2 is prevented by the removal
of evolved ethylene (1) indicating that the abscission-enhancing effect of
auxin can be attributed to increased ethylene production.

Polarity in the Control of Axillary Bud Growth

Recent work using bud-bearing, isolated stem sections of Phaseolus has
shown that axillary bud growth may be affected differentially depending on
the direction of the transport of applied auxin in the stem. When the apical
end of the section is inserted into a sterile solid medium containing sucrose
and mineral nutrients, the bud at the midpoint of the section (not in direct
contact with the medium) resumes growth (62). However, if IAA or NAA
is also present in the medium, bud growth is prevented (Fig. 1). If the
section is implanted with its basal end, auxin in the medium either has no

A B c
Fig. 1. Cultured Phaseolus vulgaris stem segments with the primary node at the segments'
midpoint. Shown is the effect of IAA on the growth of axillary buds (arrows) nine days after
the segmentswere excised and insertedwith their apical end into the IAA-containing medium.
IAA concentrations were 0 (A), 10 (B) and 100 14M (C). From (62).
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effect or causes a slight stimulation of bud growth. IAA applied to the apical
end also causes bud abscission and prevents the appearance of new lateral
buds. Basal application does not have these effects (62). Because basipetal
auxin transport is relatively more effective, more auxin may be transported
to the bud from the apical end than from the basal end. This, however, is not
the explanation of the foregoing data. When 14C_IAA transport is measured
in bud-bearing stem sections, the amount of 14C transported to the bud from
the apical cut surface does not exceed that transported from the basal end
(33). Furthermore, inhibition of lateral bud growth by apically applied IAA
is relieved if the stem segment is pretreated with the auxin transport inhibitor
N-l-naphthylphthalamic acid (NPA) (62). NPA treatment of the segments
also inhibits polar IAA transport within the stem axis but does not
substantially alter the amount of IAA entering the axillary bud (33).
According to these results, transport of IAA is necessary for the correlative
inhibition of axillary buds, but only basipetal transport seems to be effective.
Furthermore, there is no difference between basipetal and acropetal IAA
transport regarding the amount of IAA accumulation in the bud, yet the two
have opposite effects on bud growth. It is concluded that basipetal IAA
transport in the stem, rather than IAA accumulation in the bud, is required for
bud growth inhibition.
It is not known how the direction of auxin transport can influence

developmental responses in the tissue. In an attempt to answer this question
regarding the abscission zone, it has been suggested that the relative rates of
acropetal and basipetal transport regulate the abscission response by setting
up an auxin gradient in the petiole (2). The hypothesis was tested by
applying IAA in varying amounts to the two ends of petiole explants. It was
found that abscission was delayed if the amount applied distally exceeded the
amount applied proximally. The reverse arrangement stimulated abscission.
These same results could be obtained even when the total amount of IAA was
varied, as long as the ratio of the two applications did not change. The data
show that simultaneous IAA fluxes in opposite directions can cancel each
other's effect and the outcome (promotion or inhibition) depends on the ratio
of the two.
Is there an analogous response at work in axillary bud growth regulation?

This question was tested by applying varying amounts ofIAA to the two ends
of isolated bud-bearing stem segments. Itwas found that basal IAA treatment
relieved the bud inhibiting effect of IAA applied to the apex (62).
Furthermore, treatment of the base with nonradioactive IAA reduced the
amount of 14C_IAA transported from the apex to all parts of the segment. To
explain these results it was suggested that basal IAA application relieves the
growth inhibiting effect of apically-derived IAA by altering the ratio of
basipetal versus acropetal IAA transport.
The mechanism through which polar IAA transport in the stem regulates

axillary bud growth is not known. One possibility is that auxin transport in
the stem inhibits cell polarization in the axillary buds (62). Decapitation of
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the dominant shoot apex has been shown to cause increased polar IAA
transport within the axillary buds of Phaseolus (61), and in the subordinate
shoot of two-branched Pisum plants (37). A similar response occurs among
reproductive organs, namely the removal of dominant fruits enhances IAA
export from the remaining fruits (18). Due to impaired polar IAA transport
along its axis, the correlatively inhibited lateral bud or shoot may fail to
develop vascular connections (22), import needed nutrients (42) and growth
regulating substances such as root-derived cytokinins (65), or promote cell
expansion in its apex (47).
IAA transport is impaired in correlatively inhibited axillary buds (61),

subordinate shoots (37) and developing fruits (18), suggesting a common
mode ofaction among different manifestations ofcorrelative control. Perhaps
the lack of polar auxin transport in the cells of inhibited shoots results from
the randomization of IAA efflux carrier distribution in the plasma membrane
(thus eliminating their preponderance at the base ofthe cell), and the recovery
of polar auxin transport, after release from correlative inhibition, involves
restoration of efflux carrier asymmetry (37).
The apparently widespread occurrence of IAA transport inhibition in

subordinate organs raises the question of what role IAA transport--occurring
within the subordinate organ--plays in the correlative relationship. One
intriguing possibility is that it is an integral component of the correlative
signal pathway. The idea implies that polar IAA transport in the dominant
organ impairs the polar transport of IAA within the subordinate organ (e.g.,
elicits IAA efflux carrier randomization in the cells), and further, that the
inhibition of polar IAA transport within the subordinate organ is a necessary
condition for growth repression therein. These possible relationships have not
been subjected to rigorous analysis.

The Role of Calcium in Hormone Action and Polarity

Calcium ions have been widely implicated in the cellular control of plant
growth and development, affecting a broad range of functions including
mitosis, cell elongation, gravitropism, polarity, and differentiation (21). An
increasing body of evidence suggests that Ca2+ is a factor in the intracellular
transduction of environmental and hormonal signals. The finding that Ca2+

participates in auxin-regulated cell polarization is of special interest (21)
because of its possible relevance to apical dominance. It is believed that cell
polarization involves the formation of a gradient of Ca2+ concentration in the
cell resulting from the nonrandom distribution of plasma membrane Ca2+
carriers and channels. In tip-growing cells, such as the pollen tube or the
rhizoids of the moss Funaria, elevated Ca2+ levels are generally observed at
the growing tip (21). Such polarization of Ca2+ distribution is known to be
enhanced by IAA transport.

Interaction between IAA and Ca2+ occurs in the stems ofvascular plants
as well. Experiments with Helianthus hypocotyls shows that the basipetal
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transport of IAA is tightly linked to the opposite movement of Ca2+. IAA
treatment of the ends of cut segments stimulates the release of Ca2+ at the
treated end (12). Ca2+ extrusion is prevented by the auxin transport inhibitor
TIBA, and the absence of Ca2+ inhibits IAA transport. The results suggest,
first, that the Ca2+ status of the cell is directly linked to IAA transport;
second, that a change in the direction and rate of IAA movement is likely to
alter both the internal concentration and polar distribution of Ca2+ in the cell;
and third, that a change in the amount of available Ca2+ may influence the
rate of IAA transport. These changes, in tum, may modify or reverse the
course of physiological and developmental events in the cell including those
affecting dominance relationships. There is ample evidence showing that the
disruption of polarity in Ca2+ distribution drastically alters cell structure and
development (21). Work by Bangerth and his collaborators have
demonstrated that the transport of Ca2+ into developing tomato fruits is
dependent on the simultaneous export of auxin, and can be inhibited by TIBA
and other auxin transport inhibitors (4). The failure of the fruit to import
Ca2+ causes deficiency disorders indicating that normal fruit development
requires the continuing release of auxin from the fruit. When young,
developing fruits of tomato plants are subject to correlative inhibition by
older, dominant fruits, the export of auxin by the subordinate fruits is
impaired by the auxin signal from the dominant fruits (18).
Taken together, the foregoing considerations imply that dominance

relations involve Ca2+ in at least two ways: first, the calcium ions transported
to the dominant organ may assist in the reciprocal release of auxin and thus
contribute to the continuing position ofdominance for that organ; and second,
Ca2+ transport to the subordinate organ may diminish because of reduced Ca2+
availability or impaired auxin release, and thus cause further weakening of
auxin release and induce Ca2+ deficiency in the inhibited organ. Thus far,
these possible interactions have not been critically tested.
There is evidence indicating that Ca2+ and cytokinin interact in the

regulation of bud development. In the moss Funaria, bud formation in the
growing caulonema is induced specifically by cytokinin (7, 8). Bud induction
takes place in a subapical 'target' cell at a fixed distance from the caulonema
tip. The predictable position of the prospective bud relative to the apex, and
the enhancement of growth at the caulonema tip, are two important
expressions of the strong polarity that characterizes the caulonema structure.
IAA seems to playa key role in the control of polarity because it serves to
induce, as well as maintain, the caulonema stage (7, 8). The bud first appears
as a localized lateral outgrowth near the apical end of the target cell. After
cytokinin treatment, accumulation of membrane-bound calcium is observed
in the prospective bud region of the cell (21), followed by cell division that
produces the first cell of the bud. If sufficient Ca2+ is provided, but its polar
distribution is experimentally disrupted, buds can be induced in all target cells
even in the absence of cytokinin. On the other hand, the lack of Ca2+

prevents the bud-inducing effect of cytokinin. The results indicate that the
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effect of cytokinin is mediated by Ca2+. The data further suggest that the
early events of induction involve the establishment of a new polar axis by the
accumulation of Ca2+ at the prospective bud site. This raises the interesting
question whether axillary bud growth stimulation by cytokinin in higher
plants could be viewed as an act of setting a new polar axis. The implication
of this idea is that, in addition to stimulating cell division in the bud,
cytokinin would also act to reorient IAA transport and cell differentiation in
the bud region thus shifting the balance away from the prevailing dominant
polarity of the shoot.

CONCLUDING COMMENTS

The basic mechanism of apical dominance remains unresolved even though
extensive information is available on specific hormonal effects. Although the
correlative signal has not been conclusively identified, IAA is, by all
indications, the prospective candidate. All the major classes of growth
substances have at least some effect on axillary bud growth, but their
interaction is largely undefined. There is strong evidence that cytokinin is a
key factor in promoting bud growth. In general, a hormonal regime that
enhances the vigor of the apical bud enhances apical dominance, while, when
the apical bud is less vigorous, lateral growth may ensue under the influence
of growth promotive hormones in the axillary bud.
To understand the mechanism of hormonal control, it will be necessary

to explore the fundamental cellular events involved in axillary bud growth
inhibition and release. Important progress has been made in recent years
regarding the mechanism of auxin transport and its role in tissue polarity. It
can be now inferred that auxin-dependent cell polarity is involved in the
control of axillary bud growth. How auxin controls polar cellular responses
needs to be resolved before the mechanism of apical dominance can be
elucidated.
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G7. Hormones as Regulators of Water
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INTRODUCTION

The development of strategies which enable growth to continue without
excessive consumption of limited water resources has played a vital part in
the evolution of plants which can survive in terrestrial environments.
Research over the last two decades has established a clear role for plant
hormones in governing the water economy ofplants. By influencing stomatal
behaviour they can control the expenditure of water, and by regulating the
growth and activities of roots, they can exert some control over the uptake of
water. Our knowledge of the role of hormones in relation to stomatal
functioning is now progressing rapidly and it is appropriate to devote most
of this chapter to this topic. Studies of roots have not progressed so rapidly,
but nevertheless we have begun to recognise an important role for the roots
in regulating activities in the shoot, to provide an integrated strategy for
controlling the water balance of the plant.

HORMONES AND STOMATAL BEHAVIOUR

Abscisic Acid

Formation and distribution ofabscisic acid in relation to the functioning of
stomata.
Wright and Hiron (70) found that the ABA content of wheat leaves

increased forty-fold within 30 minutes when they were detached from the
plant and subjected to a water deficit severe enough to cause wilting.
Subsequent studies have shown that there is a fairly abrupt rise in the ABA
content of the leaves of many different species as the water potential falls
below -1.0 MPa (= -10.0 bar). The water potential at which there is an
accelerated production of ABA is very similar in several different species
(Fig. 1) (2). In nutrient deficient plants the production of ABA seems to
occur at less negative water potentials (53). Stomatal opening is strongly
inhibited by ABA in many different species. Some typical dose-response
curves are shown in Figure 2, from which it will be seen that the
concentration of K+ in the medium surrounding the epidermis has a major
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Fig. 1. Relationship between leaf water potential and ABA content. (a) Intact plants of
Ambrosia trifida (.) and Ambrosia artemisifolia (e). (b) Excised leaves of wheat (ABA
produced in 330 min). From (69) and (71).

Fig. 2. Effects of ABA on stomata of
Commelina communis in different
concentrations ofKcl. Abaxial epidermis
was detached from plants that had been
grown carefully to avoid water deficits,
i.e., there was a minimum endogenous
ABA content. Modified from (61).
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detennining influence. This is not surpnsmg in view of the apparent
mechanism of action of ABA on the guard cells (see below). It is clear from
these curves that rises in the endogenous levels of ABA in leaves could
readily inhibit stomatal opening, and there can be little doubt that individual
leaves do possess some capacity to control their own water status by this
means. It is, however, clear that mechanisms are present in the plant which
ensure that within-leaf production ofABA does not assume an important role
until the later, more severe, stages of soil moisture stress.

It is now well established that ABA
can be synthesized in roots (10). When
roots are in contact with drying soil they
produce ABA in increased quantities,
which enters the xylem and is transported
to the leaves where it inhibits stomatal ! t6

opening (72). This occurs before the
shortage of soil moisture causes any
measurable change in the water status of
the leaves. Thus it is believed that the
early stages of soil drying lead to the
production of ABA which is transported
as a chemical signal to the leaves, where
it causes a reduction in transpiration and
prevents a decline in water potential or a
loss of turgor (13).
These new discoveries make it

necessary to reassess the appropriate
physiological measurements to detennine
whether a plant is experiencing water
stress. In the past it has been common
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practice to take leaf samples for determinations of factors such as water
potential or relative water content. The data obtained have been supposed to
be indicative of the water status of the soil and, in the case of field crops,
have been used to indicate irrigation requirements. The existence of root-to­
shoot signals which initiate protective mechanisms in the shoot probably
means that such measurements provide less accurate information than was
thought. The studies of Tardieu et al. (66) on field-grown maize have
shown that there is a good correlation between stomatal conductance and
ABA concentration in the xylem sap (Fig. 3c) and this may be the best
above-ground indicator of the water status of the root system. Figure 3 also
shows clearly the poor correlation in maize between stomatal conductance and
the ABA concentration in the leaf as a whole (3b), leaf water potential (3a),
and leaf turgor (3d).
It has been suggested that for the most efficient, long-term exploitation

of water in the soil, a plant would benefit from being able to respond to the
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water potential in different parts of the root system (34). Contrasting types
of stomatal behaviour would affect the pattern of water use (35). Four
classes of behaviour have been identified: (a) pessimistic, non-responsive, in
which the stomata open daily in a fixed but restrained manner so as to use
initial soil water by the end of the season; (b) optimistic, non-responsive, in
which the fixed daily opening routine uses water faster than justified from the
initial supply in the soil; (c) pessimistic, responsive, in which the stomata
react to changing conditions to regulate the use of water so that the available
supply is used by the end of the season; (d) initially optimistic, responsive,
in which water consumption begins as in (b) but there is an ability to reduce
the daily degree of stomatal opening to prevent very serious water deficits.
To understand how these patterns may be determined and controlled we need
to explore in detail how hormones and other agents regulate the turgor
changes in guard cells.

Mechanisms ofAction ofAbscisic Acid on Stomata
Stomatal movements result from alterations in the turgor of the pair of

guard cells which surround the pore. These changes are driven by fluxes of
anions and cations, notably K+ balanced either by CI" or malate, across the
plasma membrane and tonoplast (28, 39,42, 59). Stomatal opening reflects
a net accumulation, and stomatal closure reflects a net loss, of K+. However,
the mechanisms of stomatal opening and closure can be regarded as separate
processes involving different ion fluxes. Closure involves the stimulation of
K+ efflux and not simply the cessation of the K+ influx which leads to
opening. The ion fluxes involved in the regulation of stomatal aperture occur
through specific ion channels, a number of which have been identified in the
plasma membrane of stomatal guard cells using whole-cell current-voltage
analysis and patch clamp techniques. These comprise both anion channels,
including inwardly and outwardly directed K+ channels, and cation channels
(6,28,39,42,59). ABA stimulates a reduction in stomatal aperture through
both the promotion of closure and inhibition ofopening (47). Recently whole
cell electrical studies have revealed that ABA affects both the influx and
efflux ofK+ into guard cells, the inwardly directed K+ channel being inhibited
by ABA whilst the outwardly directed K+ channel is activated by ABA (39).
External ABA induces stomatal closure as effectively at pH 8.0, at which

pH it is not taken up into the guard cells, as at pH 5.0 when it is taken up
readily (23). Thus it appears that ABA need not enter the cytosol of the
guard cells in order to induce a change in the ion fluxes across the guard cell
plasma membrane. This means that the site of action of ABA must either be
at the outer surface of the cell, or at a location easily accessible from the
outside. There is a considerable body of physical evidence to indicate that
ABA can interact with phospholipids (63), indicating that it may be capable
of altering the permeability of the plasma membrane. In addition, Hornberg
and Weiler (29) have reported the presence of proteins located in the guard
cell plasma membrane which bind ABA with a high affinity, although there
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Fig. 4. Inhibition of stomatal opening
in Commelina communis after
incubation of abaxial epidermis for 3 h
in a range of concentrations of CaCI2•
From (14).

has been no progress in the purification of the "ABA receptor" since this
initial report. Nevertheless, MacRobbie (38) has demonstrated that the ABA
response of guard cells exhibits desensitisation, suggesting that there is a
specific cellular recognition system for physiologically active ABA.
Ion channels in the plasma membrane of guard cells have been shown

to be both voltage-sensitive and/or Ca2+-dependent (6,28,39,42,59). Of the
channels shown to be affected by ABA, the inwardly directed K+ channel is
inhibited by Ca2+whilst the outwardly directed K+ channel is insensitive to
Ca2+(6, 39). Ca2+ is known to play an important part in the regulation of
many different cellular processes in animals, through its role as a "second
messenger", fonning an essential link in the pathways through which
extracellular signals (e.g. peptide hormones) are transduced into a
physiological response (3). Numerous physiological and metabolic processes
are also known to be influenced by Ca2+ in plants (I, 25, 49) and it is
becoming increasingly apparent that Ca2+ may have a similar second
messenger role to play in plant cells (50). Many of the components of a
putative Ca2+-based signal transduction pathway have been identified in
plants, including Ca2+-binding proteins such as calmodulin (CaM) (1, 49),
Ca2+/CaM-dependent enzymes (1, 26), Ca2+channels (27), Ca2+-ATPases (17),
and G-proteins (16) and in the last few years evidence has begun to emerge
that Ca2+ may act to trigger the intracellular machinery responsible for
initiating many of the physiological responses to plant hormones (see Chapter
D5).
In the last 10 years the mechanism of action of ABA has been the focus

of intense research. Ca2+has long been known to inhibit stomatal opening in
some plants (Fig. 4). After finding that at low concentrations of ABA (10.9

to 10.8 M) the inhibition of stomatal opening is strongly Ca2+-dependent De
Silva et al. (14) proposed that Ca2+may act as a second messenger during
ABA-stimulated stomatal closure, and
subsequently it was suggested that there
may be an interaction with phospho­
inositide metabolism (Fig. 5) (28, 39, 42,
59).
In order for Ca2+ to act as a second 1'0

messenger during the response of stomata i.
to ABA, possibly through the regulation of i 6­
ion channel activity, it is essential to "
determine the capacity of the plant
honnone to modulate the concentration of
cytosolic free Ca2+([Ca2+]cyt) in guard cells.
Influx of Ca2+ into "isolated" stomatal
guard cells has been clearly demonstrated
using [45Ca2+] (37). However, until
recently attempts to determine whether
ABA stimulates a change in [Ca2+lcyt
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Fig. 5. A possible Ca2+-based ABA signal transduction pathway in stomatal guard cells. (I)
Signal perception. Binding of ABA to a plasma membrane (PM) receptor (or transport
protein) or interaction with membrane lipids. Promotion of stomatal closure through ABA·
stimulated activation ofK+·efflux channels in the PM. (2) Increase in [C(J+l.". Influx ofCa2+
or release of Ca2+ from intracellular stores through interaction with phosphoinositide
metabolism. (3) Inhibition of stomatal opening. Ca2+·stimulated inhibition of K+·influx
channels. (4) Promotion ofstomatal closure. Ca2+·stimulated predepolarisation of the PM,
release of anions and cations from the vacuole and activation of PM anion-efflux channels
leading to depolarization of the PM and activation ofK+·efflux channels. Modified from (45).

proved inconclusive (37, 39). To resolve this question McAinsh et al. (43)
used fluorescence ratio techniques to monitor changes in guard cell [Ca2+]cyt

in response to ABA. The resting guard cell [Ca2+]cyt recorded using this
methodology ranges between 50-350 nM (19, 20, 33, 43, 46, 58). McAinsh
et al. (43) reported that 10-7 M ABA stimulated increases in guard cell
[Ca2+]cyl ranging between 2 and 10-fold above the resting level, with peaks up
to 1 M (Fig. 6). This observation has subsequently been confirmed in the
guard cells of detached epidermis of Commelina communis (20, 46) and
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Fig.6. Changes in guard cell [Ca2']cyt with time: (a) cells perfused with CO2-free 10 mol mol
MES, 50 mol mol KcI, pH 6.15, at 25°C, and (b) before and after addition of 10'" mol mol
ABA (arrow). (c) Changes in stomatal aperture with time, before and after the addition of 10-4
mol mol ABA (arrow). Modified from (43).

orchid (33), guard cell protoplasts of Vida faba (58), and a number of other
cell types (18). This increase precedes stomatal closure by approximately 5
min (33, 43, 46).
The nature of the ABA-stimulated increase in [Ca2+lcyt varies markedly

(20, 43,46), including rapid transient increase in [Ca2+lcyt (Fig. 7) (46, 58).
A comparable degree ofvariability is encountered in certain animal cells (67).
Similarly, although all stomata close in response to ABA (20, 43, 46), the
proportion of guard cells reported to exhibit an ABA-stimulated increase in
[Ca2+]cyt varies from approximately 40% (20) to 68-80% (33, 43, 46). In
addition, in V. jaba the percentage of guard cell protoplasts that exhibit an
ABA-stimulated increase in [Ca2+]cyt is equal to the proportion of stomata
reported to close in V. faba in response to ABA (approximately 37%) (58).
ABA-stimulated increases in guard cell [Ca2+]cyt may be the result of: (a)

an influx of apoplastic Ca2+, and/or (b) release of Ca2+ from intracellular
stores. Studies using guard cell protoplasts of C. communis suggest there is
no absolute requirement for extracellular Ca2+ in the ABA response (60).
Similarly, eSCa2+] flux studies in isolated stomatal guard cells of C.
communis indicate that there is no sustained ABA-stimulated increase in Ca2+

influx at the plasma membrane (37, 39). These techniques, however, are
unlikely to detect the release of Ca2+ from intracellular stores or short-lived
transient alterations in [Ca2+]cyt (46, 58). In contrast, pharmacological studies
examining the effects of EGTA and Ca2+-channel blockers on guard cells in
detached epidermis of C. communis (14, 44) suggest that Ca2+ influx and
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Fig. 7. [Ca2Jcyt and plasma
membrane ion currents in
guard cell protoplastsofVicia
faba. (a) ABA-stimulated
[Ca2+Jcyt transient. Cells were
externally perfused with 10-3

mol m_3 ABA. The
membrane potential of the
cell was held at -40 mY. (b)
Simultaneousmeasurementof
ABA-stimulated increases in
[Ca2+Jcyt (lower trace) and
inward ion currents (upper
trace). Cells were externally
perfused with 5 x 10-3 mol
m·3 ABA. The membrane
potential ofthe cell (Vm) was
varied between +5 mV
(depolarization) and -54 mV
(hyperpolarization). From
(58).
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Ca2+ released from intracellular stores both contribute to ABA-stimulated
increases in guard cell [cr]cyt. In addition, simultaneous monitoring of ion
currents across the plasma membrane of guard cell protoplasts of V. laba
(using patch clamp techniques) and [Ca2+]cyt (by fluorescence ratio
photometry) imply that Ca2+ influx, through "ABA-activated" ion channels,
contributes to ABA-stimulated increases in [Ca2+]cyt (Fig. 7) (58).
Recently, fluorescence ratio imaging techniques, which allow changes in

the spatial distribution of [Ca2+]eyt within a cell to be monitored, have been
employed to clarify the origin of ABA-stimulated increases in [Ca2+]cyt.
Although initial attempts to image ABA-stimulated changes in guard cell
[Ca2+]cyt proved unsuccessful (20) subsequent studies indicate that ABA­
stimulated increases in [Ca2+]cyt are unevenly distributed across the cytosol of
the guard cell (46). Similar heterogeneities have also been observed in
animals (67). The distribution ofCa2+ varies with time (46). This spatial and
temporal localisation of the ABA-stimulated increases in [Ca2+lcyt may reflect
both the influx ofCa2+ from the apoplast and the release ofCa2+ from internal
stores. Confocal scanning laser microscopy has also been used to study the
distribution and origin of ABA-stimulated changes in [Ca2+lcyt, but this
technique has so far yielded little additional infonnation (33).
It is apparent that an increase in [Ca2+lcyt is an essential part of the

response of stomatal guard cells to ABA (39, 46). However, it must be noted
that the outwardly directed K+ channel in guard cells is insensitive to Ca2+(6,
39). In addition, in flux-tracer studies ABA has been reported to stimulate
transient, biphasic increases in K+ eftlux from isolated guard cells of C.
communis, the initial fast rate of efflux being insensitive to external Ca2+ (Fig.
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Fig.8. [86Rb1efflux transients from isolated guard
cells of Commelina communis in response to 10'2
mol m'3 ABA: (.) 10,1 mol m,3 Ca2+ throughout,

(o/V ) 5 x 10-4 mol m'3 increased to 0.1 mol m,3
after 10 min. Rates are expressed relative to that
before ABA was added. Each shows the mean of
four strips. Standard errors are not shown. From
(38).
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8) (38, 39). This introduces the
possibility that the ABA signal
transduction pathway may
contain Ca2+-independent events. II

EABA has been shown to
stimulate an increase in the
cytosolic pH (pHcyt)' of between
0.04-0.3 pH units, in guard cells
(33). Therefore, pHcyt may be an
attractive candidate as an
additional putative second
messenger in the ABA signal
transduction pathway, acting to
modify the physiological
response to ABA-stimulated
changes in [Ca2+]cyt (33, 39).
These indications of the

mode of action of ABA on the
guard cells are important because
they should eventually lead us to
a better understanding of the
fine-control mechanisms that enable plants to continue to function under
varying conditions of water availability in the field. Such detailed
understanding will, however, also depend on a knowledge of the contribution
of at least two other groups of honnones, the auxins and cytokinins.

Auxins

Control ofStomatal Behaviour by Auxins
Early studies with IAA failed to reveal clear effects on stomata. For

example, Boysen-Jensen in 1936 (7) supplied excised leaves with IAA via
their petioles, but could detect no response. Later experiments in the 1940s
and 1950s with synthetic auxins did, however, produce positive results and
a number of workers found that compounds such as naphth-l-ylacetic acid
(NAA) and naphth-2-yloxyacetic acid (NOXA) caused stomatal closure.
These discoveries meant that when modern workers looked again for effects
of the natural auxin, IAA, their experiments were often designed to show
stomatal closure, not opening. Thus IAA was usually applied to stomata that
were already open fully, and when there was no response it was concluded
that IAA had no effect. We now know that this conclusion was wrong, and
that IAA does exert important controls on stomata. Its action is to stimulate
opening, and the closing responses to the synthetic auxins bear no
resemblance to the effect of the natural auxin.
The first indication of a substantial role for IAA came from the work of

Pemadasa (48) on the factors controlling the opening of adaxial and abaxial
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Fig.9. The effect of application of ImM

lAA on abaxial (o,e) and adaxial (~,A)
stomatal opening in Comme/ina communis.
The closed symbols are for the controls
untreated with fAA. fAA was applied to
the surface of the intact leaves on day 0,
and epidermis was then removed at the
times shown and incubated for 3 h under
conditions favourable for stomatal opening.
From (48).

Interactions between IAA and Other
Factors
The dose-response relationships

between ABA concentration and
stomatal closure in epidermal strips are
greatly modified by the addition of IAA
to the incubation medium (61,62) (Fig.
10). The inhibitory effect of ABA is
virtually absent in the presence of a
high concentration of IAA (l0"" M). Another important interaction is found
with CO2. Stomata normally close as the CO2 concentration in the vicinity
of the guard cells increases, but the expression of this response is dependent
on the concentration of IAA (Fig. 11). High concentrations of IAA
drastically reduce the closing reaction to CO2, but it is restored partially when
ABA is supplied along with IAA. These interactions are thought to be very
important in the control of the water balance of the plant, and we shall return
to them later.
A possible cellular basis for the interaction between IAA and ABA was

revealed by the work of Irving et al (33) who found that ABA caused
alkalinization of the cytosol in guard cells, whereas IAA caused acidification.
pHey! began to change in 2-4 minutes after application of the hormones and
it was postulated that, along with Ca2+ fluxes, pH is important in determining
the activation of K+ channels in guard cells.

stomata. In many herbaceous plants
there are stomata on both sides of the
leaves, but it is common to find fewer
stomata and smaller individual apertures
on the adaxial surfaces. Pemadasa
showed that externally applied IAA
caused increased openings of adaxial
stomata, but there was very little effect
on abaxial stomata under conditions
favourable for opening (Fig. 9).
However, when apertures of the abaxial
stomata were restricted by a reduced
supply of K+ in the medium used for
incubating the epidermis, IAA did cause
enhanced opening.

Cytokinins

Since 1977, much evidence has been reported that cytokinins act as important
regulators of stomatal movements. When kinetin is applied to isolated
epidermis from a grass, Anthephora pubescens, it causes stomatal opening
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Fig. 10. Influence of IAA on the response of
stomata in abaxial epidermis of Commelina
communis to ABA. A favourable concentration
of KCI (100 mol m·l ) was present in all
treatments. From (61).
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Fig. 11. Stomatal opening on detached
abaxial epidermis ofComme/ina communis
after incubation for 3 h in light in different
IAA concentrations. (0) Zero CO2, (.)
700 "L L·· CO2, Points are means of 60
measurements. b. as in a. but with 10'smol
m') ABA in the medium. (0) Zero CO2•

(.) 700 "L L·· CO2, From (62).

(30). At first it was thought that these responses applied only to the
Gramineae, but subsequent work has shown that they are more widespread.
Age of the leaves may be a determining factor, for in the Argenteum mutant
of Pisum sativum the stomata show no response to kinetin when the leaves
have just reached full expansion, but 15 days later there is a significant
stimulation of opening (31). Similarly the stomata of young leaves of Zea
mays do not respond, but in ageing leaves they open more widely when
treated with kinetin (5). Thus it seems that an effect of endogenous
cytokinins might be to determine the extent of stomatal opening on leaves of
different ages.
The characteristics of stomatal responses to cytokinins have several

features in common with the responses to IAA. For example, there are
sometimes no effects when cytokinins are supplied to leaves on their own
(54). This may be because there is already an adequate supply ofendogenous
cytokinins and/or because the experiments are conducted under conditions
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favourable for stomatal opening. It is only when there are factors restricting
opening that a clear response to cytokinins can be seen.
Kinetin and zeatin have no distinct effect when they are applied to young

leaves of Zea mays (4). However, if they are supplied together with ABA,
they can overcome the strong inhibitory effect of that hormone (Fig. 12). In
Z. mays the nature of the CO2-response is determined both by zeatin and by
ABA (5). The data in Fig. 13 can be compared with those in Fig.II, and it
will be seen that there are some similarities in the ABA/IAA and ABA/zeatin
interactions, though the latter is more complex. Irving et al. (33) found that
kinetin could influence both pHcyt and the Ca

2
+ status of the guard cells of

Paphiopedi/um tonsum, and this could be the basis of the hormonal
interactions.

Hormones and the Fine Control of Stomatal Movements

The discovery that the CO2 responses of stomata are variable is not new, but
recent observations have led to some reassessmentsof their role in controlling
the water relations of the plant (41, 42). It is suggested that a major
advantage resulting from the response of stomata to CO2 is their partial
closure as wind speed increases. Wind takes water vapour away from the leaf
surface and brings CO2 towards it. This means that if the stomata close as
the amount of CO2 in their vicinity rises, some control over the rate of
transpiration may result. The importance of such control will depend on
changes in leaf temperature brought about by the increased air movement:
sometimes increasing wind speed can reduce transpiration because cooling
reduces the vapour pressure of water in the intercellular spaces. Thus under
certain conditions wind itselfmay cause a reduction in transpiration for purely
physical reasons and in these circumstances a response of the stomata may be
superfluous. In many situations, however, such as when the input of solar
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Fig. 12. Stomatal apertures from maize leaf pieces
incubated on a range ofkinetin concentrations, with
(e) or without (0) ABA (10" mol m·l ). Points are
means of 60 observations. From (4).
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Fig. 13. Stomatal aperture from
maize leaf pieces incubated on a
range of zeatin concentrations with
(+) or without (-) CO2 (350 ilL L·

1
)

and with (+) or without (-) ABA (10'1
mol m·l ). Points are means of 60
observations. From (5).
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radiation is moderate to low, wind does increase transpiration and without a
partial closure of the stomata, the water consumption of the plant may rise
considerably. It is under such conditions that a closing reaction to CO2 is
seen as an advantage.
Most control mechanisms not only bring gains, but also impose penalties,

and that is true in this case. If the stomata remain open when wind increases
the CO2 concentration at the leaf surface, there will be an increase in the
intercellular space CO2 concentration (CJ, This will potentially benefit
photosynthesis (depending on irradiance) and such benefit, however small,
will be lost if the stomata close as wind brings more CO2 to the leaf surface.
Thus it can be suggested that the stomata should not always close in response
to CO2, If the plant is supplied with sufficient water, it is desirable that Cj

should rise with increased wind speed, so that the plant can benefit from a
small increase in photosynthesis. It is when the plant is running short of
water that stomatal closure in wind will become important. Thus the
discovery that three plant hormones, ABA, IAA and cytokinins can become
involved in regulating the CO2 responses of stomata is intriguing (Figs. 11
and 13). This suggests that hormones may provide a much more precise
control of stomatal movements than previously recognised. They may
contribute to a control system that is extremely elegant - one which changes
its characteristics according to the external environment of the plant,
especially water supply in the soil. This would mean that hormones are
responsible for minute-by-minute control of gaseous diffusion, helping the
growing plant to optimise its water consumption relative to the gain of CO2

for photosynthesis. The existence of a variable CO2 sensor in the guard cells
means that the plant can vary its priorities according to the water supply
available (41,42).
A challenge to plant physiologists in the immediate future will be to

determine changes in endogenous levels of cytokinins and auxins in water­
stressed plants, to discover how they are related to stomatal movements.
ABA has a well-established role in the physiological responses to water stress,
and the behaviour of ABA during stress/recovery cycles is fairly well
documented. There is little comparable information for cytokinins and
auxins, and it will be as difficult to obtain the required precision in analyses
(e.g. amounts in the epidermis rather than the leaf as a whole) as has proved
to be the case with ABA.

HORMONES AND PHOTOSYNTHESIS

Chemicals which bring about changes in stomatal aperture must also affect
rates of net photosynthesis in the intact leaf. Only careful analyses of cause­
effect relationships can reveal whether a compound first inhibits mesophyll
photosynthesis, and thereafter causes stomatal closure (because of an
increased C), or whether stomatal closure precedes a reduction in net
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photosynthesis. In the former case, however, Cj will rise, and in the latter
case it will fall. This means that measurements or estimations of C j can
prove valuable in helping to interpret the causes of observed effects.
Cummins et af (12) decided that ABA caused a reduction in photosyn­

thesis as a result of stomatal closure, and not because there was a direct
action on the photosynthetic capacity of mesophyll chloroplasts. Further
studies over the years have appeared to confirm this conclusion, but
nevertheless some doubts remain and there is a possibility that ABA has a
direct action on mesophyll photosynthesis (55). A possible reason for this is
that when ABA is applied to the whole leaf, it may affect the action or
distribution of other hormones. IAA has been found to stimulate
photosynthetic CO2 uptake, probably by increasing the coupling between
electron transport and phosphorylation (65). ABA often antagonises the
effects of IAA in plant tissues (cf Fig. 10).
Hormone-induced changes in the sensitivity of stomata to CO2 may act

to counteract excessive transpiration in windy conditions, as discussed above.
Such effects would lead to a temporary interference with photosynthesis.
When hormonal changes bring about long-term adjustments of stomatal
aperture, however, such as when the plant has suffered a severe water deficit,
it may be desirable for the photosynthetic capacity of the mesophyll to be
adjusted accordingly. It seems possible, therefore, that changes in IAA in the
leaf could be involved both in adjusting the behaviour of stomata to the
prevailing conditions, and in altering the activities of the mesophyll to
correspond with the modified diffusive conductance of the epidermis. The
"down-regulation" in photosynthetic capacity of the mesophyll during water
stress may accompany other important changes, such as the accumulation of
newly fixed carbon as sucrose which can contribute towards osmotic
adjustment (8).

HORMONES AND INTEGRATED RESPONSES OF THE PLANT TO
WATER STRESS

We have much more information on the effects of hormones on stomatal
conductance than on other activities in the plant which may be relevant to
water conservation. This imbalance in the available information partly
explains the emphasis given to stomata in this chapter, but such emphasis is
probably justified for other reasons because the stomata provide the major
point at which a plant can control its rate of water loss. It is, nevertheless,
appropriate to make brief mention of some other responses which may assist
the plant in its overall adjustment to conditions of water stress.

Roots

ABA increases the permeability of carrot root tissue to water (21), and a
similar conclusion was drawn from studies of exudation from isolated roots
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ofmaize (9). Effects on exudation rate could be the result of changes in ion
flux and/or water permeability (hydraulic conductivity), and a detailed
investigation of the effects of ABA on the exudation process in roots of
sunflower indicated separate actions on both of these.
A change in root pressure is unlikely to be of much consequence for the

bulk flow of water in the xylem of many plants. However, many herbaceous
plants are susceptible to cavitation of the sap in their xylem conduits when
they are water-stressed, and root pressure at night may be important in
refilling the affected vessels. It thus seems possible that ABA formed in
shoots under water stress may be transported to the roots where it can
stimulate root pressure.
Root growth and development may also be affected by hormonal changes

induced by water deficits. There have been indications from studies using
inhibitors of carotenoid biosynthesis, and also using mutants deficient in
carotenoid biosynthesis, as a means of manipulating the levels of endogenous
ABA (56,57), or using applications of exogenous ABA (11), that ABA limits
the growth of the shoot and enhances the growth of the roots at low water
potentials. This could explain the reduced shoot:root ratio that is often found
in water-stressed plants. Hartung & Davies (22) have proposed a particular
role for ABA in roots when they have to penetrate compacted soil. Increased
ABA concentrations were found to induce more radial growth immediately
behind the root cap, and a greater number of root hairs that could act as an
anchor to help penetration through a physical barrier. These morphological
effects of ABA could be very important in helping plants to locate new water
supplies in compacted soil.

Leaves

ABA inhibits the active eftlux of protons thought to be responsible for the co­
transport of sucrose in phloem loading in Ricinus (40). A reduction in the
rate of transport of sugars out of the leaf would enable more solutes to be
retained for the maintenance of turgor. Turgor is necessary for the
continuation of growth, but under water stress the continued production of a
large area of leaves is clearly undesirable. ABA has been found to inhibit the
light-stimulated cell enlargement in leaves ofPhaseolus vulgaris (68). This
could provide an important mechanism for limiting expansion of leaves when
plants experience water shortage. Convincing evidence is beginning to
emerge that leaf growth rate, as well as stomatal conductance, is strongly
influenced by an inhibitor (probably ABA) produced by roots in drying soil
(22).

Overall Effects of Hormonal Changes

Mutants of several plant species are known which possess different balances
of the hormones discussed in this chapter. A deficiency of ABA production
produces 'wilty' plants which are unable to maintain turgor under normal
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conditions (51, 64). Such mutants provide an important practical
demonstration of the importance ofABA for the maintenance ofnormal water
relations in the plant. Higher concentrations of auxin-like substances and
cytokinins accompany reduced ABA concentrations in some mutants (64).
Genetic variation in ABA content in crop plants is now becoming important
in the search for genotypes with improved drought resistance and other
desirable qualities (52). Studies of the water relations of different cultivars
in relation to ABA production have yielded promising results. Varieties of
spring wheat with a high capacity for drought-induced ABA formation have
been shown to produce higher yields than low-ABA cultivars, probably
because of a higher efficiency of water use (32). By contrast, cultivars of
sorghum which showed excessive stomatal closure, apparently because of
high ABA production, showed a reduced grain yield in response to drought
(15). This suggests that the effects of hormonal balance on CO2 exchange as
well as water vapour loss must be fully considered in future studies.
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INTRODUCTION

To farmers, horticulturalists, and others whose livelihood depends on growing
plants, it is obvious that the transition from vegetative to reproductive
development is a critical phase in the life cycle of higher plants. It is
difficult to overestimate the impact the direct products of flowering have on
human endeavors. Because they are an integral part of the human diet,
production of seeds and fruits form the foundation of all nations' economies.
Thus, it becomes equally evident that the ability to manipulate and control
flowering with simple treatments has enormous potential both from an
economic standpoint as well as increasing food production for an ever
growing human population. However, the development of such cultural
techniques is predicated on a thorough understanding of the physiological,
biochemical, and molecular aspects of reproductive development. Although
a great deal of descriptive information exists for many species about the
influence of environmental factors on reproductive development, knowledge
of the mechanisms by which the floral transition takes place is almost totally
lacking.
Flowering, or more precisely, reproductive development, is composed of

many independent but highly coordinated processes. To discuss the role of
hormones in flowering per se would be pointless; it is much more convenient
to arbitrarily divide flowering into several temporally related sequences.
Flower initiation is the production of flower (or inflorescence) primordia.
Evocation, on the other hand, is the term used to describe those processes that
occur in the apex prior to, and are required for the formation of flower
primordia. Since one cannot precisely determine the exact point at which a
flower primordium is formed, it is necessary to wait for the appearance of
true floral structures; this is usually referred to as flower formation. Flower
development encompasses the processes occurring between flower formation
and anthesis.
In many species, the onset of reproductive development is regulated by

environmental factors. Many environmental factors such as daylength and

1 Current address:' Department of Horticulture, Ohio State University, Columbus, OH
43210-1096, USA.
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temperature vary regularly during the year. Numerous species use these
seasonal variations as cues to coordinate the initiation of reproductive
development with the growing season.

Photoperiodism

Plants in which flowering occurs only under certain daylength conditions are
said to be photoperiodic. Photoperiodically sensitive plants fall into several
response types. Short-day plants (SOP) flower only when the photoperiod is
less than some critical length. Actually, it is more accurate to state that SOP
flower only when the dark period is greater than a certain critical length,
since it is the night length which is measured by the plant. Plants that flower
when the daylength is greater than a certain time are called long-day plants
(LOP). The requirement can be absolute (obligate) or facultative
(quantitative). Plants with a facultative requirement for certain photoperiodic
conditions will eventually flower under unfavorable photoperiods, although
much later than in inductive conditions. Although LOP and SOP comprise
the majority of photoperiodically sensitive plants, three other response types
are known. Short-long-day plants (SLOP) are plants that flower only when
subjected first to SO followed by LO. Conversely, plants that flower only
with the sequence LO then SO are called long-short-day plants (LSOP).
Finally, day neutral plants (ONP) are plants with no photoperiodic
requirements.
Perception ofdaylength occurs in the leaves. The primary photochemical

event is the absorption of a photon by the chromoprotein phytochrome. The
role of the phytochrome in the photoperiodic timing mechanism is discussed
in detail in several recent books and reviews (78, 79), and will not be
considered further here.

Vernalization

In numerous species from temperate regions, exposure to the low
temperatures of winter promotes the initiation of reproductive development
upon the return of warmer temperatures the following spring. This
phenomenon is known as vernalization, and is unique because the perception
and transduction ofthe environmental cue occurs during the cold period while
floral development is manifested later when the plants are under warmer
(growth-promoting) temperatures. An exception is brussels sprouts, Brassica
oleracea, in which flower initiation occurs during vernalization.
Analogous to the various photoperiodic response types, plants can be

classified according to their response to low (thermoinductive) temperatures.
Summer annuals (or simply annuals), which have no requirement for a
thermoinductive treatment, complete their entire life cycle in one growing
season. Seeds of winter annuals germinate during late summer or early
autumn and overwinter as seedlings. These plants then flower the following
growing season. Usually the cold requirement is facultative; that is, flowering
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will eventually occur without vernalization, but takes considerably longer than
plants subjected to thermoinductive temperatures. Furthermore, winter
annuals as a group tend to be sensitive to thermoinductive temperatures at
most stages of development. Indeed, imbibed seeds of many winter annuals
can be vernalized (seed vernalization). Biennials, in contrast, require one full
season of vegetative growth, have an obligate requirement for vernalization,
and exhibit a period of juvenility in which plants cannot be thermoinduced.
Numerous perennials also have a cold requirement for flowering.
Vernalization also promotes flowering in species not normally considered

cold requiring. The LDP Spinacia oleracea responds to thermoinductive
temperatures with a shortening of the critical daylength requirement. In other
LOP as well, low night temperatures can compensate for a long dark period
(i.e., SO) resulting in flowering under normally noninductive conditions.
In contrast to photoperiodic plants, the site of perception of temperature

lies in the apical region of the plant. Often, cold requiring plants also have
a requirement for certain photoperiodic conditions following thermoinduction.
Most winter annuals and biennials behave as LOP once thermoinduction is
complete. On the other hand, the cold requiring perennial Chrysanthemum
morifolium needs SO after thermoinduction.
Table 1 shows a list of representative plants in each of the various

response groups. Both photoperiodism and vernalization have important
ecological consequences in allowing plants to fill special niches. Biennials
and winter annuals are often the first plants to set seed in spring and early
summer. Many LOP flower in midsummer while SOP produce seed toward
autumn. Precise timing of flowering also ensures that many individuals from
a given population will be flowering at the same time thereby maximizing
outcrossing. Although one usually thinks ofvernalization and photoperiodism
as adaptations that evolved to avoid initiation of reproductive development
right before the onset of winter, and possibly not being able to produce seed,
they are also important in timing reproductive development to coincide with
other seasonal environmental factors. Some tropical plants are strongly
photoperiodic (certain species can respond to changes in daylength as little as
15 minutes) and this apparently is to coordinate flowering with seasonal
variations in rainfall (i.e., monsoon or rainy season).

Juvenility

In many plants, flowering cannot be induced despite being subjected to the
proper inductive conditions until a certain size or age is obtained. This
refractory period is known as the juvenile phase. The length of the juvenile
period can be as short as a few days or weeks in some herbaceous plants or
as long as forty years in some species of trees (Table 2). Juvenility is a
serious obstacle in breeding programs for economically important forest trees.
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Table 1. Representative plants of each flowering response type

Species (common names)

LONG DAY PLANTS
Rudbeckia bicolor (cone flower)
Anethum graveolens (dill)
Spinacia oleracea (spinach)
Hyoscyamus niger (henbane, annual strain)
Nicotiana sylvestris (nicotiana)
Agrostemma githago (com cockle)
Si/ene armeria (sweet William campion)
Lolium perrene (perennial ryegrass)

SHORT DAY PLANTS
Xanthium strumarium (cocklebur)
Kalanchoe blossfeldiana (kalanchoe)
Perilla crispa (perilla)
Nicotiana tabacum (tobacco, var Maryland Mammoth)
Euphorbia pulcherrima (poinsettia)
Chrysanthemum morifolium(Chrysanthemum var. Honeysweet)
Pharbitis nil (Japanese morning glory)
Glycine max (soybean var. Biloxi)

LONG SHORT DAY PLANTS
Bryophy//um daigremontianum (bryophyllum)
Cestrum nocturnum (night jessamine)

SHORT LONG DAY PLANTS
Coreopsis grandiflora (tickseed)
&heveria harmsii (Echeveria)

DAY NEUTRAL PLANTS
Zea mays (maize or com)
Cucumis sativus (cucumber)
Glycine max (soybean var Wilkins)
Lycopersicon esculentum (tomato)
Nicotiana tabacum (tobacco var. Wisconsin 38)
Gossypium hirsutum (cotton)

COLD-REQUIRING PLANTS
Althaea rosea (hollyhocks)
Thlaspi arvense (field pennycress)
Brassica oleracea (brussels sprouts)
Hyoscyamus niger (henbane, biennial strain)
Triticum aestivum (winter wheat)
Beta vulgaris (beet)
Daucus carota (carrot)
Chrysanthemum morifolium (Chrysanthemum var. Shuokin)
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Family

Compositae
UmbelIiferae
Chenopodiaceae
Solanaceae
Solanaceae
Caryophylaceae
Caryophylaceae
Gramineae

Compositae
Crassulaceae
Labiatae
Solanaceae
Euphorbiaceae
Compositae
Convolvulaceae
Leguminosae

Crassulaceae
Solanaceae

Compositae
Crassulaceae

Gramineae
Cucurbitaceae
Leguminosae
Solanaceae
Solanaceae
Malvaceae

Malvaceae
Cruciferae
Cruciferae
Solanaceae
Gramineae
Chenopodiaceae
Umbelliferae
Compositae
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Table 2. Comparison of the Duration of the Juvenile Phase in Various Species

Species (common name)

Chenopodium rubrum (coast blite)
Pharbitis nil (Japanese morning glory)
Perilla crispa (perilla)
Bryophy/lum daigremontianum (bryophyllum)
Malus pumila (apple)
Citrus sinensis (orange)
Citrus paradisi (grapefruit)
Pinus sylvestris (Scotch pine)
Betula pubescens (birch)
Pyrus communis (pear)
Larix decidua (European larch)
Pseudotsuga menziesii (Douglas-fir)
Fraxinus excelsia (ash)
Acer pseudoplatanus (sycamore maple)
Picea abies (Norway spruce)
Abies alba (white fir)
Quercus robur (English oak)
Fagus sylvatica (European beech)

Duration of
Juvenile Phase

o
o

1-2 months

1-2 years

6-8 years
6-7 years

6-8 years

5-10 years
5-10 years
8-12 years

10-15 years
15-20 years

15-20 years
15-20 years

20-25 years

25-30 years

25-30 years
30-40 years

The transition from the juvenile phase to one pennissive of flowering
(adult or mature phase) is called phase change. It is important to understand
that the transition to the adult state does not necessarily mean that the plant
has been induced to flower; certain environmental conditions such as
photoperiod or thennoinductive temperatures may still be required. Plants
that have become mature but have not flowered because of improper
conditions are tenned ripe-to-flower. At present, there is no good method to
distinguish a juvenile plant from a mature one, except by the ability to fonn
flowers.
Another feature exhibited by the two phases is a marked stability through

cell division. Reversion to the juvenile phase is not observed in cuttings from
flowering (mature) plants. Generally speaking, grafting scions from plants
in one state to receptors of the other does not usually alter the phase of either
graft partner. Re-juvenation nonnally occurs only with sexual reproduction.
Often other morphological characteristics differ in juvenile and mature

plants. For example, the shape and thickness of leaves, phyllotaxis, or the
growth habit of stems may be different. What relationships, if any, these
changes have with the ability to fonn flowers is not known since none of
these characteristics are always associated with a transition to maturity. A
comparison of correlative morphological characteristics in juvenile and adult
plants is shown in Table 3. Rooting ability of cuttings is one of these
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Table 3. Juvenile and adult characteristics in selected species. Adapted from (16)

Characteristic Species Juvenile form

Growth Habit Hedera helix plagiotropic

Ficus punula plagiotropic
Metrosideros difJusa plagiotropic

Euonymus radicans plagiotropic

Leaf Shape Cupressus spp. acicular

Acacia spp. pinnate
Eucalyptus spp. oval, sessile

Pinus spp. flat, glaucous

Hedera helix palmate

Phyllotaxis Eucalyptus spp. opposite
Hedera helix alternate

Anthocyanin Malus pumila +
Pigmentation in Carya illinoisiensis +
Leaves Acer rubrum +

Hedera helix +
Thorniness Robinia pseudoacacia thorns

Malus robusta thorns
Citrus spp. thorns

Autumn Leaf Fagus sylvatica keep leaves

Abscission in Quercus spp. keep leaves

Deciduous Trees Robinia pseudoacacia keep leaves
Carpinus spp. keep leaves

Rooting Ability Hedera helix +
of Cuttings Quercus spp. +

Fagus sylvatica +
Pinus spp. +
Pyrus malus +

Adult form

orthotropic

orthotropic
orthotropic

orthotropic

scale-like
phyllodes

lanceolate with petioles

scale- and bract-like

ovate, entire

alternate
spiral

no thorns
no thorns

no thorns
abscise

abscise

abscise
abscise

characteristics which has some economic importance. Often cuttings from
forest trees lose the ability to root following phase change to the adult state,
thus hindering mass introduction of genetically improved clones.

It appears that juvenility provides a mechanism whereby flowering is
prevented until the plant is large enough to survive supplying growing
reproductive structures and subsequent developing seeds with assimilates.
This is particularly critical with perennials which also have demands for those
same assimilates from storage organs.

Floral stimulus

In photoperiodically-sensitive plants, the site of perception ofdaylength is the
leaf, whereas the apex is where the morphological change occurs. This
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suggests that some message is transferred from the leaf to the apex causing
the transition to flower formation. This signal is termed the floral stimulus.
florigen. or flower hormone. Further evidence for the existence of the floral
stimulus are the observations that non-induced plants flower when a leaf from
an induced plant is grafted onto them. Successful flowering in the
non-induced receptor has also been obtained with several interspecific grafts
between different photoperiodic response types. Likewise. receptor plants
with a cold requirement can be made to flower without vernalization by
grafting flowering donors that are either SOP. LOP or ONP. A summary of
successful flower induction in receptor plants under non-inductive conditions
by grafting flowering donors is shown in Table 4.
It is tempting to conclude from these experiments that the floral stimulus

is very similar or even identical in all plants. However, numerous examples
exist in which successful intra- and interspecific graft unions have been made
but no apparent transmission of the floral stimulus occurred (77,91). These
negative results have been interpreted as evidence against a unique or
ubiquitous floral stimulus (4. 5). This has led a number of investigators to
consider the possibility that flower formation is controlled by the known
classes of plant hormones acting in concert (5).

Floral inhibitors

When a receptor of the ONP Nicotiana tabacum cv. Trapezond was grafted
to the LDP N. sylvestris and maintained in SD, flowering of the receptor was
essentially suppressed. Noninduced Hyoscyamus niger (annual strain, LDP)
also served as an inhibitory donor (47). This suggests the existence of a
graft-transmissible floral inhibitor. Another good example of active (and
presumably chemical) inhibition of flowering is in the SDP Fragaria x
ananassa. Subjecting daughter plants to SD while still attached by stolons
to the parent plants maintained under non-inductive LD resulted in a great
reduction of flowering in the daughter plants. Severing the stolon connection
removed the inhibition. Maximum inhibition was observed when assimilate
flow from the parents to the daughters was the greatest (31). The most
logical interpretation of these results is that a phloem-mobile compound is
produced in non-induced leaves. and then transported to the apex where it
actively prevents flower initiation.
As with the floral stimulus, the identity of the floral inhibitor(s) remains

a mystery. Extractions have not provided any clues to its nature. The floral
inhibitor remains a physiological concept.
Active floral inhibitors do not appear to be the basis for all cases of

flower inhibition by non-induced leaves. In Perilla crispa. the flower
promoting ability of induced donor leaf is nullified if non-induced leaves of
the receptor lie between the donor leaf and the apex. But this inhibition can
be explained entirely by the alteration of assimilate translocation patterns and.
hence, movement of the floral stimulus (44). Likewise. non-induced leaves
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of the SDP Xanthium strumarium apparently do no more than to serve as
sources of assimilates devoid ofthe floral stimulus, thereby diluting the floral
stimulus and reducing its effective concentration at the apex (95).

Measurement of flowering

A plant is either flowering or it is not; thus, at first glance, measurement
should be only a simple qualitative determination. However, such an analysis
is too simplistic. A plant may be induced to flower by two different
treatments, but in one treatment it produced only one or a couple of flowers,
while many flowers are produced following the other treatment.
Alternatively, the time required for the completion of some aspect of
reproductive development might be affected by different inductive treatments.
Clearly, there are quantitative aspects to flowering.
As in the study of other developmental processes, it is important to

quantify flowering in relation to various treatments. The methods used to
quantitate flowering are numerous, but they basically fall into five categories
depending on the experimental design. The simplest is the percentage of
plants that have flowered following a particular treatment. Another way to
measure the flowering response is to determine the number of buds, flowers,
or flowering nodes on an individual plants. An experimenter might choose
to determine the number of leaves produced from the beginning of a
treatment until flowering is observed. This technique gives temporal data,
with the fewer number of leaves, the faster the rate of development. Similar
data could be obtained by determining the time (usually in days or weeks) for
flowering to occur. As a final alternative, there are scales with numbered
values assigned to different stages of apical development. At various times
after the start of a treatment, the apex is examined microscopically and
assigned a number, based on an arbitrary scale developed for that particular
species. This measure differs from the others in that it is destructive and
therefore requires significantly more plants, but it does provide data on flower
initiation. The relative advantages and disadvantages of each of these
techniques have been discussed in considerable detail (4,46).

HORMONES AND JUVENILITYIPHASE CHANGE

The hormonal role in the control of phase change is not well established,
although gibberellins (GAs) may be involved. It does not appear that a
specific hormone is required for the maintenance of either the juvenile or
adult phase. Reviews of various aspects of juvenility have appeared over the
past 30 years (16, 68, 100). The following discussion on juvenility will be
limited to a comparison of evidence for the hormonal basis of juvenility in
three greatly different types of plants.

Bryophyllum daigremontianum is a LSDP with a juvenile phase lasting
until the development of 10 to 12 pairs of leaves. It has been shown that the
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Fig. 1. Exogenous GAs will cause precocious
"flowering" in juvenile conifers. This four-year­
old rooted cutting of Tsuga heterophy/la was
subjected to six weekly spray treatments of a
solution containing 200 mg/GA4n. Untreated
plants of the same age failed to flower.
Photograph courtesy of Dr. Stephen Ross.

Hormones and reproductive development

leaves perceive the transfer from
LD to SD, but in juvenile plants,
they are incapable of producing the
floral stimulus (87). Application
of GA3 to the leaves of juvenile
plants will promote flowering only
under SD. When GA3 is applied
in LD, the plants will subsequently
flower only if transferred to SD.
This period of time between the
treatment in LD until the transfer
to SD when GA3 is still effective
can be remarkably long: up to four
months. Since it has been shown
that in adult plants flower
formation following the transfer
from LD to SD requires GA
biosynthesis (99), the biochemical
basis for juvenility in Bryophyllum
could reside in an inability for GA
biosynthesis following the
sequence LD to SD (87).

In conifers, where "flowering"
is not normally observed until
plants are 10-20 years old,
exogenous GAs can induce flowering in 3-12 month old plants (60,61) (Fig.
I). Polar GAs such as GA3 are effective in members of Cupressaceae and
Taxodiaceae families but not in species from Pinaceae. Less polar GAs, such
as G~ and GA4m are necessary for promotion of precocious flowering in
Pinaceae species (60, 61).
It has been postulated that in juvenile conifers, GAs are the limiting

factor preventing phase change. However, cessation of GA application to
juvenile plants results in a decline in the flowering response and concomitant
abscission of newly formed cones (60). Thus, exogenous GA does not cause
a true phase change since the mature state should be stable through many
mitotic cycles. It may be that in conifers, GAs are limiting for flower
formation and development, and overcoming this limitation may be one of
many alterations resulting from the phase change to the adult state.

In contrast with Bryophy//um and conifers, exogenous GA3 causes
reversion ofmany adult woody plants to the juvenile state (94, 100) (Fig. 2).
These results suggest a positive relationship between GAs and the
maintenance of the juvenile phase. Consistent with this is the observation
that the levels of GA-like substances were higher in extracts ofapical buds
from juvenile plants ofHedera helix than adult apical buds (22). If it is true
that high levels of endogenous GAs are required to maintain the juvenile
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Fig. 2. In contrast to conifers, exogenous GAs cause rejuvenation of mature Hedera helix
(English ivy) plants. Left to right: Juvenile control. GA-induced reversion to the juvenile
form of amature shoot treated with 5 nmole ofGA3• ABA (5 ,.unole) prevented rejuvenation
caused by 5 nmole GA3• Mature control shoot. Note the distinct differences in leaf shape and
internode length between juvenile and mature forms. From (65).

phase, one would predict that a decline in GA levels in juvenile plants would
lead to the transition to the adult phase. However, attempts to artificially
reduce endogenous GA levels with growth retardants (inhibitors of GA
biosynthesis) have produced equivocal results. Application of CCC
(2-chloroethyltrimethyl ammonium chloride) to juvenile Hedera plants
resulted in dwarf plants but paradoxically also caused an increase in the levels
of endogenous GA-like substances (23).
Under certain conditions, mature Hedera plants will revert to plants that

are either juvenile or show several juvenile characteristics. This fact has been
used to study the possible role of hormones in phase maintenance.
Rejuvenation of adult shoots was observed when grafted on juvenile stocks.
However, the adult leaves had to be removed (IS). Rejuvenation of adult
plants has also been reported when adult and juvenile plants were grown
together in the same culture solution (21). Together, these results suggest that
juvenile plants produce a substance(s) that maintains the apex in the juvenile
state. Since exogenous GA) can also cause rejuvenation (22), it is possible
that GAs are involved. Under conditions of low intensity light, adult Hedera
plants spontaneously revert to the juvenile state; this reversion can be
prevented by inhibitors GA biosynthesis (65).
The above results are consistent with the notion that in Hedera, the

ability to maintain high GA levels is necessary for the maintenance of the
juvenile state, and, conversely, a diminution ofthis capacity is associatedwith
the phase change to the adult state. Thus, rather than controlling phase
change per se, GAs (or lack of GAs) may be involved in phase stabilization
(65).
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In conclusion, no unified picture for the role of honnones in juvenility
and phase change can be presented. Although there is evidence that GAs
playa role, it appears to be different in the case ofBryophyllum and Hedera.
This indicates that the physiological and biochemical basis for juvenility and
subsequent phase change can be distinct in different species. In the
Bryophyllum, for example, the physiological basis for the failure of juvenile
plants to flower following transfer from LO to SO lies in an inability of the
leaves to produce the floral stimulus (87). A similar conclusion was reached
for the SOP Perilla crispa (83). In other instances, it appears that the apex
itself is insensitive to the floral stimulus. Juvenile apices of both Larix and
Hedera failed to flower when grafted to mature stock (15, 64). This
interpretation assumes that the floral stimulus is produced in the leaves and
then transported to the apex akin to photoperiodically sensitive herbaceous
plants. Even if this is not so, the experiments with Larix and Hedera do
demonstrate that phase change is a property of the apex rather than the leaf
as was shown for Bryophyllum and Perilla. Thus, the concept of phase
change is in reality only an operational definition, useful to describe the
ability of plants to flower under inductive conditions rather than implying
common mechanisms.

HORMONES AND FLOWER FORMATION

This section will examine the role of the known classes of plant honnones in
flower fonnation. Each class will be dealt with separately. In general, the
pattern of experimentation has been to first apply the honnone to the plant
under non-inductive conditions (or inductive conditions if inhibition offlower
fonnation is being scrutinized). Second, endogenous honnone levels are
measured in relation to flower fonnation. Unfortunately, most quantitative
work was done before modem analytical techniques using physico-chemical
methods were available to physiologists. Instead, relating honnone levels to
flower fonnation was perfonned with bioassays. Although a good first
approximation can be made with bioassays, much of this work must be
viewed with caution. The pitfalls of bioassays have been discussed elsewhere
(12 and Chapter FI). Wherever possible, I have attempted to use examples
in which the investigators have employed physico-chemical techniques for
quantitative analysis.
Another useful technique is to use inhibitors of honnone biosynthesis

and/or action. In this way, the effect of reducing endogenous honnone levels
on flower fonnation can be assessed. In a similar vein, it has been possible
to select honnone-deficient mutants. In certain instances, such mutants have
proven extremely valuable in assessing the role of a particular honnone in
flower fonnation.
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Auxins

Members of the Bromeliaceae are unique among plants in that they exhibit
a strong flowering response following auxin application. This effect is due
to auxin-induced ethylene production (92) and will be discussed in greater
detail later when the role of ethylene in flower formation is considered. For
the most part, however, application ofvarious auxins (either indole acetic acid
or naphthalene acetic acid) tend to be inhibitory to flower formation under
inductive conditions. This is true for the various response types including:
the SDP Pharbitis nil and Chenopodium rubrum; the LDP Lolium temulentum
and Sinapis alba; and the cold-requiring plants Lunaria annua and Cichorium
intybus (5, 92). These results have been interpreted to mean that the role of
auxins in flowering is to prevent flower formation under noninductive
conditions. However, quantitative analyses of endogenous auxin levels have
been equivocal. In any event, such a proposed role for auxin in the control
of flower formation is probably an oversimplification. It now appears these
inhibitory effects are also due to auxin-induced ethylene production (92).
In certain instances, application of low amounts of auxin levels promote

flower formation (5), but only under conditions of marginal or partial
induction. The significance of these results are uncertain. Nevertheless, it
is possible that auxins play a role in some of the processes associated with
evocation such as a loss in apical dominance and an alteration in phyllotaxis,
but this remains to be shown conclusively.

Ethylene

In many plants, exogenous ethylene, applied either as the gas or by the use
of ethylene-releasing agents such as ethrel, inhibits or delays flower
formation. As yet, there is no evidence that this inhibition is part of the
natural regulating mechanism (92).
In contrast to most plants, species from the Bromeliaceae flower in

response to exogenous ethylene. A common and economically important
horticultural practice is to induce flowering of bromeliads, particularly
pineapples, at will with ethylene-releasing agents (5, 92).
Little is known on the role of ethylene in flower formation in

bromeliads. In one report, treatments that resulted in flower induction were
invariably associated with increased ethylene production. Flower induction
by one of the treatments, namely mechanical perturbation, could be
suppressed by AVG (aminoethoxyvinyl glycine), an inhibitor of ethylene
biosynthesis. This inhibition could be reversed by adding ethylene.
Furthermore, the immediate precursor to ethylene biosynthesis,
aminocyclopropane carboxylic acid, could also induce flowering (14). These
results strongly suggest that ethylene is indeed an important regulator of
flower formation in bromeliads.
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Cytokinins

Flower formation is promoted in a number of species by exogenous
cytokinins (5,92). In many of these cases, the promotive effect of cytokinins
is seen only in induced or marginally induced plants. Furthermore, in the
SOP Pharbitis nil, the promotion of flowering by cytokinin was shown to be
indirect, i.e., due to enhanced translocation of the floral stimulus and
assimilates from the induced leaves (59).
Quantitative analyses of cytokinins in relation to flower formation have

not clarified the picture either. In the LOP Sinapis alba, an increase in the
endogenous cytokinin levels in both leaves and phloem exudate was observed
16 hours after the beginning of LO (1, 48). This positive correlation is in
sharp contrast to the negative relationship between endogenous cytokinins and
photoperiodic induction observed in the SOP Xanthium strumarium (37).

Thus, at present, there is no convincing evidence linking cytokinins and
flower induction in a cause and effect relationship. However, a single low
dose of cytokinin applied to the apex of noninduced Sinapis plants mimicked
the early stimulation ofmitotic activity caused by an inductive LO (3). Other
features of this mitotic activity were identical in the two treatments. The
cytokinin effects corresponded very well with higher cytokinin-like activity
in the leaves as well as increased cytokinin flux in the phloem following
transfer to LO, indicating that cytokinins may play a role in regulating
evocational processes (1, 3, 48).

Abscisic Acid

As discussed earlier, physiological evidence exists for the presence of a
graft-transmissible flower inhibitor. With the discovery of ABA as a potent,
naturally occurring growth inhibitor that was possibly involved in the control
of bud dormancy, it was reasonable to suspect that ABA might be the flower
inhibitor. Indeed, application of ABA to the LOP Spinacia oleracea and
Lolium temulentum repressed LO-induced flower formation (18, 19).
However, no causal relationship was observed between endogenous ABA
levels and the ability to flower; ABA levels in Spinacia were in fact higher
under LO than SO (45, 89). The apparent inhibition of flower formation
might have been the result of a delay in inflorescence development rather
than inhibition of flower initiation, indicating that ABA does not have a role
in the regulation of flower formation in LOP as a graft-transmissible inhibitor
(92).

Although ABA promotes flowering in several SOP, the positive effect
is observed only under partially inductive conditions (17). In other SOP,
ABA has no effect or is inhibitory (5, 92). As in LOP, there is no apparent
role for ABA in flowering formation in SOP.
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Gibberellins

Of all the plant honnones that have been applied to plants under strictly
noninductive conditions, only GAs have been shown to effectively cause
flower fonnation in a wide variety of species. In general, LOP and plants
with a cold requirement are responsive to exogenous GAs while SOP and
ONP are not. GA-sensitive LOP and cold-requiring plants usually grow as
rosettes in noninductive conditions. These generalizations do not always
hold, however. For example, the LOP Hieracium aurantiacum and BIitum
virgatum, and the cold-requiring plants Geum urbanum and Lunaria annua
do not fonn flowers under non-inductive conditions in response to exogenous
GA3 (94). On the other hand, application of GA3 caused flower fonnation in
the SOP Impatiens balsamina and Zinnia elagans maintained in LO (5, 94).
In still other plants GA inhibits flower fonnation, particularly woody fruit
trees such as cherry, peach, apricot, almond, and lemon (94). These species
often exhibit a period of juvenility and as discussed earlier, the basis for GA
inhibition of flowering in these species may reside in rejuvenation of adult
plants. A comprehensive list of the effects of exogenous GAs on flower
fonnation can be found in (5, 94).
In view of the large number of species in which exogenous GAs cause

vegetative plants to flower under noninductive conditions, it is logical to
conclude that GAs have a critical role in the regulation of flower fonnation.
As yet, however, such a role cannot be defmed. This is partly due to the
analytical difficulties encountered when investigating GA physiology. At
present there are over 80 different GAs, although only a fraction of these
appear to be present in any given species. The endogenous GAs appear to
be metabolically related. It is likely that only one is responsible for
mediating the physiological process under GA control with the others being
either precursors or deactivation products (36). Thus, when attempting to
correlate endogenous levels of GAs to certain physiological processes, it is
important to know the identity of those GAs. However, the instrumentation
and analytical expertise necessary to conclusively identify and quantitate
endogenous GAs in vegetative tissues has, until recently, been largely
unavailable to plant physiologists. Nevertheless, the picture beginning to
emerge indicates that GAs may have different roles in the various response
types. In the remainder of this section, specific examples will be used to
illustrate this point.
As noted earlier, flower fonnation can be induced in many rosetted LOP

with exogenous GAs suggesting that GAs may be limiting in SO. Consistent
with this idea are the numerous observations that transfer to LO results in an
increase in the levels of one or more GAs or GA-like substances (10,52, 74).
Associated with LO induction are both increased GA biosynthesis and
metabolism (10, 86, 96). Nevertheless, reduction of endogenous GA levels
with inhibitors of GA biosynthesis completely suppressed LO-induced stem
elongation (bolting) but had no effect on flower fonnation in Spinacia
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oleracea (86), Silene armeria (10) and Agrostemma githago (43). However,
since the inhibitors failed to totally eliminate endogenous GA production, it
is possible that although stem growth was blocked, tissue concentrations of
GAs were sufficient for flower initiation. Indeed, a deletion (and therefore
presumably non-leaky) mutation ofkaurene synthase in Arabidopsis thaliana
results in a failure to flower in SO, although flower formation does occur in
LO (81). This led the authors to conclude that GA is critical for flower
initiation under certain conditions. Alternatively, it is also possible that the
molecular changes associated with floral induction occur despite SO and a
lack of GA. In this scenario, the role of GA may be in the regulation of
growth and development of floral organs. A total lack of GA may prevent
the formation of microscopic structures even though floral induction has
occurred.
In other rosette LOP, application of GAl to vegetative plants induces

stem elongation but not flowering (77). This may be interpreted that in most
rosetted LOP, GAs are not limiting for flower initiation but do mediate the
photoperiodic control of stem elongation. An alternative explanation is that
there is specificity in the action of individual GAs such that certain GAs
stimulate stem elongation while others induce flowering. Thus it is possible
there exists special "florigenic" GAs. Evidence for this notion was obtained
in studies using the LOP Lolium temulentum in which it was found that
structural features of exogenous GAs that stimulate stem growth are different
from those promoting flower formation (20,62,63). However, no endogenous
GAs have yet been isolated from Lolium or any other species that appear as
likely candidates as special florigenic GAs.
A similar situation has been observed in many rosetted cold requiring

plants. Changes in endogenous GA-like substances following
thermoinduction appear to be more important for thermoinduced stem
elongation than for flower formation per se (94). Growth retardants inhibit
thermoinduced stem elongation but not flower formation in Raphanus sativus
(77), Daucus carota (39) and Thalaspi arvense (53). Application of GAl to
nonthermoinduced Lunaria annua and Brassica napus elicits only stem
elongation (70, 82).
Even though it does not appear that GAs are directly involved in the

transition to flowering in many LOP and cold-requiring plants, the question
still remains as to the mechanism by which GAs induce flowering in
vegetative plants. One possible answer is that exogenous GA acts indirectly
through the production of the floral stimulus. This is supported by grafting
experiments using two lines of the LOP Silene: one in which exogenous GAl
induces flowering and stem elongation and another that responds to
exogenous GAl only with stem elongation. Flowering in the latter can be
induced in SO by grafting it to the other line following induction of flowering
with GAl (77). This must mean that the exogenous GA induced the
production of the floral stimulus. A similar conclusion can be drawn from
the cold requiring plant Chrysanthemum morifolium. Non-vernalized plants
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induced to flower with GA3 can cause flowering in SO (non-cold-requiring)
lines maintained under LO. Exogenous GA3 does not induce flowering in the
SO lines when the plants are in LD (33).
The vast majority of SDP do not respond to exogenous GA; this fact

leads to the conclusion that GAs are usually not limiting for flower formation
in LO. But in an ironic contrast to rosetted LOP and cold-requiring plants,
growth retardants prevent flower formation in the SOP Pharbitis nil ifapplied
before or during the inductive dark period (71, 84). About 100 times more
GA3 was required to reverse the inhibition of internode elongation than was
needed for flower formation (71). Moreover, the growth retardants acted at
the shoot apex and not in the cotyledons, the site of perception of
photoperiod. This indicates that the reduction of endogenous GAs reduced
the ability of the apex to respond to the floral stimulus (71, 84). Thus, in
Pharbitis, GAs are required for floral initiation, but not for production of the
floral stimulus (84).
The opposite conclusion can be made for the LSOP Bryophy/lum

daigremontianum, namely that GAs are necessary for production of the floral
stimulus but not initiation. Bryophy/lum can be induced to flower when GA
is applied in SO but not LO, indicating that GA can substitute for the LO
portion of the inductive photoperiod (87). GA20 has been identified as the
major biologically active GA in leaves of Bryophy/lum although it was 20
times less effective than GA3 in inducing flower formation under SO (25).
The transfer of adult plants from LO to SO caused a dramatic increase in the
level of GA20• In contrast, plants maintained permanently in SO had no
detectable GA20 (90). The growth retardant CCC completely inhibited flower
formation in Bryophy/lum when applied during the inductive SO period. This
inhibition could easily be reversed with GA) (98).
Taken together these results strongly suggest high levels of endogenous

GA (presumably GAl formed by the hydroxylation of GA2o) are required for
flower formation in Bryophyl/um. The site of GA action in Bryophy/lum is
in the leaves, not the shoot apex where flower formation occurs (88).
Zeevaart (98, 99) concluded that the LO part of photoinduction leads to GA
production which is absolutely necessary for the production of the floral
stimulus in SO. Thus in Bryophy//um, GAs regulate the production of the
floral stimulus.
To summarize, it was shown that GAs have a variety of roles in

reproductive development depending on the species and the response type.
In many rosetted LOP and cold requiring plants, GAs are not required for
flower formation, but do regulate the closely related phenomenon of bolting.
GAs also can play an essential role in the regulation of the production of the
floral stimulus as was shown for Bryophy//um or in controlling the events
associated with the response ofthe apex to the floral stimulus (i.e., Pharbitis).

633



Hormones and reproductive development

HORMONES AND THE FLORAL STIMULUS

To date, there is a massive collection of evidence indicating the existence of
a stimulus which initiates the transition of an apex from a vegetative state to
one committed to reproductive development. From grafting experiments
(Table 4), it is logical to conclude that the floral stimulus is very similar or
even identical in all response types. Despite many attempts to isolate the
floral stimulus, its chemical nature remains as much a mystery today as it was
over 55 years ago when its existence was first proposed by Chailakhyan (7).
Since its conception, the floral stimulus has been envisioned as a single or at
most a few substances different from the known plant hormones (4, 91). The
failure to identify the chemical nature of the floral stimulus has led some to
question this hypothesis. As noted earlier, while there are numerous reports
in which floral induction can be transferred between graft partners ofdifferent
response types, there have also been many failures. Furthermore, with two
exceptions, all successful grafts have been within families. The exceptions
are the induction of flowering in the LDP Si/ene (Caryophyllaceae) following
grafting to the SDP Perilla (Labiatae) and Xanthium (Compositae) (77, 80).
These experiments were criticized, however, for not having enough
non-induced control grafts (91).
Bernier and colleagues have suggested that instead of a unique and

specific flower-inducing compound, the stimulus is primarily a certain balance
of the known plant hormones and assimilates arriving at the apex in a specific
sequence (3, 4, 5, 48). Support for this hypothesis comes from the
observations that exogenous hormones can often mimic one or several
evocational processes. For example, application of a single low dose of
cytokinin to the apex of the LDP Sinapis alba under non-inductive conditions
caused several evocational events including an increase in the mitotic index
and the sub-division of vacuoles into smaller ones (3). Since cytokinin
application cannot completely substitute for LD in inducing flowering, only
"partial evocation" occurred (3, 4). Based on defoliation experiments,
transport of a mitotic stimulus from the leaves began about 16 h after the
beginning of the LD treatment (1). This corresponded with higher
cytokinin-like activity in the leaves and an increase in cytokinin flux in the
phloem (2, 48). Other evocational processes relating to energy metabolism
seemed to be regulated by soluble sugars (5).

It is difficult, however, to reconcile this theory with some important
experimental observations. First, if flower initiation is the sum of partial
evocational events, then one should be able to induce flowering by using a
combination of treatments. To date, this has not yet been successfully
accomplished. Second, it is unlikely that a specific ratio of the known
hormones arriving at the apex is the critical factor in floral initiation. It has
been shown that a single leaf under inductive conditions can induce flower
formation. In the presence ofnon-induced leaves, a special ratio ofhormones
emanating from the induced leaf would almost certainly be altered by the
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time it reached the apex (91). Third, it is difficult to see how a certain
specific sequence of essential compounds could be an overriding factor in
flower initiation. Leaves from induced Perilla plants continue to export the
floral stimulus in non-inductive conditions for up to three months (83).
Under these conditions how could the sequential arrival of hormones and
intermediary metabolites at different apices be maintained? Fourth, there is
always a danger in over-interpreting the results of experiments in which
substances are applied to plants and assuming that the observed effect is
identical to a certain aspect of evocation. The action of exogenous
compounds can be indirect and this should be considered before formulating
a hypothesis concerning the role of a hormone in flower formation. A case
in point is the instance discussed earlier where application ofcytokinins to the
cotyledons of suboptimally induced plants of the SDP Pharbitis nil promoted
flowering (59). It was shown that the action of cytokinin was in the
cotyledons, not the apex. Furthermore, it was believed that the enhanced
flowering response by cytokinin was due to greater export of assimilates
along with a concomitant increase in the amount of floral stimulus moving
from the cotyledons to the apex (59). Finally, the results of grafting
experiments between different response types are more easily explained on
the basis of a unique floral stimulus. The site of action ofGA when applied
to non-induced Bryophyllum plants is in the leaves not the apex (87). In this
case, the action of exogenous GA seems to be linked to the production of a
stimulus in the leaves, which is different from GA, and is capable of initiating
the transition to floral development (87, 98). Further evidence for the
uniqueness of the floral stimulus was obtained in grafting experiments with
the SLOP Echeveria harmsii and Bryophyllum. Echeveria receptors flowered
in SD when grafted onto Bryophyllum plants induced with GAJ • Since GAJ
does not induce flowering in Echeveria under any photoperiodic condition the
inescapable conclusion is that the floral stimulus is different from GA (93).
In a similar vein, two lines of the LOP Silene armeria have been selected
based on their response to exogenous GAJ in SO. One line will respond to
GAJ with both stem elongation and flower formation, while in the other, only
stem elongation results. When the former is induced to flower in SD with
exogenous GAJ and grafted to the other, the receptor flowers (77). Again the
most logical explanation is that GA is not a component of the floral stimulus,
and that exogenous GA causes flowering indirectly by increasing production
of the floral stimulus (77, 94).

The failure to successfully transfer flower induction in some grafting
experiments cannot be taken as certain evidence against a ubiquitous floral
stimulus. Sensitivity to the floral stimulus may vary among species with
some requiring more stimulus than others for flower induction. Still another
difference could be the amount of the floral stimulus that is produced and/or
transported. Bryophyllum was an effective donor for the SDP Kalanchoe
blossfeldiana. However, a weak flowering response was observed in the
reciprocal graft, suggesting that the two species differ either in the amount of

635



Hormones and reproductive development

floral stimulus produced under inductive conditions, or their sensitivity to the
floral stimulus (77).
Another possible explanation for negative results in some grafting

experiments could be that the donor reverted to vegetative growth when
moved back to noninductive conditions (91). When induced donors of the
LOP Blitum virgatum were grafted to receptors of the same species in SD, no
transfer of flower induction was observed. Yet flowering in a receptor could
be induced in two-branched plants with the donor in LO and the receptor in
SO (40, 41).
In conclusion, there is no compelling evidence to date that forces

abandonment of the hypothesis that the floral stimulus is a single or a few
substances unique from the presently known plant hormones and is very
similar or even identical among higher plants. This does not mean, however,
that plant hormones do not interact with and/or modulate the events initiated
by the floral stimulus; indeed this is likely.

THE ROLE OF HORMONES IN OTHER ASPECTS OF
REPRODUCTIVE DEVELOPMENT

Following the initiation of flower primordia a series of highly integrated and
complex developmental steps occur that culminate in flower opening and
fertilization. In the interests of space, only two aspects of this later
development will be discussed: sex expression and stem/inflorescence growth
in rosette plants. The role of GAs in other areas such as petal growth and
pollen development are the subject of a recent review (61); literature
encompassing the role of hormones in other aspects of reproductive
development has also been reviewed (30,58,68).

Gibberellins and Stem Growth in Rosette Plants

As discussed in the previous section, many LDP and cold-requiring plants
grow as rosettes prior to the inductive treatment. Flower formation in these
plants is associated with rapid stem elongation (bolting) (Fig. 3). Although
closely related temporally, flower formation and bolting are separable
developmental processes. Many rosette plants will respond to exogenous GA
with rapid stem elongation (Fig. 4). This suggests that GAs are somehow
limiting in noninduced plants. Experiments with inhibitors of GA
biosynthesis support this idea for both LOP (10, 36, 86) and cold requiring
plants (39, 53, 77) (Fig. 5).
The biochemical basis for this limitation in Spinacia has been

investigated in greater detail by Zeevaart and co-workers. Initially, six
endogenous GAs in Spinacia (Fig. 6) were identified by combined gas
chromatography-mass spectrometry (GC-MS) (51). Quantitative analysis of
the endogenous GAs as a function of photoperiodic treatment showed that
under SO, the level of GAI9 was high while the level of GA20 was low (Fig.
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Fig. 3. The effect of a transfer from SO to LO conditions on the growth habit of Spinacia
o/eracea L. cV. Savoy Hybrid 612. SO consisted of 8 hr of light from fluorescent and
incandescent lamps followed by 16 hr of darkness. LO contained the same 8 hr light period
as the SO conditions but was followed by 16 hrof low intensity illumination from incandescent
lamps. Photograph by the author.

7). Following transfer to LD, the level of GA19 progressively declined. The
GA20 content, on the other hand, increased in proportion to the lowering of
the GA19 level (Fig. 7). An increase in the level of GA29 was also observed
following the transfer to LD; however, the start of the increase lagged a day
or so behind the increase in GA20 levels.
The rise in the levels of both GA20 and GA29 occurred just prior to the onset
of stem elongation (Fig. 7). The other endogenous GAs (GA17 and GA«)

Fig. 4. Application of GAl to Spinacia plants under SO causes the plants to assume the LO
growth habit (elongated petioles and stem). Ten micrograms ofGAl were applied to the plant
on alternate days for 10 days. Photograph courtesy of Dr. Jan A. D. Zeevaart.
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Fig. 5. Inhibitors ofGA biosynthesis retard the appearance of morphological characteristics
associated with the transfer of Spinacia plants to LD. Approximately 17 mgofAMQ 1618
[2-isopropyl-4-trimethylammoniwnchloride)-S-methylphenyl piperidine-I-carboxylate] in 10
ml ofwater was applied daily to the roots. The inhibition caused by the growth retardant was
reversed with exogenous GA). Application of GA) was identical to that described in Fig. 4.
Photograph courtesy of Dr. Jan A. D. Zeevaart.

remained fairly constant under either photoperiodic regime (52).
The rise in the level ofGA20 and the concomitant decline in the level of

its immediate precursor, GAI9, suggests that the conversion of GAl9 to GA20
is under photoperiodic control (52). This has subsequently been confIrmed.
[2H]-GAs3 was metabolized by Spinacia shoots to [2H]-GA44 and eH]-GAI9
in SO, while in LO, [2H]-GA20 was also formed (26).
When plants were allowed to accumulate eH]-GA44 and [2H]-GAI9 in SD
and then transferred to LD, a, decline was. observed, in the .levels of both
[2H]-GA44 andeH]-GAI9 while at the same time theamounfof [2H]-GA2o
increased (26). In later work, photoperiodic regulation ofthe conversion of
GA19 to GA20 was directly demonstrated using [14C]-GA19 (27).
Cell-free preparations from Spinacia leaveswere made which couldalso

catalyze this reaction. Enzyme activity was proportional to the length of the
light period that the plants were exposed prior to preparation. of the cell-free
extract. Once the plants were returned to darkness, extractable enzyme
activity declined rapidly (28, 29). An identical pattern for the light activation
of the enzyme that catalyzes the conversion of GAS) to GA44 was also
observed. The molecular basis for the light-induced increases in enzyme
activity remains unknown (28, 29).
Subsequently, the relationship between photoperiod and endogenous GA

levels was investigated in more detail. In addition to the six endogenous GAs
previously identifIed, both GAl and GAs were also detected (Fig. 6); LD
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Fig. 6. The structure of the endogenous GAs identified in shoots ofSpinacia o/eracea L. and
Si/ene armeria L. by combined gas chromatography-mass spectrometry. The structures are
arranged in their proper biosynthetic sequence. In both Spinacia and Si/ene, GA. is the GA
responsible for biological activity. The 2,B-hydroxylated GAs GAs and GA29 represent
deactivation products. From (51, 74, 76).

resulted in an increase in the levels of these two GAs (76, 97). Moreover,
GA. was shown to be the GA responsible for bioactivity and, therefore, the
increase in its endogenous level in LO is the primary factor for stem
elongation (97). Nevertheless, the conversion of GA20 to GAl is not under
direct photoperiodic control since the ability of exogenous GA20 and GAl to
elicit stem growth in SO is the same (52).
Although less thoroughly investigated, LO-induced bolting in Silene

armeria also appears to be mediated by an increase in endogenous GAl
levels. When plants were transferred from SO to LO conditions there was a
IO-fold increase in GAl levels. In addition, an excellent correlation was
observed with the accumulation of GAl in the shoot subapical meristem and
increased mitotic activity in that tissue which forms the cellular basis for LD­
induced stem growth (74, 75). The higher GAl levels appear to be the result
of enhanced metabolism ofGAs3 (74).
In a situation analogous to LD-induced bolting in Spinacia,

thennoinduced stem growth in the cold requiring plant Thlaspi arvense, a
cruciferous winter annual weed, is associated with the activation of specific
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Fig. 7. Changes in the relative levels of five GAs and stem length in Spinacia shoots as
affected by different durations of LD treatment. GA levels measured by combined gas
chromatography selected ion current monitoring. The highest concentration (ion current
response/unit dry wt.) of each GA was arbitrarily assigned a value of 100, and the other
concentrations were expressed in proportion to this value. The ion current response of the
molecular ion was used in all cases except for GAI9, in which case the base peak was used.
From (51).

steps in GA metabolism. By comparing the abilities of various exogenous
GAs and GA precursors in GA-depleted vernalized and non-vernalized plants,
it was inferred that the metabolism of ent-kaurenoic acid (KA) to GAs was
blocked prior to vernalization. This led to the hypothesis that thermoinduced
stem growth in Thlaspi is the result of increased conversion of KA to GAs
induced by vernalization (55). Corroborating evidence for this hypothesis
was obtained comparing the metabolism ofexogenous fH]-KA in vernalized
and non-vernalized plants. The metabolism of exogenous [2H]-KA was
roughly 19 times more rapid in shoot tips of vernalized plants. Although
fH]-labeled GAs were detected only in the induced material, the amount of
incorporation of deuterium was extremely low. In contrast, the metabolism
of fH]-KA to GAs in the leaves was unaffected by vernalization (34). In
addition, quantitative analysis by GC-MS showed that vernalization resulted
in a rapid and dramatic decline in endogenous KA levels in shoot tips, while
no effect was observed in the leaves (Fig. 8). These results are consistent
with the observation that the site perception of thermoinductive temperatures
in Thlaspi is the shoot apical meristem (35, 54).
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Fig. 9. The kinetics of changes in ent­
kaurenoic acid hydroxylase activity in
Thlaspi shoot tips following a four week
vernalization treatment at 6°C. Enzyme
activity measured by assessing the ability of
microsomalpreparationstoconvert p4C]-ent­
kaurenoic acid to [14C)-ent-7 ex­
hydroxykaurenoic acid. Data presented as
the percentage of total extractable
radioactivity that co-chromatographed with
authentic ent-7ex-hydroxykaurenoic acid.
Control represents the value obtained from
non-vernalized plants. Vertical bars show
the standard error of the mean. Adapted
from (35).

The biochemical basis for the thermoinduced change in KA metabolism
was investigated. A cell free system derived from Thlaspi tissues that
enzymatically converts KA to ent-7ahydroxy kaurenoic acid (KA
hydroxylase) was developed (35). This enzyme has properties suggesting that
it is a cytochrome P450-linked mixed function oxidase (42). Vernalization
resulted in the rapid induction of enzyme activity in the shoot tips shortly
after the plants were returned to warm temperatures following a four week
cold treatment (Fig. 9). In contrast to the situation in Spinacia in which
enzyme activity is reversibly modulated by light (28), the thermoinduced
increase in KA-hydroxylase activity in Thlaspi shoot tips is permanent and
occurs after the stimulus is withdrawn (35). Vernalization had no effect on
KA-hydroxylase activity in the leaves (35).

Hormones and Sex Expression

There are two basic groups of flowers: they are either perfect, in which the
flower contains both stamens and pistils, or they are imperfect, in which case

641



Hormones and reproductive development

either the pistils or stamens are present. A monoecious plant has both the
staminate and the pistilate flowers on the same plant (e.g., Cucumis sativus
and Zea mays) while in dioecious plants, the male and female flowers are on
separate plants (e.g., Spinacia and Cannabis sativa). The sex of imperfect
flowers has a genetic basis, but environmental factors such as photoperiod,
temperature, and nitrogen status have an influential role (38, 68). Exogenous
hormones can modify the sexuality of flowers suggesting that hormones
mediate genetic and environmental control of sex expression (8). The role
of hormones in sex expression of three species is discussed below.
The role of hormones in sex expression is perhaps best understood in

cucurbits. In Cucumis, perfect flowers are initiated but one sex organ fails
to develop. Application of auxins to flower buds at the bisexual stage leads
to the formation of female flowers, while exogenous GAs results in male
flower formation (61, 67). It now appears that IAA acts through ethylene
(70). Treatments which reduce endogenous ethylene levels promote maleness
(6). Inhibitors of GA biosynthesis, on the other hand, cause a tendency
towards feminization (32, 61).
Endogenous hormone levels are also consistent with their postulated role

in sex expression. Shoots of a hermaphroditic line ofCucumis had a higher
auxin content than an andromonoecious line (24). Endogenous levels of
ethylene and GA-like substances were also correlated with sex expression:
high levels of ethylene production were associated with plants containing
pistilate flowers (6, 66) and staminate plants contained more GA-like
substances than their female counterparts (67). In total, the results strongly
suggest that sex expression in Cucumis and cucurbits in general is regulated
by the internal balance of auxins acting through ethylene and GAs.
Nevertheless, the hormonal balance may not be the sole factor in

determining sex expression in Cucumis. In a C. sativus cultivar in which the
number of pistillate flowers increases in response to SD, the endogenous
levels of GA-like substances were higher and ethylene production lower in
SD than LD, the opposite to what one would predict (73). This suggests that
environmental control of sex expression in this species is not necessarily
mediated through a balance of GAs and ethylene.

Cannabis sativa is a dioecious plant in which, like Cucumis, flower
primordia are uncommitted at the time of flower initiation. Application of
auxins, ethylene, and GAs affect sex expression in similar fashion as in
Cucumis (8,38,61). Growth retardants feminize Cannabis plants, which can
be reversed by GA) (8). In addition, cytokinins also promote femaleness (8).
Following experiments in which plants were defoliated or derooted, it was
proposed that leaves play an essential role in sex expression in Cannabis by
supplying GAs to the flower bud (8). Male plants tend to have higher levels
ofGA-like substances as well. An increased cytokinin content was associated
with female plants (8).
In Spinacia, sex expression is under genetic control. There are two sex

chromosomes designated as X and Y. Female plants have a genotype of XX
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and male plants are XV. Photoperiod also influences sex expression. LD
increases a tendency towards femaleness despite a genotype of XV. Again,
as in many other species, auxins, ethylene, and cytokinins promote female
flowers while treatment with GA3 increases the tendency for the formation of
male flowers (8, 13).
The qualitative pattern of GA-like substances was different in extracts

from male and female plants. Female plants contained high amounts of a
GA-like substance that was probably GAI9 and low amounts of a GA-like
substance that was probably GAw Male plants showed the opposite pattern
(13). Since GA20 is the direct precursor of GAl' the GA responsible for
biological activity in Spinacia (76, 97), the increased level of GA20 in male
plants is consistent with a role ofGAs in sex expression. However, the trend
towards feminization observed when plants are subjected to LD is obviously
inconsistent with this hypothesis. In addition, male plants bolt sooner in LD
than female plants, but both types flower at about the same time. This might
be an indication that the higher levels of GA20 in male plants are a reflection
of more rapid stem elongation and may not have anything to do with sex
expression.

FINAL COMMENTS

In countless experiments, plant hormones have been applied to plants in a
pharmacological approach to determine the basis for the control of the
transition from a vegetative to the reproductive state. Needless to say, the
fruits of thousands of hours of labor do not provide us with any certain
mechanisms. Perhaps the overriding impediment is the paucity of information
about the floral stimulus. Although some success in isolating active fractions
has been reported (9, 49, 50) the results have not been reproduced in other
laboratories (91). Until we know the nature of the floral stimulus--whether
it is a unique morphogen or a combination ofmany factors--it is unlikely that
much will be learned about the internal mechanisms controlling reproductive
development.
Why has it been so difficult to isolate and characterize the floral

stimulus? Fundamental to this problem is that there is no suitable assay.
Without such an assay the difficulties simply compound themselves into a
vicious circle: how can the presence of an active principle be ascertained if
there is no sure way of detecting it? On the other hand, perhaps the lack of
an assay is more apparent than real because the active stimulus was not
present in any of the fractions that were applied. It should be noted that the
majority of extraction experiments assumed a priori that because many other
plant hormones are acidic compounds soluble in organic solvents, the floral
stimulus has similar chemical properties. But what if the floral stimulus were
a peptide, carbohydrate, or a volatile lactone? Certainly, these possibilities
were precluded by the extraction methods employed in the earlier work.
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Other uncertainties are lability and method of application to assay plants.
While this bewildering maze of obstacles may cause most experimenters to
shrug their shoulders and move onto other areas, it would be wise to bear in
mind the comment by Zeevaart (76) that with the exception ofABA none of
the other hormones were discovered by extracting higher plant tissue.
Flowering is almost certainly the result of selective gene expression--both

turning on and switching off of genes. In a number of species, mutants for
various aspects of floral development have been isolated, (11,56). Use ofthe
techniques in molecular biology to analyze the structure and function ofgenes
has been quite useful in determining the molecular basis for these mutations.
Already this kind of approach has allowed advances in the understanding how
genes control, on a molecular level, floral development and the specification
of floral organs (11, 57, 69). While this avenue would not directly lead to
the identification of the floral stimulus, it certainly would tell us the
molecular details of what the floral stimulus does. Such a vantage point
could provide the insights necessary for a breakthrough.
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G9. The Role of Hormones in Photosynthate
Partitioning and Seed Filling

Mark L. Brenner1 and Nordine Cheikh2
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INTRODUCTION

The movement of photoassimilates from sites of synthesis in leaf tissue
(source) to the sites of net accumulation in a different tissue (sink) potentially
can be regulated at numerous points. Regulation of the net flow of
photoassimilates is an integrated process. It is generally accepted that the
concentration gradient of photoassimilates between the source and sink is the
primary detenninant of the current rate oftransport and pattern ofpartitioning
(20, 26, 84). However, close examination of the various components
involved in the overall process of partitioning indicates that endogenous plant
honnones may serve as modulators of many of the specific rate limiting
components. This chapter focuses on the involvement of plant honnones as
natural regulators of partitioning of photoassimilates especially to developing
seeds.

THE PATHWAY OF PHOTOSYNTHATE PARTITIONING

In simplest tenns, regulation of photosynthate partitioning can occur within
the leaf, along the transport pathway, or within the seed. For clarity, each of
these components will be discussed separately (Fig. 1).
The extent of partitioning within the leaf may be controlled by the

availability of recently fixed carbon which is detennined by the rate of
photosynthesis itself (26). The recently fixed carbon is converted to triose­
phosphate (triose-P) which in tum either is converted into starch for storage
within the chloroplast or is available for export through the chloroplast
envelope to the cytosol. Fonnation of sucrose from triose-P involves both
cytosolic fructose-l,6-bisphosphatase (FBPase), sucrose-phosphate-synthase
(SPS), and sucrose phosphatase. The release of inorganic phosphate (Pi)
from triose-P during sucrose synthesis stimulates triose-P export by the
phosphate transporter ("PT" in Fig. 1) in the chloroplast membrane (73).
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Fig. 1. Schematic representation of the path and possible control points of photosynthate
metabolism and partitioning to developing seeds, See text for details including definition of
abbreviations. SC=sucrose carrier.
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In many plants sucrose is the prime sugar exported from source tissue to
sinks. Sucrose produced within mesophyll cells can be partitioned to either
the vacuole for temporary storage (20) or released to the apoplast where it
subsequently moves to the sieve elements and companion cells where it is
loaded for transport in the phloem (26). Once in the phloem, sucrose is
transported and partitioned to other parts of the plant such as stems, roots,
expanding leaves, axillary buds and reproductive organs (all referred to as
sinks) where it is either utilized for growth and maintenance or storage.
Sucrose imported by developing seeds differs from that of other parts of the
plant in that phloem transport terminates in the maternal tissue and
photoassimilates must move apoplastically to the developing zygotic tissue
where they are absorbed and utilized (77). The unloading of phloem for seed
development occurs in the testa of dicotyledonous species while in
monocotyledonous plants unloading occurs either in placental-chalazal tissue
of plants like maize (Zea mays L.) or in pericarp tissue of plants like wheat
(Triticum aestivum L.), barley (Hordeum vulgare L.) and rice (Oryza sativa
L.).

CORRELATION OF ENDOGENOUS PLANT HORMONES WITH
SOURCE-SINK RELATIONS

Hormone Content and Distribution in Developing Seeds

To consider hormonal regulation of source-sink relations, it is important to
first understand where the hormones occur and if possible to understand their
respective sites of origin. While the occurrence of plant hormones in specific
tissues does not prove hormonal role in source-sink relations, patterns of
occurrence ofhormones in relation to changes in source-sink processes might
indicate the involvement of hormones. In general, under normal conditions
developing seeds have higher concentrations of plant hormones than all other
plant parts. There are numerous reports of high concentrations of auxins,
cytokinins, gibberellins (GAs) and abscisic acid (ABA) in developing seeds
(40). As will be described below, several authors have reported that hormone
content changes distinctly during seed and fruit development.
In early works, hormonal changes were measured only on a total seed

basis. With the possible exception of cytokinins, the maximum amount of
hormones generally occurs during the time of rapid dry matter accumulation
(rapid filling period). From later work, it has become evident that hormonal
content may be vastly different in the various seed tissues. On a whole tissue
basis, the greatest quantity of ABA is generally found in the prime storage
tissue of seeds or grain such as cotyledons of soybeans (Glycine max L.[67]),
or embryo and endosperm ofmaize (38). However, on a concentration basis,
a measure presumably of greater physiological significance, ABA is found to
be present in higher concentrations in the embryonic axis of soybean (30) and
in the embryo of maize (38). ABA is also found in high concentrations in
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the tissues where phloem unloading occurs, in the seed coats of soybeans (30,
67). Likewise, in maize, ABA is found in high concentrations in the
pedicel/placental-chalazal tissue prior to full growth of the embryo (38), the
tissue in which unloading occurs in this species. In general the highest
concentrations of ABA found in these sites of unloading are obsetvable
during the rapid filling stage of seed development.
The occurrence of indoleacetic acid (IAA) in developing soybean seeds

on a total seed basis is similar to that for ABA except the maximum amount
of IAA is obsetved several days before the maximum for ABA. lAA is
found in highest concentration in the embryonic axis at the time ofmaximum
pod wall elongation, while in the seed coat, IAA reaches a distinct maximum
coincident with maximum seed filling (30). In peas (Pisum sativum), high
concentrations of auxin-like I materials are found in the liquid endosperm at
the time of maximum pod elongation, and in the embryo (cotyledon and
embryonic axis) a small increase in auxin-like material is obsetved coincident
with rapid filling of the seed (23). In cereal grains, most authors have
assumed that IAA is generally localized in the endosperm (28). Lur and
Setter (47) have reported that IAA concentrations are low in the endosperm
of maize kernels early in development, then abruptly increase at about 10
days after pollination (DAP). This increase coincides with an increase in
DNA content per nucleus. However, it is not clear yet whether the embryo,
aleurone layer and/or the pericarp are also important sites of localization of
auxin.
Similar to the occurrence of auxin-like material, gibberellin-like material

is highest in liquid endosperm of pea at the time of rapid pod elongation (23).
In whole pea seeds, GAs (GA9, GAI7, GA2o, GA29, and GA29-catabolite) occur
maximally during the period of rapid seed growth compared to very low
quantities during early seed development or seed maturation (71). In barley,
the levels of GA-like material within the grain parallel the pattern of dry
weight accumulation rate increase of the developing grain, with the highest
quantities recoverable from the endosperm (51). The maxima obsetved for
"free" GAs is at 9 DAP in the husks and 21 DAP in the endosperm, and the
"conjugated" GAs peaks at 32 DAP (51). In general, gibberellins are
prevalent in developing seeds, grains, and fruits of several species; with their
levels, biochemical composition, and time of occurrence varying. A more
detailed information on GAs and developing reproductive organs is reviewed
by Pharis (58).
In cereals, peas, and beans, cytokinins are generally found in highest

concentrations in the endosperm of developing seeds. Moreover, in maize
kernels there is a dramatic increase (as much as 500-fold) and a subsequent
decline in cytokinin levels (15, 39, 47, 50). Particularly zeatin and zeatin­
riboside reach a maximum amount between 8 and 12 DAP. Developing rice

I Auxin-like or GA-like is used to designate that analyses of hormones were based on
bioassays rather than on physico-chemical determinations. The substance detected responded
similarly to a hormone standard (IAA for auxin-like, GA) for GA-like).
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and wheat grains appear to be similar with their having a transient increase
in levels of cytokinins 4 to 5 days post-anthesis (50). In Phaseolus
coccineus, high amounts of zeatin-like material occur in the suspensor early
in seed development, while later in development more polar cytokinins occur
(46). Lorenzi et al. (46) propose that the suspensor is the source of
cytokinins for the embryo.

t

DEPOD
ALL NODES

CONTROL

36 HOURS PRIOR TO
EXUDATION

CUT PETIOLE UNDER WATER
RECUT UNDER EDTA SOLUTION

EXUDE FOR 6 HOURS, AT 2SoC

~
PETIOLE
EXUDATE

LEAF ~
EXUDATE

Fig. 2. Diagram of the experimental protocol
used to obtain EDTA-enhanced exudation of
hormones transported in soybean leaf petioles.
From (31).

Movement of Hormones in Relation to Source-Sink Partitioning

The occurrence of high concentrations of hormones in developing seeds may
indicate that 1) they function at that site or in the surrounding tissue; 2) they
are produced at that site to be exported and function in some other site such
as source tissue; or, 3) they are accumulating at that site thus relieving some
other site of excess levels of a given
hormone. The latter two require
movement of hormones between
seeds and source tissue.

Indoleacetic Acid
The classic work of Nitsch on

developing achenes providing auxin
for strawberry fruit growth led to his
suggesting (53) that achenes release
auxin that affects processes in
leaves. Hein et al. (31) used an
EDTA enhanced exudation technique
(Fig. 2) to estimate the amount of
1M moving between seeds and
source leaves of soybeans. IAA,
primarily in the form of ester
conjugate(s), was found to be
moving acropetally (toward leaf
laminae) in petioles (Fig. 3). The
highest amount of IAA ester(s) was
found in petiole exudate during the
mid to late stages of seed filling.
Removal of fruits 36 hours prior to
exudation reduced the amount of
lAA ester recovered in exudate,
indicating that fruits were a major
source of the IAA conjugate
observed in the petiole exudate. A
small amount of labeled material
that co-chromatographs with IAA
can be recovered in source leaves
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Fig. 3. Amount of free and ester
IAA exuded acropetally into 20
mMEDTA from soybean petioles
as detailed in Fig. 2. n=6±SE.
From (31).

following application of 14C-tryptophan to soybean pods, and thus provides
further evidence that seeds may export lAA to leaves (32). Though
depodding nearly eliminated exudation of the IAA esters, the level of IAA in
leaves was unaffected 36 hours after the depodding (31). It is possible that
the IAA transported to the leaf accumulates and functions in specialized cells
of the leaf. Sampling the entire leaf would have masked detection of a
hormonal change in a localized area. The fact that IAA will promote
stomatal opening (Chapter G7) is especially relevant.

Gibberellins
Defruiting grape plants resulted in leaves containing less GA-like

material, suggesting that developing fruit also export GAs to source leaves
(34). However, further research is required to verify if fruit export GAs to
affect processes in the leaves.

Abscisic Acid
ABA movement about the plant is dynamic. Developing sinks may

control the level of ABA in leaves indirectly by serving as sites for
accumulation of ABA produced within the leaves (69, 70). Based on
experiments that followed the movement of trace quantities of radiolabeled
ABA, it appears that ABA rapidly moves from mature leaves to all other
parts of vegetative plants and will generally accumulate in sink tissues (9).
Labeled-ABA can be found in soybean roots within 15 minutes following
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Days After Planting

250~---------,

Fig. 4. Concentration of ABA in the second
most recently expanded trifoliate leaf of
soybean during fruit development.
Depodding treatments consisted of removing
all reproductive tissue 32 hours before
sampling. n=6±SE. From (31).
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application to a leaf, and the ABA is recycled via the xylem back to the shoot
apex during the next 30 minutes. ABA applied to source leaves of fruiting
plants is exported to developing seeds (21, 70); while ABA applied to filling
seeds is immobile (21). Setter et at. (69) found that when translocation from
soybean leaves is obstructed or the plant is totally depodded, ABA
accumulates in the leaves resulting in stomatal closure and depressed
photosynthesis within one hour. Thus it seems that sinks can regulate
processes in the source by drawing away ABA which may be inhibiting
some processes in the source.
In soybean plants the pattern ofABA distribution changes diurnally (14)

and with the stage of plant development (unpublished data, Cheikh and
Brenner; 31). Developing soybean seeds are the major site for ABA
accumulation at the time of mid-pod fill (31), and it is only at this stage of
plant development that defruiting the plant will result in ABA accumulation
within leaves (Fig. 4). Presumably at this stage of development the filling
seeds are the only active sinks, while at other stages there are multiple sinks
for ABA accumulation.
Further proof that the maternal plant exports ABA to developing seeds

is obtained by defoliating a soybean plant and then examining the seeds 48
hours later for ABA content. Sampling seeds of soybean (cv. Clay) resulted
in a one-third reduction of the concentration of ABA recovered in the seeds
48 hours after plants were defoliated (l0). However, similar treatment to
another soybean genotype had no affect on ABA concentration in the seeds
from the defoliated plants (68). Since
defoliation reduced ABA only in the
Clay cultivar, it seems that the
treatment eliminated a source of ABA i
rather than removing a substrate for ~ 200

ABA biosynthesis in the seeds. Thus £
we have hypothesized that the ~

maternal contribution of ABA to .5 150

developing soybean seeds can vary
genotypically from a minimal
contribution (the seeds appear to be
autonomous for ABA) to a substantial
one. Additional proof that seeds are
capable of synthesizing ABA is
demonstrated by the culturing of
isolated soybean cotyledons on a
range of sucrose concentrations and
observing elevated levels of ABA in
the tissue presumably due to osmotic
stress (8). It appears maize kernels
synthesize most of their ABA since
culturing kernels in vitro in the
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absence of added honnones contain similar concentrations and distribution
patterns ofABA to those kernels removed from field grown ears (38). These
studies have also indicated that prior to growth of the embryo, both
pedicel/placental-chalazal complex and the endospenn contain high
concentrations of ABA. However, levels of ABA in these tissues decline as
the concentration in the embryo increases during its development. Finally,
isolated wheat ears can also synthesize ABA which accumulates in the grain
(42).
In summary, as shown in Fig. 5, it appears that at least for soybeans,

ABA moves from leaves to filling pods. ABA also is transported from leaves
to roots via the phloem and then recycled back to other sinks in the xylem
stream (9). Additional reports have also indicated that roots can be a source
for ABA synthesis. Particularly, in cases where ABA is believed to serve as
a root-to-shoot signal of root stress, such as dehydrated (6), flooded (36), and
salt-stressed roots (82). IAA-ester is transported from pods to the leaves (31,
32). Cytokinins produced in the roots are carried in the xylem stream to the
shoot (6, 13). Though there is no direct evidence that these cytokinins
accumulate in developing fruit, it is known that they do influence fruit set of
soybean (13) and presumably subsequent fruit growth. However, developing
seeds (maize kernels) are known to synthesize their own cytokinins; because
excised- and in vitro-cultured maize kernels produce similar levels of
cytokinins as the kernels left attached to the mother plant (15). Since there

t ZR.
t _diZR
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is minimal evidence of GAs moving between source and sink tissues, GAs
were not included in Fig. 5.

HORMONAL REGULATION OF PROCESSES RELATED TO
PHOTOSYNTHATE PARTITIONING

Regulation of Processes in the Leaf

Regulation ofPhotosynthesis
There is evidence that IAA enhances stomatal opening (see Chapter G7).

Early reports described IAA promotion of photosynthesis within one hour of
application to leaves (7). Follow-up experiments indicated IAA imparted this
effect by increasing photophosphorylation and CO2 fixation when tested on
isolated chloroplasts (75). However, when similar experiments were repeated
(64) lAA only reduced the aging of isolated chloroplasts but seemed to have
no direct effect on photophosphorylation of active intact chloroplasts
maintained in the presence of BSA (bovine serum albumen).
Applications of cytokinins promote photosynthetic activity mainly by

means of increase in leaf chlorophyll content, accelerating chloroplast
development, or modifying other components of photosynthesis; such as, CO2

assimilation capacity and activity of photosynthesis enzymes (12).
A number of reports indicate that GAs also should be considered as

possible promoters of photosynthesis. Application ofGAl will stimulate leaf
photosynthesis (3) if treatments are applied to intact plants at least several
hours before measurement of photosynthesis. However, when isolated
chloroplasts were treated with GAl, no effect was observed (64). Fruit
removal on grape plants causes decreased leaf photosynthesis (34), and this
effect has been associated with a decrease in GA-like material in the leaves
of the defruited plants. Since removing seeded grapes also results in ABA
accumulation in leaves (B. Loveys, personal communication), further studies
are required to determine if the decrease in photosynthesis is related to
changes in both ABA and GAs.

It is well known that increases of ABA in leaves leads to stomatal
closure (see Chapter G7) resulting in decreased photosynthesis due to
depressed intracellular CO2 levels. However, ABA may also directly depress
photosynthesis (62), perhaps by reducing ribulose 1,5-bisphosphate
carboxylase activity (24), or increasing ribulose-l,5-bisphosphate oxygenase
activity, and photorespiration (59). And interestingly, the inhibitory effect of
ABA is only observed when applied to intact leaf tissue rather than to isolated
chloroplasts which suggests the primary effect is on stomatal conductance.
Ethylene was also cited to inhibit photosynthesis, but it is believed that

this is done mainly through ethylene-induced stomatal closure and increase
in ABA (49).
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Regulation ofSucrose Formation
The activities of cytoplasmic SPS and FBPase enzymes (14, 35) are

major determinants of the pool size of sucrose in the leaf. In soybean leaves,
both endogenous sucrose concentration and SPS activity positively correlate
with assimilate export when measured at midday (35). However, when
similar comparisons are made on a diurnal basis, these relationships do not
hold up during the dark periods, making it clear that there are additional
important factors controlling the export of carbon beside SPS activity and net
photosynthesis. Gibberellin applications (IO-6M GA3 and lO-sM GA4n) to
intact soybean leaves increase SPS activity and protein levels, but have
inconsistent effects on FBPase (14). However, either imposition of water
stress or applications of ABA (10-6 M) inhibit FBPase activity, but have no
significant effect on SPS activity (9, 14, 29). These studies show that plant
hormones ABA and GAs playa regulatory role in leaf sucrose metabolism;
but, their sites of control are different. Fructose-2,6-bisphosphate (Fru-2,6­
BP) is a potent regulator of sucrose formation by inhibition of cytosolic
FBPase activity (72). When Fru-2,6-BP levels increase, cytosol FBPase
activity is suppressed resulting in less fructose-6-phosphate (F-6-P) synthesis
and a buildup of triose-P in chloroplasts. This leads to starch synthesis and
a concomitant decrease in sucrose formation in the cytosol (35, 72).
Regulation ofconcentration ofFru-2,6-BP represents another potent point for
hormonal regulation of partitioning, but we do not know if hormones affect
the level of Fru-2,6-BP in plants as is the case in animal liver cells (33).
Additional studies have reported that levels of Fru-2,6-BP in leaves increase
in response to environmental stresses, namely water stress (61).

Regulation of Phloem Transport

Regulation ofPhloem Loading
The capacity of a tissue to load photoassimilates into phloem tissue for

long distance transport functionally establishes that tissue as a source. Factors
that determine the extent of phloem loading include the availability of sucrose
for export, the distribution of the sucrose within the leaf (intra- and
intercellular), transfer of sucrose (generally believed to be in the apoplast)
towards the sites of phloem loading, and the rate of phloem loading (4, 26).
Loading of phloem involves transfer of sucrose through the sieve-element
plasmamembrane from the vascular boundary. Alternatively, a total
symplastic pathway from mesophyll cells to the phloem can be argued (4, 79)
with loading occurring across the plasmamembrane ofmesophyll cells (48).
The transfer process into the sieve element-companion cells of the

phloem involves both a high affinity system and a linear system (20, 48).
The high affinity system involves a proton/sucrose cotransport directed into
the phloem (symport) and is pH dependent. It is seemingly coupled with an
outward proton translocating ATPase (4). To compensate for the proton
influx, there is a transient eftlux ofK\ but there is also a H+/K+ exchanging
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ATPase (26) which maintains the high K+ content of the phloem. The linear
transport system is considered pH independent (20).

Based on experiments where hormones were applied (4) it appears that
IAA or the fungal toxin fusicoccin (FC) will enhance phloem loading. Both
ofthe later compounds promote membrane proton extrusion (see Chapter D1).
Treatment with ABA inhibits sucrose loading (4). In addition, BA or kinetin
also enhance sucrose loading in stems of Ricinus. This is based on
experiments where petioles were perfused with cytokinins and exudate from
the petioles was sampled for sucrose and K+. The loading of sucrose into
isolated phloem tissue of celery occurs at greater rates when the tissue is
placed in a medium adjusted to 200 to 300 m osmolality (with a
nonpenetrating solute, PEG 3350 [17]). lAA (0.1-100 JLM) or GAl (at 10
JlM) promote greater rates of uptake in 200 m osmolal medium but not in
media at 50 or 400 m osmolal. Application ofGAl to excised-mature leaves
of broad beans enhances sucrose export from source leaves (2). This
promotion of phloem loading by GAl occurs after a duration of only 10
minutes by a mechanism still unknown. However, this effect could not be
explained by changes in the photosynthetic rate or by chemical partitioning
of carbon. Furthermore, other investigations (18) indicate the presence of
an indirect and long-term (24 h) effect of GAl on phloem loading mediated
by changes in sink activity. Since prior studies have not examined the
potential interaction of hormones and turgor on phloem loading, it appears
that this area deserves further examination.

Regulation ofPhloem Transport
The rate and magnitude of phloem transport is generally believed to be

determined by the hydrostatic pressure gradient between the source end and
the sink end of the phloem, which is regulated by the rate of phloem loading
in the source and by the rate of phloem unloading in the sink. These basic
elements describe the Munch pressure hypothesis (20). This generally
accepted theory also states that there is minimal control exerted along the
transport pathway. Thus, if the Munch pressure concept is correct, there
would not be any role for plant hormones to directly regulate flow along the
phloem transport pathway. Indirectly, however, plant hormones may regulate
phloem transport by regulating loading and/or unloading.
A refinement of the explanation describing phloem transport invokes

turgor regulation (44). This hypothesis envisages a gradient of solute
concentration consisting primarily of sucrose and K+. While sucrose is
preferentially accumulated, K+ concentration is modulated to maintain the
turgor pressure gradient down the phloem pathway. A distinct aspect of this
premise is pathway control of phloem transport obtained by adjusting the K+
concentration through radial exchange of K+ along the pathway. Data of
Vreugdenhil (81) provide evidence that such gradients of K+ do occur in the
phloem of both cassava and castor bean. However, more rigorous
experiments are required in which source/sink conditions can be manipulated
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to determine if K+ gradients correlate with changes in phloem transport.
Recognizing that several hormones are known to effect K+

transmembrane movement, future studies should consider if hormones
modulate K+ exchange between sieve elements and surrounding tissue.
Though it is known that hormones affect K+ exchange in guard cells (see
Chapter G7) existing data on the application ofhormones to directly influence
phloem transport are inconclusive (20). Perhaps the most interesting
observation is by Patrick (56) who indicated that IAA promotes mobilization
of photoassimilate to the point of application and the cut stump ofdecapitated
bean plants by acting upon transfer processes along the transport pathway.
Since IAA has been implicated as a regulator of membrane ATPases, it is
reasonable to consider IAA as a possible regulator of the K+ concentration in
the phloem. This would mean that IAA might be regulating transport by
controlling turgor of the phloem through adjustment of K+ concentration.

Regulation ofPhloem Unloading
Withdrawal of photoassimilates from the phloem plays a major role in

establishing the osmotic gradient between source and sink tissues, thereby
influencing the rate of phloem transport. As mentioned above,
photoassimilates are unloaded in the testa of dicotyledonous plants and in the
placental-chalazal tissue of monocotyledonous plants. Since there are no
vascular connections between these sites of unloading and the developing
zygotic tissue, it has been experimentally feasible to surgically remove the
developing embryo and sample substances released into a bathing medium
added to the empty maternal "cup". Most of these experiments have been
performed on developing legume seeds. One approach to examine phloem
unloading systems from seed cups is to preload developing seed coats with
radiolabeled photoassimilates (via transport from labeled leaves), then excise
the seeds, remove the embryos, and sequentially wash the seed coats with
various bathing media (16, 84). A second approach is to sample the
unloading of substances from attached seed coats. This is accomplished by
cutting through the pod wall to surgically remove the distal half of a seed.
The remaining embryo tissue is removed and sampling media is added to the
seed cup, which is still attached via the funiculus to the pod wall (77).
The addition of a high osmolality solution (400 mmol consisting of

sucrose and mannitol) to attached empty seed cups of Vida faba and peas,
permits obtaining unloading of radiolabeled sucrose into the trapping medium
within the cups at rates equivalent to that which moves into intact seeds (83).
Filling empty seed cups with solutions of lower osmotic potential resulting
in reduced unloading. It is proposed (83) that solutions of high solute
concentration will lower the osmotic potential of the solution in the seed-coat
apoplast. Consequently, water flows from the phloem system of the seed
coats and reduces turgor pressure in the sink end of the phloem. This
reduced phloem turgor is transmitted along the transport pathway to the
source tissue, where phloem loading is increased. Alternatively, the high
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turgor treatment may have imparted its effect by altering the activity of
membrane bound ATPase/proton carriers, as seems to be the case with sugar
beet taproot tissue (84).
Inclusion ofmetabolic inhibitors in the sampling medium with these seed

cup techniques indicates that the unloading of sucrose requires metabolic
energy (77). Addition of FC promotes 14C-photo-assimilate efflux from
attached soybean seed coats. As mentioned above, the fungal toxin FC
promotes membrane proton extrusion (see Chapter Dl). In contrast to FC's
effect on empty soybean seed coats, treatment of both excised and attached
Phaseolus vulgaris seed coats with FC inhibits 14C-photoassimilate efflux
even though it does cause acidification of the medium (80). These effects of
FC can be reduced by including orthovanadate or ABA in the Phaseolus
vulgaris seed cups. One model which might explain the above results
describes phloem unloading from Phaseolus vulgaris seed coats via two
independent (and simultaneous) proton carrier pathways located in the
plasmalemma (80). One carrier is an outward (into the apoplast) ATPase
proton pump electrochemically balanced by K+ uptake into the phloem. The
second carrier is an outward proton/sucrose symporter. It is suggested that
FC inhibits sucrose release because it stimulates the first proton carrier which
reduces the proton/sucrose symport carrier activity by reducing the number
of protons available for symport with sucrose. Additional data indicate that
both the synthetic cytokinin, 6-benzylaminopurine (BAP), or ABA added to
excised seed cups stimulate photoassimilate unloading from excised bean seed
coats (16). The cytokinin effect is almost immediate, while ABA imparts its
effect within 12 minutes of application to the seed cup. IAA, NAA, GA3and
ACC (I-aminocyclopropane-I-carboxylic acid) are inactive in this unloading
system. The action of ABA may be through restricting the ATPase driven
proton carrier, thereby allowing the sucrose/proton symport carrier activity to
be enhanced. More recent reports have implicated cytokinins as stimulators
of the plasmamembrane proton pump. However, this cytokinin effect on
membrane transport is believed to be unrelated to their hormonal action and
more likely it reflects changes in purine metabolism through changes in levels
of cytokinins in the cytoplasm (55). The observation that both ABA and
cytokinins act in a similar manner seems quite different to their opposing
action on guard cell turgor (Chapter G7).
Application of ABA to filling grain of wheat (21) and barley (78) has

been found to enhance the mobilization of recently fixed photoassimilates to
the filling grain. It has been proposed that the promotive action of ABA is
upon the unloading process (76). The promotive effect of applied ABA on
increasing the import of assimilates to intact barely grains appears to be
inversely related to the endogenous ABA content of the grain. Treatments
with ABA were only promotive when applied to young ears (2 weeks after
anthesis). High concentrations of ABA (I 0·3M) inhibited assimilate import
when applied to older ears (3 weeks after anthesis) when their endogenous
ABA content had increased five fold (78). This might indicate that while
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ABA can promote mobilization in cereals, high concentrations might be
inhibitory. It should be noted, however, that the promotive effect ofABA on
assimilate import to wheat has not been repeatable by other scientists (43).
In fact, in developing kernels of winter wheat Borkovec and Prochazka (11)
have looked at the interaction between cytokinins and ABA and its effect on
transport of 14C-sucrose into the kernels. Applications of ABA (l0-4 M)
during pre- or post-anthesis reduces transport of 14C-sucrose into developing
kernels. This ABA-inhibitory effect is reversed by addition ofcytokinins, but
only when applied at anthesis. Application of cytokinins (10-6 M
benzyladenine. BA) to developing wheat kernels transport of 14C-sucrose into
the grain. However, this increase is observed only when BA is added at pre­
anthesis (11).
Active unloading of photoassimilates is not ubiquitous process for all

plant species. For example, unloading into empty maize kernels appears to
be a passive process (see 77). Currently, there is no evidence for honnonal
regulation of phloem unloading in maize.

Regulation of Assimilate Accumulation

For both legumes and temperate cereals, the sucrose that is unloaded into the
apoplast is directly accumulated by the respective cotyledons or endospenn
tissues as they develop (77). In contrast, sucrose is inverted to glucose and
fructose in the apoplast of the maize pedicel-parenchyma tissue and these are
accumulated by the basal endospenn tissue (38).

In vitro uptake of sucrose by developing embryos of legumes occurs by
both saturable and nonsaturable mechanisms (45). Follow-up experiments
(66) on protoplasts prepared from soybean cotyledons revealed three distinct
uptake mechanisms for sucrose: a) a saturable «10 mM) carrier that is
energy-dependent and sensitive to the nonpenetrating sulfhydryl inhibitor p­
chloromercuribenzene sulfonate (PCMBS); b) a nonsaturable carrier (at least
up to 50 mM) that is suppressed when high concentrations of PCMBS are
added; c) a simple diffusive mechanism. The sucrose concentration in the
interfacial (apoplastic) region between the seed coat and cotyledon is in the
range of 150 to 200 mM and appears to be relatively stable during both the
day and night (77). This means that uptake of sucrose in peripheral regions
of developing cotyledons by the saturable carrier-mediated component may
be of little physiological significance. However, if sucrose moves primarily
apoplastically through soybean cotyledons, as it appears to do in beans (57),
then it is reasonable to suggest that the sucrose concentration in the central
portion of soybean cotyledons may be lower than the saturation point of the
sucrose carrier. This would be due to substantial withdrawal of sucrose by
the peripheral cells first exposed to the unloaded sucrose.

Sucrose appears to be the prime sugar taken up by wheat endospenn
tissue. In addition to a diffusional component, the uptake of sucrose also
occurs by an energy-dependent carrier that is sensitive to PCMBS inhibition
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(63). In contrast, hexoses are the principal sugars taken up by maize
endosperm tissue, and their uptake appears to be a nonsaturable passive
process (38). Maize embryos take up hexoses in part by a facilitative,
metabolically driven process which may be how the embryo can functionally
compete with endosperm for available hexose (38).
Exogenous ABA can enhance the accumulation of sucrose by isolated

soybean cotyledons (when tested with low sucrose concentrations, 10 mM;
[67]), though we have only been able to demonstrate this effect on a specific
genotype (cv. Clay) grown in nonstressed environments. Tests with several
genotypes grown in the field showed no effect of ABA on in vitro sucrose
uptake, probably due to the high endogenous ABA in these field derived
tissues. However, endogenous ABA content of cotyledons is positively
correlated to the sucrose uptake. The concept that ABA may function to
enhance sucrose accumulation is further supported by the following
manipulative study. Subjecting certain soybean genotypes (cvs. Clay and
Evans) to brief periods of drought stress followed by rewatering, results in an
accumulation of stress-produced ABA in the developing seeds, presumably
from the leaves. The cotyledons of these seeds have significantly greater
sucrose uptake compared to cotyledons derived from nonstressed plants.
Stressing a different genotype (pI 416.845) does not alter the ABA content
of its seeds and also has no effect on subsequent in vitro sucrose uptake. We
have found that the seeds of this genotype appear to synthesize their own
ABA and do not depend on the maternal plant to supply ABA (68). In cereal
grains, treatment with ABA of intact plants and isolated kernel of barley,
during grain development, increased sucrose accumulation in the endosperm
(22). However, conflicting results do exist in this area. When a diverse set
of soybean genotypes were investigated, seed growth rate was not limited by
endogenous concentrations of ABA in the seed of the various genotypes
examined (68). The role of ABA in the regulation of assimilate partitioning
to developing seeds is not supported by results obtained from studies using
genetic mutants of some species. Investigations using the mutants abal
(Arabidopsis) [41], wil (peas) [19], and sitW (tomato) [27], which are all
ABA-deficient mutants (having less than 10% of ABA detected in the
wildtype); reveal that when these mutants are fertilized with pollen from
either the wild type or mutants (abal, wil, or sit), they show no significant
differences in assimilate uptake. These results lead us to believe that the
presence of ABA and its tissue levels do not play an important role in the
regulation of assimilate accumulation by developing seeds of these species.
However, more studies are still required in this area before ruling out a role
of ABA, present in developing reproductive organs, in assimilate uptake and
accumulation.
Unlike the promotive effect of ABA on in vitro sucrose uptake by

soybean embryos (67), neither ABA nor BAP (each promotes unloading from
Phaseolus vulgaris seed cups) affect in vitro sucrose uptake by Phaseolus
vulgaris embryos (54). A unifying hypothesis proposed by Oftler and Patrick

663



Hormones in photosynthate partitioning and seedfilling

(54) to explain the difference between these two legumes is that regulation
of the substrate concentration (osmotic potential) in the interface between
seed coat and embryo tissue is a critical factor affecting photosynthate
exchanges from seed coats to embryos. They suggest that alteration of
osmotic potential in this interfacial zone affects the turgor of these tissues,
and turgor is one of the key determinants of the rate of unloading.
Consequently, in Phaseolus vulgaris unloading from seed coats may be the
major determinant for assimilate accumulation, while in soybean, uptake of
assimilates by embryos may be more significant component compared to
unloading by seed coats.
The observation that ABA increases the accumulation ofphotoassimilates

is not unique to developing seeds. Application of ABA to root tissue discs
of sugar beet causes as much as a three-fold increase in sucrose accumulation
and the promotive effect is observable within one hour (65). Both IAA and
K+ inhibit the accumulation of sucrose by the sugar beet tissue. ABA also
may promote the accumulation of photoassimilate by young developing
soybean pods through an increase in invertase activity within the pod tissue
(1). Since glucose is superior to sucrose as a substrate for in vitro culture of
young soybean seeds, it is an interesting idea that ABA may promote the
growth of young seeds by increasing the pool size of glucose through
increasing invertase activity in the pod tissue.
When pea seeds are grown in vitro, GAs do not appear to be required

since treatment with GA-biosynthesis inhibitors blocks the accumulation of
GAs, but has no effect on seed growth (5). These data indicate that GAs do
not seem to act within the seed for seed growth and therefore it seems that
GAs are not involved with sucrose uptake by seeds. However, it has been
reported that pretreatment of intact barley plants with GA3 (10-4 M) induced
translocation of injected 14 C-sucrose from the flag leaf to the ear (52). So,
it is possible that gibberellins might be regulating sucrose translocation to the
sink tissue rather than its unloading or accumulation.

Indirect Effects of Hormones on Assimilate Partitioning

Compartmentation of photoassimilates is a likely mechanism for sink tissue
to maintain the steepness of the concentration gradient from the source tissue.
In maize and temperate cereals, the number of endosperm cells and starch
granules formed in the endosperm is highly correlated with kernel growth rate
and size at maturity (37, 38). In cereals, the number of endosperm cells and
amyloplasts is established during the early phases of grain development.
Since these parameters are not controlled by the levels of available
carbohydrates during grain filling (37), it may be speculated that cytokinins
might affect the numbers of both endosperm cells and amyloplasts formed
within those endosperm cells (39). Cytokinins generally are considered to
playa major role promoting cell division, but there is no information on their
effect on endosperm cell number. It has been shown that cytokinins can
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promote chloroplast development (12). Since chloroplasts and amyloplasts
are both derived from proplastids, it is possible that amyloplast development
also might be altered by cytokinins. As mentioned earlier, cytokinin content
is high in developing seeds at this critical period but it is not known if any
source-sink manipulations that lead to reduced seed development can be
related to reduced cytokinin activity.

Plant hormones may be involved in the regulation of sink potential by
regulating cell division and differentiation of developing sinks. This process
may involve not only a particular hormone, but possibly a balance between
cytokinins, ABA, IAA, and GAs. The balance between cytokinins and ABA
may be critical for establishing the tolerance of maize-kernel to heat stress
and determines sink potential by regulating cell division and seed set (15).
The balance between cytokinin and IAA in developing-maize endosperm at
the time of cell differentiation, particularly during DNA endoreduplication,
may also be critical (47). At this crucial stage in kernel development there
is an increase in IAA and decrease in zeatin and zeatin riboside.
Developing pea seeds that are GA-deficient as a consequence of having

a mutation (/11 allele) that reduces gibberellin content in developing pea seeds
are smaller and have a higher frequency to abort as compared to the wild type
(LhLh) [74]. Fertilization of 111111 plants with LhLh pollen produces IIILh
seeds having higher GAl and GA20 content and greater seed weight compared
to 111111.

Hormones, especially cytokinins, also may indirectly affect partitioning
by altering the ratio of source to sink tissue by regulating seed set (13).
Applications of cytokinins at pollination significantly reduces grain abortion
ofdeveloping maize kernels (15, Cheikh and Jones, personal communication).
Most of our major crop plants produce only a fraction of their potential seeds
compared to the number of flowers produced on the respective plant types.
The failure of fertilized flowers to produce seeds has been attributed to
insufficient photoassimilates at the time of early fruit development or to a
hormonal imbalance at this time.

Finally, partitioning may be indirectly altered by regulating the duration
of seed fill. This can occur by either delaying leaf senescence or extending
the seed-filling period by delaying the onset of maturation of seeds. Though
minimal information is available, it is reasonable to peculate that hormones
may also playa role in regulating this process.

SUMMARY

As depicted in Fig. I, there are experimental data indicating that hormones
may act at a number of steps involved with the assimilation and transport of
photoassimilates to developing seeds. The numerous manipulative studies
done to investigate regulation ofthis overall process have amply demonstrated
that overall regulation is extensively integrated. Hormones are logical
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candidates to play key roles in coordinating the respective processes. For
those plants that are limited by source activity, transport of promotive
hormones from sinks to source tissue may regulate the processes associated
with source activity, namely photosynthesis, production of sucrose, and
phloem loading. Auxins and gibberellins exported from sinks are reasonable
candidates to serve as the promotive signals (3, 4, 31, 32, 34, 53, 75).
Relieving source tissue of excess ABA may be a further mechanism by which
sinks can attenuate source leaf activity (24, 31, 62, 69, 70).
Hormones certainly may function to enhance sink activity by increasing

the net amount of photoassimilates transferred from the maternal tissue to
developing seeds. Action may occur at the sites of phloem unloading (16,
54) or at sites of assimilate accumulation (65, 67). Turgor also seems to be
an important factor regulating phloem loading and unloading (17,44, 77, 83,
84). It is reasonable to consider that a change in hydrostatic pressure within
the phloem is all that is necessary to facilitate communication between source
and sinks (83, 84). Based on the observations ofDaie (17) that both lAA and
GA3 promote phloem loading when osmotic pressure of the bathing medium
is adjusted to 200 to 300 m osmolality, it is obvious that considerable
attention should be directed at examining the possible interaction of turgor
and hormones in regulating partitioning of photosynthates.
Plant hormones could also function by enhancing sink potential via

increasing cell number and/or regulating cell differentiation such as plastid
biogenesis and DNA amplification, or by modifying the duration or rate of
dry mass accumulation of a developing reproductive organ.
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INTRODUCTION

The fonnation of a seed in the life cycle of higher plants is a unique
adaptation. It incorporates embryo development with various physiological
processes that insure the survival of the plant in the next generation. These
adaptations include the accumulation of nutritive reserves, an arrest of tissue
growth and development, and the ability to withstand desiccation, all ofwhich
are of considerable agronomic importance (e.g., nutritive value, yield,
gennination). The extent of these adaptations are quite spectacular. For
example, the embryo must acquire the ability to withstand a reduction in
water content from about 85% to 10%; in other plant tissues, such a severe
desiccation is lethal. To survive long periods of time in this dry state until
environmental conditions are favorable to resume development into a
seedling, numerous plants have acquired different mechanisms of seed
donnancy. The tenn "dormancy" is not entirely appropriate for many higher
plants; this term can be defined as the absence of germination during
environmental conditions which otherwise promote germination. Typically
some external stimulus such as light or chilling (stratification) is required.
However, many angiosperms undergo the developmental program of
maturation, developmental arrest, and desiccation without true donnancy.
From a more basic viewpoint, seed development has represented a

convenient experimental system for the study of the underlying mechanisms
of physiological and molecular regulation of cell and tissue development (21,
35). The stages of seed development and germination involve both spatial
and temporal regulation of cell and tissue growth and function. The sequence
ofevents begins with rapid endosperm and embryo growth and differentiation
after fertilization, followed by the transition from a state of high metabolic
activity and growth to a quiescent state, and finally during gennination a
switch back to active growth of the embryo to fonn a seedling (Fig. 1).
Honnones are thought to play an important role in these processes, since

the levels and activities of various hormones change dramatically during this
developmental sequence (5, 35). Cytokinins (CK), auxins (IAA), gibberellins
(GA) and abscisic acid (ABA) are found in relatively high concentrations in
extracts from seeds of different developmental stages. In fact, a large part of

671

P. J. Davies (ed.), Plant Hormones, 671-697.
© 1995 Kluwer Academic Publishers.



Hormones during seed development

EMBRYOGENESIS
I I
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Fig. 1. Ageneralized graph showing the relative levels ofnutrient reserves, water content and
growth during the embryogenic, maturation and germination stages of embryo and seedling
development. Time periods of embryo development vary with species and are not included.
Times stated for seedling development are in days. Desiccationseparates the end ofmaturation
from the initiation of seedling growth; dormancy is not found in all species. High ABA levels
are temporally correlated with the onset of maturation and prevention of precocious
germination during mid-embryo development.

our knowledge of honnone biosynthesis and metabolism has been obtained
using young seeds. One must critically ask, however, whether the changes
in hormone levels/activity are correlated with changes in embryo growth, and,
do they playa causal role in embryo development?

EMBRYO DEVELOPMENT

What is unique about higher plant embryogenesis when compared with
embryo development in other plant groups? During embryo maturation, there
is a buildup of nutrient reserves, an arrest of tissue growth, development of
desiccation tolerance and the acquisition of donnancy mechanisms. All of
these events occur in the latter half of embryo development in most higher
plants. Following desiccation, activation of the embryo results in initiation
of a meristematic-type growth pattern, and the utilization of nutrient reserves
to support the development of the seedling. These processes can be referred
to as the "seed strategy," i.e. mechanisms which have evolved to insure
survival of the young embryo. Of course, there are natural exceptions, such
as the mangrove (Rhizophora mangle) which lives in an aquatic environment
and fonns seedlings on the plant (vivipary) without any developmental arrest,
desiccation or germination (59). Embryos from lower plants complete
embryogeny without the intervening processes ofmaturation and desiccation.
Since these processes are unique to seed plants, one can ask: which of the
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processes that occur late in seed development are required for normal seedling
development? A number of experiments with mutants and in vitro culture
techniques (to artificially provide the embryo with the required nutrient and
environmental conditions) support the conclusion that these processes are not
obligatory for completion of the life cycle.
Normal seedlings (notwithstanding some somaclonal variation which is

more pronounced under certain conditions in some species/varieties than
others) can be formed in vitro from totipotent callus cultures via somatic
embryogenesis or organogenesis; these developmental sequences occur in the
absence of developmental arrest. In most higher plant species, isolated
embryos are capable of precocious germination into seedlings (after a period
of seed development) if cultured on a nutrient medium containing salts,
reduced nitrogen (e.g., glutamine) and sucrose (see below). Now the question
arises: when seedlings are compared from embryos which have and have not
undergone developmental arrest, desiccation, etc., are they identical? What
role, if any, do "maturation" processes and desiccation play in subsequent
stages in the life cycle of the plant? Are the function(s) of these processes
confmed to the seed and germination stages or do they have effects later in
the next generation? The viviparous mutants ofmaize and Arabidopsis form
seedlings in the absence of desiccation if rescued from the normal
dehydration program of the maturing seed (47a, 50, 51, 54). Thus, although
the maturation events and associated specific gene products may be ofcritical
importance for some process, agronomic trait, or survival in nature, they do
not appear to be required for completion of the life cycle. They can be
thought of as a set of physiological processes that comprise an important but
non-obligatory pathway of seed development (Fig. 2, pathway I). Thus,
embryos can proceed directly from embryogeny to germination by bypassing
dormancy (Fig. 2, pathway 2). Because of these experimental manipulations
and mutants available to investigators, approaches can be taken in an attempt
to understand the regulation of this maturation sequence.
As a start we can ask: at which stage is the embryo capable of

germinating if removed from the seed and cultured in a nutrient medium?
We will divide seed development into three periods: early, middle and late,
each representing about a third of the time between fertilization and
desiccation. Using this standard, embryos from wheat, maize, rice, rapeseed,
soybean, bean, and probably most others, can precociously germinate in
culture during the latter two-thirds of early development (28, 34). If embryos
are capable of germinating by the start of the middle period, what is present
in the seed environment around/in the embryo that normally prevents
precocious germination in vivo? Cytokinins, IAA, GA and ABA levels have
been shown generally to be high during these stages. What do we know
about the role of these hormones in seed development and their possible
effect on the prevention of precocious germination and the initiation of the
maturation pathway? Many of the studies which show changes in hormones
levels during seed development and associations of hormones with various
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Fig. 2. A generalized representation of embryo development in angiosperms, showing three
major stages from zygote to seedling: embryogenesis, maturation, and germination, and the
importance of plant hormones in development. The maturation "loop" (I) can be by-passed
in culture by precocious germination of embryos (2). This occurs in the absence ofABA and
the presence of reduced nitrogen (e.g., glutamine) and carbon (e.g., sucrose), and in some
cases by premature desiccation. In the presence of high osmoticum and/or ABA, maturation
is promoted and precocious germination inhibited. Upon desiccation these processes are
finalized, and normal germination will occur in response to imbibition. In culture, embryos
can reversibly enter or leave the maturation loop by application (+) or removal (-),
respectively, of high osmoticum or ABA.

developmental events are reviewed elsewhere (5, 35). This chapter is not
meant to be an exhaustive review but will focus on recent progress in our
understanding of embryo development with special emphasis on the role of
hormones in gene expression, specifically ABA.

CHANGES IN LEVELS/ACTIVITYOF HORMONES DURING SEED
DEVELOPMENT

Early work on hormones in seeds gave rise to a general scheme to explain
dormancy on the basis ofchanging levels ofgrowth-promoting and -inhibiting
hormones. This paradigm has been the basis of all plant hormone
physiology, biochemistry and molecular biology to date. However, observed
changes in hormone levels cannot explain many hormone phenomena;
changes in tissue sensitivity to the hormones are also important (61).
Phytohormone action in general has three characteristics that apply to all
physiological responses to a hormone: 1) the response occurs only at a
specific developmental stage and in a tissue that is competent to respond, 2)
the response is specifically and quantitatively correlated with a range of
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hormone concentrations (the dose-response curve), and 3) the tissue can vary
in its sensitivity to the hormone (displacement of the dose-response curve).

Early Embryogenesis

The effects of auxins on growth and morphogenesis of embryos have been
studied extensively, and it can be concluded that in general, low
concentrations of auxins promote growth ofembryos, and high concentrations
inhibit their growth. In embryos with well-differentiated embryonic organs
(e.g., Phaseolus vulgaris), the plumule has a higher auxin concentration
optimum than the radicle with respect to promotion and inhibition of growth,
respectively.

Cytokinins are found in relatively high concentrations in the liquid
endosperm stage of early seed growth, and their presence coincides with the
highest rate of mitosis. Studies with isogenic lines of barley that vary in
grain weight demonstrate that large-grain lines contain higher amounts ofCK
at this very early stage of seed development than small-grain lines. Based on
results such as these, it has been suggested that CK activity at this stage is
responsible for enhanced seed size by increasing cell number, resulting in
larger storage capacity.
A number of studies suggest a role ofGA and CK in the function of the

suspensor during this early stage of embryo growth. Higher concentrations
of these hormones are found in the suspensor compared to the embryo, and
exogenous GA can substitute for the suspensor in supporting embryo growth
in culture. Protein levels are decreased in embryos of Phaseolus when
embryos are cultured after being detached from the suspensor. The addition
of GA at 0.1-1.0 IlM restores the protein content to that of freshly excised
embryos. In Pisum the endosperm and maternal tissues of the fertilized ovule
are the source of GAs or other growth factors necessary for fruit set and pod
development. Application ofGA induces parthenocarpic ovary growth in pea
(20). The timing and concentration of GA and CK supplied to the embryo
through the suspensor appears to be critical for early embryo growth.

The use of mutants provides an approach to pursue questions dealing
with early embryo development and function. For example, defective kernel
(dek) mutants of com affect both embryo and endosperm development while
the embryo lethal (emb) mutants are blocked at specific stages early in com
embryo development but do not effect endosperm development (10). Similar
embryo mutants ofArabidopsis have been identified (45). Based on the large
number of non-allelic embryo-lethal mutants (over 50 in maize and
Arabidopsis), it is clear there are many genes involved in embryogenesis.
Hormones are undoubtedly important in this complex process and may be
absolutely essential. In fact, no mutant which is null for accumulation of a
hormone has been found in plants; all the characterized hormone mutants are
leaky to some extent. If exogenous hormones can be shown to rescue any of
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the embryo-lethal mutants, then our understanding of the role ofhonnones in
plant development will be greatly advanced.

Mid-embryogenesis

In general, high auxin (IAA) and GA levels have been associated with two
phases of reproductive development: active seed growth by cell expansion,
and fruit growth (35). The GA's found, however, are often the type that have
moderate to very low bioactivity. Both GA and auxins are highest during
early to mid-embryo development in a number of plants, at a stage when CK
is decreasing rapidly and there is little or no ABA detectable. The timing of
these increases in peas and wheat are correlated with increases in pod and
grain length. Using the same barley genotypes discussed above which differ
in yield, investigators found that high single grain weight correlated with
higher IAA content (48).
Whereas early pod/grain growth is correlated with increases in GA and

CK, the role of these honnones in the middle and late stages of seed
development is more obscure. There does not seem to be a causal
relationship between the amount of bioactive GA and late pea seed growth,
nor is there an increased degradation of bioactive GA's to inactive ones at
this stage. Studies with the GA-deficient mutants ofArabidopsis and tomato
support the conclusion that high GA levels are not important for seed
development (27). During early stages ofwheat grain development, treatment
of aleurone cells with GA does not induce secretion ofendospenn-mobilizing
enzymes. Comford et af. (12) showed that the GA insensitivity was
manifested at the level of a-amylase mRNA accumulation. This result
underscores the importance of tissue sensitivity to honnones. Although GA
is present in relatively high concentrations in seeds, its major role seems to
be confined to early embryo development and subsequently to gennination
and seedling growth. The same appears to be true for CK and IAA. There
is no evidence that ethylene is involved in seed development, but it is
probably involved in gennination.
Based on these studies, the roles of CK, GAs and IAA in the mid and

late stages of embryogenesis are not clear. Caution should be exercised when
interpreting such experiments. The local concentration and/or change in
tissue sensitivity to endogenous levels ofthese honnones may be very critical.
The ratios of honnones are also important as controlling factors. For
example, in most plants the middle and late periods of embryo growth are
generally characterized by decreasing amounts of/sensitivity to GA with a
corresponding increase in amounts of/sensitivity to ABA. This phenomenon
was elegantly exploited by Koornneef et al. (38) to isolate an ABA-deficient
mutant of Arabidopsis. A non-genninating GA-deficient mutant was
mutagenized and revertants of the non-genninating phenotype were selected.
This screen identified a gene which affects ABA biosynthesis (see Chapter

676



C. D. Rock and R S. Quatrano

B5), and demonstrates the importance ofABA/GA ratios in seed germination
(27).

Mid to Late Embryogenesis

In a number of different species of monocots and dicots, ABA levels begin
to rise and reach their highest levels during the middle and late period of seed
development (see Fig. 1), at a time of decreasing GA and IAA levels and the
initiation ofmaturation events. The ABA levels then decrease rapidly to very
low levels in the dry seed. In general, ABA reaches a maximum at the same
time as does seed growth, and declines sharply after the accumulation of
reserves and the beginning of desiccation. In several species there are dual
peaks of ABA accumulation that occur during the middle and late periods.
In Arabidopsis and maize it has been shown that the first peak is associated
with a maternal biosynthetic origin, whereas the second has a zygotic origin
(28,33). The levels ofABA that accumulate in seeds are in the physiological
range of activity, varying roughly between 1-10 ~M. Hence, the levels and
timing ofABA accumulation in vivo is consistent with ABA having a role in
physiological events occurring at this time, i. e. the maturation events of
embryo development. What evidence, other than a temporal correlation
between high ABA levels and the initiation of embryo growth, maturation,
and prevention of germination, links ABA with its proposed role as a natural
regulator of this developmental pathway? The evidence can be summarized
as follows: 1) There is a correlation between low ABA levels and precocious
germination of cultured embryos. 2) Exogenous ABA prevents germination
and promotes growth of immature embryos of several species cultured in
vitro. Not only does ABA prevent germination, but in many cases it results
in embryo growth and an accumulation of storage reserves (Fig. 3). 3)
Sensitivity to ABA is highest when endogenous ABA levels are the highest.
4) ABA-deficient mutants have very low ABA levels and have reduced
dormancy or germinate while still in the fruit. Similarly, application ofthe
carotenoid and ABA biosynthesis inhibitor fluridone to developing seeds
results in vivipary. 5) The ABA-insensitive mutants of Arabidopsis and

Fig. 3. Stage III wheat
embryos (1.5 mm length)
at the beginning of
incubation (left), after 5
days in culture + 100 11M
ABA (middle), and after
5 days in culture - ABA
(right). Note embryo
growth and scutellum
enlargement in + ABA
embryos. From Rogers
and Quatrano, Am. 1.
Bot. 70,308-311 (1983).
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maize exhibit vivipary and fail to express a set ofABA-inducible maturation
proteins. Most work has focused on isolated embryos in culture and analysis
of mutants, and is detailed below.

ABA Effects On Embryos In Culture

As stated above, immature embryos placed in culture at the start of mid­
embryo development will precociously genninate. The gennination-specific
enzyme, carboxypeptidase C, appears in cotton embryos within one day of
precocious gennination. The same is true of the small subunit of ribulose
bisphosphate carboxylase in wheat, and for isocitrate lyase in genninating
castor bean embryos (34). Although most embryos switch completely from
embryogenic to gennination processes, Brassica embryos seem to be an
exception. They concurrently express characteristics of both, gradually
acquiring the seedling traits (17).
In the late 1960s, several investigators added ABA to cultures of

immature embryos to detennine if it prevented precocious gennination. The
rationale was that ABA was originally isolated and characterized as an
inducer of donnancy and was known for its inhibitory effects on seed
gennination, and as discussed above, because of its high levels during the mid
and late stages of embryo development in vivo. In many species, if embryos
are removed at the beginning of the middle period and cultured in 0.1-10 ~M
ABA, precocious gennination is inhibited (34; Fig. 3). ABA stimulates
growth and protein accumulation in soybean embryos isolated during the early
part of mid- embryogenesis. If embryos from the later stages are cultured in
ABA, growth is suppressed but the protein increase is not. Thus ABA is
involved in the growth and development of the early embryo as well as the
later maturation processes. ABA has been implicated in control of endospenn
cell division (52a). There is also a correlation between embryo ABA
concentration and ability to genninate. Soybean embryos cannot precociously
genninate before 21 days (i.e., until the middle stage of embryo
development), at which time the ABA concentration is approximately 10 ~glg
fresh weight. If the endogenous ABA concentration is experimentally
reduced in embryos during mid-maturation by washing-out, or drying slowly
within or after removal from detached pods, gennination occurs. The extent
of gennination is correlated with length of washing or drying treatments
which reduces endogenous ABA (1). Similar results are seen with application
of fluridone, a carotenoid and ABA biosynthesis inhibitor, to developing
maize kernels (28).
There is evidence in wheat, maize, soybean and in rapeseed embryos that

with declining ABA levels in late development, there is also a corresponding
decrease in tissue sensitivity to ABA. This indicates that dehydration, and
not ABA, is probably responsible for inhibiting gennination at this stage (1,
17, 34). Based on the accumulation kinetics of 12 classes of mRNAs
expressed during the late stages of cotton embryo development, both in vivo
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and in excised, ABA-treated embryos, Galau et al. (19) have proposed that
ABA is not involved in maintenance of the dicot embryo maturation program.
They postulate that there are other developmentally regulated factors which
control embryo development after abscission of the ovule in late
embryogenesis. Desiccation in situ is probably the normal trigger, not only
to prevent germination of late embryos, but also to switch the developmental
program from maturation to germination. Premature drying ofPhaseolus and
castor bean seeds alters the developmental potential such that upon
rehydration, they germinate and express germination markers rather than
resuming maturation. Although dehydration is not required in culture for
most embryos to switch, it may be necessary for certain embryos such as
rapeseed that continue to express certain maturation traits during precocious
germination (17).
Finally, previous studies showed that osmotic stress (e.g., sucrose or

sorbitol) can both inhibit germination and maintain excised embryos ofwheat
and rapeseed in the maturation pathway (34). It has been assumed that
osmotic stress results in increased ABA levels in embryos, similar to its effect
on other plant organs such as leaves. Excised cotyledons of soybean cultured
separately from the embryo axis increased ABA levels in the presence of 10%
sucrose. However, ABA levels in rapeseed embryos did not increase
significantly, even though the ABA-inducible storage protein mRNAs
accumulate in response to osmoticum (17, 65). The fact that inhibition of
germination and maintenance of storage protein synthesis can be uncoupled
from high ABA levels suggests that ABA is probably not the primary effector
regulating these processes in rapeseed.

ABA Mutants

Mutants with reduced sensitivity to ABA, or altered ABA biosynthesis
resulting in reduced tissue levels of ABA have been studied in potato
(droopy), pea (wilty), tomato (flacca, sitiens, notabilis), Arabidopsis (abi,
aba), maize (viviparous), Nicotiana (ckrl), and barley (Az34, "cool"). We
will focus our discussion on mutants that specifically affect seed, rather than
leaf, physiology.
In Arabidopsis, five mutant loci (abiJ, abi2, abi3, abi4 and abi5) for

sensitivity to ABA have been isolated by selecting for germination in the
presence of exogenous ABA (57a). Developing seeds of some of these
mutants contain higher than normal ABA levels. These five loci fall into two
classes based on their responses to altered water balance: mutations in the
ABIl and ABI2 genes are semi-dominant and result in plants which transpire
excessively and wilt like the ABA-deficient aba plants, whereas abi3 mutant
plants resemble wild type in their water relations (1630 18, 39). ABI3, ABI4
and ABI5 appear to act in the same seed-specific signaling pathway (16a).
The ABI3 gene product is essential for seed development; null alleles of this
gene result in seeds which exhibit precocious germination, desiccation
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intolerance, lack of storage protein accumulation, and incomplete seed
development (50,54). The dose-response curve of germination inhibition by
ABA is shifted toward higher ABA concentrations in the abi mutants (Fig.
4, 16a). When seeds of abi double mutants are assayed, the abil/abi3 and
abi2/abi3 double mutants show a much more pronounced ABA insensitivity
to germination inhibition than the abi single mutants or the abillabi2 double
mutant (Fig. 4). This synergistic interaction of abi! and abi2 with abi3 (as
opposed to the epistatic interaction between abil and abi2, Fig. 4) suggests
the abil and abi2 genes act via a different ABA response pathway than does
abi3 (18).
Genetic analysis of Arabidopsis ABA-deficient (aba) and ABA­

insensitive (abi) mutants has shown that the maternal and zygotic sources of
ABA function in different developmental pathways; the maternal ABA is
required for seed development and the zygotic ABA for dormancy (16b, 37).
Reciprocal crosses between wild-type Arabidopsis and the ABA-deficient
(aba) genotype show that homozygous aba/aba mutant seeds developing on
a heterozygous aba/+ mother plant are ABA deficient and non-dormant.
Thus, the genotype of the embryo, and not the mother plant, determines seed
ABA content and dormancy. Similar results are seen with the ABA-deficient
mutants of tomato and maize (24, 28). Seeds of a double mutant containing
leaky alleles of aba and abi3 were normal when they developed on a mother
plant heterozygous for the aba allele (37). These genetic studies have shown
that there are at least two different effects of ABA in developing seeds; a
high sensitivity (or low ABA threshold) response for seed development, and
a low sensitivity (high ABA threshold) response for seed dormancy. Other
Arabidopsismutants which affect seed development are not impaired in ABA
responses, indicating that there are regulatory networks besides ABA which

100
• wild type

80 & ABI1c
0 • ABI2:0:;
as 60 • ABI3c
E A ABI1 ABI2...
CD 40 c ABI1 ABI3C)

"#. 20 o ABI2I+ ABI3

0 1 10 100 1000
[ABA) (JlM)

Fig. 4. Effect of ABA on gennination of mono- and digenic abi mutants of Arabidopsis.
Gennination percentage was scored 4 days after plating on minimal media containing 0, 1,3,
10, 30, 100, or 300 11M ABA. From (18).
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control embryo maturation (47a).
The viviparous mutants of com were the first to provide insight into

ABA biosynthesis and action. It has been found that vpl embryos have
nonnal amounts of ABA and carotenoids, while vp2, vp5, vp7, vp8, and vp9
all have reduced levels of both (51). The latter class of mutants are all
affected in the early steps of carotenoid biosynthesis and are seedling lethal
because of photodestruction of chloroplasts in the absence of carotenoids. An
inhibitor of carotenoid synthesis, fluridone, produces a phenocopy of this
class of mutant when applied to wild type ears at a specific time in
embryogeny. The vivipary produced is partially reduced by the application
of exogenous ABA (28). This correlation of ABA and carotenoid
biosynthetic activities provides strong evidence for the "indirect pathway" of
ABA biosynthesis via oxidative cleavage of the epoxy-carotenoids. ABA
biosynthesis in fruits and seeds is developmentally controlled, in contrast to
vegetative tissues where ABA accumulation is environmentally controlled
through changes in cell turgor (69).

Responsiveness to ABA has been measured in vp mutants by removing
the immature embryos from the seed at different times in development and
measuring the effect of various concentrations of ABA on the inhibition of
growth in culture. The vpl mutation has unique pleiotropic effects on seed
development, seed storage proteins, gennination enzymes, and anthocyanin
pigments. The Vpl gene confers the ability to respond to ABA in the seed;
mutations in this gene result in a shifting of the ABA dose-response curve
towards higher ABA concentrations (51, 57). Mutant vpl seedlings survive
if rescued from desiccation, and vegetative tissues respond nonnally to ABA,
e.g., the stomata close in response to exogenous ABA (51).

The Function of ABA in Embryo Development

All of the above results strongly link the initiation of the maturation pathway
and inhibition of precocious gennination with ABA. ABA initiates, but does
not accompany desiccation of the seed; the mechanisms of desiccation which
paradoxically occur during the period of decreasing water potential (and
perhaps surprisingly, decreasing ABA), are unknown. The disappearance of
ABA in the mature, dry seed is apparently a developmental adaptation which
allows the mature embryo to genninate upon imbibition. It has become clear
in recent years that there are unique gene products associated with the
development of quiescence, and the expression of these genes can be
increased or decreased by ABA. Towards the latter third of seed
development in both monocots and dicots, a set of gene products begins to
accumulate in embryos and includes a variety of proteins such as a lectin,
amylase inhibitor, lipid body membrane protein, storage proteins and a
number of functionally uncharacterized proteins that appear at the time
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embryos acquire the ability to withstand desiccation (13, 14, 34). For
example, Williamson and Quatrano (67) showed that a 10 kD soluble protein
in wheat embryos, Em, accumulates during the latter third of grain
development. When wheat embryos are removed from the grain at the end
of the first third of grain development and cultured in the presence of ABA,
Em accumulates. In the absence of ABA, the immature embryos do not
accumulate the mRNA or protein product from the Em gene and precociously
germinate.
A proposed function of ABA in embryos, in addition to promoting

embryogenesis and preventing germination, is to regulate the synthesis of
proteins involved in desiccation tolerance. During the mid to late stages of
seed development, specific mRNAs accumulate in embryos at the time of
high endogenous ABA levels. A number of cDNAs encoding LEA (Late
Embryogenesis-Abundant) genes have been cloned from numerous species,
including cotton, rapeseed, barley, rice, wheat, and maize (9a, 13). If
embryos are isolated at earlier developmental stages and exposed to
exogenous ABA, the LEA and other mRNAs are precociously accumulated.
LEA proteins are highly homologous, very soluble, basic, and have a biased
amino acid composition high in glycine and lysine and low in hydrophobic
residues. These characteristics make the LEA proteins very hydrophilic and
stable to boiling. These features led Dure et al. (14) to propose that the
proteins are not enzymes, but rather function in protecting proteins and
membranes from damage due to loss of water in the cytoplasm during
desiccation. However, a direct relationship between LEAs and desiccation
tolerance has yet to be demonstrated (9a).
When vegetative plant tissues are exposed to water-stress by high

osmoticum, NaCI, or desiccation, specific mRNAs are accumulated, some of
which are identical to those induced during embryo development. These
include the Em gene from wheat and Arabidopsis (4, 16) and 15-25 kDa
proteins from maize (56), tomato (7), rice (51), and barley (11). The ABA­
and stress-inducible expression of these genes supports the hypothesis that
they are involved in a general mechanism ofdesiccation tolerance. However,
conclusive evidence that ABA has a causal role in embryo development,
dormancy and desiccation tolerance will require an understanding of the
molecular mechanisms of ABA action. The ABA responsiveness of the Em
gene appears to be tissue-independent, making it a good candidate to study
the basic mechanism responsible for ABA-dependent gene expression.
Hence, we will focus most of our subsequent discussion on what is known
about the mechanisms of Em gene expression.
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REGULATION OF GENE EXPRESSION BY ABA

Cis-acting sequences

Plant protoplasts are now widely used to rapidly identify sequences involved
in honnone-regulated gene expression (cis-acting sequences; 32, 43, 49). The
results from these more rapid transient analyses can then serve as a guide for
the generation of transgenic plants for detailed in vivo analyses. By
generating chimeric gene constructs that contain various segments of the 5'
flanking sequences of the Em gene linked to a reporter gene, which produces
an easily assayed enzyme (6-glucuronidase, GUS), Marcotte et al. (43) have
demonstrated that a 646 base pair (bp) Em promoter segment is necessary and
sufficient for the ABA response. The response of the Em promoter-GUS
fusion to ABA is rapid, with enzyme activity being detectable less than one
hour after addition of ABA. Induction level is proportional to the
concentration of ABA used and occurs at the same concentrations of ABA
that had been previously shown to inhibit precocious gennination of cultured
wheat embryos (63). When present in the opposite orientation, the 646 bp
promoter of Em is totally inactive with or without ABA. In addition, the
transcription start site is the same in rice protoplasts transiently expressing
either the Em-GUS fusion or the wheat Em genomic clone and is identical to
the transcription start site in wheat embryos (43).
Marcotte et al. (44) have demonstrated that a GUS fusion construct

containing the Em promoter segment from -168 to +92 gives the same
approximate 25-fold induction as longer Em promoter fragments in response
to ABA, but with a reduced level of GUS expression, i.e. the response is
qualitatively, not quantitatively, similar (Fig. 5). When a slightly shorter Em
promoter fragment is used (-106 to +92), the ABA response and expression
is essentially abolished (Fig. 5). Examination of the sequences between -554
and -168 reveals the presence of three regions, 40 to 70 nucleotides each,
which contain at least 84% A plus T (Aff) residues. Similar Aff rich
regions are observed in several other plant genes and have been shown to be
associated with high levels of gene expression (9). As such, the drop in
expression levels in the Em-GUS fusions mentioned above has been attributed
to the removal of these non-specific transcriptional enhancer sequences (44).
Other investigators have found a similar phenomenon using a 5' deletion
strategy for genes which respond to different signals (32).
Results of the deletion analysis of the Em promoter in the transient assay

has identified a 62 bp region (-168 to -106 from the transcription start site)
that is likely to contain at least part of a specific ABA response element
(ABRE). Comparison of sequences from seed and ABA-regulated promoter
regions has revealed several conserved sequence motifs in the Em promoter
region near the ABRE (Emla, Emlb, and Em2 in 45; 50, 59). One such
conserved sequence, Eml, is found in most ABA-regulated promoters for
which sequence data are available. To test the functionality of the region of
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the Em promoter containing the sequences EmIalb and Em2, various
oligonucleotides containing these conserved motifs have been synthesized and
linked to the 5' end of a truncated 35S(-90)-GUS fusion (Fig. 5). A 20 base
pair oligonucleotide which contains only Emla is sufficient to confer ABA
responsiveness and, as such, constitutes a minimal ABRE (Fig. 5). Transient
expression analyses demonstrated that mutations at EmIa reduce or eliminate
the ABA response (25). The results to date strongly suggest that the
sequences necessary for the ABA response in the rice protoplast transient
expression system reside in the sequences at Emla. The conserved sequence

Em PROMOTER

+1 ATG·554

I
AIT

-168 -106

I~"~~f.J 'I.....T-AT-AA-I b:UiR ~_G;;;.;;;U..;;..S_~'

-554

II-------IL.....--~
-168

1....--1 ~
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H ~

ABA
(-) (+)-- --

lOX 250X

4X 100X

X 3X

~GUS X X
20-75 bp----~GUS X l5X----
~GUS lOX 20X

Fig. S. Diagram of the Em chimeric gene construct utilized in the transient assay which
includes the Em promoter, the reporter gene GUS, and the 3' segment ofthe CaMV 35S gene.
Representative deletions and the corresponding GUS activities in the absence (-) or presence
(+) ofABA (100 J,LM) illustrate the functional dissection of the Em promoter into an AT-rich
enhancer region, the ABA response element (ABRE), and the 5' untranslated leader (UTR).
Removal of the ABRE and 5' UTR from the Em promoter and linking them to a minimal
CaMV 35S (-90) promoter demonstrates their ability to confer ABA inducibility and enhance
expression, respectively.
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Em2, found in someABA-regulated promoters and also in many seed-specific
promoters (e.g., the ex' subunit of ex-conglycinin), appears not to be essential
for the ABA response and as such, may be involved in the seed-specific
regulation of these genes (21). There are other Em la-like elements within the
ABRE and upstream from Emla (complex II) which may have a similar
function to Emla (A. Hill and R. S. Quatrano, unpublished). Similar
functional analyses of ABA-responsive gene promoters and sequence
comparisons have produced an ABRE consensus sequence: CACGTGGC (25,
58). Interestingly, this core sequence, termed the G-box, is present in the
upstream regulatory elements of a number of diverse plant genes, including
various seed and embryo specific genes, non-ABA-inducible stress-induced
genes, and light-regulated genes (see below). Nuclear factors from yeast and
animal cells bind to G-box-like cis motifs, suggesting that transcriptional
regulatory mechanisms may be conserved among eukaryotes (25).
To extend the above observations and to determine if the 646 bp

promoter fragment from wheat could be properly regulated in embryos of
developing tobacco seeds, tobacco leaf disks have been transformed using
Agrobacterium and regenerated transgenic plants have been analyzed for GUS
expression (44). No GUS activity is detected in vegetative tissue nor in
young seeds from the Em-GUS transformants. However, in mature seeds
removed from the Em-GUS transformants, GUS expression is very high and
is confined to the embryo. In addition, the expression pattern of this fusion
correlates with the developmental rise in ABA levels during tobacco seed
development.
The accumulation of Em transcripts in response to ABA is controlled at

least in part at the level of transcription (67); however, the ABA-induced
expression of the Em gene is also controlled at post-transcriptional and/or
translational level(s) (4, 67). In the absence of exogenous ABA, Em
transcripts are rapidly degraded within the first several hours of imbibition.
The requirement for ABA to maintain levels of the Em transcript found in
mature embryos occurs even in the presence of ex-amanitin at concentrations
that specifically inhibit RNA synthesis from polymerase n (67). As such,
ABA may have an effect on the stability/translatability of the Em mRNA.
Post-transcriptional regulation of the ABA response is also seen in vegetative
tissue. When comparable levels of Em mRNA are induced specifically by
ABA in embryonic and vegetative tissues, antibodies to the Em protein detect
lower levels of Em in seedlings compared to embryos (4).
To further investigate the question of post-transcriptional regulation, and

to determine if sequences in the 5' and/or 3' untranslated regions (VIR) of
the Em gene are involved in the ABA response, chimeric genes have been
constructed which contain various combinations of the Em 5'/3' UIR
sequences on either side of GUS. Inclusion of the Em 5' UIR between the
(-90) 35S promoter and the translational initiation codon, ATG, increases
GUS activity in protoplasts to double the level of the full-length (-338) 35S
promoter in the absence of ABA. In the presence of ABA, an additional
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doubling of GUS activity is observed. Therefore, compared to the truncated
35S promoter alone, inclusion of the Em leader from wheat leads to a to-fold
increase in activity without ABA and a 20-fold increase in the presence of
ABA (Fig. 5). It is clear from these results that the +6 to +86 segment of the
Em promoter has a major effect on GUS expression in rice protoplasts in the
absence of ABA, and may indicate a component of post-transcriptional
regulation involving ABA (44).

Trans-acting factors

The control of gene transcription is mediated by interactions of DNA
sequences (cis elements) with proteins (transcription or "trans-acting" factors)
within the nucleus. The modulation of gene expression levels by hormonal,
environmental and developmental signals is accomplished, in part, through
changes in these interactions. In more complex examples, the interaction of
several transcription factors,. as well as modification of these factors by
kinases etc., affects the ultimate level of gene expression (8). A number of
these transcription factors have a characteristic juxtaposition of conserved
amino acid sequence motifs linked in tandem; a conserved basic (b) region
next to either a leucine heptad repeat l (ZIP), a helix-loop-helix motif (HLH),
or a combination of HLH and ZIP. Examples of the bZIP group of
transcription factors include Jun and Fos from mammals, GCN4 from yeast,
and 02, OHPI, and HBPI in cereals. The B, R, and CI transcription factors
from maize are representative of bHLH. Other groups of DNA-binding
proteins have been identified in plants and implicated in the control of
transcription, for example the homeobox, zinc-finger, and MADS box
proteins (8). The following sections summarize what is known of the
proteins which bind the Em promoter and related cis-elements from plants.
The binding of nuclear proteins to the wheat Em promoter can be

investigated by an electrophoretic mobility shift assay (EMSA). This assay
exploits the reduction in mobility of a DNA/protein complex upon
electrophoresis relative to an unbound DNA probe. Proteins extracted from
crude nuclear preparations are incubated with a radiolabeled DNA probe and
applied to a gel. After electrophoresis, the positions of the free and bound
probe are revealed by autoradiography. The DNA complexed with the bound
probe, being larger than probe alone, moves less distance upon
electrophoresis. Specificity of the interaction is determined with the addition
of unlabeled DNA competitors to the binding reaction. Only a DNA
sequence containing the putative binding site should compete for binding, and
in excess, should eliminate the autoradiographic signal of the bound complex.
A 300 bp AfT-rich fragment (300KS) from the 5' region of the Em promoter
(-559 to -263) forms a specific complex with proteins in both the rice (R) and
wheat (W) extracts (Fig. 6, lanes 2,3). An unlabeled plasmid (S)

1 A repetition of leucine residues at every seventh position, which allows factor
dimerization via a-helical "leucine zippers", ZIP.
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Fig. 6. Electrophoretic mobility shift assays using the 300 bp AT-rich fragment (300 KS) and
a 76-bp oligonucleotide fragment (ABRE), both sequences from the Em promoter (25,44).
Wheat (W) and rice (R) nuclear extracts demonstrate the presence ofprotein factors that bind
to both the 300 KS and ABRE, resulting in a shift in mobility of the radioactive bound (B)
fragment compared to the free probe (F). The binding is eliminated by specific (S)
competitions using excess non-radioactive 300 KS (lane 4) and ABRE (lane 8) fragments, but
not by a nonspecific (NS)competitor (an Em coding region sequence). From Quatrano et aI.,
in Control of Plant Gene Expression, pp. 69-90, Verma, D.P.S., ed. CRC, Boca Raton, FL.

incorporating the Aff-rich fragment competes for the binding (lane 4), while
non-specific (NS) plasmid at the same concentration does not (lane 5).
Previous studies in animal systems have shown that Aff-rich sequence
elements are frequently bound by high mobility group chromosomal proteins
(HMGsf Purified wheat HMGs interact specifically with the Aff-rich
fragment of the Em promoter (55). The finding that the Aff-rich element can
confer quantitative enhancement of Em gene expression levels (44) is
consistent with previous studies showing that HMGs bind preferentially to
actively transcribing regions of chromatin (55). Proteins in nuclear extracts
from wheat embryos and cultured rice cells can interact with a 76 bp
oligonucleotide containingthe ABRE element responsible for ABA mediated
enhancement of gene expression (Fig. 6, lanes 6-9; 25). Additionally, a 2 bp
mutation of the ABRE (mABRE) eliminates the ability to compete for the
binding (25). The 2 base pairs mutated in the mABRE reside within Em Ia.

2 Defined operationally as 10-30 leD chromosomal proteins extractable with salt and
soluble in 2% trichloroacetic acid.
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The binding of rice and wheat nuclear proteins to the 76 bp ABRE is
more precisely defined using methylation interference footprinting (25). This
method involves partially methylating the G residues of a DNA sequence,
reacting this methylated DNA probe with a protein extract and separating the
bound DNA probe from the free probe by EMSA. The DNA in each fraction
is then isolated, cleaved at methylated G residues with piperidine, then
electrophoresed on a DNA sequencing gel. Guanine residues within the
recognition sequence, which normally interact intimately with a DNA binding
protein, interfere with complex formation when methylated. This results in
the depletion, or footprinting, of the specific fragments in the bound DNA
sample, relative to the free sample. Wheat and rice nuclear proteins are
footprinted to a small region of the ABRE spanning the consensus motif
Em Ia (25). Each G residue in the ABRE is either completely or partially
abolished in the bound DNA relative to the free DNA samples. No binding
is observed in the Em2 or EmIb boxes.
Guiltinan et al. (25) cloned a leucine zipper (bZIP) type DNA-binding

transcription factor (EmBP-l) by probing a wheat cDNA lambda phage
expression library with a radioactive ABRE probe. The protein appears to be
expressed constitutively in seeds and vegetative tissue, and is not induced by
ABA (M.l Guiltinan and R.S. Quatrano, unpublished). The specificity of
EmBP-I binding has been determined by both EMSA and methylation
interference footprinting and is identical to that seen with the nuclear extract
from wheat embryo and rice tissue culture cells. The EMBP-l gene has
homology to numerous plant blIP factors which also interact with the
CACGTG motif found within the context of a number of plant promoters that
are regulated by different signals such as light (3, 36, 53).
Analyses of the response of the Em gene to ABA have identified several

components that must be included in any general model to explain the tissue
and chemical specificity of a phytohormone response: I) a cis response
element in the Em promoter, composed of at least 20 bp (ABRE), which has
been shown to confer ABA responsiveness to a non-responsive viral
promoter, and, 2) a trans-acting protein, structurally similar to the blIP
transcription factor class, which recognizes and binds to the ABRE of the Em
gene. One of the most interesting observations that has emerged from the
analyses of Em activation by ABA is that the ABRE and EmBP-I are not
unique to ABA-responsive genes or to plants. How does one achieve the
specificity of expression from such different signals as light and ABA, when
each signal appears to act through response elements which share a common
core (CACGTG) and which bind proteins from the same transcription factor
family (bZIP)? Some possibilities are discussed below.
Leucine zipper transcription factors bind DNA as dimers, and are found

to comprise multigene families in eukaryotes. Four G-box-binding bZIPs
(GBFI-4) have been cloned from Arabidopsis, and their protein products can
form heterodimers which exhibit differing binding affinities for a G-box
target DNA sequence (3,36). Thus by heterodimerizing, similar blIPs could
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generate the complexity necessary to define a specific response pathway by
binding to specific cis elements, even though the target sites are similar.
Conversely, differences in the sequences adjacent to the G-box may encode
the specificity for binding to bZIP heterodimers (31).
Another mechanism of transcriptional regulation is phosphorylation of

transcription factors by kinases involved in signal transduction. Klimczak et
al. (36) have shown that the DNA binding activity of a bZIP G-box factor
(GBF1) is stimulated by phosphorylation by a kinase from nuclear extracts.
Phosphorylation of bZIP factors in vivo modulates their nuclear localization
(25a). This observation is especially interesting in light of the recent
discoveries of an ABA-inducible gene which has homology to protein kinases
(2), and an ABA-inducible gene which binds to nuclear localization signals
in a phosphorylation-dependent manner (23a). These results suggest possible
mechanisms of ABA-inducible gene expression by phosphorylation of
transcription factors, or modulation of their nuclear transport.
The VP1 locus of maize has been cloned by transposon tagging, which

is a powerful approach utilizing classical genetics and molecular biology.
Essentially, if a mutable allele (showing an unstable phenotype because of
transposon excision) of the gene of interest is available, then the gene can be
cloned by using the transposable element DNA as a molecular probe of
mutant DNA to select and clone the flanking DNA encoding the inactivated
gene. VP1 encodes a novel seed-specific transcription factor which interacts
with the upstream regulatory regions of ABA-inducible genes (47).
Expression of the 7S storage globulin, Em, Cl (an anthocyanin biosynthesis
regulatory factor of the bHLH class), and numerous other genes is induced
by ABA; however, these genes are not expressed in vpl mutant kernels,
indicating that VP1 is required for ABA-inducible gene expression.
Remarkably, VP1 also functions to repress the transcription of germination­
specific genes that are down-regulated by ABA, e.g., a-amylase and lipase
(29). Overexpression of VP1 (using the 35S CaMV promoter) in a maize
protoplast transient expression assay gives a 5-fold increase in the expression
of an ABA-inducible reporter construct (Em-GUS of ref. 43) in the absence
of exogenous ABA (Fig. 7). Addition of ABA to the expression system
further induces Em-GUS expression in a dose-dependent manner (Fig. 7).
Thus, VP1 acts synergistically with ABA at a specific time in embryo
development to activate or repress ABA-responsive genes. Because the vpl
mutant has pleiotropic effects on expression of numerous genes, it may
function by specifically interacting with numerous transcription factors, or by
interacting with DNA, or both.
Recently a gene has been cloned (GFl4) the protein product of which is

associated with transcriptional complexes that bind to the G-box element
found in ABA-responsive and other inducible genes (42). This gene has
homology to a mammalian regulatory protein family; it binds calcium, is
phosphorylated by an endogenous kinase, and is found in both the cytoplasm
and nucleus (42a). The characterization of these protein-protein interactions
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example, desiccation of rice fused to the Vpl coding region. Maize protoplasts
suspension cultures to 10% of (plant cells with the cell wall removed) were
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accompanied by an increase effect~r (35S-Shl-Vpl) .~dlor reporter. (Em-GUS)
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At least a part of the salt effect is via changes in endogenous ABA levels;
inhibition of ABA biosynthesis by fluridone during NaCI treatment reduces
the levels of endogenous ABA by four-fold and Em expression by 50 percent.
Data from the rice culture studies suggests that salt interacts synergistically
with ABA, in part because of the increased sensitivity of rice cells to ABA.
Similar results have recently been obtained with osmotic agents such as
mannitol and sucrose (J.-L. Magnard and R. S. Quatrano, unpublished). The
effect of osmotic stress on Em gene expression in rice suspension cells
appears to operate through two pathways; one is mediated through increases
in the level of ABA, the other is via a unique salt response pathway that
includes an intermediate that is common to both the salt and ABA response
chains. A similar conclusion has been drawn from studies with barley LEAs
(15).
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Some ABA-inducible genes, including seed storage genes, are also
regulated by jasmonic acid (JA; see Chapter C2A). In fact, the promoter
regions necessary for JA-inducible gene expression have been functionally
localized to G-boxes. JA may be an intermediate in the ABA signal
transduction pathway, or an independent regulator ofgrowth and development
which controls expression, via conserved transcriptional mechanisms, of gene
sets which overlap with ABA-responsive gene sets.
Secondary messengers act to amplify the information contained in the

primary signal through direct regulation of cellular metabolism or the
generation of additional signals. ABA has been shown to stimulate transient
increases in the cytosolic Ca2+concentration in stomatal guard cells, roots, and
corn coleoptiles (26, 46). In roots and coleoptiles, cytosolic pH also increases
concomitantly with Ca2+, indicating the possible regulation of the
plasmamembrane H+-ATPase. In barley aleurone protoplasts, GA causes an
increase in cytosolic Ca2+ (over several hours) which is necessary for
induction of germination-specific genes such as a-amylase (22). ABA can
antagonize this response by inhibiting the cytosolic Ca2+increase.
Furthermore, it has been shown directly that ABA causes a rapid decrease
in cytosolic Ca2+and an increase in pH in these cells, and that the cytosolic
alkalinization is necessary, but not sufficient, for ABA-inducible gene
expression (62). The ionic fluxes in response to ABA in aleurone may play
a role in regulation of gene expression, but further work is needed to firmly
establish this signal transduction mechanism.

Response pathways

The diverse physiological effects mediated by ABA (e.g., fast responses such
as stomatal closure and slower responses such as alteration in patterns ofgene
expression) indicate that there are multiple mechanisms of ABA action. It is
a reasonable and testable hypothesis that ABA may act through response
mechanisms similar to those found in animals, including hormone receptors.
The direct evidence for ABA receptors, despite a few promising reports (30,
41), is still lacking. This area of research is of tantamount importance to
elucidation of a complete ABA signal transduction pathway.
The biological activities of a large number of ABA analogs have been

compared. Although structure-activity correlations are complicated by the
unknown stability of the analogs in bioassays, the observed large activity
differences resulting from minor structural variations, especially chiral
enantiomers, argue for the necessity of a precise molecular fit in a receptor.
In the response of stomata to ABA, only (+)-ABA is active, while seed
germination and a-amylase production are inhibited by both (+)-and (-)-ABA,
as well as phaseic acid (52, 64). When ABA-regulated gene expression is
assayed with various optically pure ABA analogs, differential induction of
various ABA-responsive genes is observed, suggesting there may be more
than one ABA receptor or different signal transduction pathways in embryos
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(64). Recently, one of these biologically inactive ABA analogs was shown
to compete for an ABA perception site (receptor?) and inhibit the ABA
response (66).
Sensitivity is an important parameter in signal transduction and can be

defined as the efficiency of coupling all the necessary components involved
in a particular response (61). Sensitivity could be the result of rapid
metabolism of the hormone or signal, differential uptake, the concentration
of receptors, or any rate-limiting step in the stimulus-response pathway.
There is the open question of whether a change in hormone concentration or
hormone sensitivity is the pivotal factor in the ABA response. In rice
suspension cultures, both ABA concentration and sensitivity to ABA increase
in response to osmotic stress (6). The degree of sensitivity to ABA is seen
in differences in the ABA dose-response curves of low and high dormancy
cultivars of wheat germinated in the presence of varying concentrations of
ABA (63). Seeds of both cultivars contain similar concentrations of ABA,
but respond according to their sensitivity to the hormone.
Genetics is a powerful tool for dissecting pathways and has played no

small part in our understanding ofABA biosynthesis and action. Comparison
of the phenotypic expression of monogenic and digenic abi lines of
Arabidopsis led Finkelstein and Somerville (18) to suggest that ABA
responses during seed maturation are regulated by two parallel pathways
defined by the gene products of ABIl and ABI3 (see Fig. 4, 57a). This
hypothesis is interesting in light of the results of Pia et al. (56), who propose
an alternative ABA response pathway for expression of a maize
ABA-responsive gene (RAB28). This gene does not require VP1 for
ABA-induced expression in seeds, unlike the ABA-inducible 7S globulin gene
or Em (40, 47, 68). Similar results have recently been reported for another
maize LEA gene (61) and an isoform of catalase (68). The existence of two
distinct ABA response pathways in both a monocot and a dicot raises the
possibility that the pathways may be homologous and conserved b~tween the
two classes of plants. Indeed, the recent cloning of the ABI3" gene of
Arabidopsis by chromosome walking has established that the gene ~uence
is highly homologous to VP1 of maize (23).
Recently, the research groups of Giraudat and Grill have cloned the

Arabidopsis gene for abil (ABA insensitivity) by chromosomal walking, and
have shown it encodes a novel serine-threonine protein phosphatase with
calcium binding domains (41a, 47b). The ABU gene product predicts a
novel type of signaling enzyme in that the amino-terminal portion displays the
structural elements for an EF hand type of calcium binding site. The
carboxyl-terminal domain of the protein has 57% similarity (35% identity)
with the 2C class of serine-threonine protein phosphatases (PP2C) identified
in animals and yeast. This combination of EF hand- and PP2C-domains is
novel; the only Ca2+-dependent ser-thr phosphatases known are the
calcineurins (or PP2Bs). Based on inhibitor studies, a calcineurin-like protein
phosphatase is involved in ABA regulation of stomatal aperture through
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Ca2+-induced inactivation of potassium channels (42b). The ABIl gene
product is a likely candidate for this calcineurin-like protein. The molecular
characteristics of ABI I, as well as its requirement for most ABA responses
so far tested, are tantalizingly suggestive of a central intermediate in the
cellular signaling pathways that have been implicated in ABA responses.
Protein phosphorylation is an attractive model to explain several

mechanisms by which the ABA signal is transduced to activate transcription:
modulation of bZIP DNA binding specificities, nuclear localization of
transcription factors, and protein/protein interactions. Although the molecular
mechanisms of ABIJ and AB/3/(vpl) function are not yet known, the
structures of these genes provide a conceptual framework for further studies.
A kinase regulatory cascade, modulated by ABIl, kinases and calcium ions,
might act at multiple steps in multiple response pathways; for example, the
cell cycle, ion channels, nuclear transport, and transcriptional activation.
Because numerous ABA- and other response-insensitive loci remain to be
characterized and cloned, there will be exciting discoveries and a wealth of
knowledge on plant hormone signaling from Arabidopsis research in the
future.
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GIl. The Role of Hormones In Potato
(Solanum Tuberosum L.) Tuberization
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Department of Fruit and Vegetable Science, Cornell University, Ithaca New
York 14853 USA.

INTRODUCTION

Tuber initiation in the potato plant is accompanied by extensive
morphological and biochemical changes above and below ground. Plants that
are capable of tuber initiation are said to be "induced" to tuberize. It has long
been postulated that the changes leading to induction are mediated
hormonally. Before considering the evidence, it is helpful to summarize what
is known about the tuberization process, its genetic and environmental
control, and the techniques that have been employed to study it. For a more
comprehensive treatment of these topics and for literature citations, see the
recent review article by Ewing and Stroik (8).

Description of Tuberization

A potato tuber is a modified stem, with nodes (the "eyes") and internodes.
Its leaves are tiny and scale-like, often dehiscing during harvest and handling.
The axis of the tuber is shortened and greatly thickened, and its tissues are
packed with starch, though the anatomy of the tuber resembles that of a
typical stem. Normally tubers form underground on rhizomes, more
commonly called stolons. Tuber initiation begins in the subapical zone of the
stolon, and swelling of the tuber occurs acropetally in internodes that were
already present at the time of initiation. At about the same time that the
swelling occurs, the meristematic activity in the stolon apex ceases. Starch
deposition occurs very early in the ontogeny of the tuber.
Tubers form most readily underground. Why this is so is not entirely

clear. The most important factor is probably darkness, but the physical
resistance of the soil particles may also play a role. Under unusual
circumstances tubers form above ground, usually at axillary buds. Such
"aerial" tubers are much smaller and contain chlorophyll. Aerial tubers
illustrate the point that although the tuber most often forms on a stolon, any
bud or shoot apex of the potato is capable of tuberizing, given the proper
conditions. For example, axillary buds cut from plants that are tuberizing
will usually develop tubers if the buds are buried in the soil, particularly if
there is a leaf attached to the bud cutting. This ability of leaf-bud cuttings
to tuberize affords a useful tool for the study of tuberization (Fig. 1).

698

P. J. Davies (ed.), Plant Honnones, 698-724.
© 1995 Kluwer Academic Publishers..



A B

E. E. EWing

Fig. I. Leaf-bud cuttings, illustrating the typical progression ofresponses to increasing levels
of induction prior to cutting. The bud of each cutting was buried in potting mix. Cuttings
were kept in a mist bench for II days under long photoperiods. No induction prior to cutting
gives dormant buds (not shown) or more commonly growth as a shoot or a stolon (A).
Development of a tuber at the tip of the stolon (B) is indicative of moderate induction to
tuberize. Formation of a sessile tuber (C) at the buried bud is evidence that the cutting was
taken from a plant that was strongly induced to tuberize. From Ewing, American Potato 1.
55, 43-53 (1978).

Control of Tuber Initiation

Environment
The degree to which a particular potato plant is induced to tuberize is

controlled by many factors. The environmental factor that has been most
investigated is the effect of photoperiod. It is well known that long nights
favor the induction of tuberization: with respect to tuber formation, potatoes
are short day plants. (Although the controlling factor is the length of the dark
period, the convention of referring to the daylength will be followed in the
rest of this chapter.) Presumably the tuberization response is mediated by
phytochrome, since five minutes of red light interrupting the daily dark period
will reduce tuberization, and far-red light tends to reverse the effect of the red
light.
Temperature also has a pronounced effect on the level of induction to

tuberize. Cool temperatures (day temperatures below 30 C and night
temperatures below 20 C) favor tuber induction. The effects of photoperiod
and temperature on tuber induction depend on the irradiance under which the
plant is growing. Effects of long days or high temperatures are exaggerated
at low levels of irradiance. A fourth environmental factor affecting tuber
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induction is the amount of nitrogen available to the plant. Heavy applications
of nitrogen fertilizer reduce the level of tuber induction. Under hydroponic
conditions, withdrawal of nitrogen from the nutrient solution may produce
immediate tuberization on stolons; addition of nitrogen again may cause
tubers to revert to stolons.

The mother tuber
Although potato plants can be propagated from seeds, ordinarily they are

grown from tubers. The condition of the planted tuber exercises considerable
influence over the degree to which the potato plant will respond to the
environment. Tubers planted soon after they have passed through their
normal dormant period give rise to plants that are less readily induced to
tuberize than are plants developing from old tubers. Tubers that are
extremely old, whether because of prolonged storage at cold temperatures or
at warmer temperatures with repeated sprout removal, will not develop
normal sprouts. Instead, new tubers will form directly at the eyes and there
will be no production of new stems and leaves--a disorder variously referred
to as "sprout tubers" or "little potato."

Genetics
There are great genetic differences among potatoes in their responses to

all of the above factors. The potato was brought under cultivation in the
Andean highlands, where photoperiods are about 12 hours and temperatures
are cool. Varieties adapted to these conditions are classified as Solanum
tuberosum L. ssp. andigena. When grown under the higher temperatures of
the lowland tropics or the long summer days of temperate zones, Andigena
potatoes will tuberize weakly or not at all. The potatoes adapted to summers
in the temperate zone--the potatoes of southern Chile, Europe, and North
America--are classified as S. tuberosum ssp. tuberosum. Tuberosum potatoes
give low yields in the highland tropics because tuberization is "turned on" so
early and so intensely by the cool temperatures and short days that there is
too little shoot growth to support good tuber yields. There are also
substantial genetic differences in response to photoperiod within each group.
Most cultivated potatoes are tetraploid, which complicates interpretation

of their genetics. When Andigena potatoes were crossed with Tuberosum,
inheritance of the ability to tuberize under long days appeared to be
quantitative (36). More definitive evidence was obtained by working at the
diploid level and by using Restriction Fragment Length Polymorphisms
(RFLP's) to map loci that control tuberization. Alleles at II distinct loci on
eight chromosomes affected tuberization in populations obtained by back­
crossing a hybrid ofS. tuberosum x S. berthau/tii to the diploid parent species
(60). Earliness was favored by as. tuberosum (tbr) allele in eight cases, and
by an allele from S. berthaultii (ber) in three cases. Four of the eight tbr
alleles and two of the three ber alleles favoring earliness were at least partly
dominant.
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Table 1. Relation between the number of loci carrying favorable alleles for tuberization and
mean values for tuberization. Data were grouped according to the status of the plants at six
loci that affected tuberization. Numbers in the left column indicate the number of loci that
possessed alleles favorable for tuberization. (Note that if, for example, there were two loci
with favorable alleles, this includes plants with favorable alleles at any two of the six loci; i.e.,
not all plants included in the average had favorable alleles at the same two loci.) Rating of
cuttings was on a scale of I to 9, where I indicates no growth of the buried bud, and 9
indicates a sessile tuber at the buried bud. The percentage oftuberized plants was determined
6 to 8 weeks (depending upon replication) after in vitro plantlets were transplanted into pots.

No. of loci
carrying alleles Rating of Percentage
favorable to cuttings for of plants
tuberization tuberization with tubers

0 3.0 13
I 3.6 43
2 4.3 69
3 4.5 78
4 5.9 96
5 6.4 100
6 7.0 98

The aggregate effects of the loci identified were substantial (60). Table
1 compares the mean responses of plants that contained from zero to six
alleles favoring tuberization at six loci. If no favorable allele was present at
any of the six loci, the mean rating for tuberization on cuttings was only 3.0
on a scale of I to 9, and only 13% of whole plants tuberized by about 6
weeks after planting (60). If any three of the six loci had alleles favoring
tuberization, then the mean rating was 4.5, and the early tuberization on
whole plants was 41%. The respective figures when all six loci had favorable
alleles were 7.0 and 98% (60).
The effects of possessing multiple alleles were not all additive; epistasis

was observed between some of the loci (60). The most common form of
epistasis was that if an allele favoring tuberization was found at either of two
interacting loci, the result was the same as when both loci had favorable
alleles. Redundancy among some of the genes that control tuberization would
be one possible explanation for this type of epistasis.
Several RFLP markers that were associated with earliness traits were also

associated with other morphological characteristics. Three of five alleles for
branching, and two of three for leaf size, corresponded to loci for earliness
of tuberization. At these "pleiotropic" loci, alleles promoting earliness were
correlated with reduced branching and increased leaf size. These relationships
are what might be expected based upon plant response to photoperiod-­
exposing a given genotype to short days promotes tuberization, increases leaf
size, and decreases branching. There were similar pleiotropic effects for loci
controlling tuberization and length of tuber dormancy. Tuber dormancy, like
tuber initiation, is thought to be controlled by a balance between GA's and
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inhibitors. Do the various pleiotropic responses all reflect changes in levels
of one or more hormones that are controlled at these loci?

Lea/area
A final controlling factor in tuberization is plant size. When genetic and

environmental conditions are highly favorable for tuberization, tubers may
form on very small plants. For example, Tuberosum plants grown from seeds
sometimes tuberize when only one leaf above the cotyledons has developed,
especially if photoperiods are short. At the other extreme, Andigena plants
may grow for more than six months without tuberizing when exposed to long
photoperiods. Thus there is no particular stage of development that
necessarily coincides with tuber initiation. However, experiments with
cuttings having different leafareas demonstrate that when other conditions are
equal, cuttings with a large leaf area are more likely to develop tubers than
are those with a smaller leaf area. Whether a given set of environmental
conditions is favorable for tuber induction may therefore depend upon the leaf
area of the plant. A small plant may fail to tuberize, yet tubers may form as
the plant attains a greater leaf area even though the environment does not
change. It is as though every leaflet were contributing its part toward tuber
initiation, with initiation occurring only when the sum of the contributions
from all of the leaflets on the plant has attained the necessary level. The
threshold will be reached at a small leaf area if conditions strongly favor
induction, at a correspondingly greater leaf area if conditions are less
favorable for induction, and not at all under very unfavorable conditions.

Partitioning of Assimilate and Tuber Induction

Plants grown under conditions that favor tuber induction have a very high
percentage of their assimilate directed into tubers. The long term effects of
strong induction are a reduction in root growth, shoot growth, flowering, and
fruiting. The overall changes in plant morphology accompanying induction
raise the question whether tuber induction should be considered as an indirect
effect ofthe restricted plant growth. Before hormonal theories of tuberization
became popular it was often assumed that under inducing conditions the
amount of assimilate required by shoots and roots is so diminished that the
surplus assimilate stimulates tuberization. Short term observations show that
this is not the case. Moving plants from long to short photoperiods did not
cause a decrease in rate of leaf expansion until well after a strong tuber sink
had been formed (30). For the two weeks after daylength was shortened,
both leaves and tubers were significant sinks, and total sink strength relative
to photosynthetically active radiation was highest for the short day treatment
(30).
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Carbohydrate Relationships

There is, however, some reason to think that the daytime accumulation of
assimilate in the leaf plays a role in induction. In vitro tuberization is highly
responsive to sucrose concentration, and this is not merely an osmotic effect
(13, and many subsequent studies). Neither glucose nor fructose is as
effective as sucrose in meeting the sugar requirement, even though either is
superior to sucrose in promoting shoot growth in vitro (6). Transfer to short
photoperiods increases daytime accumulation of leaf starch in potato (as in
many other species, e.g. ref. 4), and leaf starch accumulation continues even
after a strong tuber sink has been established that makes heavy demands for
assimilate (31). Transgenic plants that contained a yeast invertase gene
expressed in the leaf apoplast showed only a small reduction in leaf starch
during the night, presumably because very little sucrose--the only form in
which carbohydrate is transported to the potato tuber (16, 44)--was available
for export via the sieve tubes (16). All this presents the possibility that when
normal plants are induced, higher levels of sucrose transported from the leaf
during the night accumulate in the stolon tip and contribute to tuber initiation.
Although analyses of S. demissum stolon tips for sucrose and reducing

sugars have not supported the hypothesis that sucrose accumulation in the
stolon tip contributes to tuber initiation (64), there are problems in identifying
on intact plants which stolon tips are just on the verge of tuberizing. Even
under strong induction, not all tips are destined to become tubers, and it is
impossible to predict which ones are likely to swell or when they will do so.
Obviously, by the time swelling of a given tip is visible it is too late to
analyze that tip for changes which occur in the earliest stages of tuberization.
To overcome these problems Vreugdenhil and Helder (64) plotted sugar
concentrations against starch content, taking the latter value as an indication
of tuberization stage. The level of sucrose did not change as starch content
of the stolon tip increased, and the levels of glucose and fructose decreased.
There appeared to be a greater decrease in fructose than glucose at the same
time that starch content of the stolon tip increased above 9% of the dry
weight (64).

Genes for the synthesis of patatin and proteinase inhibitor II, two
proteins that seem to be intimately associated with tuberization, are "turned
on" by exposing potato leaf tissue to high sucrose concentrations (46, 53).
However, the hypothesis that the expression of these two storage proteins is
induced in planta by high concentrations of sucrose was not supported by
evidence from a transgenic potato in which tuber starch synthesis was
inhibited. This was accomplished by expressing a chimeric gene that encoded
antisense mRNA for ADPG pyrophosphorylase (40). The starch content in
tubers of these plants was lowered to 2 to 5% ofwild-type levels, and sucrose
accounted for up to 30% of the tuber dry weight. In spite of the high sucrose
content, the synthesis ofpatatin and proteinase inhibitor II was reduced in the
transgenic plants, suggesting that the blocking of starch synthesis directly
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affected the expression, at either the transcriptional level or the RNA stability
level, of genes encoding these proteins.
Other effects brought about by blocking tuber starch synthesis included

a substantial increase in tuber number and a decrease in tuber weight,
interpreted as a lessening of sink strength (40). Thus although starch
deposition is probably essential for development of a strong photosynthate
sink, and starch deposition is one of the earliest anatomical changes detected
at the site of tuber initiation, tuberization can be initiated in the absence of
tuber starch biosynthesis.
In summary, evidence for the role of carbohydrate accumulation in tuber

initiation is mixed. An increase in leaf starch accumulation during the day
can be measured within 2 d after moving plants to inducing conditions. The
starch is broken down at night and exported as sucrose, but analysis ofwhole
plants has not demonstrated a sucrose accumulation in the stolon tip
associated with tuber starch accumulation. However, the possibility remains
that. there is a transitory increase in sucrose concentration preceding (and
helping to trigger) the fIrst increases in tuber starch accumulation.

Grafting Experiments

Intra-specific grafts
Grafting experiments led Gregory (13) to hypothesize that tuber

induction is triggered by a stimulus that is produced in the leaf. If a leaf of
a potato plant that has been exposed to short photoperiods is grafted to a
plant that has been exposed to long photoperiods, tuberization will occur.
When the leaf· of a special Andigena clone that tuberizes under all
photoperiods was grafted to a stem of an ordinary Andigena plant in long
days, tubers were produced at the buried bud (Fig. 2). In the reciprocal graft,
no tubers formed. Thus it appears that in the leaf of the special clone a

B

Fig. 2. Grafted cuttings taken from plants
exposed to 2G-h photoperiods. The lower leaf on
each stock was excised at time of cutting. The
portion below the graft union (dotted line) was
inserted inpottingmix. Cuttingswere maintained
in a mist chamber under a 20-h photoperiod for
12 days after cutting and grafting. A) Scion
taken from a selected clone of Andigena that is
able to tuberize under continuous light; stock
from ordinary Andigena, requiring short days to
tuberize. Three of four stocks tuberized. B)
Reciprocal grafts from those shown in A. There
was no tuberization. From Ewing and Wareing,
Plant Physiol. 61, 348-353 (1978).
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stimulus is produced under long photoperiods that can be translocated through
a graft union, causing tuberization on a clone which ordinarily would not
tuberize under long photoperiods.

Inter-specific grafts
More intriguing results have been produced by grafting other species.

The stimulus will pass through leafless eggplant or tomato stem segments
inter-grafted between induced potato scions and noninduced potato stocks; but
leaves of tomato or eggplant diminish tuberization when grafted to potato
even if such leaves are exposed to short photoperiods. On the other hand, it
was shown by Nitsch (41) that the Jerusalem artichoke (Helianthus tuberosus
L.)--the tuberization of which is also favored by short photoperiods--would
tuberize when grafted to sunflower leaves that had been exposed to short
days, but not when grafted to sunflower leaves exposed to long days. This
implied that leaves of the sunflower were able to receive and transmit to the
Jerusalem artichoke a tuberization signal. These interesting results and their
implications for the potato lay fallow in the literature for many years. Then,
more or less simultaneously, workers in France and the USSR independently
carried out almost identical experiments stimulated by Nitsch's reports.
Inasmuch as flowering of the sunflower is controlled by photoperiod, these
researchers decided to find a species the flowering of which would be
sensitive to photoperiod and which could be grafted to potato. Both groups
chose tobacco. Several species of tobacco were utilized, including plants that
flower only under long days, plants that flower only under short days, and
ones that flower under either long or short days. Results are summarized in
Table 2. It will be seen that a tobacco requiring short days for flowering
would induce tuberization on potato only if the tobacco leaves received short
days; whereas a tobacco that requires long days for flowering caused
tuberization on potato when the tobacco leaves were exposed to long days.
The experiments seem to show that the stimulus for flowering of the tobacco
is graft-transmissible to the potato, where it induces tuberization.

Site of Production and Movement of the Stimulus

Role of roots
Shoot cuttings of Andigena plants were grown hydroponically with the

developing adventitious roots continually removed. Leaf-bud cuttings taken
from the de-rooted plants still tuberized, provided the shoots had been given
short photoperiods. Therefore roots are not essential for the production of the
induced condition.

Leafage
Other experiments with cuttings indicate that both young leaves and old

leaves are effective in producing the induced condition, but younger leaves
are more effective per unit of leaf area. Even the apical bud promotes
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Table 2. Summary of grafting experiments in which potato or tobacco scions were grafted to
potato stocks from which all leaves were excised. Plants were kept under long or short
photoperiods. From Chailakhyan et aI., Doklady Akademic Nauk S.S.S.R. 257, 1276-1280
(1981) and from Martin et aI., C.R. Acad. Sc. Paris 295, 565-568 (1982).

Short Days Long Days
Flowers Tubers Flowers Tubers
on tobacco on potato on tobacco on potato

Scion scionY stockY scion stock

Mammoth tobacco + + 0 oor +Z
Xanthi tobacco + + + +

Trapezond tobacco + + + +

Sylvestris tobacco 0 0 + +

Andigena type potato' n.a. + n.a. 0
Tuberosum potato n.a. + n.a. +

• Andigena or a hybrid of Tuberosum X Demissum that required short days for tuberization.
y + =present, 0 = absent, n.a= not applicable.
• Results were inconsistent between experiments.

tuberization on induced plants, although there is evidence that under
noninductive conditions, tuberization is favored by bud excision.

Girdling
When one stem of a two-branched plant was exposed to short days and

the other to long days, girdling of either stem blocked the effect of that stem
on tuber induction. That is, tuberization was improved if the stem receiving
long days was girdled, and tuberization was inhibited if the stem receiving
short days was girdled.

Response target
The lowest of several buried buds on a cutting is most likely to tuberize,

but this pattern is an effect of neither gravity nor node age. There is some
indication that tuberization is expressed most strongly at the bud which is
most distant from an illuminated leaf or stem.

THE HORMONAL CONTROL OF TUBERIZATION

Although other explanations cannot be excluded, much of the information
already presented in this chapter suggests that tuberization is under hormonal
control: the alteration of the total morphology of the plant during the induced
state, even if tuberization is surgically prevented; transmissibility of the
stimulus across grafts; the effects of girdling; and the contribution of the
mother tuber to induction would all seem consistent with a hormonal role.
Is there a hormone that is produced in the leaves in response to long nights,
that is transmissible across grafts, and that induces changes in the morphology
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and physiology of the plant including tuberization? Ifwe accept the evidence
from tobacco/potato grafts, then it does not seem that the stimulus for
tuberization is unique to tuberizing species of Solanum. Moreover, the
stimulus could be a single compound or a balance in concentrations of a
group of compounds--some, but not necessarily all, of them hormonal.
As the number of short days to which a plant is exposed increases, the

response at buried buds of cuttings taken from the plant changes from no
growth, to a shoot, to a stolon, to a tuber. Is the stimulus for shoot or stolon
formation at the underground bud the same stimulus that when present at a
higher concentration induces tuberization, or are there two separate stimuli?
Tuber induction is also associated with changes in leaf morphology (8).
Leaves are larger, thinner, and have a flatter angle to the stem; axillary
branching is suppressed; flower buds abort more frequently; and senescence
is hastened when tubers are more strongly induced. Any theory that would
explain the hormonal control of tuberization should take into account the
manifold effects of tuber induction. Let us now consider the evidence for the
involvement of particular hormones.

Endogenous Hormones

Gibberellins
There have been many attempts to measure changes in endogenous

hormones as correlated with changes in the degree of induction of the potato
plant. One of the first changes that was noted was a decrease in GA-like
activity (29,42,48,51). As few as two short days produced a decline in the
GA-like activity extracted from Andigena leaves that were previously grown
under long photoperiods, and even the chloroplast fraction ofAndigena leaves
showed reductions in GA-like substances as photoperiods shortened (52).
Low irradiance, which tends to inhibit tuberization, greatly increased the
GA-like substances in leaves exposed to short days, while long-day leaves
were high in such substances regardless of irradiance levels (67). Similarly,
high temperatures increased GA-like activity of shoots, though in this respect
buds appeared to be much more affected by high temperatures than were
leaves (Table 3). If potato plants were grown at high temperatures and buds
were excised or chemically inhibited, then the deleterious effect of high
temperature on tuberization was largely ameliorated (38). Not only do long
photoperiods, high temperatures, and low irradiance have similar effects on
tuberization, they all produce effects on shoot morphology that are consistent
with known effects of GA's (8). Other evidence comes from growing plants
in nutrient solution: a continuous supply of N, which inhibits tuberization,
causes higher GA activity in shoots than does discontinuing the N supply,
which favors tuberization (26). Assays of GA-like activity in stolons and
newly initiated tubers (24, 55) indicate that there is a substantially lower
activity associated with the conversion from stolons to tubers (Fig. 3).
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Table 3. Effect of temperature on GA-like activity in apical buds of potato plants. From
Menzel, Ann. of Bot. 52, 5-69 (1983).

DaylNight Temperatures 'C
GA activity"

(ug GA3 equivalent/kg f.wt.)

Buds Leaves

20/15

35/30

x Lettuce hypocotyl bioassay (means of three plants)

4.0 1.1

71.8 4.3
LSD (P=O.OS) 15.17 (log transfonnation)

The metabolic pathways for GA's are the same in potato as in most other
species that have been investigated. By following the metabolic products
from applied [14C]GAI2 and [14C]GAI2-aldehyde, eight GA's from the early
13-hydroxylation-pathway (GA's 53-aldehyde, 53, 44, 19, 20, 29, I, and 8)
were detected in Andigena potato shoot apices, indicating that this pathway
operates in potato shoots and is probably the predominant pathway (61). This
was confirmed by time-course studies and by re-feeding with early
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Fig.3. Changes in the levels ofGA-like substances at different stages of tuber development.
Stolons at stage A showed no indication of tuberization. At stage B, tuber initiation had
started, but the diameter of the swelling was less than twice the diameter of the stolon
immediately behind it. Stage C tubers were more than twice the diameter of the stolon.
Tubers at stage D were 1 to 2 cm in diameter. Each extract, equivalent to 10 g fresh weight,
was chromatographed on paper and assayed by the Avena endosperm test. Broken line
represents the amount of reducing sugar liberated from the endosperms by 10-1 M GA
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metabolites from the pathway (61). Kinetic evidence favored GA
'2
as the

main intennediate between GA'2 and GAs3 (61). Although the bulk of the
radioactivity was recovered from members of the 13-0H-pathway, there was
evidence that the non-hydroxylation pathway was also present. GAs I was
detected (61), and GAls has been reported in potato berries (21).
No differences were found in ['4C]GA,2-aldehyde or ['4C]GA'2

metabolism between plants grown under 16-h or 10-h photoperiods.
Photoperiod would thus seem not to act via GA metabolism. It is possible
that a photoperiodic control exists prior to GA,2-aldehyde (70).
Taken together, there is convincing evidence of a negative correlation

between the degree of induction to tuberize and the GA-like activity in
shoots and stolons.

Inhibitors
What causes the GA activity to decrease during induction? Is there

simply a decline in its net production, or is a GA inhibitor produced during
tuber induction? An unidentified inhibitor has been reported (27, 48, 55), but
more attention has been paid to the possibility that ABA perfonns the role of
GA inhibition. There is some indication that ABA activity increases under
inducing conditions (26), but in most cases differences reported have not been
very great or have been in the opposite direction (27, 66). There was little
increase in ABA activity of stolons at the earliest stage of tuber initiation
(Fig. 4).

Jasmonates
A compound related to jasmonic acid (JA; Fig. 5A; 63) is the most

recent prospect for a natural inhibitor that counteracts the effects of GA and
induces tuberization (69). The active compound (Fig. 5C) has been identified
as 3-oxo-2-(5'-6-D-glucopyranosyloxy-2'-z-pentenyl)-cyclopentane-l-acetic
acid, the glucoside of 12-OH-jasmonic acid (69). The aglycone (Fig. 5B) was

Fig. 4. Changes in the levels of
ABA-like substances at different
stages of tuber development.
Stages and sampling were as
explained in Figure 3. Each
extract was chromatographed and
assayed by inhibition of Avena
coleoptile straight growth induced
by 10.7 M 1M. Broken lines
represent the percent of control
growth obtained by 10.7 and 1O~M
ABA. Markers in the lower part of
figure indicate the position ofABA.
From (24).
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o-glucose

OH

~o
COOH

named "tuberonic acid" (TA). The A
emphasiswas first on the glucoside
as the tuber inducing substance;
concentrations as low as 3 X 10-8

M added to the agar medium
stimulated tuberization in vitro B
(25). The same laboratory
reported that JA, its methyl ester,
TA, and the glucoside of tuberonic
acid (TAG) all showed similar C
promotion of tuberization in the
bioassays utilized (22). Cucurbic
acid, which differs from JA by
possessinga hydroxy group instead Fig. S. Chemical structures of A) jasmonic
of oxygen at C-3, and the methyl acid, B~ tUbe~onic acid, and C) the glucoside of
ester of cucurbic acid were active, !uberon.lc a~ld. Tuberonic acid is 12-0H

b . d h' h . Jasmomc aCId.ut reqUIre Ig er concentrations
to obtain the same rate of
tuberization in the bioassay (22).
Somewhat different conclusions derive from recent studies with S.

demissum Lindt., which has an absolute requirement of short days for
tuberization. Leaves from short-day plants had more II-OH-jasmonic acid
than 12-0H-jasmonic acid (17). Neither compound could be detected in
leaves from long-day plants in the same experiments. There may be technical
problems with the stability of the hydroxylated compounds and their
glycosides during isolation and identification. For this reason it is not clear
whether the II-OH compound was more prevalent than the 12-0H compound
because of the species difference or because of variations in analytical
methods employed.
Another dissimilarity in the S. demissum studies was that no glycosides

of II-OH-jasmonic acid or 12-0H-jasmonic acid were found in either short­
day or long-day leaves (17). Again it is difficult to say whether this should
be attributed to the difference in species or to the difference in analytical
methods. The conclusion that the glycosides were absent from the S.
demissum leaves was based upon failure to find the aglycones following
cellulase digestion of the ethyl acetate fraction derived from partitioning
between ethyl acetate and water at pH 3. The aqueous fraction from this
partitioning was discarded (17). It is our experience that TAG moves to the
aqueous phase rather than to ethyl acetate at this pH, so it may be that no
TAG was found simply because the wrong fraction was examined.
Even though Helder et a1. (1993) did not find TAG, they pointed out that

the glycosylated form would probably be more easily transported out of the
leaf and is hence a better candidate to playa role in tuber initiation. Because
photoperiod did not affect JA levels in leaves of S. demissum, they also
suggested that photoperiod affects the activity of one or more enzymes
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controlling the hydroxylation of JA (17). Combining the two ideas leads to
the interesting hypothesis that photoperiod controls hydroxylating enzymes,
which convert the jasmonates to compounds that can be glycosylated, thus
making them transportable from the leafto the stolon so that they can initiate
tuberization. This does not explain why JA promotes tuberization in vitro,
but it may be that transportability in the phloem is less of an issue when the
JA is bathing the target tissue.
The isolation of TAG derived from findings that crude extracts from

potato leaves promoted in vitro tuberization better when the extracts were
from plants grown under short rather than long days. TAG was isolated from
the short day leaf extracts. So far, however, the effects of daylength on
levels of TAG in S. tuberosum leaves have not been determined. Another
unresolved question is the relative importance ofTA, TAG and their methyl
esters (TAme, TAGme) in tuberization. TAGme is active in the potato
bioassay (68) and has been found in potato leaves (Orner, Davies, Koch,
Ewing, and van den Berg, unpublished) as well as in leaves of Jerusalem
artichoke (68).

Cytokinins
Another group of hormones that reportedly changes under inducing

conditions is cytokinins. The major cytokinin in potato leaves has been
identified as cis-zeatin riboside (33), which seems somewhat unlikely--the
trans- rather than the cis- form of cytokinins is considered to predominate in
higher plants (Chapter B3). In any case, the zeatin riboside was found to be
29% higher in extracts from induced tissues (33). Maximal levels of
cytokinins in shoots and underground tissues occurred four and six days,
respectively, after exposure to inducing conditions (10, 28). The decline in
cytokinin activity of shoots after four days of inducing conditions was
attributed to transport to the stolon tips, where metabolic sinks were created
that led to tuberization (10,28). If cytokinin is responsible for induction, and
if the levels in the shoots decrease after four days of inducing conditions,
then one would expect that leaf-bud cuttings taken after inductive periods
progressively longer than four days would tuberize less and less. In our
experience the contrary pattern applies; the more days of inducing conditions,
the stronger the tuberization on cuttings, until all form sessile tubers. We
find no evidence that tuberization depletes the supply of tuberization stimulus
in the leaf (6).
The association between tuberization and increased cytokinin activity in

shoots has also been noted when the nitrogen supply was removed from
hydroponically grown potatoes, though a different interpretation was given
(54). In this case it was speculated that some factor other than the cytokinins
caused tuber initiation and that once tubers were present, the sink effect
increased the photosynthetic activity of the leaf, which in tum produced
increased cytokinin activity of the shoot. We have, then, two opposing
explanations for the association between the increased cytokinin activity of
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leaves and tuber initiation: I) the cytokinins in the leaves are translocated to
the stolon where they induce tuberization (10, 28); or 2) the initiation of
tubers stimulates cytokinin production in the leaves (54). If the first
hypothesis is correct, then cytokinins should increase in stolon tips before
tubers are initiated. However, cytokinin assays of stolons and small tubers
(20,24) indicated no substantial increase in cytokinin-like activity until tubers
were well into their enlargement phase (Fig. 6).

Other hormones
Tuberization in dahlia is associatedwith changes in evolution ofethylene

(2), but similar findings from potato have not been reported. One role
hypothesized for ethylene is that it is produced when stolon tips push against
soil particles, thereby restricting their extension growth and favoring
tuberization (65). Auxin, the other major category of plant hormone, has
received little attention with respect to changes in endogenous content during
tuber induction, and one review of the topic has suggested that this may be
a serious omission (35). An association between tuber growth rate and auxin
content has been noted (32), but, as shown in Figure 7, only a relatively small
increase in auxin activity was found in the first stage of tuberization (24).

Hormone Applications to Whole Plants

Assays for activities of endogenous hormones have revealed no
unequivocal answer as to the role of hormones in the control of tuberization,
with the possible exception that tuber initiation is associated with a decline
in GA activity. A second approach to the question is through application of
exogenous hormones.

Gibberellins
It is abundantly clear from a great number of such experiments that GA

applications have a strong inhibitory effect on tuberization of whole plants
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Fig. 6. Changes in the levels of
butanol-soluble cytokinins at
different stages of tuber
development. Stages and sampling
were as explained in Figure 3.
Each extract was chromatographed
and assayed using soybean callus.
Broken lines represent the callus
yields with 30 and 300 mgt} zeatin.
From (24).
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Fig. 7. Changes in the levels of
auxin during the course of potato
tuberization. Stages and sampling
were as explained in Figure 3.
Each extract was chromatographed
and assayed by Avena coleoptile
straight growth test. Broken lines
represent the percent of control
growth by 10,8 and 10,7 M lAA.
Markers in the upper part of figure
indicate the position of authentic
IAA. From (24).

(42). GA's 1, 3, 4, 5, 7, and 9 all inhibited tuberization of leafed stem
cuttings (59). GA applications also promote shoot growth on whole plants or
leaf-bud cuttings (37). In both respects exogenous GA's appear to mimic the
effects of noninductive conditions. There is also a biochemical similarity
between plants grown under noninductive conditions and plants grown under
inductive conditions but treated with GA's. Buried petioles of leaf cuttings
taken from either kind of plant had lower levels of the glycoprotein patatin
than petioles of cuttings from induced plants (14). Treatment with
chlormequat chloride (CCC), which blocks GA synthesis, affords another way
of examining the effects of these compounds. The general effect of CCC
applications has been an improvement in tuberization, especially where
noninductive conditions prevailed (37).

Other hormones
Promotion of tuber initiation on whole plants through the application of

other classes of growth substances--including auxin and related compounds,
ABA, cytokinins, 2-chloroethylphosphonic acid (ethephon), and a large group
of miscellaneous compounds--has been relatively ineffective. In evaluating
such experiments it should be noted that almost any chemical applied in
dosages that are slightly phytotoxic to the shoot may increase the number of
tubers initiated under inductive conditions. The result is typically a larger
number of tubers, but smaller average tuber size, producing no increase in
total tuber yield. Of much greater interest would be a chemical that could
lead to tuber initiation under environmental conditions that would ordinarily
prevent all tuberization.

Hormone Applications to Sprout Tubers

The application of the ethylene producing compound, ethephon, to potato
tubers that are so old physiologically as to be producing small tubers rather
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than nonnal sprouts, produced sprouts that elongated nonnally and that
contained somewhat higher levels of endogenous GA's than were present in
the sprout tubers (5). Cytokinin activity was similar in the sprouts and small
tubers. It is not clear whether ethylene plays a role in nonnal sprout growth
to prevent tuberization, or whether this is a special effect in very old tubers.

Hormone Applications to Cuttings

Abscisic acid
When single node cuttings were taken from Andigena plants that had

received 20 short days, tuberization resulted (66). Removal of the leaf from
a cutting at the time it was taken led to an orthotropic, elongated shoot rather
than a tuber; but application ofABA or grafting of a leaf back to the cutting
gave a tuber. The leaf grafted to the cutting did not need to be from a plant
that had been exposed to short days, as long as the bud to which it was
grafted came from a plant that had received the short days. In fact, even a
tomato leaf produced a tuber when grafted to such a stock. A key point is
that the ABA applied to the bud, or the leaf grafted to the cutting, produced
a tuber only if the bud had been taken from a plant that had received the
short days. Neither the ABA nor the noninduced leaf resulted in tubers when
the original cutting came from a plant exposed only to long days (66).
In interpreting the above results, it is important to note that if leafless

cuttings of the type mentioned had come from plants that had been exposed
to several weeks of strongly inductive photoperiods, then tubers would have
fonned even without ABA or a grafted leaf. Thus the buds on the cuttings
used in the experiments were somewhere near the verge of being able to
tuberize alone. The ABA, or whatever substance(s) were provided by the
grafted leaves, "tipped" them toward tuberization. The ABA would not have
caused buds on leafless cuttings from long day plants to tuberize; thus by
itself it cannot be considered to be the tuberization stimulus, although it could
be one component of the stimulus.

Cytokinin
A second set of experiments with cuttings deals with dipping strongly

induced leaf-bud cuttings in cytokinin (34). Repeated treatment with
6-benzyladenine interfered with nonnal development of sessile tubers.
Tuberization was delayed; and instead of the fonnation of sessile tubers,
thickened stolons preceded tuberization. The reason for the interference is
not known; perhaps the cytokinins created a sink in the detached leaves that
hindered movement of metabolites to the developing tubers.

Hormone Applications to Tissue In Vitro

Procedures
Two papers, which in other respects have had an enonnous impact on

tuberization research, reported a technique that has been largely ignored.
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Gregory (13) and Chapman (3) cut small pieces of stem containing axillary
buds from plants that had been strongly induced to tuberize, disinfected them,
and placed them on an agar medium in the dark. Within about four days
after cutting, tubers formed at the buds. Nodes similarly treated from
noninduced shoots produced only leafy shoots until cultures were more than
three weeks old. To obtain good tuberization it was necessary to add sucrose
to the agar medium, and increasing the sucrose concentration up to 10% gave
larger tubers (13). Gregory pointed out that the technique might form the
basis of a kind of bioassay for the hypothetical tuberization stimulus. If in
vitro cuttings from, for example, Andigena plants exposed to long
photoperiods tuberized only after addition to the agar medium of a substance
isolated from induced plants, that would constitute evidence for the role of
the isolated compound in controlling tuberization. Unfortunately, since the
original papers there has been relatively little published work utilizing the
technique, perhaps because--as Gregory himself mentioned (13)--microbial
contamination is often difficult to overcome (6).
Much subsequent work on tuberization (12, 45, 56, 57) has been done

utilizing a very different in vitro system. This latter technique, instead of
taking nodes directly from shoots exposed to varying photoperiods, calls for
subculturing of sprouts or stolons in the dark prior to the in vitro test for
tuberization. In this case there is no obvious way to study the effects of
photoperiod--the plant material being investigated is cultured under
continuous darkness. Another question that may be raised about the
technique is that subculturing might deplete the supply of a particular nutrient
normally present in the tissue to the point where it would be difficult to
distinguish between substances merely required for normal growth and those
that are uniquely associated with tuberization. Still another objection is that
very long periods are often required before tuberization takes place, and
eventually the control treatments may also develop tubers (23).
There is yet a third form of in vitro culture. During the last 15 years

seed certification agencies have become very interested in growing potato
plantlets in vitro as a method of preserving stock cultures free from diseases.
Plantlets are subcultured from nodal cuttings under aseptic conditions in agar
media containing sugar and a variety ofother organic and inorganic nutrients.
Various photoperiods are employed, ranging from 12 hours to continuous
light. The usual method employed to propagate such cultures is to dissect the
plantlets into nodal cuttings every few weeks; but if plantlets are left for
longer periods, two months or more, it is common to find tubers under the
agar or at the aerial nodes. The small tubers may be convenient for long
term storage or as a means of mailing germ plasm to other locations, so
attention has been given to factors controlling the tuberization (18, 19).
Again, we must be cautious in extrapolating the results of such research to
whole plants. The in vitro plantlets are relatively insensitive to photoperiod,
even when Andigena types are grown. The tubers are fonning in the light on
plants growing in a highly artificial medium. It sometimes appears that the
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tuberization is what happens when the growth of the in vitro plantlets has
been slowed by a limitation of nutrients or by the development of toxic
factors. Tuberization as a response to exhaustion may provide a poor model
of what happens in the whole plant. With these caveats in mind, let us
review some of the results from in vitro studies.

Results with subcultured stolons
Subcultured stolons tuberized only if they were supplied cytokinin and

sucrose. Tuberization was not complete until about 25 days, considerably
later than in the Gregol)' system (13). Inhibitors of nucleic acid synthesis and
protein synthesis did not block the tuberization. GA) strongly depressed
tuberization (23), and IAA and NAA promoted it weakly (23, 56). There is
some disagreement on the effects of ethylene (12), but most studies have
shown that it decreases or eliminates the tuberization of subcultured stolons
(39). Additions ofABA to agar media containing 2% sucrose caused a slight
swelling of the subapical region of the stolon, but no further development to
tubers (23). On 8% sucrose media, ABA alone did not increase tuberization,
although it partially overcame the deleterious effects of GA) (23). Phenolic
acids (47) and coumarin also (56) favored tuberization. The enhancement of
tuberization by coumarin was blocked by actinomycin D and chloramphenicol
(57), a fact which is somewhat surprising considering that these inhibitors of
nucleic acid and protein synthesis had little effect on tuberization promoted
by cytokinin (45). (The promotive effects of JA and related compounds on
in vitro tuberization have already been mentioned.)

Polyamines, synthesized by the ornithine decarboxylase (OnC) pathway,
appear to be needed for tuberization and for shoot formation of node explants
grown in vitro; treatment with difluoromethylornithine (DFMO), an inhibitor
ofODe, produced a reduction in both responses (49). Polyamines probably
are required during cell division, an early event in tuber formation. A gene
turned on soon after induction to tuberize is associated with polyamines (58).
Spermidine is the principal polyamine in potato tubers, and spermidine
applications to potato cuttings were found to promote the transport of
K+(86Rb+) to the tuber (9). However, there is currently no evidence that
polyamines represent the tuberization stimulus per se.

Results with light-grown plantlets
The temperature and photoperiod under which in vitro plantlets are

grown has been shown to affect their size and morphology (18), but it is
unclear to what extent this is an indirect photosynthetic response. Shortening
the photoperiod of plantlets grown under long days did not favor tuberization
(19). Tuberization tended to be promoted by 6-benzylaminopurine, high
sucrose, and CCC. It was inhibited by GA) and ethylene. Additions ofABA
had little consistent effect (19).
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Results with stem pieces
The few experiments employing the in vitro system proposed by Gregory

(13) have produced little indication that addition of plant hormones to the
agar medium can substitute for exposing plants to short photoperiod before
bud excision. The best evidence for such a substitution is with kinetin (11),
but even in this case results were not entirely clear-cut; the long photoperiod
treatment also gave partial tuberization. Other experiments have shown no
benefit from kinetin (7). As expected, GA3 decreases tuberization (15).
ABA has no effect (6), in contrast to its effect in promoting tuberization of
leafless Andigena cuttings from moderately induced plants (66). Perhaps the
difference in results is to be explained by the difference in cultivars used or
by the presence of sucrose and ammonium nitrate in one case (6) and not in
the other (66). There are no reports that JA or its relatives have been tested
in the system proposed by Gregory (13).

Genetic Studies

Many genetic variants of the potato may be related to hormonal differences.
For example, the "droopy potato" mutant lacks ABA (50). It nevertheless
tuberizes, which further weakens the case for ABA being the tuberization
stimulus. Mutants called "giant hills" or "bolters," which tuberize late and
have the appearance of high GA content, are fairly common. At the other
extreme, dwarf plants (Fig. 8) of Andigena tuberize under much longer
photoperiods than do their wild type siblings (1). Metabolic patterns
indicated a partial metabolic block between GA12 and GAs3 in the dwarf
plants (62). As a result less ['4C]GA, was formed in the dwarfs than in wild
types when ['4C]GA12-aldehyde or ['4C]GA12 were fed (62).
The "topiary" gene gives a rosette plant totally lacking in apical

dominance, with short stolons and strong tuberization (29). A similar
morphological response has been achieved by the incorporation into a
Tuberosum clone of T-DNA genes from Agrobacterium tumefaciens (43).
Shoots, which contained a 10-fold increase in cytokinins, were characterized
by small leaves, reduced apical dominance, and aerial tubers. Subterranean
tubers were smaller and more numerous than on the original clone. The
larger number of small tubers and the smaller leaf size are reminiscent of
symptoms that accompany foliar applications of cytokinins (or various other
growth regulators) to potato plants. In considering whether this should be
taken as evidence for the role of cytokinins as the tuberization stimulus, it is
worth remembering that photoperiodic induction to tuberize is associatedwith
larger rather than smaller leaf size. Cytokinins may be present at phytotoxic
levels whether produced internally or applied externally; in either case, the
phytotoxicity may increase the number of tubers initiated.
The difference between the photoperiodic reactions of early and late

cultivars of Tuberosum is substantial, and within Andigena populations
developed by several plant breeders are clones that cover a broad range of
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Fig. 8. Wild type (left) and Dwarf (right) siblings of Andigena grown under long
photoperiods. A) Above ground growth. B) Underground growth, with a well developed
tuber only on the dwarf plant.

critical photoperiods. Some have an absolute requirement for photoperiods
less than 12 hours, even at the most favorable temperatures. Others are able
to tuberize under high temperatures and continuous light. Physiologists
would do well to consider this wealth of genetic diversity when investigating
the role of hormones in tuberization.

SUMMARY AND CONCLUSIONS

Gibberellins

Among the known hormones, the most convincing case for a critical role in
control of tuberization is for GA's. 1) The environmental changes that
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increase induction to tuberize cause decreased GA activity of shoots. 2) GA
activity of stolon tips declines at the earliest stage of tuber initiation. 3) High
temperatures cause GA content to increase far more in buds than in leaves,
and excision of the buds alleviates much of the deleterious effect of high
temperature on tuberization. 4) Exogenous GA's are highly effective in
reducing or eliminating tuberization, and also mimic other effects of the
noninductive environment. 5) The effects of exogenous GA application are
ameliorated by the GA inhibitor, CCC, which also shows some ability to
promote tuberization in noninductive environmental conditions. 6) A dwarf
Andigena that has a block in GA metabolism tuberizes under longer
photoperiods than do its wild type siblings.
The problem, of course, is that the effects of GA are all negative in

terms of looking for a tuberization stimulus. To argue that tuberization is
under the control of GA, we must turn the concept of a tuberization stimulus
on its head and consider that potato buds and stolon tips are programmed to
tuberize unless their apical meristems are stimulated to develop into shoots
or stolons. Short photoperiods would then promote tuberization by decreasing
the supply ofGA's, permitting the tubers to form. Sprout tubers would form
on old tubers after the supply of GA's in the mother tuber was depleted.

Inhibitors

An obvious alternative is to invoke a GA inhibitor as the tuberization
stimulus. This would be consistent with the observed changes in endogenous
GA's and the effects of exogenous GA's. There have been attempts to isolate
such an inhibitor, but to date they have not had much success. Or instead of
a specific inhibitor of GA's, a more generalized growth inhibitor has been
sought. ABA has attracted considerable attention as a logical candidate in
this category, but the balance of the evidence is against it. Various phenolic
compounds have been suggested, but no data have been published to show
that any particular compounds are actually involved. The case for TAG and
other relatives of JA seems promising, but more evidence is needed as to
whether concentrations of these compounds actually increase when potato
leaves are exposed to short photoperiods and which forms are active.

Cytokinins

There is no doubt that cytokinins must be present in order for tuberization to
take place, inasmuch as cell division is one of the early events following
tuber initiation. This is not to say, however, that a change in the level of
cytokinins in whole plants is the event that triggers tuberization--the switch
that shuts off cell division at the apical meristem, and turns on cell
enlargement, cell division, and starch deposition in the subapical meristem.
Cytokinins increase in shoots as plants are induced to tuberize, but the
increases are smaller than might be expected for hormonally controlled
processes. The reported decline of cytokinin concentrations in shoots after
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four days of inductive conditions seems inconsistent with the pattern of
tuberization on cuttings taken at various periods after induction begins.
Cytokinins increase in stolon tips during tuberization, but the increase is
relatively small until well after tubers have been initiated (Fig. 6). There
have been numerous attempts to improve tuberization of whole plants by
foliar applications of cytokinins. Yield differences have generally been
marginal, and not strikingly different from results obtained with a great
variety of growth substances similarly applied. There is no report that
cytokinin application to a noninduced Andigena plant caused it to tuberize.
The other evidence for cytokinins as the tuberization stimulus comes

from in vitro experiments. Where these have been performed on subcultured
stolons, it is difficult to know whether the cytokinin is the unique stimulus for
tuberization, or whether it, perhaps like sugar, is a necessary ingredient for
tuber formation once tuber induction has occurred. There have been only a
few tests of the ability of cytokinin added in vitro to substitute for exposure
of plants to short days when buds are excised from stems of plants grown
under noninducing conditions. Results were not conclusive.
Considering all the data, it seems premature to identify cytokinin as the

sole component of the tuberization stimulus.

Balance of Factors

There is no reason why we must seek a single compound to be the
tuberization stimulus, especially when one considers the large number of
genes that, according to RFLP data, control tuberization. Inducing conditions
might lead to simultaneous changes in the concentrations of a number of
compounds, the balance of which may control tuberization and the many
associated morphological changes. The preponderance of thinking at present
seems to favor the ratio of GA's to cytokinin, or to ABA, or to TAG, as the
stimulus. However, there is no justification for ruling out other compounds.
Auxin could be a component, especially in controlling the degree of
plagiotropism of stolons or in other morphological responses associated with
intermediate levels of induction.
Nor should we limit our thinking to hormones. Earlier investigators

attributed control of tuberization to carbohydrate levels or to the
carbon/nitrogen ratio. Hormonal theories by and large have supplanted such
explanations; but it may be that sugar concentrations play a role along with
hormone levels.
The hypothetical tuberization stimulus has proved to be as elusive as the

analogous flowering stimulus; yet there is good evidence that induction to
tuberize produces complex hormonal changes in the potato plant. As more
sophisticated and sensitive analytical methods for hormones become available,
as gene probes for proteins associated with the first stages of tuber induction
become more fully available, and as researchers begin to take better
advantage of the vast genetic variation available for physiological studies, we
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can hope to learn whether there is a unique compound controlling tuberization
and all its attendant changes, or whether many compounds operate in concert.
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G12. Postharvest Hormone Changes in
Vegetables and Fruit

Pamela M. Ludford
Fruit and Vegetable Science Department, Cornell University, Ithaca, NY
14850, USA

INTRODUCTION

At the time of harvest, there is a large potential for change in physiological
processes going on in edible plant tissue. On removal from the parent plant,
vegetables are deprived of their normal supply ofwater, minerals, and organic
molecules including hormones, which normally would be supplied by
translocation from other parts of the plant. Although little new
photosynthesis is being carried out, there is active transpiration, and tissues
can transform many of the constituents already present. While postharvest
changes in fresh vegetables cannot be stopped, they can be slowed down
within certain limits.
The kind and extent of physiological activity in detached plant parts

determine their storage longevity to a large extent. Thus some, such as seeds,
tubers, bulbs, and fleshy roots, are morphologically and physiologically
adapted to maintain the tissue in a dormant state, both innate and imposed,
until environmental conditions are favorable for germination or growth.
Metabolic activity is depressed, but not halted, in such organs. Regrowth is
triggered in the spring, probably by a change in the hormone balance. The
term "dormancy" in this chapter is used as a state in which growth is
temporarily suspended due to unfavourable conditions i.e. imposed
dormancy, while innate dormancy (true dormancy or rest) occurs when
growth cannot take place even under favourable conditions due to the
condition of the plant material itself. Most vegetables stored over extended
periods in the fresh state are biennials that break rest and eventually sprout
during storage, hence terminating their usefulness for commercial purposes.
The cells of most other plant parts, such as fruit, leaves, stems, petioles, etc.
differ in that they are physiologically primed for senescence rather than
dormancy. Fruit ripening is usually associated with the development of
optimal eating quality and constitutes the final stages of maturation, and thus
could be regarded as a typical senescence phenomenon. Many plant materials
classified as fruits botanically are considered to be vegetables for commercial
or legal purposes. The cucurbits are consumed in both the immature and the
fully mature states as cucumbers or zucchini and melons.
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Most cultivated vegetable parts are removed suddenly from the natural
environment, and often held for short-term transportation or long-term storage
in stressful environments, including low temperatures, artificial atmospheres,
or both in combination, to reduce respiration rates. Storage of fruit and
vegetables can be prolonged by ethylene removal using ethylene scrubbers
(e.g., Purafil), flushing with nitrogen gas, or by hypobaric storage. Transient
ethylene production is also triggered by stress or injury, so wounding during
harvest and transport has an obvious effect on storage, added to which many
bacterial pathogens have the capacity to synthesise ethylene. Quite apart from
ethylene effects in fruit ripening, the effect on leaf abscission has an
immediate result on leafy vegetables. The commercial storage of cabbage
along with apples can be disastrous.
Research reports available on stored plant materials have suggested that

endogenous hormones continue to function and appear to control
physiological events. This conclusion is apparent from correlative evidence
of hormonal balances in detached plant organs and easily observed
physiological events such as rest, dormancy and compulsive regrowth. The
application of growth substances to plants or their excised parts has been
widely used to extrapolate to endogenous hormonal responses. In many cases
there are problems with this approach, often because of difficulties in uptake
and distribution into bulky tissue such as fruit or tubers. All the commonly
identified endogenous hormones i.e. auxins, gibberellins, cytokinins, abscisic
acid, and ethylene, appear to be present, as well as polyamines and jasmonic
acid.
Interaction and balance between opposing promotory and inhibitory

hormonal factors is the idea behind the control of metabolism in postharvest
storage, be it of rest and regrowth in vegetable storage organs or of
maturation and ripening in vegetable fruit. The interesting difference is in
what constitutes these opposing factors. In fruit, ethylene is one important
promoter of ripening, and ABA may be another, while auxins, GAs and
cytokinins are possible candidates for the role of ripening inhibitors. The
latter are high in young seeds and developing fruit, and may affect the
changing sensitivity of maturing climacteric fruit to ethylene. In leafy
vegetative tissue, ethylene causes leaf abscission and cytokinins retard
senescence. In storage organs, ABA acts more as an inhibitor of regrowth,
while auxins and GAs are likely to promote it.

FRUIT RIPENING

Under nonnal conditions, fruit ripening occurs as an integrated sequence of
changes including softening, colour change, and the accumulation of sugars
and aromatics, coupled with a decline in organic acids, catalysed by specific
enzymes (62). These active metabolic processes are accompanied in many
fruits by an increase in respiration termed the climacteric. Just prior to the
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increase in respiration in climacteric fruit there is a pronounced increase in
the production of ethylene. In some cases, ripening can be promoted by
simple substances such as galactose or N-glycans (51). At least some of the
ripening changes can be separated from the respiration climacteric
experimentally, including softening and carotenoid synthesis (62), but
inhibition of ethylene synthesis or even perception inhibits ripening (31).
Ethylene application can initiate the respiration response even in
non-climacteric fruit such as citrus, but here continued application is
necessary. The main difference between climacteric and non-climacteric fruit
is seen in their ability to produce ethylene autocatalytically in response to
threshold levels of ethylene.

Commonly referred to as the ripening hormone, ethylene has a cascade
effect in climacteric fruit leading to the 'one rotten apple in the barrel'
syndrome. It plays a significant role in the changes that occur with the
climacteric in fruit ripening, and its production is intimately involved in fruit
ripening changes. Exogenous ethylene application, in the form of ethephon
or 'liquid ethylene', is registered for a harvest aid to promote ripening in
cherry, grape, pepper, blackberry, boysenberry, and pineapple, as well as
tomato and apple. The role of ethylene in the ripening of non-climacteric
fruit such as strawberry is not thought to be great, and strawberry fruit are
relatively unresponsive to exogenous ethylene and insensitive to inhibitors of
ethylene synthesis or of ethylene perception (1).
The most desirable fresh state for consumption of the climacteric tomato

fruit, Lycopersicon esculentum Mill., is at the termination of ripening and the
beginning of senescence, the red ripe stage. However, to facilitate shipment
for commercial purposes, fruit are frequently harvested at the mature green
(MG) stage and then ripened by ethylene application. Tomato ripening starts
in the interior with gel formation in the locule, placenta, and then pericarp.
A difficulty in commercial harvesting is the determination of the precise MG
stage, as some immature fruits respond to exogenous ethylene but do not
undergo a normal ripening. This may account for complaints of poor quality
in winter-shipped tomatoes. The ripening ofgreen bananas (Musa acuminata)
with ethylene gas is also a common practice, and again bananas ripen from
the inside out, so that pulp ripening precedes peel yellowing. However,
externally applied ethylene reverses this process (1).

Cultivars of bell pepper, Capsicum annuum L., cannot be ripened to a
satisfactory red color if removed from the plant in the immature or green
stage. On the other hand, some avocado cultivars (Persea americana Mill.)
will not undergo ripening or the climacteric rise in respiration while still
attached to the plant, with the peduncle suspected of supplying a ripening
inhibitor possibly involving indoleacetic acid or polyamines (58). This is an
extreme example of the tree factor seen in apple (Malus sylvestris) and other
fruit, where ripening is accelerated by fruit detachment. Exogenous ethylene
is equally effective on both attached and detached apples in the induction of
endogenous ethylene synthesis after harvest, so that the effect of detachment
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on induction does not appear to be related to ethylene-responsive
developmental changes (34).
The rate of protein synthesis increases during the early stages of ripening

in several climacteric fruit. While this may partly reflect an increase in
protein turnover, it is also related to de novo synthesis of ripening-specific
enzymes (62). These include cell wall degrading enzymes that influence fruit
softening. For instance, the enzyme polygalacturonase (pG) is absent from
green tomato pericarp tissue, is first detected when fruit begin to colour, and
increases progressively during ripening, along with acid invertase. Until the
first appearance of ethylene in tomato fruit, neither the respiratory climacteric
and appearance of PG nor the increase in polysomes and cytoplasmic mRNA
takes place. Ethylene is also involved in the synthesis of cellulase in ripening
of avocado fruit (58). Attached apple fruit show a decline in cellulase
activity as they go through the respiratory climacteric. However, harvested
strawberry fruit (Fragaria sp.) show a large increase in cellulase activity
during maturation and softening, but ethylene does not increase cellulase
levels in this non-climacteric fruit (1).
The role of ethylene as the ripening hormone was brought into question

and the investigation of ripening is aided by several non-ripening tomato
mutants, for example Nr - never ripe; rin - ripening inhibitor; and nor ­
non-ripening. Both rin and nor fruit fail to ripen (with the exception of seed
maturation) and do not display a climacteric rise in CO2 or ethylene
evolution. They have reduced Iycopene levels, their chlorophyll content
remains high, with very low, if any, PG levels. External ethylene
applications have little effect in inducing ripening, though it will bring about
a temporary stimulation of CO2 evolution, while by contrast, wounding the
fruit causes an increase in both CO2 and ethylene production, so the capability
to produce ethylene is not lacking (54). Furthermore, in wild tomato species,
that ripen on the vine but remain green, two species show ethylene production
correlated with fruit softening, while in two others external ripening changes
are not correlated with ethylene production (27). Ripening may thus be
determined by changes in sensitivity to ethylene rather than the amount
produced. There is also the mutant alc (Alcobaca), which ripens partially and
has a long shelf life. Its possible connection with increased polyamine levels
is discussed by Picton et al. (Chapter E4).
Recent advances in molecular biology have opened new windows for the

understanding of fruit ripening, and a more detailed discussion of this aspect
is provided in Chapter E4. The identification and isolation of ripening-related
genes, along with the introduction of antisense mRNA and its resulting down­
regulation, provide opportunities to control ripening of fruits. The cloning of
genes involved in ethylene synthesis, as well as of other genes induced during
fruit ripening, have allowed the construction of ripening mutants in tomato
using reverse genetics. The production of antisense RNA inhibits the
translation and expression of mRNA for the ripening-induced enzyme, PG,
but fails to give a strong effect on softening (31). This is particularly the
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case from mature-green to turning stages, although there is a definite
retardation from turning to red, at which time a striking arabinose- and
rhamnose-containing uronide solubilization usually begins. Both control and
PG antisense fruit also show solubilization ofa gal-containing polymer, which
may implicate a l3-galactosidase (II). Similarly, pectin methylesterase alone
will not bring about softening. Thus PG is probably not the only, or even the
primary, cause of softening in tomato, confirmed by introduction of the PG
gene behind a fruit specific promoter into rin, where little induction of
softening was achieved despite the production of active PG (31).

The inhibition of ethylene production itself is more effective in
inhibiting ripening. This is accomplished either by limiting formation of one
of the ethylene synthesis enzymes, ACC synthase or ACC oxidase, or by
breaking ACC down to a-ketobutyric acid and ammonia. The latter approach
was accomplished by overexpressing the bacterial gene for ACC deaminase
from Pseudomonas in transgenic tomato plants (33). This resulted in 90-97%
inhibition of ethylene production during fruit ripening, and the transgenic
plants showed significant delays in ripening of fruit detached at the breaker
stage (see Chapter E2).
Fruit from plants with ACC oxidase antisense RNA (from pTOM13) had

a 95% reduction in ethylene production, and, although colour change was
initiated at the normal time during ripening, the extent of red colour
production was reduced, along with carotenoid reduction (8). Fruit from
plants with ACC synthase antisense RNA had even more inhibition of
ethylene production (99%) and no red color development (33). They could
be kept in air or even remain attached on the plant for 91 to ISO days without
softening, developing an aroma, or turning red although they eventually
became orange, a condition that could be reversed by ethylene treatment.
The transcription of the tomato E8 gene is fruit specific, and is activated

at the onset of ripening and in unripe fruit treated with exogenous ethylene.
The E8 predicted protein is a dioxygenase related to ACC oxidase, and its
reduction in quantity by antisense RNA results in overproduction of ethylene
during the ripening of detached tomato fruit. It was suggested that the E8
gene may participate in the feedback inhibition of ethylene production during
fruit ripening, or may be part of the ethylene receptor. By a series of
deletions incorporated into transformed fruit, it was found that DNA
sequences of the E8 gene that confer responsiveness to exogenous ethylene
in unripe fruit are distinct from DNA sequences needed for expression during
fruit ripening (18).
Similar approaches to investigations of gene expression during fruit

ripening have been carried out in avocado, pear, and apple (19), as well as
peach (46).
The overall signal transduction pathway involved in the ethylene

response has the hormone at one end (suggesting the binding to a receptor
molecule) and the up-regulation of transcriptional (or post-transcriptional)
activity at the other end of the pathway. Theologis (59) drew three main
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conclusions about ripening from the tomato mutant results and antisense
technology. The ethylene-mediated process requires continuous transcription
of the necessary genes, ethylene is indeed autocatalytically regulated, and,
rather than acting as a switch, ethylene acts as a rheostat for controlling the
ripening process. Further, transcriptional and post-transcriptional regulation
of genes involved in lycopene and aroma synthesis, and respiratory
metabolism, are dependent on the ethylene signal during ripening, along with
the expression of the ACC synthase gene. However, other genes are
developmentally regulated, such as those for chlorophyllase, ACC oxidase,
and even PG, which are not dependent on the ethylene signal for transcription
but probably for translation.

Ethylene

There is a large variation between species in rates of ethylene production
during the climacteric, and in apple alone the rise can vary from small to 40­
fold. Passion fruit (Passiflora edu/is Sims.) have such high rates of ethylene
production that they were suggested as a commercial source of ethylene (1).
Fruit tissue was used for the establishment of parts of the ethylene

synthetic pathway via l-aminocyclopropane-I-carboxylic acid (ACC). Levels
of endogenous ACC and ACC synthase are higher in the inside parts of
freshly-harvested ripening tomato fruit (septa, pulp, and seeds) than in the
outer pericarp. At the preclimacteric MG stage, ACC synthase activity, ACC
content, and ACC oxidase activity are low, but increase markedly on ripening
following the breaker stage. Addition of exogenous ACC to many vegetative
tissues results in greatly increased ethylene production, but this is not the case
with preclimacteric fruit of apple and cantaloupe, so that both ACC synthase
and ACC oxidase are restricted in these preclimacteric fruit. In preclimacteric
MG tomato fruit, ACC slightly enhances the ripening process and ethylene
production, and exogenous ethylene treatment increases the capability to
convert ACC to ethylene, i.e. increases ACC oxidase activity before ACC
synthase activity. This is also true for cantaloupe, Cucumis melo L., where
wounding increases the activity of both ACC synthase and ACC oxidase. In
over-ripe or postclimacteric fruit, ACC can accumulate considerably, possibly
because of the inactivation of ACC oxidase in these fruit. Fruit tissue is also
capable of conjugating ACC to N-malonyl-ACC. Under normal physiological
conditions the malonylation is irreversible, but the reaction is possible, as
shown in watercress stems (33).
ACC oxidase, as measured by ethylene production in the presence of a

saturating concentration of ACC, is present in most tissues of higher plants
with the exception of unripe fruits. Preclimacteric cantaloupe and tomato
fruits have low levels of ACC oxidase, whose activity is enhanced following
treatment with ethylene (33). During fruit ripening, the level ofACC oxidase
increases markedly and effectively regulates ethylene production. Helped by
information given by the cDNA clone, pTOM13, ACC oxidase has finally
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been extracted in a soluble fonn from pericarp of melon fruit. Its activity is
dependent upon the presence of the appropriate cofactors (65). Different
signals activate specific ACC synthase and ACC oxidase genes, both ofwhich
are encoded by multigene families (33).
The inhibitor of ACC synthesis, aminoethoxyvinylglycine (AVG), has

been tried as a preharvest spray with apples to suppress ethylene production
in harvested fruit and to provide a possible alternative for controlled
atmosphere storage rooms (low O2 and high CO2), AVG pre-treated 'Golden
Delicious' fruit stored at 3°C do not produce autocatalytic ethylene and have
a lower respiration rate than control fruit (28). However, AVG does not
affect chlorophyll breakdown, and production of aroma volatiles is reduced
and cannot be stimulated by exogenous ethylene after 4 months storage. Also
other authors find marginal effects which vary among apple cultivars.
Treatment with AVG is effective in inhibiting ethylene synthesis in slices of
green tomatoes, but relatively ineffective in pink and red tomato fruit,
possibly reflecting relatively high endogenous levels of ACC at these stages
since the isolated ACC synthase enzyme from pink and red fruit is sensitive
to low levels of AVG (33).
Of the many mutants identified in tomato, two interesting single-gene

ethylene mutants are derived from cv. VFN8. These are dgt (diageotropica)
and epi (epinastic). The fonner is characterized by a horizontal growth habit
(70), which can be partially nonnalized by exposure to very low
concentrations of ethylene. The fundamental lesion of this dgt mutant may
be an insensitivity to auxin, although IAA concentrations themselves do not
differ significantly between the two mutants and their parent. The epimutant
has a contrasting phenotype, with elevated ethylene levels and greater ACC
content. This may not represent the fundamental lesion, since blocking
ethylene synthesis or action does not nonnalize the epi phenotype, nor does
it result from increased auxin sensitivity (24). Both mutants set fruit which
ripen nonnally and have viable seed.

Some fruit have a chilling requirement as in cv. D'Anjou, a late maturing
cultivar of pear (Pyrus communis L.), where low temperature stimulates
ethylene synthesis and ripening. On the other hand, other fruit can be
subjected to stress by low temperature. Ethylene production in a number of
chilling-sensitive vegetables is stimulated by chilling temperatures of 0 to
15°C. This may occur in tissue which does not usually produce significant
amounts of ethylene, such as preclimacteric fruit. In chilled cucumber
(Cucumis sativus L.), increased ethylene production is due to increased
capacity to make ACC, but the increase in ACC, ACC synthase, and ethylene
is not apparent until subsequent warming. An increase in ACC synthase
activity during the warming period can be inhibited by cycloheximide
treatment but not by cordycepin or a-amanitin, suggesting stimulated
production of mRNA coding for ACC synthase during chilling (36), i.e.,
mRNA is transcribed during the chilling stage but translation is not completed
until transfer to warmer temperatures. However, in both tomato fruit (10) and
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'Honey Dew' melon (36), ACC accumulates during the chilling period
without waiting for subsequent warming, so it seems that not all sensitive
fruit respond in the same way to chilling, any more than all fruit are likely
to show exactly the same ripening control. Under most commercial
conditions, chilling is not likely to exceed four days, and the ethylene
generated upon warming probably is responsible for the chlorophyll loss and
pitting noted in chilled cucumbers. Prolonged chilling exposure results in a
reduction of ACC oxidase activity, as also does high temperature (I).

Abscisic acid

The linkage of abscisic acid (ABA) with abscission is almost limited to young
cotton fruit, where the name originated. However, similar relationships are
found with fruit drop of the non-climacteric litchee, Litchi chinensis (68).
Here ABA levels in seeds of abscising fruit are higher than those of persisting
fruit and a similar tendency is seen in the peel. While ABA is a germination
inhibitor in many seeds (see Chapter G I0), in tomato fruit the osmotic
environment within the tissues is more important than endogenous ABA in
preventing precocious germination of the developing seeds (7).

In a number of fruit (e.g. pear, avocado), the level of free ABA is
constant during maturation and increases during ripening, with the rise in
ABA seen in both climacteric and non-climacteric (e.g. citrus, grape, cherry)
fruit (54). However, this was not the case in kiwi fruit (Actinidia deliciosa),
but these are also unusual in that the respiratory climacteric and ethylene
burst occur very late in ripening (1). In tomato, levels of ABA increase
during growth of the fruit reaching a peak at the MG stage, and decline prior
to the respiration climacteric and ripening (Fig. I), even in the non-ripening
mutant rin. The ABA peak comes a little later in the mutant Nr, and about
20 days later in nor, where ABA levels are lower (45). This increase to a
peak before falling is found both in the pericarp and in the seed, though the
latter peak is reached earlier. In the tomato mutant sitiens (with the sitW gene)
where ABA synthesis is impaired, neither accumulation nor peak is seen in
the seed (7).
Developing sinks serve as sites for accumulation of ABA produced in

source leaves, as in developing soybean seeds. However, free ABA
accumulates in both attached and detached tomato fruit unless the fruit is
detached very early, showing that ABA is also synthesised in the detached
fruit and is not dependent only on translocation from the plant. Changes in
bound ABA reflect those of free ABA, but at about one-seventh of the levels,
similar to the 10:1 ratio of freelbound ABA throughout avocado ripening.
Thus the increase in free ABA must represent net synthesis rather than release
of the bound form (54).
Endogenous ABA is correlated to sucrose uptake in cotyledons and ABA

may function to enhance sucrose accumulation (see Chapter G9). It has been
suggested that ABA enhances sucrose unloading from phloem and also

732



P. M Ludford

I
I

I
{

(I

II

x X

Growth ••.•. f~r~t ~COIO'

Au.in

X

ABA

C02

TOMATO

. '-

"1\

C~ (mil ~g/lw)

C2H.(JJ'" )

JJ9 I kg ~r;urp

•• Gibl»r.Utn
'.0)( - - I

• •• . t--.)( _ - :..•.-. ~ytoklmnOfo I
.';'".~.; .• , - j.

OI".---~---b.--"""":---~~-""""7:!:-x---~o 20 60 80
Development

Fig. I. Trends in free honnone levels in tomato pericarp tissue during development and
ripening. From (45).

inhibits phloem loading, or possibly reloading in fruit. Both sugar and ABA
levels have been linked to chilling injury effects in fruit. Chilling MG
tomatoes at 2°C for 12 days results in a 2 to 3 fold increase in free ABA in
the pericarp (39). Sucrose levels also increase during chilling in several
cultivars of tomato fruit (16), and reducing-sugar levels in peel are highest in
"Marsh" grapefruit (Citrus paradisi) when seasonal resistance of the fruit to
chilling injury is highest (52).
Many genes that are induced by drought are responsive to ABA, and

several genes expressed during drought in vegetative tissues are also
expressed during desiccation ofdeveloping seeds. F.urthermore hybridization
of halved tomato fruit blots show one such tomato gene, pLE25, expressed
only in seeds ofMG fruit, while at the breaker and red stage hybridization is
observed in locular tissue (9).

Auxins

It is known that indoleacetic acid (IAA) influences ethylene formation
through the induction ofACC synthase. Endogenous auxin concentrations are
thought to be highest after pollination during the early stages of fruit
development and lowest during maturation. The early work ofNitsch showed
control by developing seeds and/or applied auxin over early development of
strawberry receptacles. When quantitated during strawberry fruit
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development, endogenous concentrations of free and conjugated IAA peaked
14 and 8 days after anthesis respectively (43), and auxin binding to
strawberry fruit membranes has been demonstrated. Auxin controls
stage-specific formation of polypeptides during strawberry fruit receptacle
development, and two cDNA clones have been isolated corresponding to
auxin-induced mRNAs. Auxin not only induces but also represses the
expression of developmental genes. For instance, during colour development
in ripening, the removal of strawberry achenes (a source of auxin) induces
anthocyanin formation, while externally applied auxin delays it, and ethylene
has no effect (43).

Contrasting results obtained by different types of application of auxin
(e.g. dipping or spraying fruit vs. vacuum infiltration) can be explained by
limited penetration of auxin into the tissue when applied by dipping. Using
dipped whole fruit and vacuum-infiltrated cut discs, it was shown that 2,4-D
causes a dual effect in tomato fruit tissue, namely an increase in ethylene
production which promotes ripening, but also a delay in ripening (1). The
last effect prevails, but depends on the uniformity of the auxin distribution
and its concentration. Infiltration of green banana slices with 2,4-D inhibits
both colour change of the peel and softening of the pulp, but does not prevent
ethylene-induced respiration. Studies on locating the signal for fruit
abscission in apple suggest that fruit drop is related to production of auxin­
like hormone in the seeds (6).

In infiltrated tomato pericarp, IAA is conjugated to yield both lA-glucose
and lA-aspartic acid, the latter being an irreversible conjugation (13). In
green immature tomatoes IAA is deactivated primarily by conversion to IA­
aspartate and further metabolites, while in mature pink fruit there is more IA­
glucose, a potential storage product.

Gibberellins

Similarly, endogenous levels of gibberellins (GAs) are thought to be high in
very young fruit and they may playa role in retarding senescence. Normal
pod or pericarp growth in pea (Pisum sativum) requires the presence of seeds,
which have high GA levels, and GA can replace the requirement for seeds,
indicating that transported seed GAs regulate pericarp growth. It was later
shown that seeds promote pericarp growth by maintaining GA synthesis in the
pericarp. Pea pericarp has the capacity to metabolize GA12 to GAt9 and on
to GA20 and GAt, but the presence of the seed is needed particularly for the
conversion of GA19 to GAw The seed factor regulating this conversion was
shown to be 4-chloro-lAA (49).

Early exogenous GA treatment of pear fruit, Le. during flowering,
produces misshapen and parthenocarpic fruit, whereas later treatment during
petal fall results in mostly seeded, well-shaped fruit in "Agua de Aranjuez"
pear (29). This was speculated to be by prolonging embryo sac viability or
longevity, and thus increasing the chances of fertilization taking place. Apple
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skin russeting was thought to have a localised origin probably relating to GA
levels in the skin, and in fact GA4 can reduce the incidence and severity of
apple skin russeting, but results in more angular fruit (38). For sweet cherries
(Prunus sp.), foliar applications ofGA3 about a month before harvest are used
in the Pacific Northwest (USA) to delay fruit ripening, reduce surface
marking, and increase size and firmness, resulting in an improved canned
product (37) and a firmer brined product (23).

Flower and Fruit Colour
Gibberellins playa role in the promotion of anthocyanin synthesis in the

corolla of petunia flowers. For instance, GA3 is required for the activation
of transcription of the chalcone synthase gene in an indirect manner (67).
Applied GAs have also been found to induce colour changes in fruit. Fruit
ripening is associated with the conversion of chlorophyll-containing
chloroplasts to carotenoid-containing chromoplasts. Rind ofValencia oranges
(Citrus sinensis) reaches maximum orange colour during winter months, but
tends to regreen during spring and summer as chromoplasts revert back to
chloroplasts. This is enhanced by GA and cytokinins, and GA3 is highly
persistent in citrus peel (3). For citrus fruit stored either on the tree or after
harvest in cold storage, GA3 delays fruit rind colour development from green
to orange and maintains rind quality. In mandarin orange GA treatment
results in a delay of colouration and senescence and promotes peel thickening.
Similarly peel resistance to puncture is increased by preharvest GA treatment
of grapefruit, along with peel oil concentration (3). This may increase
resistance to attack by the Caribbean fruit fly.
Citrus fruit thus often have green peel colour when fully mature and are

de-greened for visual quality by exposure to ethylene, which advances the
ripening of oranges (I). This is normally done before other packing house
operations, since pre-washing fruit inhibits de-greening. In grapefruit this
effect of washing was overcome by increasing the ethylene concentration to
250 ILl/I, but a similar effect of film-wrapping could not be overcome in this
way (2). Although applied cytokinins are not necessarily very effective,
kinetin also delays ethylene-induced degreening in peel of banana slices and
loss of chlorophyll in other fruit (45).
A GA postharvest dip extends the shelf life of mango fruit (Mangifera

indica L.), delaying ripening during storage in terms ofcolour and aroma and
retarding chlorophyll degradation, ascorbic acid decrease, and the decline in
activity of a-amylase and peroxidase. GA3 delays appearance of plastid­
localized Iycopene during ripening of tomatoes, but colour change does not
appear to be due to differential transcriptional control during the chloroplast­
chromoplast conversion. There are only moderate changes in the stability of
plastid transcripts, with post-transcriptional processing and/or translation the
most likely areas of specific gene expression control in plastids (44). The
molecular role played by GA is therefore even more unclear. Despite the
effect of applied GAs on delaying fruit colouration in fruit of several species,
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no close correlation has yet been found between colour change in fruit
ripening and endogenous gibberellin content (45).

Cytokinins

Senescence in leaves can generally be delayed by cytokinin treatment, and,
in one aspect, fruit ripening can be regarded as a senescence phenomenon.
High levels of endogenous cytokinin can also delay fruit ripening, and levels
may decline as ripening proceeds. Cytokinin activity is high for two weeks
after anthesis in cherry tomato when cell division is most active (32), and
declines from MG to the red ripe stage in standard varieties. The
non-ripening mutant rin not only shows less decline in cytokinin activity than
standard fruit, but it also has high levels of zeatin-O-glucoside activity, which
could act as a storage form to ensure continued high zeatin levels. Increased
cytokinin levels in seeded tomato fruit can be obtained by reducing the ratio
of foliage to fruit and hence lowering sink competition (64), and this delays
the rate of ripening after the breaker stage.
There are many instances of parthenocarpic fruit growth induced by

auxins and gibberellins, but few involving cytokinins. Application of a
diphenylurea-derivative cytokinin, N-(2-chloro-4-pyridyl)-N'-phenylurea, to
kiwi fruit before anthesis induces parthenocarpic fruit development.
However, parthenocarpic fruit are of little value in commercial kiwi fruit
since size of fruit is important, and more than 1000 seeds should be present
for large-size fruit, which can entail hand pollination during adverse weather
conditions. Spraying of cytokinin on open-pollinated flowers about 3 weeks
after anthesis causes stimulation of fruit growth, most effective when seed
number is over a threshold number, so that cytokinins alone do not control
fruit expansion. Both zeatin and zeatin ribotide are present in flesh and seeds
of 20-day old and mature kiwi fruit, but only the former was found at 40 and
60 days after flowering (26).
Thus, lAA, GAs, and possibly cytokinins are implicated in the delay of

fruit ripening, while ABA levels may increase until ripening is in progress.

Polyamines

Polyamines are associated with rapid cell division, and senescence in many
plant organs is correlated with a decline in polyamines. Free polyamine
levels decline during fruit development in avocado, apple, pear, and tomato
fruit (55), but the behaviour of individual polyamines varies with species
(12), with spermine being the major one in avocado, putrescine in tomato,
and spermidine in pear.
In young tomato fruit, as in apple, during the cell division phase the

level of polyamines is high, mostly in the form of conjugates (21).
Comparatively lower levels are found during cell expansion and fruit
ripening, and they are free rather than conjugated. Levels of free putrescine
are high at the immature green stage, decline at the MG stage, and remain
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low through ripening. However, in fruit of the Alcobaca tomato mutant (with
the recessive allele ale), which have prolonged keeping qualities, putrescine
levels rise again after the MG stage and become three times as high as in
normal fruit at the ripe stage (53). Similar changes are seen in another longer
keeping tomato, cv. Liberty (55). The elevated levels of putrescine in ale
fruit appear to be age-related and take place whether or not they ripen, which
is light dependent in ale, and are not due to changes in conjugation or
metabolism, but to an increase in arginine decarboxylase (ADC) activity.
However, a lack of correlation between increasing ADC activity and ADC
mRNA levels, which peak at the breaker stage, in ripening ale fruit suggests
translational and/or posttranslational regulation ofADC expression in tomato
fruit.

Both ale and 'Liberty' fruit also show a decrease in climacteric
ethylene production. S-adenosylmethionine is a precursor common to both
ethylene and the polyamines, spermidine and spermine, and added polyamines
appear to inhibit ethylene production in apple fruit discs and protoplasts (22).
However, during ripening of detached tomato fruit the onset of synthesis and
accumulation of the ethylene precursor, ACC, is not a consequence of a
decrease in spermidine synthesis (12). In addition, while treatment of ale
pericarp discs with polyamines reduces ethylene synthesis, it only does so at
concentrations higher than those which delay ripening and overrlpening
(Davies et ai, unpublished). Further, during vegetative growth norbomadiene
prevents the depletion of putrescine resulting from the citrus exocortis viroid
without affecting the enhanced ethylene synthesis, while putrescine levels are
unaffected by norbomadiene in the ethylene-overproducing epinastic tomato
mutant (epi) compared with normal (5).
Putrescine infiltration of mature green fruit of 'Rutgers' or the line

'Alcobaca-red', both of which have normal ripening and the Ale allele,
increased their storage life in darkness, not by slowing down ripening but by
slowing softening (35). Controlled atmosphere storage of apples similarly
reduces the rate of postharvest softening and also maintains higher levels of
polyamines. When 'McIntosh' and 'Golden Delicious' apples harvested at
optimum commercial maturity are infiltrated with polyamines there is an
immediate increase in firmness, but the effect on ethylene production is
negligible (66). Endogenous putrescine accumulation is correlated with
chilling injury in three species ofCitrus and one of Capsicum, and increased
levels are found in response to other stress conditions. All this confirms a
possible working model involving binding of polyamines to membranes,
prevention of lipid peroxidation, and quenching of free radicals (22).

Jasmonates

Jasmonic acid and methyl jasmonate are regarded by some as strong
candidates for intracellular or intercellular messengers, and have been
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identified in many plants, including apple and tomato fruit. However, their
location within tissues and cells is not certain.
Externally applied methyl jasmonate stimulates ethylene production,

including ACC oxidase activity, in all stages of tomato ripening (57), and
increases ACC content, ACC oxidase activity, and ethylene production in
preclimacteric apples. However, it has the opposite effect on levels in
climacteric and postclimacteric apple fruit, except for ACC oxidase activity.
Even the increase in the latter seems to depend on the cultivar, since methyl
jasmonate had little or no effect on ACC oxidase activity or was inhibitory
in cv. Jonathan (48), possibly due to differing levels of phenolic compounds
in the cultivars. The role of jasmonic acid through ethylene in fruit ripening
obviously needs further study, especially in nonclimacteric fruit (57).

UNDERGROUND STORAGE ORGANS

Wounding Responses

Ethylene effects on bulky storage organs are of interest because of possible
wound ethylene production after harvest. Treatment with ethylene results in
a sharp rise in respiration, especially in the presence of O2 rather than air.
These organs can be separated in their respiration response to cyanide (CN).
One group yields eN-sensitive fresh slices (eg. potato, turnip, rutabaga,
Jerusalem artichoke), while the other gives CN-resistant slices using the
alternative path of respiration, as in carrot and parsnip. After ethylene
treatment, the former group produces CN-resistant fresh slices, rather than
CN-sensitive. Other changes resulting from ethylene treatment include
increased numbers of polysomes and changes in gene expression, reflected in
induced mRNA levels. However, it was shown for carrot (Daucus carota)
that the ethylene-stimulated changes in mRNA levels are not necessarily
correlated with induced respiration enhancement (47).
Endogenous hormones have been found in all plant storage organs

investigated, including potato tuber, the swollen stem ofkohlrabi, carrot root,
beet, sweet potato, and Jerusalem artichoke tuber. They increase after
wounding (see also Chapter E5), as with IAA and cytokinin activity in potato
(Solanum tuberosum), although this could indicate differences in sensitivity
or form (bound vs. free) rather than concentration differences.
The wound reactions and aging of cut slices from storage organs, such

as potato tuber, carrot root or sugar beet, include the induction of mRNA
synthesis and an increase in nucleolar size and protein synthesis along with
RNase activity. Exogenous applications of hormones can amplify endogenous
hormone activities and affect the metabolic activity of cut slices. The
addition of GA3 stimulates protein synthesis, RNA synthesis, nucleolar size
and RNA polymerase activity still further in wounded potato tissue, although
cells of uninjured tubers are not responsive. Inactive ribosomes from resting
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potato tubers can be activated by added mRNA from polysomes ofwounded
potato.
A genomic clone isolated from carrot storage roots encodes a proline-rich

cell wall protein very similar to other proline-rich protein cDNAs (20). Its
expression is developmentally regulated, beginning at the earliest visible
stages of carrot storage root growth. This can be induced to a higher level
by IAA or other auxin treatment, and is also wound induced. There is no
expression of this cDNA in leaves or in vegetative (non-storage) roots,
whether wounded or not. It seems that auxin may therefore playa role in the
wound-induced expression of this gene in carrot storage roots.
Polyamines inhibit RNase activity in cut potato, and spermidine and

spermine also inhibit the rise in betacyanin leakage that normally takes place
from cut discs of beet root, Beta vulgaris. The presence of more than two
amino groups, as in spermine and spermidine, appear necessary to counteract
the detrimental effects of ammonium sulphate or ethylene, applied as
ethephon, on cell permeability and pigment leakage in beet root and rose
petals (50). Free radical scavenging by polyamines is also correlated with the
number of amino groups (22). Polyamines may affect wound-induced or
senescence-induced destabilization of cell membranes in plant storage organs.
Thus hormones may work together to counteract the catabolic processes

caused and to stimulate the synthetic activity necessary to "heal a wound".

Hormonal Changes During Storage

Onion
The onion, Allium cepa L., most important of the bulb crops,

demonstrates innate dormancy or rest, dormancy, and regrowth, whose
morphological changes correlate with changes in endogenous hormonal
balances. In common commercial practice, onion bulbs are cured, i.e.
air-dried for about 10 days after harvest, then stored at low temperatures for
an extended time period, e.g. 2°C for nine months, September through May.
Preharvest foliar spraying with maleic hydrazide (MIl) delays sprouting of
onion (as well as potato and garlic) during storage and is regularly used.
While onion storage in the U.S. is usually around 2°C, MH treatment also is
effective with high storage temperatures (30°C) found in the Middle East
(56).
Hormonal changes which induce the rest period are initiated while the

onion is maturing and still in the field (32). Morphological changes consist
of a rapid lateral growth of the bulb combined with a steady senescence of
the leaves. Auxin activity decreases in both the green foliage and bulb apices
as the leaves senesce from lush green to the weakened soft-neck stage. When
all foliage has become procumbent on the ground, auxin activity disappears
while ABA activity is initiated in the tops. At this developmental stage the
crop is usually lifted from the soil (undercut) and set on top of it and then
harvested within a few days. Inhibitors appear to be synthesized in the leaf
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and translocated to the bulb apex,
since ABA activity in harvested
bulbs is high. Also bulbs whose
green tops were prematurely
dried by a desiccator spray or
removed while green show early
sprouting. Premature defoliation
should be avoided in practice
since movement of inhibitor to
the bulb apex appears necessary
to establish dormancy during
storage (32).
Bioassays of endogenous

hormones in bulbs (central plugs
containing apical tissue) stored at
2°C in the dark show a hormonal
balance high in ABA activity and
low in IAA, GA, and cytokinin
activities from harvest to
mid-winter. This is the rest
period and no sprout growth or
cell division occurs for several
weeks even under the most
favorable conditions. In January,
the beginning of imposed
dormancy is shown by a rapid
rise in sprouting and apical cell
division on transfer to favourable
conditions. There is a decline in
ABA activity during dormancy
and the following regrowth stage,
accompanied by an increase in
growth promoter activity (Fig. 2).
By April, when some bulbs
sprout even in storage and most
have well-developed internal
leaves (Fig. 3), most hormone
activity declines with the balance
in favor of growth promoters.
Application ofexogenous growth
substances to excised onion
apices shows that only kinetin
can break rest in non-temperature
induced apices, while ABA
prolongs the innate dormancy

1M. STORED 00100 IU..8SGA. 1lA. --,AIlA.

SON. D J f M A M

I'IlNTH 00l11'G STOOAGE

Fig. 2. Changes in hormonal activities in onion
bulbs during storage at 5·8°C (3 year average).
From Isenberg et aI., Proc. XIX Intern. Hort.
Congress, Warszawa, Vol. 2, pp. 129-138 (1974).

Fig. 3. Sprouting of onion in storage.
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period. Thus cytokinins may be part of the breaking of innate dormancy, and
ABA may be part of the inhibitor complex maintaining this state.

Potato
The potato tuber is a swollen underground stem or stolon that can

overwinter in the soil or under proper storage conditions. It also shows the
biennial postharvest features of innate dormancy, dormancy and regrowth.
The investigation of tuberization under inducing conditions has involved
much hormone work (see Chapter GIl), and tuberonic acid has strong tuber­
inducing activities in potato, as well as in yam (Discorea hatatas Decne.) and
Jerusalem artichoke (Helianthus tuberosus L.). However, postharvest
hormone studies are more concerned with the induction and termination ofthe
innate dormancy period and the possible role of an endogenous inhibitor.
The latter, found in potato peel extract, was shown to decline naturally with
the termination of rest, and several authors have shown a correlation between
a low level of ABA and the breaking of bud dormancy in stored potatoes.
Tubers on one-leafcuttings growing under sprout-promoting conditions (35°C
plus excised leaf) have a lower level ofABA compared to controls under cool
conditions (63). However, this difference in ABA is preceded by changes in
carbohydrate levels, with a conversion of starch to soluble sugars taking place
under warm conditions, so it is not certain whether ABA or sugar levels are
the growth trigger.

A rise in endogenous GA activity along with a decline in ABA activity
seems to be involved in the dormancy break of potato tubers, and the
application of GA3 to promote sprouting in seed potatoes is an approved
commercial practice in some countries. Increases in cytokinin activities are
found during the transition from rest to dormancy, with conjugation being of
possible importance in cytokinin movement from storage tissue to active
meristems. The polyamines putrescine, spermidine and spermine are also
present in all parts of dormant potato tubers, and their levels increase in
apical buds with breaking ofdormancy and beginning of sprout growth, along
with levels of their biosynthetic enzymes, arginine decarboxylase, ornithine
decarboxylase, and SAM decarboxylase. This is in contrast to more constant
levels in non-bud tissue or even dormant lateral buds (32). Thus the break
of dormancy may also involve changes in polyamine levels, although it is
uncertain whether these changes are the cause or the result of the breaking of
dormancy.

Root Crops
Low temperatures along with high humidities are generally used for

commercially-stored root crops, most ofwhich are biennial plants. Although
no rest period has been demonstrated, all show some degree ofdormancy and
regrowth and, with cold-induction, flowering. Treatment with exogenousGA3
can cause carrot, among other species, to bolt following non-vernalizing
temperatures, and endogenous GA-like activity increases during vernalization
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at 5°C. However, while GAs may be involved in stem elongation, bolting
precedes floral differentiation and endogenous GAs are not implicated in
cold-induced flowering in carrot (32).
Roots are also sites of synthesis for cytokinins, which are exported in the

xylem. Cambium tissue was found to be the site for cytokinin synthesis in
carrot root (14). ABA in root tissue may derive from leaves and build up
during vegetative growth, and in sugar beet is preferentially catabolized to
phaseic acid and dihydrophaseic acid in the root, although ABA conjugation
could take place in both the taproot sink and source leaves (17).

LEAFY CROPS

Cabbage
Within the Cruciferae, white cabbage (Brassica oleracea L., Capitata

group) is an important fresh vegetable crop that can be stored for up to six
months. The traditional method involves harvesting during low field
temperatures and storing with ventilation ofcold winter air (common storage).
This can result in quality loss, typified by loss of chlorophyll and weight loss,
to the point ofmaking it unmarketable, a condition to which ethylene may be
a contributing factor. Use of technical improvements in storage such as
refrigeration, ethylene removal, and controlled atmosphere (CA) has made
possible longer storage times. Cabbage can be satisfactorily stored at 2°C
under CA conditions (5% CO2, 2.5% 02)' extending the storage life for
several months. There is considerable diversity in keeping quality among
cultivars.
The long storing cultivar "Green Winter" apparently has an

inhibitor-controlled dormant period for several months after harvest, since
ABA activity rises rapidly for about eight weeks after harvest and then
declines. The level of IAA activity is slightly higher in heads stored in
refrigerated air than in CA-stored heads, along with most GA activity.
Cytokinin activity is not affected differently by CA or air conditions, being
high at harvest, declining to a low point during early dormancy, and
increasing when regrowth begins in the apices. Cytokinin profiles show
varietal differences between cv. "Excel" and three cabbage breeding lines of
different storage capabilities (32).
High levels (100 ppm) of ethylene in air at O°C for five weeks storage

of fresh cabbage result in 6-fold increases in endogenous auxin activity and
12-fold in GA activity over the air control, while A]3A activity is
undetectable (32). The external leaves of all heads become bleached,
desiccated and abscised from the main stalk (Fig. 4). Even at 1 ppm,
ethylene in air has a detrimental effect, magnifying or accelerating changes
taking place over the long storage period, whether these are in degreening and
leaf abscission, weight loss, sugar loss, changes in organic acid content, or
increased respiration rates (30). The increased CO2 and reduced O2 of CA
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C.H. 100ppm

Fig. 4. Cabbage
stored in ethylene
atmosphere
showing abscised
leaves.

conditions seem to counteract the
ethylene effects seen in air storage.
When decapitated trimmed

stems from sampled heads of
cabbage are rooted in potting mix
and grown in the .greenhouse,
regrowth of axillary buds takes
place with time, sometimes
followed by flowering. The rate
and type of regrowth varies
depending on the state of the
cabbage head, possibly reflecting
the hormonal state (40). Regrowth
is slow for cabbage straight from
the field, and also after four weeks
of storage. All plants form heads
with no flowering (Fig. SA). This
could represent the dormant period
with a preponderance of ABA.
After four months in refrigerated
air storage, regrowth on planting is
fast and most plants bolt and
flower, with differences between
cultivars in the rate of regrowth
(Fig. SB). Cabbage stored under
CA conditions show no flowering
even after five months. By this
time ABA levels may have
dropped, as in air storage, but
possibly the ratio between IAA,
GA and cytokinins is not optimal
for flowering. However, after a
st()rage time of ten weeks in air, Fig. 5. Regrowth of cabbage stem axillary buds.

A) Vegetative heads; B) Flowering.
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Fig. 6. Regrowth and flowering of stem axillary buds from "Bartola" cabbage heads stored
for 10 weeks. A) Air; B) Controlled atmosphere.

some cultivarsboltand flower, while others remain vegetative, indicating a
possible borderline hormone balance between either IAA, GA, cytokinins, or
ABA and these promoters. Regrowth and flowering in cv. Bartola is speeded
up by the presence of ethylene during air storage (Fig. 6A), while 5 ppm
ethylene even in CA storage allows flowering at this ten week stage as well
as after 5 months (Fig. 6B). Actual measurements made on these heads
indicate that ABA still tends to be·high at 10 weeks, and IAA levels remain
high in the non~flowering CA~storedheads. However, these analyses were
done on large "apical samples" which included stem, leaf bases, and axillary
buds as well as apices. Axillary buds contain twice as much free ABA for
instance as the rest of the "apical" tissue, and chance inclusion of more
axillary buds could disproportionately slant the hormonal results (Ludford,
unpublished data).
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Other Leafy Vegetables
While cabbage cultivars can be stored for months, others in the B.

oleracea L. species, e.g. Brussels sprout (Gemmifera group), cauliflower
(Botrytis group) and broccoli (Italica group) can be stored from only a few
days to a few weeks due to their rapid loss of edible quality. With broccoli
and Brussels sprouts, this involves desiccation, yellowing, and abscission of
leaves, while cauliflower also shows curd growth called "riciness".
Quality loss is accentuated by ethylene. Treatment of broccoli with

AVG, the ethylene synthesis inhibitor, reduces ethylene production and
respiration and retards yellowing and senescence so that it is still in saleable
condition with green colour retention and compactness (40). Ethylene, known
to promote loss of chlorophyll in fruit ripening, was used to promote the
blanching of celery (Apium graveolens) as far back as 1924 (60). Pithiness
of the edible celery petiole can be stimulated by flooding and
nutrition-deficiency after a prolonged period, but much faster by water stress.
Not too surprisingly, the latter is associated with an increase in endogenous
free ABA. However, exogenous ABA application also stimulates petiole
pithiness of detached celery leaves, and shortens the storage life of broccoli
and Brussels sprout (32). Jasmonic acid is even more efficient than ABA in
the promotion of leaf senescence (57).
In asparagus (Asparagus officinalis), higher concentrations of IAA are

found in green than in white spears (grown under black plastic or sawdust
mulch), which is consistent with the greater elongation of green spears,
although white had higher fresh and dry weights in Smm tip samples (41).
However, higher levels of ABA are also found. In comparison, IAA levels
are higher in light-grown seedlings of pea than in much taller etiolated dark­
grown seedings (4), so that this is more a light/dark sensitivity than an
elongation effect.
Applied cytokinins are often effective in prolonging the shelf life of leafy

vegetables by slowing down senescence. Synthetic and natural cytokinins
extend the storability of both Brussels sprout and broccoli (32). Good quality
in broccoli is maintained by benzyladenine (BA) treatment and low
temperatures of 2°C, reflected in sensory evaluations of the cooked broccoli
(40). Application ofBA as a postharvest dip delays senescence and maintains
green colour and fresh appearance in many other leafy vegetables besides
crucifers, including endive, escarole, spinach, parsley, green onion, celery,
and asparagus. Exogenous cytokinin treatments enhance chlorophyll retention
in lettuce (32), but are of little practical value since only outer leaves are
affected, and these would be trimmed by the time they reach the consumer
because of damage in handling. However, application for the use of BA and
other synthetic cytokinins on leafy vegetables has not been approved in the
U.S.

It was suggested that these opposing effects of applied BA and ABA
could be due to a relationship between senescence and stomatal aperture (60),
ABA enhancing closure of stomata in the light, and cytokinins maintaining
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opening. While this may be understandable in intact plants, harvested leafy
vegetables are detached plant parts, and transpiration with the resulting
wilting is a major factor in initial deterioration. The older view of cytokinins
delaying senescence through maintenance of RNA and protein synthesis is
more adaptable, with a resultant delay in protein and chlorophyll degradation
and a retardation of the respiration rate. A microsomal enzyme fraction from
fresh cauliflower heads hydroxylates applied isopentenyl adenine and
isopentenyl adenosine to zeatin and zeatin riboside, again demonstrating that
cytokinin biosynthesis or conversion is not limited to roots and seeds (15).
Ethylene treatment of the enzyme system reduces the conversion by 28-43%.
Part of the senescence-promoting activity of ethylene could thus act through
preventing cytokinin synthesis.
Althoughmost reports discussexogenous hormone treatment, endogenous

cytokinin activities decrease during accelerated aging of the outer leaves of
Brussels sprouts, while GA and inhibitor activities increase (32). Lateral bud
development of Brussels sprout is less inhibited than in most other species,
and buds attain a large size as the plant matures. English gardeners remove
the terminal buds after the axillary buds or sprouts have begun to form to
increase the size of sprouts, since decapitation results in increased auxin
activity in the top lateral buds creating new nutrient sinks. However,
decapitation at a younger stage results in axillary shoots, and lateral buds of
the younger plants contain more total GA-Iike activity than those of older
plants which would not show shoot extension (40). The "riciness" of
cauliflower or elongation of the floret peduncles may be GA-controlled, and
cauliflower curd growth can be inhibited by treatment with growth inhibitors
including chlormequat, an inhibitor of GA synthesis (32). Good quality
sprouts would therefore appear to need high cytokinin content along with low
GA, with the latter improving cauliflower quality also.
Similarly, in rosette plants such as spinach, Spinacia oleracea, low GA

levels would be advantageous unless seed stalks are required. The rate ofGA
synthesis in long-day rosette plants is lower during vegetative growth under
short-day conditions than it is under long-day conditions, when stem
elongation and flower formation take place. Both Chinese cabbage and
oilseed rape bolt in response to GA even when unvemalised, but the
flowering that follows is dependent upon photoperiod (42). In spinach,
photoperiod has been shown to regulate the conversion ofGAS3 to GA44 and
of GA19 to GA20 (25), and recently, by application of the growth retardant,
tetcyclacis, to regulate the rate of ent-kaurene accumulation (69). Seedlings
of lettuce, Lactuca sativa, were used for one of the earliest GA bioassays, but
little is known about the postharvest endogenous hormone content. Two
cytokinins have been isolated from butterhead lettuce, mostly from the
innermost developing leaflets (32).
Polyamines provide considerable protection against ozone injury when

they are given in solution at low rates to the cut stems of 21-day tomato
shoots (22). If this positive effect still takes place in intact plants of other
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species when applied in a more practical way, such as foliar sprays, it could
be a useful protectant.

CONCLUSIONS

Plant honnones obviously play an important role in the postharvest
physiology of vegetables. As is usually the case, the effects observed are due
more to a honnonal balance than to the activity of anyone honnone.
However, the same physiological event can sometimes be initiated by a
variety of physiologically relevant factors, e.g. minerals, carbohydrate, light,
CO2, temperature, water, indicating that there is a redundancy in signalling,
ofwhich growth substances are a part. Sensitivity to growth substances must
also be considered as a possible controlling factor in addition to the honnone
level itself, along with the characterization of receptors (61). The controversy
is over the primacy of the change in concentration of a plant growth
substance over the corresponding sensitivity to the rate of plant development.
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INTRODUCTION

Plant growth regulators have been an important component in agricultural
production even prior to the identification of plant hormones. As early as the
tum of the century, fires were lit adjacent to fields in order to synchronize
flowering in mango and pineapple (50). Gas powered generators were used
as the source for the post-harvest heat treatment of lemons that stimulated
ripening and degreening (12). The ethylene generated as a result of
incomplete combustion, rather than higher temperatures, stimulated flowering
and ripening in both cases, although this fact was unknown at the time. Plant
growth regulators are now used on over one million hectares worldwide on
a diversity of crops each year (61). Most ofthese applications are, however,
confined to high-value horticultural crops rather than field crops, although
there are several significant exceptions. Chlormequat chloride (2­
chloroethyltrimethylammonium chloride) is used to reduce lodging in wheat.
This application is generally limited to Europe, where under conditions of
high fertility, lodging in small grains contributes significantly to yield
reduction. Glyphosine (N,N,bis(phosphonomethyl)glycine) is used in
sugarcane to increase the sucrose content of the cane. This compound acts
by diverting carbohydrate into sucrose storage rather than fiber production.
In cotton, defoliants such as DEF (S,S,S-tributlyphosphorotrithioate) are

used to remove green leaves that can then fall free of the lint from the open
cotton boll. These compounds are, therefore, useful aids in the mechanical
harvesting of the crop. Application is limited, however, to those parts of the
world where mechanical harvesting is practiced, an estimated one-sixth of the
total worldwide acreage.
There have also been several promising results with plant growth

regulators for soybean and com. Triiodobenzoic acid (TIBA) was registered
briefly to increase yield in soybean. TIBA reduced plant height and petiole
length, and stimulated branching and fruit set. In com, dinoseb, used
primarily as a pre-emergence herbicide, has been found to increase grain yield
by 10-15%. Dinoseb treatment stimulated earlier tasseling and improved ear
filling. Nevertheless, both compounds have failed to provide consistent yield
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increases, and there was considerable genotype variation in response to
treatment. Significant opportunities certainly still exist for the development
of plant growth regulators to increase yield in the major crops.
Most of the current uses for plant growth regulators in the high-value

horticultural crops are not, however, for compounds that increase crop yield
directly, either by increasing the total biological yield or the harvest index.
Rather, compounds that provide economic benefit by enhancing crop quality
or aid in more efficient crop management are more common. For example,
gibberellic acid is used to reduce the incidence of physiological rind disorders
in citrus, and daminozide (N,N,dimethylaminosuccinamic acid) application to
apple stimulates color development of the fruit. Both treatments increase the
value of the crop but not necessarily the yield.
Plant growth regulators that aid in crop management fall into several

categories. First, mechanical harvesting of crops can reduce substantially the
cost of production. Compounds that reduce the fruit removal force have in
some cases, such as sweet cherry production, allowed the development and
use of mechanical harvesting equipment, which was not particularly effective
alone, because the force required to remove the crop damaged the trees.
Second, plant growth regulators are used for manipulation of the harvest date
in a wide range of crops. Ethephon (2-chloroethylphosphonic acid) is used
to accelerate and concentrate ripening of tomato prior to a single mechanical
harvest. Gibberellic acid is used to extend the lemon harvest season by
preventing senescence of the rind. This allows a greater percentage of the
crop to be sold when demand for fresh lemons is high. Conversely,
gibberellic acid accelerates flower bud development in artichoke, significantly
advancing maturity and increasing the value of the crop. Third, plant growth
regulators can be used as direct replacements for hand labor in crop
production practices other than harvesting. In apple, naphthalene acetic acid
(NAA) is used to reduce excessive fruit set that would otherwise result in
many small fruit, and for some varieties, inhibit flower bud production for the
following season's crop. Maleic hydrazide (l ,2-dihydro-3,6-pyradazinedione)
is used in tobacco to control the growth of lateral buds that reduce leaf
quality. In both cases, fruit thinning in apple and sucker control in tobacco,
a labor intensive cultural practice can be accomplished efficiently with plant
growth regulators.
In most of the cases described above, plant growth regulators are useful

because they can in some way modify plant development. This may occur
by interfering with the biosynthesis, metabolism, or translocation of plant
hormones, or the plant growth regulator may replace or supplement the plant
hormones when their endogenous levels are below that needed to change the
course of plant development. The plant growth retardants such as
chlormequat chloride and ancymidol (a-cyclopropyl-a-(4-methoxyphenyl)-5­
pyrimidinemethanol), which are used to control internode elongation in lily,
poinsettia, and other floricultural crops, act by inhibiting gibberellin
biosynthesis. Ethephon, on the other hand, accelerates ripening and
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abscission by releasing ethylene at a time when endogenous levels of this
hormone are low.
Other compounds may more directly affect plant metabolism,

circumventing the hormonal control system. For example, glyphosine is used
to increase the sucrose content of sugar cane, and lateral bud development in
tobacco can be prevented by inhibiting cell division with maleic hydrazide.
While the biochemical mechanism of action of many plant growth

regulators is not well understood, it is still possible to classify compounds on
the basis of their similarity in action to the naturally occurring plant
hormones. This approach will be taken in the following description of the
chemistry, physiology, and use of plant growth regulators in agriculture.

AUXINS

The auxin-type plant growth regulators comprise some of the oldest
compounds used in agriculture. Shortly after indole acetic acid (IAA) was
identified, it was synthesized and became readily available. IAA was not
found in itself to be useful in agriculture because it is rapidly broken down
to inactive products by light and microorganisms. Nevertheless, a number of
synthetic compounds were found to act similarly to IAA in the auxin bioassay
tests. Indolebutyric acid (lBA) and NAA were found to increase root
development in the propagation of stem cuttings. 2,4-dichlorophenoxyacetic
acid (2,4-D) stimulates excessive, uncontrolled growth in broadleaf plants for
which it is used as a herbicide. NAA and naphthalene acetamide (NAAm)
are used to reduce the number of fruit that have set in apple, whereas 4­
chlorophenoxyacetic acid (4-CPA) is used to increase fruit set in tomato. The
auxins 2,4,5-trichlorophenoxypropionic acid (2,4,5-TP) and the
dichlorophenoxy analog (2,4-DP) are used to prevent abscission of mature
fruit in apple.

Propagation
Rooting of stem cuttings was one of the first uses of auxins. The most

common compound used is rnA, which has only weak auxin activity, but is
relatively stable and insensitive to the auxin degrading enzyme systems. It
is also not readily translocated. Other compounds such as NAA and 2,4-D
will also promote root development, however, these compounds are more
easily translocated to other parts of the stem cutting where they may have
toxic effects (29). The auxins stimulate root development by inducing root
initials that differentiate from cells of the young secondary phloem, cambium,
and pith tissue.

Stimulation ojfruit set
One of the first recorded effects of auxins was the stimulation of fruit set

in unpollinated ovaries of solanaceous plants. Gustafson (25) demonstrated
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that pollen was a rich source of auxin, and that in some species pollination
alone was all that was required for fruit set to occur. In tomato, chemical
stimulation of fruit set is all that is needed for fruit growth to take place as
well. In addition, compounds that block the transport of auxin from the
ovary to the pedicel of the flower also stimulate fruit set (4). It seems likely,
therefore, that given environmental conditions somewhat inhibitory to fruit
set, application ofauxin to flowers could promote this process. In California,
the early spring crop of tomatoes is treated with 4-CPA at 25-50 ppm to
stimulate fruit set at a time of the year when cool night temperatures that
inhibit fruit set in tomato are likely. This treatment results in an increase in
yield and earlier harvest.

Chemical thinning
Removal of excessive numbers of young fruit from apple and pear trees

is a common orchard management practice, although this results in drastic
reductions in the total biological yield. There are two main reasons for
removing as much as 80% of the flowers: first, to increase the total
marketable yield by increasing the size of the remaining fruit, and second, to
reduce the phenomenon of biennial bearing in order to maintain production
levels from year to year. The effect of fruit thinning on fruit size is probably
related to the leaf/fruit ratio. As this ratio is reduced below 30/1, fruit size
is reduced as well (38). The time in which fruit thinning is done is as
important to fruit size as the amount of fruit thinning. In order to improve
flower bud production and fruit size in apple, thinning should take place
within 30 days from full bloom. In apple, the period of cell division in the
fruit is brief, ending approximately 20 days after full bloom (67). Removing
excess fruit during this period can stimulate cell division within the remaining
fruit. This early period is also of critical importance for floral initiation, the
time when next year's crop will be partially determined. The two auxin-type
compounds used in chemical thinning of apple and pear are NAA and
NAAm. NAA is applied at 2-5 ppm, 7-20 days after full bloom, whereas
NAAm is effective during the same time period, but higher rates (17-34 ppm)
are used (68).
Several mechanisms have been proposed to explain the effect of auxins

on fruit abscission. Observations that auxin application reduced the early
drop of flowers and fruit soon after the bloom period led to the suggestion
that auxin first stimulated fruit set, and then due to increased competition
between fruits for nutrients and assimilates, a greater percentage of fruit
abscised during the June-drop period (60). This early increase in fruit set,
however, is not always observed. Luckwill (36) proposed that fruit abscission
occurs because NAA and NAAm induce embryo abortion. Without seed
growth, fruit senescence and abscission take place prematurely. While the
number of viable seeds is often correlated with fruit abscission, this is not
always the case, suggesting that embryo abortion may not be the primary
factor resulting in abscission. NAA does cause increased ethylene evolution

754



T. J. Gianfagna

from apple fruit within one day after application (66) (Fig. 1). Ethylene is
known to reduce auxin transport from the leaf blade to the petiole (3), and to
induce the synthesis of enzymes that degrade the abscission zone (2).
Perhaps the induction of fruit abscission by NAA is mediated by ethylene,
which stimulates abscission of fruit in a similar manner to its effect on the
abscission of leaves.
While not strictly speaking an auxin, the compound carbaryl (I-naphthyl­

N-methyl-l-carbamate) is used commonly for chemical thinning in apple and
is effective over a longer period of time than NAA. Carbaryl seems to induce
abscission by interfering with assimilate or hormonal transport between the
developing seeds and the fruit.

Prevention offruit drop
Frequently, the mature fruit of apple, pear, lemon, and grapefruit will

abscise prior to the time of commercial harvest. This obviously reduces the
potential crop yield, and may result in the tendency to begin harvesting the
crop earlier than is desirable, resulting in lower quality fruit. Under natural
conditions, there seems to be an inverse relationship between auxin content
of the fruit, and the tendency toward abscission (37). The role of auxin in
abscission is complicated. Clearly, application of auxin soon after fruit set
results in an acceleration of abscission, however, when auxins such an 2,4,5­
TP, NAA, and 2,4-D are applied during the mid-stages of fruit growth,
abscission is delayed or prevented (56). In addition, auxin application may
decrease the response of fruit abscission zones to exogenously applied
ethylene. NAA and 2,4,5-TP are used at 10-20 ppm just prior to the
beginning of fruit drop in apple. Repeat applications may be necessary with
NAA; 2,4,5-TP prevents fruit drop for a longer period. In citrus, 2,4-0 at 25
ppm prevents premature fruit drop and allows an extension of the harvest
season into the summer (59).
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Herbicidal action
2,4-0 and picloram (4-amino-3,5,6-trichloropicolinic acid) are two auxin­

type herbicides that at low concentration bring about growth responses in
plants similar to IAA. At higher concentrations they are herbicidal. 2,4-D is
commonly used to control broadleaf weeds in grasses, and picloram is used
for vegetation control on non-crop land because of its high activity and soil
persistence. Both compounds cause epinastic bending in leaves, a cessation
in growth in length, and increased radial expansion. After several days
tumors may form, followed by a softening and collapse of the tissue.
Epinastic bending and stem swelling are characteristic of ethylene effects on
plants, and auxin induced ethylene biosynthesis may partially account for the
effect of these compounds on plant growth. Treatment with inhibitors of
ethylene synthesis or action in the presence of2,4-D, however, do not reverse
the herbicidal effects of the auxins (I). Auxin herbicides cause an increase
in DNA, RNA, and protein levels in treated tissue. The greatest effect,
however, is on RNA levels (7). Specific mRNAs are induced by auxin
treatment, and ethylene apparently plays no role in the expression of these
mRNAs (64). In addition, in resistant plants the level of RNAase activity is
higher than in sensitive plants. One aspect of the herbicidal activity of the
synthetic auxins seems clearly to be a disturbance in RNA metabolism of the
cell.

GmBERELLINS

Despite considerable enthusiasm for the potential uses for gibberellic acid in
agriculture that existed when this compound was rediscovered by US and
British scientists in the 1950's, major GA use remains limited to fruit crops,
the malting of barley, and extension of sugarcane growth in certain
production regions.
There are about 90 gibberellins found in both higher plants and the

Gibberella fungus, although only two commercial products are available, GA3
and a mixture of GA4 and GA,. Both are produced by fermentation cultures
of the fungus. A formulation ofGA4n and benzyladenine is also available
that is being used to induce apple fruit elongation, and to increase the extent
of lateral branching in young trees.

Increasing fruit size in grape
GA is used extensively on seedless grape varieties to increase the size

and quality of the fruit (8). Pre-bloom sprays of 20 ppm induce the rachis
of the fruit cluster to elongate. This creates looser clusters that are less
susceptible to disease during the growing season. GA also reduces pollen
viability, as well as decreasing ovule fertility in grape. Application ofGA at
bloom, therefore, results in a decrease in fruit set, which reduces the number
of berries per cluster, but increases the weight and length of the remaining
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fruit. An additional application of GA during the late bloom to early fruit set
period will further increase berry size. It has been suggested that this later
application of GA increases the mobilization of carbohydrates to the
developing fruit (54) (Table 1).
Seeded varieties generally do not respond favorably to GA treatment.

However, in Japan, the seeded variety 'Delaware', is cluster-dipped in 100
ppm GA to induce parthenocarpic fruit development and increase berry size.

Table 1. Effects of GAJ applied at bloom and/or fruit set on fruit growth in 'Thompson
Seedless' grapes. From (8)

Treatment Berry Cluster Berry Wt. Berry Length
Number compactness (g) (cm)

Control 91 3.9 2.7 1.8
GA at bloom 61 2.8 3.3 2.3
GA at fruit set 90 4.1 4.0 2.3
GA at bloom+fruit set 64 3.0 4.8 2.6
• Cluster compactness increases with higher values.

Stimulating fruit set
Not all crops respond as positively as the tomato to auxin-induced fruit

set. However, a number of deciduous fruit tree species such as apple and
pear, as well as some citrus species, can be induced to set fruit with GA, or
a combination of GA and auxin. In Europe, poor fruit set in apple and pear
can drastically reduce crop yield. Consistently unfavorable weather during
the pollination period has led to the development of a hormone mixture to
induce parthenocarpic fruit set in apple (33). In pear, spring frost injury to
the ovules or style can prevent fertilization and the stimulation for fruit set.
Application ofGA3 at 15-30 ppm can induce parthenocarpic fruit and salvage
what would have been a lost crop.
In citrus, fruit set ofmandarin oranges is often light. Application ofGA

during full bloom can increase fruit set. Girdling branches will also increase
fruit set as well as cause an increase in endogenous GA-like substances in the
region above the branch girdle (65).

Effects on fruit ripening
GAs are used to delay fruit ripening in lemon in order to increase the

availability of fruit during the months ofMay-August when demand is high,
but production is low. GA is applied in November or December in order to
delay the harvest date, and increase storage life of the fruit (10) (Table 2).
Delaying harvest is also important for a number of other citrus species

including 'Navel' oranges and grapefruit. While fruit abscission can be
controlled by 2,4-0, after maturity is attained, changes associated with the
senescence of the rind will decrease the quality of the fruit. This reduces the
usefulness of holding the fruit on the tree longer in order to allow harvest to
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Table 2. Influence ofgibberellic acid on lemon tree harvest patterns one year after treatment.
(From The Citrus Industry vol.2)

GA Treatment·
(ppm) March May

o 9.2 46.5
5 10.0 40.6
10 10.1 39.4
20 11.2 37.7
40 10.3 36.2

·GA treatment applied on Nov. 17, 1959.

Harvest Dates (1960-61)
June August October January
percentage of crop harvested
23.7 12.3 5.8 2.5
24.1 16.9 5.8 2.6
23.7 17.0 7.2 2.6
22.7 17.9 8.0 2.5
22.8 18.6 9.5 2.6

take place during the period of high consumer demand. GA application will
reduce the occurrence of physiological rind disorders such as water spot,
creasing, rind staining, and softening by delaying senescence ofthe rind tissue
(9). GA4+7 is registered for use on 'Golden Delicious' apple to reduce
russeting, a physiological disorder that results from abnormal cell division in
the epidermal layer of the fruit.

Increasing yield in sugarcane
Sugarcane growth is very sensitive to the reductions in average daily

temperature normally experienced during the winter months in many cane
producing regions of the world, especially Hawaii. GA application is used
to overcome the reduced growth of the 3-5 internodes undergoing expansion
during the cooler winter season. GA treatment has resulted in an increase in
fresh weight of harvested cane of 10.9 ton/ha, and has increased sucrose yield
by 1.1 ton/ha or 2.8% (40).

Malting ofbarley
GA is used to increase the yield of barley malt and to decrease the time

required for this process to occur. Embryo growth and yield of malt extract
are competitive processes, by increasing the rate ofmalting relative to embryo
growth, a greater yield of malt extract occurs (45). Application of GA to
germinating barley supplements the endogenous content of this hormone and
accelerates the production and release of hydrolytic enzymes that degrade the
storage proteins and carbohydrates of the endosperm into the sugars and
amino acids that comprise the malt extract.

Controllingflower bud production
Spring application of GA is used extensively to accelerate flower bud

production in artichoke to allow earlier harvesting dates. If treatment is
delayed to coincide with the appearance of flower buds, increases in head size
and number have also been reported (55).
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Overcoming environmental constraints on growth
GA is used to break donnancy in plants that have not received an

adequate chilling period for the resumption of growth to occur. For rhubarb
crowns transplanted in the fall for forcing, GA application can substitute for
the cold period nonnally required for bud development and subsequent petiole
elongation (62). Potato tuber donnancy can also be broken by application of
GA (49). This treatment is of value in the identification and screening of
virus infected tubers. In warm climates, where it is possible to plant two
crops in a single year, GA treatment can break donnancy of the seed tubers
from the first crop in time for a second planting.
In celery production, GA is used to increase petiole elongation under

cool weather conditions, where growth is reduced. GA is also being used as
a seed treatment in rice to stimulate gennination and initial elongation of
semi-dwarf cultivars. This allows deeper planting, which improves
gennination and stand establishment.

Uses in plant breeding
GA can be used to induce precocious cone production in conifers. This

may be an especially important aid to genetic improvement in silviculture.
Douglas fir for example nonnally requires 20 years before seed production
will occur, with GA4m 6-year-old trees can be induced to produce seed (47).
GA has also been used to control flower sex expression in cucumbers

and squash. GA application tends to promote maleness in these plants.
When gynoecious cucumbers are treated with GA, staminate flowers are
produced for breeding purposes.
Bolting and seed stalk fonnation are promoted by GA in many nonnally

biennial vegetables. This facilitates hybrid seed production for commercial
purpose as well as accelerating vegetable variety improvement.

ETHYLENE-RELEASINGAGENTS

While the biological effects of ethylene on plant growth have been
documented for some time, little practical use of ethylene in agricultural was
possible due to its gaseous nature. In the early 1970s experimental
fonnulations of compounds became available that decompose on or within a
plant to release ethylene. One of the first of these compounds, ethephon, (2­
chloroethylphosphonic acid) is stable at pH values of 4 or less, but at higher
pH values, the compound decomposes to produce ethylene, chloride and
phosphate ions. Since the cytoplasmic pH is greater than 4, once ethephon
is absorbed, cleavage to ethylene inside the cell begins. Two other
compounds, etacelasil (2-chloroethyl-tris-ethoxymethoxy silane) and 2­
chloroethyl-bis-phenylmethoxy silane, also decompose to ethylene, but much
more rapidly than ethephon, and are less sensitive to changes in pH.
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Increasing latex flow in Hevea
The amount of rubber produced in the fonn of coagulated latex is a

function of the duration of latex flow from the tapping cut that is made in the
tree bark. Ethephon is applied to a region near the tapping cut and causes
latex flow to increase in duration, resulting in an increase in the volume of
latex collected. Rubber yield increases of 50-100% are common. The
mechanism for increased flow of latex by ethephon is not well understood.
It is believed that lutoids, non-rubber containing bodies within the latex, are
disrupted by tapping and cause coagulation or plugging of the latex vessels,
as a result of changes in osmotic potential, or shear forces imposed by the
high flow rate through the narrow pores of the vessel. Ethephon may
stabilize the lutoids making them less susceptible to disruption. Alternatively,
it has been proposed that ethephon treatment leads to an increase in cell wall
thickening of the vessels making the walls less likely to contract during
tapping, and therefore fewer lutoids would be disrupted, all of which will
increase latex flow (43).

Promoting abscission
The use of mechanical harvesting devices in cherry production had been

limited because the force required to remove the fruit at the time of fruit
maturity resulted in damage to the trees. Ethephon may be applied
approximately 10 days before anticipated harvest to reduce the fruit removal
force to allow mechanical harvesting of the crop without tree injury (5) (Fig.
2).
Walnuts are also harvested mechanically after treatment with ethephon.

The edible kernel of the walnut reaches maturity some 3-4 weeks before
harvest, due to the time required for hull dehiscence. Ethephon treatment
accelerates this process. The quality of the harvested nuts is also increased
because they do not remain on the tree for long periods of time after
maturation and, therefore, avoid decomposition due to heat and disease (39).
Olive fruit also have a high fruit removal force at maturity. In addition,

the fruit is attached to long willowy branches that do not lend themselves to
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mechanical shaking. Ethephon causes fruit abscission, but also excessive leaf
abscission reducing flowering the following spring. Etacelasil can be used,
however, because it reduces the attachment force without defoliation. This
compound releases ethylene at a much faster rate than does ethephon. There
may be a requirement for elevated ethylene levels of longer duration to
induce leaf abscission than for fruit abscission, making the silyl compounds
more useful as fruit abscission agents than ethephon (26).
Ethylene-releasing agents are also being used to remove young fruit from

apple and peach trees that have set a potentially excessive fruit crop. In
peach, 2-chloroethylmethyl-bis-phenylmethoxy silanehasprovided acceptable
fruit abscissionwithout defoliation in many areas ofthe southeastern US (14).

Promoting fruit ripening
The ripening process in mature fruit can be accelerated by ethephon

application. Presumably the fruit are sensitive to ethylene at this stage of
development, but have not produced enough endogenous ethylene to stimulate
the ripening process. In apple, ethephon can be used to accelerate fruit
softening and advance fruit color production by several weeks, although an
additional application of compounds that delay abscission must be made in
conjunction with ethephon (17) (Table 3).

In tomato, ethephon is used to accelerate ripening and concentrate
maturity of the fruit for mechanical harvesting. Ethephon stimulates the
production of lycopene by fruits and therefore can increase total yield of ripe
fruit in the production of processing tomatoes, since this crop is harvested at
one time only (13).
In grape, ethephon has been found to promote color development and

decrease total fruit acidity. In some of the cooler grape growing regions
acidity is often excessive for optimum wine quality. Ethephon treatment may
also be useful when natural fruit color development is poor.

Table 3. Effects of ethephon, daminozide and NAA on abscission, firmness, and color of
'McIntosh' apples. From (15)

Treatment Drop Firmness Red c%r
(%) (kg) (%)

Control 29 6.6 51
Daminozide 2 7.4 56
Daminozide+ethephon 77 7.0 67
Daminozide + ethephon + NAA 5 7.0 90

Delaying flowering in fruit crops
Application of ethephon in the fall of the year prior to the spring

flowering period delays bud expansion and anthesis in cherry and peach (48,
23). Ethephon appears to increase the length of the dormant period offlower
buds (15), which results in a delay in bloom, reducing the potential for spring
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Fig. 3. Effect of ethephon on cold hardiness and bloom date in peach. Note that the
ethephon-treated twigs contain more live flower buds and that they are at an earlier stage of
development.

frost damage to flowers. In some cases, ethephon also increases mid-winter
flower bud cold hardiness by maintaining high levels of the cryoprotectants
sorbitol and sucrose in the flower pistil (16) (Fig. 3).

Promoting leaf senescence in tobacco
Ethephon is used to promote leaf yellowing in flue-cured tobacco.

Ethephon increases the number of leaves that may be harvested at one time,
and decreases the curing time for the leaf (58). This treatment is especially
useful in the cooler tobacco growing regions where the uppermost leaves,
which are the last to be harvested, may be damaged by frost.

GROWTH RETARDANTS

The growth retardants are a diverse group of synthetic compounds that reduce
stem elongation and generally increase the green color of leaves. These
compounds inhibit cell division in the subapical meristem of the shoot, but
generally have little effect on the production of leaves or on root growth.
The physiological effects of the growth retardants can be reversed by
application of GA, but generally no other compounds are effective.
Incorporation of growth retardants into the media of cultures of G. jujikuroi
generally inhibit GA production. In higher plants, the activity of the enzymes
involved in kaurene synthesis and oxidation are inhibited by growth
retardants. Three general classes of compounds have emerged. Compounds
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such as AMO1618 and phosphon D inhibit the enzymes involved in kaurene
synthesis, whereas ancyrnidol and the triazole analogs inhibit the kaurene
oxidation sequence of reactions. The cyclohexanetriones such as
prohexadione-Ca (BX-II2) inhibit later stages ofGA oxidation (41). In all
three cases the level of active gibberellin is reduced. A number of the
compounds that inhibit GA biosynthesis also inhibit sterol production in
plants. There is, however, little evidence that sterols are involved in stem
elongation, and it would appear, therefore, that the primary effect of the
growth retardant on internode length is due to an inhibition in GA
biosynthesis.

Controlling stem growth in greenhouse crops
The application of growth retardants to potted plants results in shorter

more rigid stems and darker green foliage, characteristics that increase the
value of the crop. In chrysanthemums, daminozide is effective as a foliar
spray and ancyrnidol may be used as both a foliar spray or a soil drench (34).
Ancymidol treatment may, however, result in a delay in flowering.

In poinsettia, chlonnequat chloride is used extensively for height control
since it is less expensive than ancyrnidol. In Easter lily, ancyrnidol is used
because it is the most effective compound for reducing stem height in this
plant (Fig. 4). Paclobutrazol (1-(4 chlorophenyl)4,4-dimethyl-2-(l,2,4-triazol­
l-yl)pentan-3-0l) and the triazole fungicide triademefon will also control stem
height, but higher concentrations are required in comparison to ancyrnidol
(70). Another triazole, uniconazole (Sumagic), is also registered for use on

Fig.4. Effcct of ancymidol conccntration on stcm height in Easter Lily. Left to right: no
trcatment; 0.25 mg; 0.5 mg; I mg as a soil drench; 50 ppm; 100 ppm as a foliar spray. (Photo
courtesy of J.G. Seeley)
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Fig. 5. Effect of uniconazole (Sumagic) and paclobutrazole (Bonzi) on stem height in
Poinsettia. (Photo courtesy of GJ. Wulster).

poinsettias. This compound is less persistent than paclobutrazol, but provides
good height control in a variety of herbaceous and woody ornamental plants
(Fig. 5).

Controlling rank growth in cotton
Under certain conditions of high fertility and favorable environmental

conditions excessive vegetative growth of cotton results. Mepiquatchloride
(l,1,dimethylpiperidinium chloride) applied at the time of flowering can
reduce growth by 20-30% (28). Early yield of cotton is often increased by
this treatment presumably due to greater light penetration into the canopy,
thus allowing fruit set to take place in flowers produced on the lower nodes
of the plant. Reduced vegetative growth also allows greater coverage of
insecticides, fungicides, and defoliants, the latter increasing the efficiency of
mechanical harvesting.

Lodging control in cereals
Stem lodging is one of the most serious problems in wheat, when this

crop is grown under the conditions of high fertility in Europe. The ability to
use nitrogen to increase yield is limited by its adverse effect on stem growth.
Chlormequat chloride can be used to reduce stem height and increase stem
diameter. Yield is increased as a result of reduced stem lodging (31) (Fig.
6). In addition, in some years when lodging is not a problem, yield may still
be increased because the growth retardant treatment results in a stimulation
of tillering. Other cereals do not respond as well to chlormequat chloride as
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Fig. 6. Effect of chlormequat chloride
and nitrogen fertilization on yield of
wheat. (Euphytica 1: 215-218).

Reducing growth of turfgrass
Chemical control of grass growth ~ so

especially on sites such as highway ~

dividers, near airfields, on steep slopes that ~

are difficult or dangerous to mow, can be ~ 40

economically attractive alternative (18).
Several compounds such as chlorflurenol
(methyl-2-chloro-9-hydroxyfluorene-9­
carboxylate), mefluidide (N-(2,4-dimethyl­
5(trifl uoromethyl)sulfonyl)amino)­
phenylacetamide), and paclobutrazol have
been registered for use as plant growth
regulators for grass control. Chlorflurenol
acts by inhibiting cell division in the shoot meristem, whereas mefluidide
inhibits cell elongation. Both compounds have been found to reduce the
frequency of mowings required over the course of the growing season.
Paclobutrazol reduces mowing frequency to an even greater extent than the
other compounds; however, it does not effectively suppress seedhead
formation. Combinations of paclobutrazol with either maleic hydrazide,
chlorflurenol or mefluidide should provide adequate seedhead suppression and
persistence throughout the growing season for almost complete control of
grass growth.

wheat. However, lodging control has been
obtained in barley and rye with a
combination of mepiquat chloride and
ethephon.

Increasing fruit set in grape
Application of chlonnequat chloride to vinifera grapes before bloom

increases fruit set of seeded berries (11). Cluster fresh weight is increased as
a result of treatment. Daminozide is more effective than chlormequat
chloride in increasing fruit set of the labrusca varieties (63). In addition to
increasing cluster yield, vine growth is reduced by growth retardant treatment.
It is not clear whether the increase in fruit set by the growth retardant is due
to a direct effect on this process by decreasing GA levels (GA is used for
berry thinning) or an indirect effect resulting from decreased vegetative
growth. Exceedingly vigorous shoot growth is often associated with poor
fruit setting in the field. Moreover, if shoot tips are removed, fruit set in
grape can be increased, and the growth retardants are not capable of further
increasing fruit set in detopped plants.

Advancing fruit color development
Daminozide may be used to advance anthocyanin production in the fruit

skin and flesh of sweet cherry (6). The rate of color development is
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increased as well as the total amount of pigment synthesized. Other processes
associated with fruit ripening such as fruit softening are not affected by
daminozide treatment. Daminozide will also increase anthocyanin synthesis
in apple, as well as reduce fruit softening in cold storage and pre-harvest fruit
drop (17). Physiological disorders that develop at harvest or in storage have
also been reported to be less severe after a mid-summer application of
daminozide. The mechanism by which daminozide enhances color
development in fruit is not clear. In apple, daminozide will inhibit ethylene
production by blocking the conversion ofmethionine to aminocyclopropane­
I-carboxylic acid (24), and delay the appearance ofthe respiratory climacteric
(35). This will permit a delay in the harvest date and perhaps allow
anthocyanin production to continue for a longer time before harvest. In some
cases, however, daminozide will not only accelerate color production, but also
stimulate the production of greater amounts of anthocyanin in the apple skin
or the flesh of cherry, therefore, suggesting a more direct effect of the
compound on pigment synthesis. Faust (19) has shown that anthocyanin
production in apple is associated with increasing activity of the pentose
phosphate pathway in the catabolism of carbohydrate, whereas See and Foy
(53) found that daminozide inhibits succinate dehydrogenase activity in
isolated mitochondria. Perhaps by inhibiting Krebs cycle activity, greater
carbon flow occurs in the pentose pathway, which forms the essential
precursors for anthocyanin. In isolated apple skin discs, however, it was not
possible to demonstrate a shift in carbon metabolism to the pentose pathway
or increase anthocyanin production in the presence of daminozide (22).

Induction offlower budformation
Both apple and pear trees do not generally come into full production

until the trees are at least 5 years of age. Flowering can be stimulated in
young trees by daminozide application. Increasing return bloom of mature
trees will also occur after daminozide application in apple, or chlormequat
chloride treatment of pear. The growth retardants decrease shoot elongation
in fruit trees, and perhaps by inhibiting vegetative growth, flower bud
initiation is promoted.

Controlling tree size
Paclobutrazol and other triazole analogs are probably the most effective

compounds found to date for controlling shoot elongation in fruit trees (57).
Controlling tree size with these compounds will be an effective way of
maintaining tree height for maximum spraying and harvesting efficiency in
conjunction with modern pruning practices such as summer mowing of the
tree canopy. Growth of woody landscape plants may also be effectively
controlled using the triazoles, paclobutrazol and uniconazole (32). This
practice is particularly useful during nursery container production.
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ABSCISIC ACID

There are no practical uses of abscisic acid (ABA) because of the high cost
of synthesis and its instability in UV light. However, given the effect ofABA
on abscission, donnancy, and transpiration, syntheticABA analogs might play
a significant role in crop production. The ABA analogs LAB 173 711 and
LAB 144 143 are acetyleneacetal-type compounds that have been found to
reduce water use in crop plants (51), increase cold hardiness (20), and delay
flowering in peach (21).

CYTOKININS

Benzyladenine (pro-Shear) is used on white pine to increase lateral bud
formation and subsequent growth and branching, while
tetrapyranylbenzyladenine (Accel) is registered for use on carnations and
roses for increased lateral branching. Promalin, a mixture of benzyladenine
and GA417, is used to control fruit shape in 'Delicious' apple. High
temperature during the bloom period will often reduce the length to diameter
ratio resulting in rounder fruit, uncharacteristic of the more nonnally
elongated fruit of this variety that consumers expect. Promalin applied at
bloom will increase length to diameter ratio of the fruit (69) (Fig. 7).
Increased fruit size may also result from treatment.
Promalin is also being used to increase lateral branching in non-bearing

apple trees. Young trees typically have a strong, vigorously growing central
leader with a few upright growing branches. For fruit production, this is an
undesirable tree shape and mechanical devices are used to force the lateral
branches to grow more horizontally. Promalin will stimulate branching and
increase the branch angle, as well as increase shoot elongation, all of which
aid in the development of a scaffold branching system more suitable for fruit
production.

Fig.7. Effect of PromaIin
(below) on fruit shape of
'Mutsu' apple. (Photo
courtesy oflA. Hopfinger).
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NnSCELLANEOUSCOMPOUNDS

Maleic hydrazide
Maleic hydrazide has been used since the 1950s for tobacco sucker

growth control, the prevention of bud sprouting in onions and potato, and for
the control of turfgrass growth. At one time, maleic hydrazide accounted for
almost 90% of the sales of plant growth regulators.
In tobacco production, the terminal bud is removed from the plant after

a selected number of leaves has been produced. This practice, called topping,
increases the size, weight, and quality of the cured leaf. Axillary buds, which
develop as a result of topping, will reduce the effect of terminal bud removal
on leaf yield and quality. Maleic hydrazide will provide excellent control of
axillary bud growth when applied as a foliar spray to the upper two-thirds of
the plant, after terminal bud removal (46).
Maleic hydrazide is also used to control storage sprouting of onions and

potatoes. The compound is applied as a pre-harvest foliar spray, since it is
rapidly translocated to the storage organs. Maleic hydrazide inhibits cell
division in a wide range of plants, and the ability of the compound to be
translocated to meristematic tissue probably accounts for the effect of the
compound on axillary bud growth in tobacco and the sprouting of tubers and
bulbs (42). Maleic hydrazide is an analog of uracil and may inhibit cell
division by reducing nucleic acid biosynthesis in shoot and root meristems.

Citrus abscission agents
Several abscission agents are being developed for the mechanical

harvesting of oranges intended for processing use rather than fresh market.
The products, Release (5-chloro-3-methyl-4-nitro-I-pyrazole) and Pik-Off
(ethandiol dioxime), induce abscission by causing superficial injury to the
rind of the fruit (30). Wound ethylene is synthesized and presumably is the
cause of the reduction in fruit removal force. Application of ethephon to
trees with mature fruit will also induce abscission, however, significant
defoliation often will occur with this chemical.

Sugarcane ripeners
One of the more useful compounds for increasing yield in sugarcane is

glyphosine, which in Haw~ii, has increased sucrose yield by 10-15%. The
herbicide glyphosate, an analog of glyphosine, is also effective, and lower
rates of application can be used. Glyphosine will decrease terminal growth
of the cane, and other workers have shown that removing the upper leaves of
the stalk increases sucrose translocation from lower leaves into the stem and
ripening joints (27). In addition, these compounds apparently alter the
partitioning of carbohydrate in the sugarcane internode. More carbohydrate
goes into sucrose storage at the expense of fiber production (44).
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Colton defoliants
The organophosphate compounds DEF and Folex are used as leaf

abscission agents before mechanical harvesting of cotton. Two new
compounds are being evaluated for this purpose. Dimethipin (2,3-dihydro­
5,6-dimethyl-l,4-dithiin-l,1,4,4-tetraoxide) and thidiazuron (1-phenyl-3
(l,2,3-thiadiazol-5-yl)urea) induce defoliation and provide control of
regrowth vegetation after leaf abscission.

FUTURE PROSPECTS

Most of the uses for plant growth regulators increase crop yield or quality by
modifying plant development through the hormone system, either by blocking
the synthesis or action of a hormone, or by supplementing its supply at a
given time. It may be possible, however, to directly affect plant metabolism
and increase crop yield by modifying key physiological processes such as
photosynthesis, nitrogen fixation, mineral ion uptake and senescence (52).
Increasing photosynthetic efficiency by reducing photorespiration could

potentially increase dry matter production. Inhibitors ofphotorespiration have
been identified, unfortunately net photosynthesis has not been increased by
these compounds. Altering assimilate partitioning may be another approach
to increasing the efficient use of photosynthates. Certainly hormones such as
IAA and GA are known to stimulate assimilate translocation to the site of
application ofthese compounds, although no practical use ofthis phenomenon
has been made. Nitrogen fixation requires large amounts of energy and is
often limited by photosynthetic capacity. Growth regulators to improve
nitrogen fixation efficiency could greatly affect crop yield as would
compounds capable of increasing the efficiency of mineral ion uptake by the
root system.
Controlling plant senescence also offers potential for yield increase. It

may be possible to delay leaf senescence so that more of the growing season
could be used for crop growth, in addition to inducing senescence for the
remobilization of nutrients and assimilates at times when the potential for
seed or fruit growth is high.
Other areas of active research include the search for chemical hybridizing

agents, which can induce male sterility in crop plants, facilitating cross
pollination and the development of hybrid seeds. Herbicide antidotes have
also been discovered. These compounds reduce the toxicity of the herbicide
to the crop plants, but not the weed, therefore, allowing increased selective
use of currently available compounds in a greater variety of weed crop
situations.
Despite considerable advances in our understanding of basic

physiological processes that affect crop growth, and the identification of
potentially useful experimental compounds, there have been only a few new
growth regulators registered for use in the last 5 years, and most of these,
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such as the triazole growth retardants, have been for non-food crops
exclusively. The reasons for sluggish growth in this field are economic and
sociological rather than scientific. Research costs are high because many
compounds must be screened to obtain a potentially useful product.
Development time is long because extensive testing is required to determine
efficacy, toxicity, and environmental persistence. In addition, the chemical
phobia of the general public has caused the agrichemical industry to become
reluctant to invest in new products. The growth regulator daminozide (Alar),
for example, was removed from registration for food crops in the US because
of unsubstantiated claims of carcinogenicity, and was not reinstated, despite
the findings of a National Science Foundation review panel that the
compound posed no health risk to the general public. The profitability of
growing apples, especially in the eastern part of North America, has been
reduced due to increased preharvest drop, rapid fruit softening, and poor color
development in varieties such as 'MacIntosh'. Moreover, fruit removed from
cold storage is often of lower quality.
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INTRODUCTION

Identification and characterization of the role of hormones in plant growth
regulation has been closely linked to studies on development in vitro. Aseptic
culture techniques, and the use of hormones in nutrient media that usually
goes with it, are now more widely used than ever in basic and applied
research (39). Several categories of hormone are recognized, but search for
new growth regulatory molecules continues and inevitably new categories will
be erected. In all this, study of the identity, effects and mechanism of action
of hormones will rely heavily on in vitro techniques.
The first successful in vitro cultures were of excised root tips and study

of roots in aseptic culture continues, especially to foster specialized
biosyntheses (7, 48). Somewhat after the initial successes with root tip
cultures, it became possible to grow callus derived from storage organ
explants or the cambial region of woody species. Cultures grew slowly and
the stimuli to cell division generally entailed use of auxins such as
indole-3-acetic acid (IAA) or naphthaleneacetic acid (NAA) in otherwise
simple media comprised of mineral salts, a reduced carbon source (usually
sucrose) and a few vitamins, especially thiamine (31).
Progress was made when it was shown that one could foster vigorous

increase in the level and rate of cell division in carrot storage root explants
on addition of natural fluids, e.g., liquid endosperms like coconut water, to
the culture medium. This discovery was significant because the explants did
not include cambium, and this implied that quiescent cells could be stimulated
to divide. In fact, the carrot root plugs were very small and excision was far
enough away from the cambium to guarantee that the component cells would
have stopped dividing (31).

Tobacco stem explants containing bits of vascular cylinder as well as
pith required only auxin as an additive to the culture medium to achieve
significant callus growth. When pith explants without vascular tissue were
tested, they would not grow well unless complex additives such as yeast or
malt extract, or coconut water were supplied in addition to an auxin. This
work opened the way to the discovery of kinetin. It soon followed that
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kinetin in the presence of IAA or a synthetic substitute could bring about cell
division in tobacco and a number of other species in a completely defined
medium (31).
Simultaneous appreciation of the complexity of growth requirements of

tissues in vitro came about from studies on crown gall tumors. Proliferative
growths on stems, such as those of tobacco, sugar beet, kalanchoe and
periwinkle could be initiated by inoculation with Agrobacterium tumefaciens.
The time that the crown gall bacterium was allowed to remain in contact with
the tissue prior to its elimination by an appropriate heat (or antibiotic)
treatment determined the complexity of the additives needed in a culture
medium to sustain the proliferation when explanted. The basis for this is that
during tumor induction, the bacterium transfers specific genes into the plant
cells where these genes enter the nucleus and integrate into the nuclear DNA.
The more fully transformed the plant tissue, the more autotrophic it is. Thus,
crown gall tumors can be maintained on a simple medium of mineral salts
and a carbon source since they are synthesizing their own growth substances
(28).
So-called minimal media without phytohormonal additives only

occasionally serve, however, as a vehicle to sustain rapid growth of explants
of normal tissue. Growth stimulating substances may be supplied in the form
of natural fluids like coconut water which contain auxins, cytokinins,
gibberellins and sugar alcohols like myo-inositol, or as known chemical
compounds (31). In either case, the guiding principle is that in vitro (and in
situ) one requires at least two systems to be operative. One involves auxins
and the other cytokinins. The extent to which this classic view now needs to
be modified or amplified will emerge in the course of this chapter.

ASEPTIC CULTURE SYSTEMS

"Tissue culture" has evolved to signify the in vitro culture of virtually any
plant part at any level of organization (39, 50,68). This includes protoplasts,
cells, callus, excised organs and even whole plants. Precise designation of
what is being cultured and why, thus becomes very important, for in this way
one communicates the strategies a tissue culturist might adopt. Since this
determines which (and the way) growth regulators are used, it will be useful
to review some culture techniques.

Embryo Culture

Since the early 1920s it has been possible to facilitate growth, otherwise
unobtainable or erratic, of certain embryos in aseptic culture. In some cases,
embryos with poorly developed food reserves do not germinate because they
are dependent on an external nutrient source (43). For instance, orchid seeds
contain a very small embryo comprised of a simple cell mass (3). The
embryo is dependent upon exogenous sugar, provided in nature by a

775



Hormones in tissue culture and micropropagation

symbiotic mycorrhizal relationship, to germinate. In the case of the
Makapuno mutant of coconut, erroneously regarded in the past as an embryo
lethal mutant, lack of galactomannan-degrading enzymes in the endosperm
results in deficiency of nutrients and energy for the embryo (57), but embryo
rescue permits germination (33, 34). Another example where embryos fail
to germinate involves the formation of inhibitors in the seed. Here embryos
often germinate only after an appropriate period ofdormancy or leaching. In
plants like iris one can eliminate both the dormancy requirement and the
effect of germination inhibitors that may be present in the seed by excising
embryos and rearing them to a size sufficient for independent growth in
sterile culture in the absence of the chemical constraints. Embryo rescue has
become widely adopted (54). The growth regulators used must foster normal
growth if the strategy is to be effective. This means no callus (4).

Meristem, Shoot, or Stem-Tip Culture

Excised shoot apices of the orchid Cymbidium when appropriately cut and
grown in aseptic culture, produce protuberances which resemble normal
protocorms that can grow to plantlets (3). In the 1960s this provided a
dramatic impetus for the further development of procedures for multiplying
and maintaining a variety of plants in aseptic culture (31). Shoot tip cultures
from many other plants are now exploited in the obtaining, maintaining and
multiplication of stocks. In some cases, a single plantlet is generated from
a cultured shoot tip; in others, multiple shoots can be stimulated by addition
of appropriate levels of cytokinin. As long as development of shoots
emerging from the proliferated area at the base of a shoot tip explant can be
maintained at a rate consistent with their removal by excision, an "open­
ended" system is achieved (71). One tries to maintain a hormone balance,
frequently higher in auxin, which favors the continued formation of
undifferentiated growth that can organize and develop in culture by
subsequently adjusting the medium-- usually by increasing cytokinin or
lowering auxin. As these shoots (with or without roots) are removed from
the proliferating mass and are transferred to an environment or different
medium conducive to root production and growth, say auxin-rich (10), new
proliferations grow to replace them (68, 71).
A variation on this theme involves the stimulation of precocious axillary

shoots in profusion when stimulated by cytokinins. Since axillary shoots can,
in tum, produce additional axillary branches as each newly formed shoot is
subcultured, the method is a good one for rapid clonal multiplication. It has
been applicable to species ranging from herbaceous foliage plants to bulbous
monocotyledons and woody species (68, 71).

Other Organ Cultures

When we understand better what developing organs receive in terms of
stimuli and nutrients from the rest of the plant, and are able to recreate the
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environment in which they originate in situ, we should be able grow them
separately, and, if not from their initiating cells, then from their primordia.
For some years now, the achievements of classical organ culture have applied
more to roots than other organs. Leaves and fruits only occasionally reach
significant size in vitro (31).

Anthers and Ovules as Sources of Haploid Cells

In the mid-1960s, cultured anthers of several plant species were shown to be
capable of yielding haploid somatic embryos (31, 54). Cultures can be
initiated from anthers containing immature pollen grains, i.e., microspores
prior to the development of the mature male gametophyte. In tobacco, for
instance, the vegetative nucleus divides to give rise to the proembryo while
still within the original wall of the pollen grain. The process, androgenesis,
has potential for raising haploid plants and presents considerable benefits to
plant breeders and geneticists. Homozygous diploids can be raised by the use
of colchicine or by taking advantage of the fact that many cultured cells and
tissues spontaneously undergo endopolyploidization. Androgenesis generally
does not involve use of exogenous hormones to initiate the system, and
presumably they produce what they need. It is a matter of catching them at
the right stage (4, 25). Gynogenesis, the process whereby haploid somatic
embryos are produced in vitro by induction of haploid tissues from the female
gametophyte, is not so technically advanced as androgenesis, and generally
involves more complex media (4, 25).

Protoplast Cultures

Enzymatic isolations, en masse, of viable, wall-less cells (protoplasts) have
been familiar since 1960 (31). Cellulases and pectinases, generally derived
from certain wood-degrading fungi, capable of dissolving the intercellular
components and cell wall, are used to produce protoplasts from different
plants and organs and from their cultured tissues and cells. With reconsti­
tuted walls, they are able to divide, proliferate and in some instances,
eventually yield plants (52). In still other cases, fusion of protoplasts may
lead to non-heterokaryotic nuclei and the production of reconstituted cells
from which new plants can be regenerated. If the protoplasts were from
haploid cells (as from anther or ovule culture) new diploid cells could be
produced in a sort of artificial syngamy (parasexual or somatic hybridization).
In select cases one might exploit the methods in the production of novel
plants, even between evolutionarily disparate organisms, by fusion breeding
techniques (50). Successful regeneration of plants from protoplasts can also
have value in the implementation of genetic engineering/transformation
studies (4, 39, 50). The hormonal requirements for regeneration, chemical
composition and biochemical activity of wall are not understood (59) and
regeneration media are often complex (52). Once walled cells are formed,
the cells are grown in the way specific for the plant.
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USE OF AUXINS, CYTOKININS, AND OTHER GROWTH
REGULATORS FOR CALLUS INDUCTION AND MAINTENANCE

Auxins

Auxins cause cell enlargement and elongation but in excised, cultured systems
they may promote cell division. Because of their relative stability and ability
to withstand autoclaving, synthetic auxins are extensively employed. The
most commonly used are 2,4-dichlorophenoxyacetic acid (2,4-D),
I-naphthaleneacetic acid (NAA) and indole-3-butyric acid (lBA). There are
also many compounds which are derivatives of the chioro substituted
phenylacetic or phenoxyacetic acids that have found application (4). In some
cases, compounds which are not strictly auxins, such as dicamba
(3,6-dichloro-o-anisic acid) (23) or picloram (4-amino-3,5,6-trichloro­
pyridine-2-carboxylic acid) (both of which, are herbicides at higher
concentrations), are used as auxin substitutes (24).
The use of auxins in tissue culture is an art and rarely can one specify

a particular concentration to be used in any single case. There is an extensive
literature on the initiation of cultures of various plants or cultivars (4, 39, 50).
One of the best examples of a nominally pennanent change in auxin

requirement of a culture is that of "habituation" to auxin. Here, tissues that
originally required an exogenous auxin for growth, gradually or suddenly lose
this requirement (41). (The same applies to cytokinins (60).
In many instances, addition of anyone of the auxins to a basal medium

may be enough to initiate and sustain callus growth. Therefore, one
ordinarily uses a single auxin at a time but it can be helpful to use more than
one auxin simultaneously in recalcitrant cases (32). Tissue culture of
monocotyledons, particularly of cereals and palms has been achieved in some
cases through rather high levels of synthetic auxins like 2,4-D. The levels
used would ordinarily be considered to be toxic, but organized centers of
growth in the absence of exogenous cytokinin may be achievable, and
development progresses (either production of somatic embryos or adventitious
organs) when the auxin is removed or lowered in the medium (33, 34).
There is some evidence that growth of cultures can be stimulated or
modulated by addition of substances that regulate the level of endogenous
IAA. For instance, catecholamines like dopamine which inhibit IAA oxidase
activity and thus prevent IAA oxidation can promote growth of tissue and
organ cultures (51). Inhibitors of auxin synthesis like 5-hydroxy-nitrobenzyl
bromide (HNB) and 7-azaindole stimulate somatic embryogenesis in
habituated citrus callus (30). Phenolic anti-auxins or auxin antagonists like
trans-cinnamic acid, transport inhibitors like 2,3,5-triiodobenzoic acid (TIBA)
(4, 20) and N-(1-naphthyl)phthalamic acid (NPA) (58), 2,4,6-trichloro­
phenoxy acetic acid (2,4,6-T) (44), andp-(chlorophenoxy)-2-methyl propionic
acid (CMPA) (17, 66), can affect morphogenesis and embryogenesis in
addition to having effects on growth (1, 58).
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Cytokinins

Kinetin and zeatin, which is about 10 times more potent and long considered
the prototype of the naturally-occurring cytokinins, are both routinely used in
tissue culture. Dihydrozeatin, also naturally occurring, is not widely used.
The synthetic N6-benzylaminopurine (BAP) is much more widely used than
either kinetin or zeatin (4, 50). N6-A2-isopentenyl adenine (2iP) is also
widely used. Not surprisingly, whatever is active, readily available and least
costly is employed. When tested in the carrot root phloem or tobacco pith
assay, any of these cytokinins are active, but only in the presence of an auxin.
In those cases where an exogenous auxin supply is not needed, it is assumed
that the system is synthesizing its own auxin.

Cytokinin-like compounds

The substituted phenylureas comprise another class of substances active as
cytokinins. The ability of N,N'-diphenylurea, first isolated from coconut
water (although there is a likelihood that it was actually a contaminant picked
up during the purification), and related compounds to substitute for
cytokinin-active adenine derivatives can be demonstrated in several callus
culture bioassay systems, although the levels needed are somewhat high (5,
31). Particular phenylurea derivatives such as N-phenyl-N'-4-pyridylurea are
as active as zeatin, or even more so, but because they are not readily
available, they are still not extensively used. Thidiazuron (N-phenyl-N'­
1,2,3-thiadiazol-5-ylurea), used commercially as a cotton defoliant due in part
at least to its ability to stimulate ethylene production, is but one example that
shows considerable activity in both callus assays showing cytokinin­
dependence and in the fostering of shoot bud initiation and proliferation in
vitro (15). Thus, although they are more widely used, adenyl cytokinins are
but one class of substance active in cell division. One example of many other
substances with considerable cytokinin activity that emerge when looked for
is dihydroconiferyl alcohol (originally identified from bleeding sap of Acer
pseudoplatanus and maple syrup and now shown to be widely occurring). It
is active in various callus assays, albeit at concentrations considerably higher
than those normally viewed as consistent with being classified a cytokinin
(46). Another, less satisfying example, is the amino acid S-lathyrine, from
the legume Lathyrus, which although active in the soybean callus growth
assay, and even pj)tentiates kinetin, is inactive in other standard callus assays
(53). Leucoanthocyanins and other phenolics (perhaps acting as auxin
protectants?) provide yet other examples (42).
Liquid endosperms can be pivotal in specific culture systems and in those

cases can rarely be substituted for with completely defined media (31). Also,
the device of using "conditioned" medium (i.e., in which prior growth has
occurred) to facilitate growth of protoplasts, cells and other tissues indicates
a role for various other growth promoters, some ofwhich are large molecules
and active in small amounts (12, 57). Similarly, the device of using "nurse"
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cultures and "feeder" layers of cells which are alive but cannot divide (be­
cause of X-ray inactivation etc.) to nourish protoplasts and/or cells all
emphasize that we do not have an adequate understanding of the full
nutritional or regulatory needs (31, 41), which indeed are not limited to small
molecules (13).

Gibberellins

Despite the wide ranging physiological effects of gibberellins, their addition,
primarily as GA3, to culture media has only been minimal (18, 45). In some
cases like the carrot root bioassay, they result in cell divisions rather than
enlargement (31). Anti-gibberellins have attracted more attention as additives
(72).

Abscisic Acid (ABA)

ABA slows growth and moderates the effects of cytokinins and auxins. It can
bring about a more normal progression of somatic embryo development
especially when hormone production has been perturbed and there is too
much callus. It also prevents precocious germination in somatic embryos (2,
and see Chapter G10).

Ethylene

Ethylene (both normal and stress metabolism-derived, or even from synthetic
precursors such as ethephon, [2-chloroethylphosphonic acid; CEPAD, and air
pollutants from hydrocarbons (frequently associated with emissions from
sterilizer flames or burners), are generally viewed as noxious substances that
should be avoided in the in vitro environment, be it in culture vessels or
laminar flow hoods (4, 68). Use of ethylene inhibitors such as silver nitrate
or sulfate, cobaltous or nickel chloride, and aminoethoxyvinylglycine (AVG)
or salicylic acid supposedly increase shoot regeneration and somatic embryo
production, but results are contradictory (40). Ethylene is all pervasive, and
effects such as acceleration of the breakdown of cytokinins and subsequent
stimulation of rooting in some systems is but one example of importance to
tissue culturists (10). In daylily (Hemerocallis) cultures, elevated ethylene in
the culture vessel fosters a mature phenotype, whereas lower levels produce
juvenile forms (63).
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CYTOKININ-AUXIN RATIOS AND ADVENTITIOUS
ORGANOGENESIS FROM INTACT ORGANS AND CALLUS
CULTURES

Study of the interaction of kinetin and auxin in cell division in the excised
tobacco pith system showed that manipulating auxin:cytokinin ratios can
effect organogenesis. When the level of auxin relative to that of cytokinin
is high, roots form; when cytokinin relative to that of auxin is high, shoots
form. When the ratios are about the same, a callus mass is produced (4, 50).
The device of adjusting auxin:cytokinin ratios to induce shoots and roots is
now a well-established procedure.
In the so-called "indirect organogenesis" route for multiplication in vitro

(4, 71), the strategy is to induce a callus by whatever means, stimulate shoots
on the callus, and then remove the shoots and root them (cf. Table 1). Each
of these steps may not be discrete or synchronous and the levels of the
needed exogenous hormone are different. For example an auxin, or an auxin
and a cytokinin, might be needed to establish a callus; then a higher level of
cytokinin relative to auxin might be needed to stimulate shoot buds and then,
only an auxin might be used to induce roots on the separated shoot. The

Table 1. trategies for Multiplication of Higher Plants In Vitro

timulation of indirect organogenesis
adventitiou shoot andlor root formation on a callus

Stimulation of direct organogenesis
adventitious shoot andlor root formation on an organ or tissue explant without an
intervening callus

Use of shoots from terminal, axillary, or lateral buds for precocious branching and
multiple bud formation
shoot apical meristems (no leaf primordia present)
hoot tips (leaf primordia or young leaves present)
buds
nodes
shoot buds on rools

Stimulation of somatic embryogenesis
direct formation on a primary explant
indirect formation from cells grown in suspension or semi-solid media

Stimulation of direct plantlet formation via an organ of perennation formed in vitro

Implementation of micrografting

Ovule culture

Embryo rescue

Mega- and microspore culture

Infection with a crown gall plasmid genetically altered to give teratoma·like tumors
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same principles apply in "direct organogenesis" (Table 1). The nominal
difference is that minimal, if any, callus is involved in the proliferation of
organized structures. These form adventitiously "directly" on an explanted
organ (4, 71). The shoots are removed and root formation is fostered with
auxin. But there are still many instances where morphogenesis cannot be
induced despite use of elaborate protocols. Even in Nicotiana manipulation
of auxin and cytokinin ratios is not equally effective among the many species
and varieties. The "model" system for the classic relationship is the
Wisconsin 38 strain of the 'Havana' cultivar of N. tabacum. Many plants
respond to manipulation, however, and commercialization has been possible
in a range of horticultural cultivars (31, 71).
Regimens for the regeneration of plants from cells or from protoplasts

fit into the principles outlined here. Small cell clusters, obtained either
directly from liquid cultures or from small pieces of callus produced first on
semi-solid medium, are plated in semi-solid media. These are then provided
with a sequence of hormones (or their withdrawal) to induce or foster
progression of morphogenesis (4, 31, 39).

HORMONES AND SOMATIC EMBRYOGENESIS

Many tissues comprise cells which can be induced in vitro to an embryogenic
state by the use of auxins such as 2,4-0. This was first noted in carrot and
other umbellifers (36), and extends to an expanding list of species. Cultures
of very early stage somatic embryos can proliferate indefinitely without
further progression to later stages of embryo development. Frequently, these
early stage embryos, variously referred to as proembryos, preglobular stage
embryos, embryogenic masses or units etc., release into the medium by
budding numerous immature somatic embryos. When these early stage,
minimally developed, embryos pass through later stages ofembryo ontogeny,
they ultimately grow into plantlets that develop and reproduce. Thus, at least
some cells of the plant body can be induced to express the full information
present in the zygotic nucleus and they can be multiplied and sustained in this
embryogenic state through serial subculture. Such cultured cells provide
valuable material for the investigation of hormonal stimuli and other factors
that modulate development (2, 4, 6, 31).

Carrot somatic embryos were first obtained in suspension cultures
supplemented with coconut water (31), but it was later learned that coconut
water was not required for the process and that an auxin such as 2,4-0 or
NAA could be used for induction (36). Most protocols, whether carried out
in liquid or on semi-solid medium, now involve the exposure of an explant
to a synthetic auxin such as 2,4-0, NAA, picloram or dicamba. This initial
stage of culture is critical for right at the outset responsive cells become
induced to express their embryogenic capacity. The cell division rate of
induced cells may be slow at first, but populations of cells are conserved and
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their numbers increased. Early stage somatic embryos or preglobular stage
somatic embryos are easily recognized by their generally dense cytoplasmic
contents and general absence of vacuolization. They can be sustained in this
embryogenic state for varying periods (36). The removal or drastic lowering
of the level of the exogenous auxin leads to the continued development of
preglobular stage embryos and their progression through various stages of
embryogenesis. (Addition of cytokinin reduces somatic embryo production
(37». The proembryos can further pass through later stages of development,
e.g., in a dicotyledonous species the heart stage, the torpedo stage, the
cotyledonary stage. All stages, but especially the cotyledonary forms, may
be reared to mature plants. Evidence that normal development in
embryogenic cultures is modulated by the presence of a variety of growth
factors and environmental parameters is quite strong (2, 36). More striking
is the evidence that the type of growth--by cell division or enlargement,
normally or abnormally organized, or unorganized--is dependent upon their
balanced effects and interaction with the external environment. In some cases
the production of somatic embryos within a suspension occurs at high
frequency, but in others imperfectly or not at all. Occasionally, when the
expression of the developmental program is imperfect (22), one gets abnormal
forms resembling embryos but which are not capable of further growth. I call
these neomorphs. That the cells of neomorphs may be redirected is indicated
by the fact that neomorphs can be treated in vitro, and, when the proper
inductive and permissive sequence and environment is supplied, normal
somatic embryos develop (62).
Long term sub-culture of embryogenic cells is frequently accompanied

by a loss of their ability to progress. Similarly, the smaller the unit size of
embryogenic cells that are tested for their ability to progress through all
stages of embryogenesis, the greater is their requirement for exogenous
growth-promoting substances, proper osmotic environment and, in some
cases, environmental stimuli such as darkness etc. (6, 36).
There remain a number of species, however, in which

theoretically-existent embryogenic (or even organogenic) capacity has not
been demonstrated. Even when a system works, there may be a problem of
mixed response and yield, for many cells do not develop but merely
proliferate. Others do not grow at all. But even in those cases where
expression of competence is realized relatively easily, in no case is the growth
uniform, much less synchronous, and virtually never is the yield 100%. For
example, while many small preglobular stage embryos progress to the
globular stage, and these may proceed to the heart shaped stage, torpedo stage
and cotyledonary stage and thence to a plantlet, there are variations on this
pattern and the earliest stages are especially vulnerable to perturbation.
Somatic embryo production has earned an increasingly important place in
research (2, 6, 36) in in vitro propagation (55).
Some investigators distinguish between an indirect route of somatic

embryo formation and a direct route (the process described in some detail
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here). Semantics and ambiguity of such terminology aside, the direct route
would involve formation of embryos, without involvement of an
undifferentiated callus stage (Table 1). In cultures which are already induced
by use of auxin etc., the procedure is to remove the auxin, and the early stage
somatic embryos continue developing in an essentially basal medium (2, 36).
In direct somatic embryogenesis, auxin is added and the embryos develop and
may even progress and mature in the presence of the hormone if its level is
sufficiently lowered by metabolism etc. (39). The significance of all this for
our discussion of hormones is that induction and expression of competence
are not readily separable in the laboratory into two discrete phases and the
literature is frequently confused on this point. It is generally stated that
induction occurs after a callus forms; in fact, the so-called "callus" is more
often a mass of embryogenic tissue that is prevented from progressing
through later stages of embryogenesis! Finally, direct somatic embryogenesis
may provide an avenue for true cloning of plants since chances for change in
genotype are presumably minimized (4,31,49).

MICROPROPAGATION OR MULTIPLICATION USING
PRE-FORMED OR ORGANIZED PROPAGULES

Meristem, shoot- or stem tip, node, axillary, or lateral bud culture

Micropropagation was originally defined as any aseptic culture procedure
involving the manipulation of organs, tissues or cells that produces a
population of plantlets by bypassing the normal sexual process or non-aseptic
vegetative propagation (4, 71). In practice, stem tips and lateral buds are the
most commonly used starting point (71). Use of callus, cell cultures or other
of the more labor-intensive approaches listed above rarely comes to mind
when the word micropropagation is used.
Familiarity with the morphology of any given plant is the first of several

prerequisites to successful manipulation of organized propagules in Vitro.
Plant biologists appreciated long before aseptic culture came into laboratory
practice that the development of the higher plant body involved the
suppression of many, and the development of relatively few, existing or
potential primordia. Production of new growing regions, organs and even
new plants are held in check by correlative influences and inhibitions (31).
IAA or IBA were early used to induce root formation on cuttings (11). The
key feature of micropropagation via precocious axillary branching, however,
directly arose out of the early work on kinetin. Wickson and Thimann (70)
were taken by the possibility that kinetin might well exert an effect on the
development of buds, not just their initiation as had been suggested by the
work of Skoog and Miller (3, 31). Figure 1 summarizes the obsetvation that
cytokinin can antagonize the inhibitory effect of auxin on lateral bud
elongation. One is essentially manipulating the variable tendency for a shoot
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Fig. 1. Interactions of auxin and kinetin in lateral bud growth of pea. a) bud elongation is
immediately inhibited by 4mg/1 IAA 24 hours after excising them from the parent plant. The
elongation is slightly retarded but thereafter growth is the same or slightly faster than the
control. This indicates that if auxin supply is interrupted, the laterals begin to grow; b) the
inhibition of bud elongation by IAA is completely reversed by 4mg/1 kinetin; c) the level of
kinetin needed to overcome inhibition of lateral bud growth by auxin increases as the
concentration ofauxin increases. Note that the level of kinetin needed to overcome inhibition
when auxin is provided at 1.3 and 5 mg/l is roughly equal. (From 70).

apex to exhibit apical dominance over the lateral buds.
Some view it as helpful to segregate the sequence of events associated

with the multiplication process into stages as follows: 1 - establishment stage,
II - shoot multiplication, III- rooting.
Specific media or culture conditions have become associated with each

of these stages for a given species and viewing the problem in this orderly
fashion can be useful in developing a strategy or interpretation of data. But
one should not assume that these stages are causally associated with a
particular hormonal regimen. Also, the stages are not always temporally
discrete. Three stages (I, II, III) of in vitro propagation were initially
conceptualized (71) but a fourth stage (IV), "final transfer to the natural
environment", is now an integral part of the process. Moreover, a pre­
establishment stage "0", involving selection of the mother plant and adoption
of a program of pre-treatment to render any given protocol to be workable in
the first place (4, 31, 71), emphasizes micropropagational strategy as a
process, not an event.
Procedures, mainly reporting the levels of added hormone and sequences,

and reminiscent of "recipes" for in vitro regeneration or multiplication,
remind one that this aspect of the field continues to be empiric (4, 68). Here
again, even when plants can be multiplied by the forcing of precocious
axillary branching with cytokinins (Fig. 2), not all plants respond equally well
and there are many where an acceptable methodology still needs to be
developed (32).

It generally holds that the smaller the primary explant, the greater the
difficulty encountered in the establishment of growth and the promotion of
shoots. One can, of course, resort to using a large shoot tip explant to
minimize constraints brought on by starting with an apical meristem, but there
are many situations, such as obtaining of virus-free stock, where the
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I c)

Fig.2. Diagrammatic scheme ofmultiplication ofSapium sebiferum, a woody member of the
Euphorbiaceae. The strategy is similar for many other plants where precocious axillary
branching is to be stimulated. a) a young branch with lateral buds from a mature, tested tree;
b) close-up of the lateral bud; c) primary explant comprising a single bud; d) precocious
branches formed by bud break and; e) a culture with a well established but compact branching
system; f) a rooted plantlet. (From Krikorian and Kann (1987), In: Tissue Culture in Forestry,
3, 357-369. Martinus Nijhoff, The Hague.)

meristematic dome is the preferred starting material (69).
The points of strategy in tenns of honnone use in each of the stages of

micropropagation are: Stage 0 involves bringing the donor plant to a vigorous
stage of growth. This means selection of material at the right time of year
so that endogenous inhibitors provide no obstacles. Breaking of donnancy
by growth regulator treatment may be necessary. Increasing light or even
etiolation in some cases is useful. Stage I involves design of media to
stimulate bud or shoot primordia initiation and development, or to stimulate
precocious axillary bud break and development. Here cytokinins and auxins
may be supplied, but if the system is synthesizing adequate auxin (or
cytokinin) then only a cytokinin (or auxin) may be necessary. Occasionally,
a low level of GA3 may be useful since it will pennit some extension growth
and allow the system to be managed better. Stage II involves increasing or
sustaining the level of bud production or precocious branching. This is
generally achieved by increasing the cytokinin level, but it may be preferable
to opt for a lower multiplication rate by use of low levels of cytokinin, since
too rapid an increase may lead to genetic change (49). Indeed, it is
sometimes helpful to pulse a system intennittently with cytokinin between
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subcultures to modulate the branching patterns. There is also the process of
"vitrification" to be taken into account. Here the tissue in vitro becomes
"glassy" and succulent. While some consider this to be the result of
overexposure to high cytokinin, its real basis ir; unresolved (4, 71). It may
be that a compact multiple branched plant is desired and in that case there
may be little to be gained by pulsing. In plants where a uniform single stem
is preferred, such as forest trees, a system may profit by pulsing, combined
with use of a gibberellin to foster stem elongation. High light will tend to
keep internodes short. Stage III involves use of auxins to stimulate roots.
While this stage is generally done under aseptic conditions, it is possible in
many cases to carry this out ex vitro (71). The long established principles
that apply to rooting of cuttings in conventional propagation procedures (10)
apply here as well. Sometimes difficult-to-root species are easier to root after
in vitro shoot multiplication. Removal or leaching of "excess" cytokinin from
shoots is sometimes critical since they generally antagonize rooting.
"Flushing" of microcuttings can be carried out in a "blank" medium prior to
exposure to auxin (32). Systems known to be hard-to-root because of
endogenous inhibitors also profit by such flushing or any other means to
destroy or remove the inhibitor(s). Sometimes addition of activated charcoal
to the medium to remove excess hormone etc. is helpful but the level of
auxin must be increased to account for adsorption (3, 34). Striking or rooting
of cuttings is a demanding art in some cases; very easy in others. Some
investigators subcategorize Stage III by distinguishing between a Stage III
MC (microcutting) and Stage III MS (multiple shooted) (71). In III MC a
single microcutting is rooted; in III MS a multiple shooted cutting is rooted
and this gives a "bushier" plant. Stage IV involves full establishment of the
plant ex vitro. This requires skillful management but rarely involves added
hormones outside of what may be normally used for a particular crop, e.g.,
growth retardants to keep plants short.
The horticultural nature of the micropropagation process involving

precocious axillary branching is emphasized when seen in the context that
plants so multiplied originate from small cuttings (see Fig. 2). Indeed, certain
conifers have been manipulated with a combination of traditional and aseptic
culture strategies. This involves repetitive cytokinin treatment of the intact
tree at very high levels during periods ofoptimum growth so as to foster buds
or shoots (usually from latent axillary bud meristems at the base of a needle
cluster or at the apex of the fascicles). These forced shoots are juvenile in
morphology and in some cases resemble those of newly germinated seedlings.
They may be excised and further forced in vitro to produce additional buds
which in tum can be separated and rooted (31, 32).
Another example derives from the use of a micropropagational strategy

without the aseptic component. For example, leaf bud cuttings from cassava
prepared from field grown plants and rooted under mist have been calculated
as being able to yield 4,000,000 plants from a stock plant with 500 healthy
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leaves. As each propagated plant grows and produces additional leaves with
buds, new material is available for propagation (31, 33, 35).

MULTIPLICATION VIA ORGANS OF PERENNATION FORMED
IN ASEPTIC CULTURE

Some plants form organs of perennation in vitro. When this occurs one has
the means for multiplication at another level and it may well turn out that
direct planting or germ plasm storage of plants can be implemented by this
means (35). Potatoes can form miniature tubers, gladioli can form cormlets,
bulbils have been encountered in certain lilies, onion, narcissus, hyacinth,
Dioscorea (35) etc. and, of course, protocorms are produced by orchids (3).

OVERALL DISCUSSION AND COMMENTARY

The problems ofgrowth and development in vitro dictate that tissue culturists
be bound to an informed empiric approach. Attempts have been made to
show that the goals are not modest. One is, in essence, aiming to control
growth and development and it is a far cry from merely using the "correct"
levels of growth regulator (cf. 10)! Figure 3 indicates some of the points of
response in a system and emphasizes why one often resorts to exhaustive
media modification. Work on mutants (64), including hormone-resistant ones
(38), shows it will be possible to engineer plants to be more amenable to
regeneration in vitro, but it will take time.
It has been known for years that the growth regulators are only a part of

the picture, but their role is very significant even though it may not always
be direct (31). Work on embryogenic cultures of carrot shows, for example,
that upon withdrawal of 2,4-0, the release of several extracellular proteins
occurs; in the presence of 2,4-0 the level of protein is reduced or even
absent. Phytohormone thus controls the release of the appropriately
glycosylated proteins so that somatic embryogenesis can proceed (13). It
would be interesting to see if the same proteins are produced in embryogenic
carrot systems that are initiated via stress treatments such as insult with heavy
metal ions or oxidants like hypochlorite (29), Le. initiated and maintained in
the absence of exogenous hormone.
Still too little attention is paid to the role of components and parameters

of in vitro systems other than hormones (26). Figure 4 provides some
relationships between nutrition and various intra-, inter- and extracellular
activities as they relate to cell division, enlargement, and differentiation.
Embryogenesis and organogenesis, and their sensitivity relative to nutrition
and various other system activities like osmotic values, are key responses to
special signals (or an alteration or breakdown in signal processing). These,
in turn, derive directly or indirectly from what occurs at a given place at a
particular time (spatial and temporal responses). The high degree of
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Fig. 3. Some factors that affect the relationship between exogenous supply of a plant growth
substance and the response it elicits.

communication between intra- and extracellular functional activities is
represented by the dotted lines in Figure 4. The major paths for feedback and
regulation are suggested by dashed lines. This scheme emphasizes that there
are many points where complex interactions may occur. A major objective
for tissue culture workers is to define the points that control progression and
to evaluate how they interact and thus understand fundamental mechanisms
of action.

Attempts to draw relationships between the nature and level of
endogenous growth substances, culturability, and morphogenetic competence
have not proven very instructive either theoretically or helpful practically for
the very reasons implicit in Figure 4. The multiplicity of effects encountered
in growing systems is, in part, a consequence of interactions and various
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systems activities, are key responses to special signals. These in tum derive directly or
indirectly from what occurs at a given place at a particular time. The high degree of
communication between intra- and extracellular functional activities is represented by the
lighter lines. The major paths for feedback and regulation are suggested by darker lines.

levels of sensitivity on the part of essentially heterogeneous cell populations
in tissue and organ explants (9, 33). No doubt the prior history of the initial
explant is critical. This is tacitly recognized, for instance, when one
recognizes the distinct status of Stage 0 of micropropagation. It is also
underscored in anther culture work or spore work where little more than a
basal medium is normally used. There is no question that physiological state
of the initial explant is critical to responsiveness.
Work in my laboratory has shown that external pH is an important

experimental variable in the somatic embryogenic process. Preglobular stage
embryos can be kept "cycling" and increasing in number provided the pH of
the medium is kept below 4.5 (61). If the pH is elevated, the somatic
embryos continue their development and proceed through the normally
expected stages ofembryogenesis---globular, heart, torpedo and cotyledonary
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(or the equivalent in a monocotyledonous system like daylily, Hemerocallis)
(62).
The "simple" parameter of pH under these circumstances (where cells

have never "seen" exogenous hormone) could arguably be viewed as a second
messenger. The near-dogma that the "best" pH for a cell culture medium is
such and such (usually around pH 5.6-5.8 or so) clearly now needs to be
qualified. If one wants more embryogenic cells or preglobular stage embryos,
then the pH should be kept low (below pH 4.5). (It should be emphasized
that the low pH does not confer embryogenic status or capacity on the cells
for they are already embryos, albeit of a very early stage. The pH works
only on cells that are already in the embryogenic mode. It is a modulating
agent---an important one--not a primary inducing one like 2,4-D (61).

Another factor involves nitrogen supply--be it ammonium or nitrate.
Reduced nitrogen (ammonium) will support continued development--i.e.
stages beyond preglobular stage embryos; nitrate will not and should therefore
not be used alone to support continued somatic embryo development after
induction-initiation has begun (36, 43).
No doubt many more controlling factors similar to that of the pH and

source of nitrogen will be encountered. Again, Figure 4 draws attention to
a few relationships that exist in an organizing culture. Nutrients (nature and
concentration) are an important focal point of the interactions, and the
hormonal involvements are but part of the entire process.
The wide range of successfully-cultured explants from a single test

organism moderates arguments that one tissue source is always necessarily
better than another. A rule of thumb among experienced workers is to utilize
whatever information may be available as to the normal zones of rapid
growth in selecting a primary explant. General analysis of growth substance
content whether of auxins, cytokinins, gibberellins or abscisic acid and other
inhibitors will be, at best, a rough guide to physiological status. Surely the
location of growth substances within a cell or tissue complex is as important
as the overall level. There are many interrelationships that can be and are set
in motion when explanted tissues and organs are placed in culture. Even the
very first step in the process, namely wounding upon excision and its release
from positional information, induces many responses and alters the hormone
pool. Wound-induced expression (56) ofmolecules like proteinase inhibitors,
the activity of which are dramatically affected by sucrose, auxin or abscisic
acid (see Chapter E5), portends that the details of such relationships, and their
significance for growth and differentiation of cells in vitro, will take time to
uncover and understand.

The chemical form, level and sequence of exposure to growth regulators
all can playa role. Use of agents such as activated charcoal etc. to modify
the rate of release, delivery or absorption of a growth regulator may be
explained in some instances from such a perspective (3). These are part of
the tissue culturist's armamentarium and can playa decisive role. One can
modify response by carefully selecting material to be subjected to in vitro
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culture. Tissues may change in terms of their sensitivity to growth regulator
etc. Certain tissues show a seasonal component as to culturability and this in
part may be due to accumulation of inhibitors (4, 31, 71). Subtleties such as
morphological polarity and position or placement of explant on substratum
(e.g., adaxial vs abaxial surface of a leaf explant on agar) may also playa
role (21). No doubt some investigators are better than others in getting
cultures to grow because of their ability to "diagnose" the requirements.
Hormone receptors in the membranes of cells must perforce be key

elements in initiation and those regulatory systemswhich allow added growth
regulators to modify intracellular events and alter function and differentiation
of the sorts mentioned. There has long been suggestion of the existence of
a multiplicity ofplant hormone receptors or binding proteins (see Chapter D4,
47). For instance, combinations of several auxins (or several cytokinins) have
dramatically positive effects on culturability even though their combined
concentration is no higher on a molar basis than one used singly. Additional
evidence for this multiplicity continues to come from many areas including
in vivo studies of hormone action, in vitro bioassays, binding experiments
with radioligands, and selective protection and inactivation experiments. One
can predict that various hormone receptors will be shown to share structural
domains with other receptors which allow, in tum, a convergence of several
hormonal or other signals onto common pathways. This would explain
getting the same results through different treatments.
A better understanding of the identity and role of signalling molecules

is continuously being sought (8), and in this volume several chapters indicate
that the concept, first of the kinds of molecules serving as hormones or
primary messengers is broadening, and secondly, understanding of the nature
and role of secondary messengers and/or cell physiological controls must
continue to be expanded.
The role of pH in embryogenic carrot cultures has been mentioned.

Another example deals with the demonstrated effects of oligosaccharides in
the morphogenesis of cell and protoplast cultures (56). The indication that
production of transmembrane signalling molecules via phosphatidylinositol
4,5-bisphosphate (pIP2) hydrolysis, namely myo-inositol-I,4,5-triphosphate
(lP3) and diacylglycerol, which in tum are able to release organelle-bound
calcium, are important in cell function via a cascade effect is consistent with
tissue culture findings (14, and see Chapter D5». For example, calcium
increases the yield of somatic embryos in embryogenic carrot cultures (27)
and glycerol modulates citrus somatic embryogenesis (19). Exogenously
added aliphatic polyamines (PAs) like putrescine, spermidine and !!permine
are yet another group of modulators and they can, among other things,
enhance regeneration via organogenesis and somatic embryogenesis, but how
they do this is still unresolved (16, 65, and see Chapter Cl).

Plants have developed through evolution a number of "strategies" to deal
with physiological and environmental constraints. Since higher plants are
sessile organisms and cannot "run away from their problems", the adaptive
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mechanisms for dealing with less than ideal (i.e., stress) conditions are both
numerous and redundant. Clearly plants are "overbuilt". Undoubtedly it will
be some time before the range of mechanisms put into play as a result of
stress sensing are recognized much less understood. Changing gene
expression, deriving from changes in availability of growth regulators in the
broadest sense of the word "hormone", accounts at least partly for what is
known about development in vitro. A significant point is that the exquisite
plasticity of plants becomes even more exaggerated as the level of spatial and
temporal (positional) controls get broken down. In vitro, one sees that
relatively large organ or tissue explants respond more or less predictably to
hormone regimens and treatments since their positional controls have been
minimally perturbed and they often behave much as if they were whole plants
(31). As the unit size is reduced, i.e., as explanted tissues are broken down
into free cells or their protoplasts, and their regulation is disrupted, the
vulnerability, plasticity or developmental digressions become more apparent,
and hence what needs to be imposed to achieve control becomes more
precise.
Identification and characterization of the various hormone receptor

subtypes will allow experiments to test the intrinsic specificity of hormone
receptor interaction. On this basis, meaningful structure-activity relationships
can be established for the domains of ligand binding and of activation of
proteins by agonist-liganded receptor. Greater understanding of the cell
biological and molecular events should allow the development of new growth
regulators free of unwanted effects and selective in their expression ofdesired
physiological responses first identified by empiricism.
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time course 215
tonoplast 221
turgor 218, 219, 223, 225

cell wall acidification 223
crosslinks 225
extension 217
extensibility 217, 218
loosening 219-223
protein 738
yield threshold 218
xyloglucan
endotransglycosylase 222
xyloglucans 222, 225

cellulose microfibrils 223
chemical forms 40-41
coleoptiles 215, 217-218, 222-
225,576

compartmentation 15
concentration 537

conjugates 40, 342, 358-363,
510
iaaL gene 456

correlative interactions 576-
578

cuttings 495, 753, 787
cytokinins 29,318,540,778
deficient mutants 456
developing seeds 651
differentiation 532
diffusible 15
dissociation constant 25
effects 4
efflux 16,522
carrier 517-520, 525

elongation, maintenance of
223

embryo 652, 676
embryogenesis 675
ethylene 494, 590, 629, 733
export carriers 282
extractable 15
female flowers 642
flowering 5, 629
flux polarity 589
fruit 733, 757
abscission 754
growth 676
ripening 5, 726, 733-734
set 753, 754, 757
thinning 754

GA 29
gametophore 462
GC-MS 422
gene expression 228-242, 734
adventitious root 239
antibodies 242
antisense constructs 242
asymmetric growth 239
auxin-responsive 232
cadmium 235
cDNA 230, 232
DNA 229, 236
flowers 239
gene families 237
gravitropism 239, 521
growth 238
heavy metals 235
in vitro translation 230
molecular approaches 229
mRNA 229, 230-232, 234,
235

phototropism 239
polyribosome 229
post-transcriptional events
233

prokaryotes 318-355
promoter 237-238, 242
protein synthesis inhibitors
233,234
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protein content 229
recombinant DNA 230
regulation 239
reporter genes 237-239
RNA 229
RNA polymerase I 229
roots 239
salicylic acid 235
stress 234
trans-acting factors 242
transcription 230, 233
transgenic plants 239, 240,
242

tropisms 240
germination 454
p-glucuronidase (GUS) 565
gradients 495, 521, 538, 544,
565

gravitropic response 555-561,
565-567

growth 20, 32, 223-224
habituation 778
herbicides 756
insenstivity 731
intact plants 20
invertase 565
kinetin 785
lateral bud 785
leaf primordium 21
leaves 543
lux genes 587
mechansism of action 354-367
membrane hyperpolarization
24,26

metabolism 39, 53-60
microfibrils 223-224
micropropagation 786
mRNAs 733, 756
mutants 24, 360, 363, 453-457
nature 4, 40-41
NPA 521, 565
organogenesis 781
polyamine 169
parthenocarpic fruit 736
perception 277-289
pericarp 652
pericycle 523
phloem 535, 543, 666
photosynthesis 666
phototropism 32, 549-550
phytotropins 524
Pinl gene 398
plant organ storarage 726
polar transport 509-511,536,
543

polarity 588-592
pollen 754
precursor, seed 52
prokaryotes, genes 318
proliferation 277



Auxin continued:
promoter 22, 565
protectants 779
protein synthesis 215
proton translocation 26, 27, 30
protoplasts 24, 26
Pseudomonas savastanoi 325
putrescine 161
1-pyrenoylbenzoic acid 517
radiolabe1ed 510, 512
receptor 219, 277-289, 311,
354, 364, 561

redistribution 15
regeneration 277
regulated channel protein 517
reporter gene 565
response mutants 453
responsive genes 232-241
promoter 521

responsiveness 30
RNA 565
rootling 25,543,781
cuttings 495
growth 5, 455, 522
initiation 5, 31, 240
tissue culture 787

seed 671, 676, 733
senescence 5
sensitivity 24, 30, 516, 522,
539,544

shoot 25, 522, 576, 588, 776
sieve-tube 542
signal transduction 232, 236,
277-289, 455

slender pea 23
somatic embryogenesis 782,
784

stem growth 4, 20, 31
stomata 311, 606-607
stored 48
synthetic 4, 778
TIBA 511, 514, 521, 565
tissue culture 774, 775, 778-
782,792
polarity 588-592

transduction 277-289
transgenic plants 341, 345,
360

transmenbrane potentials 282
transport 4, 30-32, 51-52, 208,
239, 509-530, 536, 559,
588
acropetal, velocity 512
anaerobiosis 513
apical dominance 525
axillary bud 59, 589
channels 589
chemiosmotic hypothesis
513-514

dominance 589

ethylene 755
fruit set 754
gravitropism 521-522, 525
hypothesis 513
inhibitors 355-356, 359,
511-512,517-520,522,
523-524, 565, 778

lateral root growth 523
leaf abscission 589
light 521, 525
nodulation genes 525
NPA 51 1,513,514,525
phloem 510, 544
phototropism 521, 525
polar 510-514, 519, 589
polarity 511, 594
Rhizobium nodule 524
regulation 524-526
role 520-524
roots 522-524
system 534
TIBA 511-512, 514
wounding 512
xylem 510

tropisms 5, 31
tuberization 712
uptake carrier 514-517
uses 753-756
vascular bundles 534
development 21
differentiation 5, 31, 347,
531, 534-539

tissues 531-539
water stress 610
wounding 398, 512, 536
xylem 535, 543

Auxin-like 39, 49, 285, 323, 613,
652,734

Avena 100, 162, 168, 170-172,
174, 199,215,216,256,
260, 262-264, 299, 306,
509,551,558-564

a-amylase 260, 262
arginine decarboxylase 174
auxin 216, 549
translocation 509

ATPase 307
Ca2+ 299
coleoptile 549
ethylene 561
germination 256
gravistimulated 561
IAA 53, 548
inflorescence 573
invertase 563
lateral buds 573
NPA 356
polyamines 168-171
pulvini 560-561
salicylic acid 200
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seedlings 509
Avenafatua 554,559,564
Avena saliva see Avena
AVG 120, 123, 374, 390, 459,

489,500,581,629, 730,
780

Avidin-biotin complex 435
Avocado 72, 126, 144, 372, 592,

727-729, 732, 736
Axi gene 159,366
Axillary bud 572-573, 583-588,

768
ABA 579-580, 744
abscission 591
apex 583
auxin 576, 585, 591
Ca2+ 593
cell differentiation 593
division 593
polarization 591

correlative control 571-572,
591

cytokinin 105,579,585,594
dormancy 585
gibberellins 579
growth 576, 589, 591
inhibition 572
polar IAA transport 591
proteins 585

IAA 585, 591, 593
inhibition 579
lux gene 587
outgrowth 576
polar axis 593
quiescence 572
rol genes 587
tuberization 698
zeatin 578

Axillary branching 784
Axillary buds / shoots 573, 583-

594
Axr genes 350, 453-455, 364
Az34 gene 679
7-Azaindole 778
Azide 216
5-Azidoindole-3-acetic acid 285
Azospirillum 335
Azotobacter 332, 335

Bacteria 21, 43, 44, 48,50, 103,
104, 120,172,318-320,
326, 332, 334, 335, 341,
344, 358, 360, 457

auxins 318
cytokinins 318

Bacteriophage 454
Baclris major 193
Bamboos 553



Index

Bananas 372,374,734-735
2,4-D 734
ethylene 34, 502, 727

Barley 247-267, 501, 554, 651­
652,661,663,756, 765

a-amylase 246-267
gene 30
isozymes 252
promoter 263-264

ABA 153,679
aleurone 250-255, 306
Ca2+ 302, 304, 312
calmodulin 306
cytokinin 290, 675
embryo 682
germination 169,246,247
grain weight 676
IAA 676
jasmonate 182, 405
LEA proteins 690
malting 756, 758
mutants 363

Bean 537, 652, 662
ABA 145
brassinolides 211
ELISA 441
ethylene receptors 133
GA 88
germination 673
IAA 49, 54
xanthophyll 147

Beech 621
Beet 309, 620, 661, 664, 738,

739, 742, 775
Benzoic acid 198-200,356,358,

359,511,517
2-hydroxylase 198-199

Benzonitrile 127
Benzyladenine

(6-benzylaminopurine) 100,
101, 109-110, 112, 123,
290, 455, 714

alanyl conjugates 110
GA417 756
g1ucosides 109
lateral bud 767
phloem loading 659
photoassimilate unloading 661
riboside 109
senescence 745
stomata 745
tissue culture 779
uses 745
vegetables 745
vessels 540

Beta vulgaris 620, 624, 739
Betaeyanin 162,208,417,739
Betula pubescens 621
Biennials 619, 725
Binding proteins

abscisic acid 291
auxins 277
Ca2+ 303, 305
cytokinin 290
NPA 525-526
nucleic acid 361

Binding sites
ABA 292
ethylene 292

Bioassays 17, 100, 101, 109, III,
152, 153, 190,206-208,
416,417,420,441,467,
471,510,549,708,711,
712, 716, 753, 779, 780

auxin 283
cytokinins 417
gibberellins 417

Biolistics 263
BiP-related protein 254
Birch 621
Bis-trimethylsilyl acetamide

(BSA) 422
Bisphosphate carboxylase 678
Bis(phosphonomethyl)glycine 751
Blackberry 727
Bli/um capi/a/um 624
Blitum virgatum 624, 631, 636
Blooming 191, 193
Bolting 6, 18,631,633,636,

639,639, 741, 759
GA 741
GAl 639

Bonzi 764
Botrytis 172, 745
Boysenberry 727
Brachypodium pinnatum 575
Bradyrhizobium 189
Branching 572
Brassica 11,54,56, 182, 185,

206,467,618,620,624,
632, 678, 742

brassinosteroids II
IAA metabolism 56
internode length mutants 467
jasmonate 185

Brassica napus 182, 206, 632
Brassica nigra 624
Brassica oleracea 618, 620, 624,

742,745
Brassica rapa 54
Brassinolide II, 179, 207
Brassinosteroids 3, II, 206-211
Brassins-see above
Broccoli 745
Brodiaea 491
Bromeliads 629
Brown algae 532
Brussels sprouts 618, 620, 745,

746
Bryonia dioica 183
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Bryophyllum daigremontianum
620,621,624-626,633,
635

Bryophytes 460
Buckwheat 120
Buds 534
ABA 141
auxin 784
axillary 574
culture 784
cytokinin 460, 784
differentiation 166
kinetin 784
lateral 785
spermidine 166
terminal 574
tuberization 698, 699, 715,
719

Bulbs 725, 739
I-Butene 132
BX-1I2 18-19,85,763
bZIP 686, 688, 689, 693

C-4 grasses 551
CI9-GAs 66, 67, 72-74, 78, 79,

81,82,86,88,470
C20-GAs 66, 79, 81
Cabbage 171, 726, 741-745, 746
Cadaverine 161
Cadmium 235
Calcineurins 692
Calcium 298-313
ABA 292, 299, 301, 304, 310,
312-313,604,605,691

acropetal transport 557
aleurone 299,310,312-313
a-amylase 304, 312
animal hormones 274
apical dominance 592
apoplast 605
ATPase 298,301, 306,602
auxin 221, 288, 299, 301,
304,593

axillary bud 593
binding 298, 689, 692
protein 254, 305-307

brassinolide 208
callose synthase 395
carriers 302, 592
cell elongation 557, 592
polarization 592
wall 302

channels 300, 453, 592, 602
cold shock 299
cytokinins 299, 301, 311, 593
cytoplasmic pH 309
cytosolic 303
deficiency 593
differentiation 592
distribution 558



Calcium continued:
dominant organ 593
ED(G)TA 557
endoplasmic reticulum 304
enzymes 602
ethylene 134
florescence imaging 605
G-proteins 602
germination 312
gibberellin 291, 299, 301,
304,312-313

gradient 592
gravitropism 52, 299, 556­
557, 565, 592

guard cell 299, 310-311,
603-605

homeostasis 300, 303-305
hormones 298, 592, 602
lAA 557, 592
inositol phosphates 308
light 299
membrane potential 309
mitosis 592
morphogenesis 792
moss 311-312
NPA 526
peptide hormone 275
plasma membrane 300, 304,
312

polar transport 557
polarity 592-594
polyamines 167
potassium channels 310, 605,
692

protein kinases 306-307
pumps 302
root 557
salinity 299
second messenger 300, 307
signal transduction 300, 305-
307,602

statoliths 557
stomata 299,310-311,609
stores 302-303
subordinate organ 593
temperature 304
touch 299, 304
transport 300
wind 299
yeast 299

Calcium 3,5-dioxo-4-propionyl
cyclohexanecarboxylic acid
85

Callitriche platycarpa 491
Callose 395, 543, 544
Callus 181,534, 775, 778-779,

781,784
Calmodulin 254, 274, 300, 305,

557,565,602
ABA 312-313

animal 305, 274
auxin 306
Ca2+-ATPase 312
chloroplasts 303
GA 306, 312-313
gene 306
germination 254
gravitropism 565
mRNA 306
plant hormones 274
proteins 307

Calorigen II, 191, 194
Cambium 532, 534, 539, 542
cAMP 275, 308
Canalization hypothesis 534
Cannabis sativa 642
Cantaloupe 125, 128, 730
Capsicum 463, 737
Carbaryl 755
Carbodiimide 437, 438, 443
Carbohydrates, tuberization 703
Carboxylic acids 422
Carboxypeptidase 253, 265, 288,

678
Carcinogenicity 770
Cora projec/Q 574
Carnation 26, 29, 121, 126, 131­

132, 496-499, 767
senescence 497-498

Carotenoids 70, 142,678
ABA 145,463, 691
antisense 729
biosynthesis 377, 380, 384
biosynthesis inhibitor 677
ripening 348, 383, 727

Carpinus 622
Carrot 10,46,47,49,50, 161,

167,209,611,620,624,
632,738-739,741-742,
774, 779, 780, 782, 788,
792

bioassay 779, 780
brassinolides 210
culture 788
cultures 49, 792
cytokinin 742
embryogenesis 167
flowering 620, 624, 741-742
polyamines 10, 161
somatic embryos 782
tissue culture 774, 779

Carya i11illOisiensis 622
Caryophyllaceae 499
Cassava 659, 787
Castasterone 207
Castor bean 659, 678, 679
Catecholamines 778
Cathepsin 265, 404
Cauliflower 174,349,364,

745-746

805

Index

Cauliflower mosaic virus
promoter 174,364

Caulonemata 460, 462
CCC 627, 633, 714, 716, 719
Cdi gene 406, 407
cDNA 174,454,459,682
a-amylase 258, 264
auxin 230-233, 280
binding protein 285, 288,
355-356, 359

axi 159365
expression library 230, 688
maize 285
pea 232
Pin] 401
proteinase inhibitor II 396
SAUR 234
tobacco 280
Zm-p60.J 359

Celery 659, 745, 759
Cell culture 775, 784
Cell cycle 583-584
Cell division 98
auxin 228, 229, 279
lAA 775
kinetin 775
polyamines 164
tuberization 716
lateral buds 584

Cell elongation
ABA 612
auxin 4, 214-225, 283
acid-growth theory 219­
223

ATP 217
ATPase 217, 220-221,
224-225

Avena coleoptile 215, 217,
218,223

-binding protein 220
brassinosteroids 211
Ca2+ 221
cell turgor 217
chloride channels 221
coleoptiles 217, 222-224
collenchyma 217
cycloheximide 220
cytoplasmic pH 221
diacylglycerol 221
dicot stem 215, 217
epidermis 217
expansin 223
G-protein 221
Il-glucans 222
W222
hemicelluloses 222
inhibitors 216
Instron stress-strain
analysis 218
IP3 221,225



Index

Cell elongation - auxin cont:
leaf mesophyll protoplasts
220

neutral buffers 219
osmoregulation 223, 225
peas 216
phospholipase 221
phosphorylation 221, 225
plasma membrane 220-221,
224

polyamines 164
protein kinase 217, 221
protons 219-220
receptor 220, 224
solutes 223
sucrose 215
sugar 216
time course 215
tonoplast 221
turgor 218, 219, 223, 225
wall acidification 223
crosslinks 225
extensibility 217, 218
-loosening factors 219-
220, 222-223

wall yield threshold 218
xyloglucans 222, 225

calcium 592
protein synthesis 215
wall extension 217

Cell permeability 739
Cell polarity 592
Cell turgor 217
Cell wall 222
acidification 223
auxin-binding proteins 281
brassinolides 209
Ca2+ 302
extension 214
extensibility 218
loosening 220, 222-224
enzymes 557
protons 219

metabolism 377
Pin2 expression 397
protein 182, 738
regeneration 777
salicylate 198
synthesis 567
wounding 395, 398
vascular differentiation 347
yield threshold 214, 218

Cc;lIu1ase 281, 496, 567, 728, 777
Cellulose 218, 222-224
Centimorgan 449
Cermocystis ulmi 183
Cercospora cruenta 143-145
Cercospora rosicola 142-145,

415

Cereal - see also individual
species

aleurone 246-267
abscisic acid 246
a-amylase 246
Ca2+ 310
gibberellin 246

brassinol ide 211
germination 246-248
gibberellin 246
internodal pulvini 558
leaf sheath 558
gravitropic curvature 551
lodging 551
cytokinin 290
lodging 764
tissue culture 778
transcription factors 686

Cestrum nocturnum 620
Cyclic GMP 308
Chalcone synthase 181, 182,735
Chara 555
Charcoal 787
Chemiosmotic hypothesis 513,

514
Chenopodium rubrum 442, 573,

621,624,629
Cherry 631, 727, 732, 734, 736,

752, 760, 761, 765, 766
Chilling
ACC 731
oxidase 732

Em 690
ethylene 122, 731
fruit 732
injury 171,732,737

Chimeric genes 263, 398, 683
Chinese cabbage 171, 746
Chitin 403
Chitinases 194, 395
Chitosan 398
Chlamydomonas 194
Chloramphenicol acetyltransferase

237
Chlorflurenol 765
Chloride channels 221
Chlormequat chloride 713, 746,

751,752,763,764-766
2-Chloroethyl-bis-phenylmethoxy

silane 759
2-Chloroethylphosphonic acid ­

see Ethephon
2-Chloroethylmethyl-bis-phenyl

methoxy silane 761
2-Chloroethylphosphonic acid

714, 752, 759, 780
2-Chloroethyltrimethylammonium

chloride 85, 751
2-Chloroethyl-tris-ethoxymethoxy

silane 759
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2-Chloro-9-hydroxyf1uorene-9­
carboxylic acid 517

4-Chloroindole-3-acetic acid
(4-CI-lAA) 4,39,40,45,
47

gibberellin metabolism, pod
growth 578

methyl ester 47
parthenocarpic 734
seeds, pea 578

4-Chloroindole-3-acetic acid
aspartate 47

5-Chloro-3-methyl-4-nitro-l­
pyrazole 768

Chloronemata 460
4-Chlorophenoxyacetic acid 753­

754
2-(p-Chlorophenoxy}-2-methyl

propionic acid 209, 779
Chlorophenyl}-4,4-dimethyl-2-( I,

2,4,triazol-l-yl)pentan-3-o1
85,763

5-(4-Chlorophenyl}-3,4,5,9,10­
pentaaza-tetracyclo-5,4,I­
dodeca-3,9-diene 85

Chlorophyll 731, 735
a/b-binding protein 307
cytokinins 657
dc;gradation 348, 735
ethylene 742, 745
ripening 384

Chloroplasts 8, 144, 145, 154,
161, 162,303,443,460,
554,611,657,658,664,
681, 735

ABA 145, 149, 154
Ca2+ 301, 303
CaM 303, 307
cytokinins 657
1AA 657

N-(2-Chlor0-4-pyridyl}-N'-phenyl
urea 736

4-Chloro-tryptophan 45
Chlortetracycline 312
5-ao Cholestan 207
Cholodny-Went 521, 549, 556,

560,565
Chromatin 101, 274, 276, 290,

687
Chromoplasts 735
Chromosomal proteins 687
Chromosome walk 450, 457
ChrysanJhemum morifolium

619-621,624,632,692
Chrysanthemums 763
Cicer 584
Cichorium intybus 629
Cider 120
Cinnamic acid 198, 199, 778



Cis-acting elements (sequences)
265, 402-403, 682, 686,
688

definition 263
Citrus 123, 166,372,621,622,

727, 732, 735, 737, 752,
755, 757, 758, 768, 778,
792

abscission 755, 768
callus 778
embryogenesis 792
fruit ripening 757
gibberellic acid 752
juvenile 622
ripening 372, 727

Citrus paradisi 621, 732
Citrus sinensis 621, 735
ckr gene 455, 679
c/ gene 466
Climacteric 121,347,348,351,

372, 374, 386, 389, 489,
501-503,726-728,730,
732, 737, 766

daminozide 766
ethylene 489, 726, 737
fruits 372, 374
ripening 347, 348

Clonal multiplication 776, 784
Clonal plants 574-575, 582
CO2 128, 132, 657, 700
Co2+ 125, 208, 398
Coast blite 62\
Cobalt 378, 780
Cocklebur 129,208,620
Coconut water (milk) 98, 774-

776, 779, 782
Colchicine 777
Cold
flower formation 636
GA 759
hardening 171
hardiness 762, 767
requiring plants 633
shock 299

Coleoptile 15,31,51,214-216,
217-219,223-225,229,
230, 284, 299, 309, 355,
358,512,518,521,
548-552,558,710,714

auxin 576
etiolated 511
1AA 31
NPA 518
phototropism 2
upward bending 552

Coleus 503, 532, 534, 535,
539-543

Collenchyma 2\7
Col/etotrichum lagenarium \96
Colonization 575

Commelina communis 304,310,
599, 602-604, 606-608

Compartmentation 15,46, 102,
113, 161,664

Competence 322, 783, 784, 789
Complementation analysis 462
Conditioned medium 169,780
Cone 759
Cone flower 620
Conglycinin 684
Conifers 552, 626, 627, 759, 787
juvenile 787
micropropagation 787
tissue culture 787

Conifery1 alcohol 322
Constitutive response mutants 458
Controlled atmosphere storage

132, 171,374,731,737,
742,744

Copalylpyrophosphate 70, 468,
470

Cordycepin 731
Cordyline terminalis 582
Coreopsis grandiflora 620
Com - see maize
Com cockle 620
Correlative effects 572-573, 576-

583, 591-593
Corynebacterium fascians 103
Cosmid 454, 457, 466
Cosmos 711
Cosuppression 340
Cotton 9, 20, 21, 172, \82,620,

678, 682, 732, 751, 764,
769, 779

ABA 678
carboxypeptidase C 678
embryo proteins 682
jasmonate 182
polyamines 172
precocious germination 678

Cotyledons 651
o-Coumaric acid 198
Coumarin 54, 716
Crassulacean acid metabolism

\64
Cress 208
Crop management 752
Crown gall 21,318-335,341,360

775
cytokinin 102-\04, \06, 326­
335

culture 775
lAA 44, 48, 323-326

Cruciferin 182
Cry! gene 472, 477
Ctr gene 134,350,391,459
Cucumber 620,725,731,759
cell wall protein 223
GA-binding proteins 290

807

Index

GAs 87-88
sex expression 642
tobacco necrosis virus 196

Cucumis melo 730
Cucumis sa/ivus - see cucumber
Cucurbic acid 181
Cucurbita 54\
Cucurbi/a maxima 79-82
Cucurbita pepo 514
Culturability 792
Cupressus 562, 622
Cupressus arizonica 562
Cuttings 5, 4\, 208, 495, 578,

579,621,622,698,699,
701,702,705,712-717,
720, 741, 753, 784, 787

auxin 753, 787
Solanum 579
tuberization 698, 699, 701,
704,715

Cyanide 19\,738
Cyanoalanine 127
Cyanoformic acid 127
Cycads 193
Cyclic AMP 175,274
Cyclin B 583
Cycloheximide 122, 170,220,

233, 266, 404, 406, 410,
731

Cyclohexylamine 165
a-Cyclopropyl-a-(4-methoxyphen
yl)-5-pyrimidinemethanol 752

Cycocel85
Cymbidium 776
Cysteine endopeptidases 252
Cytochrome P-450 72
Cytokinin 7-8, 98-113, 318-335,

539-543
abbreviations 99
ACC 123
action, mode of 8, 106-101
activity 11\-113
adventitious roots 541
aglycones 107
9·alanyl conjugates 100, 110
N·alanyl conjugates 111
amino acid conjugates 107,
110, III

analysis 101, 113
antigens 439
apical dominance 7, 110, 345,
346

Arabidopsis 24, 457
auxin 540, 544, 778
genes 318
ratio 21, 781
interaction 29

axillary branching 785
buds 105,578,593
shoots 776



Index

Cytokinin continued:
binding proteins 290
bioassay lQO..IOI, 109, III,
417

biosynthesis 7, 98-106, 326­
332

Agrobacteriwn 320, 328­
332

complementation analysis
462

genes 318, 320, 342
mutants 456

branching 21-22
brassinosteroids 208-209
buds 7, 784, 787
bulbs 740
Ca2+ 299, 301, 311, 593
callose 543, 544
callus 778, 781
cambial initials 542
caulonemata 462
cell division 7, 664, 719, 736
enlargement 7

chlorophyll 8, 657
chloroplasts 8, 657, 665
cis 103
conjugates 100, 107-111, 358­
363

correlative interactions 578-
579

definition 98
differentiation 532
discovery 2
DNA 3
dormancy 740-741
effects 7
Em 690
embryo 359, 653, 675-676
endosperm 652
ethylene 123, 780
etioplasts 8
fibers 544
flowers 630, 634, 635
fruit 735
growth 656, 676
ripening 726, 736

garnetophore 462
GC-MS 424, 441
genes 7, 237, 328-332
germination 359
GLC 421
glucosidases 110, 362
glucosides 100, 107, 109-111
glucosyltransferases 109
grain abortion 665
habituation 778
hadcidin 579
HPLC 419
hydrolysis III
IAA 362

identification 10I
immunoassays 439
immunocytochemistry 442
immunogold 578
ipt gene 541
isomers 103, 104
lateral buds 110
leaf7, lOS
lettuce 746
levels 102
localization 578
metabolism 107-113
2-methylthio 103
micropropagation 786
mitotic activity 630, 634
morphogenesis 7
moss 460, 462
mutants 24, 453, 455-457, 457
nature 7
nomenclature 99-100
nuclease 107
occurrence 100
organogenesis 781
overproducing 541
oxidase Ill, 112
oxidation 107, 110, 112
parthenocarpic fruit 736
phloem 543, 634
exudate 630

phosphoribosylation 108
photosynthesis 57
plant organ storarage 726
polyamines 169
pool III
prokaryotes 318
proliferation 277
protein synthesis 10I
quantitation 113
radioimmunoassay 441
ratios 782
reduction 107, III
regeneration 277, 342
5'-ribonucleotidase III
riboside phosphates 107
ribosides 7, 107, 109, III
9-ribosyl 100
ribotides 7, 107, III
RNA synthesis 10I
role gene 362
rooting 787
roots 7, 22, lOS, 539, 540,
579,656,741
seed 102
development 651,671,673
growth 676
size 675

senescence 7, 21-22, 348, 726,
735,745
sex expression 642
shoot cultures 776
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shoots 781
side chain cleavage 112
sieve tubes 540, 542, 544
somatic embryos 783
source:sink relationships 349
sprout tubers 714
stomata 8, 311, 607-609
storage 110, 742
stress 455
structures 99
sucrose 662
suspensor 653, 675
synthesis gene 21
target cell 311
Ti plasmid 322
tissue culture 540, 775, 778­
782, 787, 792

trans 103
transgenic plants 7, 21, 342,
344-345, 348, 363

transport 7, 578
tRNA lQO..I04, 318
tuberization 711-712, 714,
717,719,720

tumor 326-328
uptake 108
uses 767
vascular differentiation 531,
539-543

vessels 540, 544
vitrification 787
water stress 610
wound 540, 738
xylem 541,656

Cytokinin-like compounds 779
Cytoplasm 532
pH 309

Cytosolic Ca2+ 299,301

Dl-8 genes (GA, maize) 86, 467-
469

Dahlia 712
Daisy 320
Darninozide 752, 761-763, 766,

770
Darwin 509
Daucu.s carola - see carrot
Day neutral plants 618
Daylength 622
Daylily 780, 791
Death 395
Debranching enzyme 252
Deep-water rice 21
DEF 751, 769
Defense 183, 188,410
Defloration 573
Defoliants 751, 764, 769, 779
Defoliation 488, 769
Dehydroascorbate 126
Dehydrogenases 129, 145, 147



dek mutants 675
Deletion analysis 30, 365, 683
mutant 450

l'-Deoxy ABA 143, 144,415
Desiccation 467, 671-674, 677,

679,681,682,690, 733,
745

ABA 690
proteins 682
seeds 733
tolerance 682

Del gene 473, 476
Detectors 426
Developmental arrest 460,

671-673
mutants 478

Dextrinase 252, 253
Di-isopropyl carbodiimide IPC

443
Diacylglycerol 221, 274, 275,

308,792
Diageotropica (dgl) 363, 493, 731
Diagravitropic 363, 574
Diamine oxidase 160
1,4-Diaminobutane 158
Diaminopropane 160
Dianlhus 497
Diastase 252
Diazocyclopentadiene 132-133,

489
Diazomethane 419, 422, 437
Dicamba 778, 782
3,6-Dichloro-o-anisic acid 778
2,4-DichlorophenoI54
2,4-Dichlorophenoxyacetic acid

(2,4-0) 232-234, 235, 282,
289, 734, 753, 755-756

abscission 29
auxin-binding proteins 281
Cal + 309
cell division 228
fruit abscission 757
IAA49
IAA synthesis 47
mRNA 236
polar transport 511
resistance, Arabidopsis 363
somatic embryogenesis 782
somatic embryos 782
tissue culture 49, 778, 788
791

2,4-Dichlorophenoxy propionic
acid 753

Dicot 512
Dictyoslelium discoideum 105
N,N'-Dicyclohexyl- carbodiimide

[OCCD] 216
Diethylstilbesterol 216
Differentiation I, 2, 5, 8, 31, 60,

61,98, 164-166,210,228,

272, 347, 460, 463, 486,
491,493,509,531-541,
543, 544, 575, 588, 589,
592, 593, 665, 666, 671,
741, 788, 790-792

calcium ions 592
polyamines 164
vascular tissue polarity 589

a-Difluoromethylarginine 158,
161-162, 167, 169-170,
172-173

a-Difluoromethylomithine 158,
161-164, 166-167, 172­
173,716

Dihydroalanyl zeatin 110
Dihydroconiferyl alcohol 779
2,3-Dihydro-5,6-dimethyl-I,4-
dithiin-I, I,4,4-tetraoxide 769

Dihydrolupinic acid 110
Dihydrophaseic acid 148, 151­

153,742
Dihydrophaseic acid glucoside

151
1,2-Dihydro-3,6-pyradazinedione

752
enl-6a,7a-dihydroxykaurenoic

acid 72
Dihydrozeatin 100, 109, 111-112,

442,457,779
Dihydrozeatin-O-glucoside 110
Dill 620
Dimethipin 769
Dimethylallyl pyrophosphate 68,

326-327
Dimethylallylpyrophosphate:
5'-AMP transferase 327-330

N,N,dimethylaminosuccinamic
acid 752

1, I ,Dimethylpiperidinium
chloride 764

N-(2,4-Dimethyl-5(trifluoro
methyl)sulfonylamino}­
phenylacetamide 765

2,4-DinitrophenoI216
Dinoseb 751
Dioecious 5, 6, 8, 642
Dionaea 567
Dioscorea 788
Dioxindoleacetic acid aspartate

55,58
Dioxindole-3-aeetic acid 39, 54­

55,57-58
Dioxygenase 77-78, 82, 83, 85,

88, 380, 388, 729
Diphenols 54
Diphenylurea 736, 779
Discoloration 488
Discorea balalas 741
Disease resistance 194-197, 200­

201
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Distylium 206
Diterpenes 68, 70
Dm gene 473
Dimethylallyl pyrophosphate:

AMP transferase 328-329,
331-332

Dimethylallyl pyrophosphate:
tRNA prenyl transferase
327,331

DNA
animal honnones 274
binding 693
binding protein 31, 688
biotinylated 450, 451
hybridization 450
markers 449
PCR amplified 471
protein complex 686
sequencing 688

DNase footprinting 266
Dne gene 473-475
Dock 208
Dominance 577, 580
Dopamine 778
Donnancy 673, 692, 739
ABA 3, 140,247,678,680,
740,741

buds 140,345,584
callose 544
cytokinins 740-741
elimination 776
ethylene 505
GA 741, 759
low temperature 247
polyamines 741
true 10,725
tuber 701, 741

Donnin 9
Douglas fir 621, 759
Droopy mutant potato 463, 679
Drosera 567
Drought 28, 122, 171, 172,398,

400,496,500-501,538,
572, 613, 663, 733

ABA 400
ethylene 122,500
genes 733
stress 28
sucrose 663

Dutch Elm disease 183
Dwarf maize bioassay 417
Dwarf mutants 67, 70, 82, 88,

465,467-468,717-718
Dy gene 469

E gene 388-389, 473, 475, 729
Easter lily 763
Echeveria harmsii 620, 624, 635
EchinocySlis lobara 154
Eggplant 705



Index

EIA 434, 435, 437
Eicosanoid 183,406,410
Eicosatetraynoic acid 409
ein genes 134,391,459
Electrical signaling 185
Electrochemical (EC)

immunoassay 443
Electron capture 426
spin resonance 514
transport 611

Electrophoretic mobility shift
assay 686-687

Elicitor 197, 399
ELISA 435, 438-441, 578
Elongation - see also cell
elongation
rate 164, 286

Em gene / protein 405, 466, 681-
688,690

chilling 690
chimeric gene construct 684
cytokinins 690
GA 690
gene expression 687, 690
GUS 683, 685, 689, 690
heat 690
IAA 690
mRNA 685, 690
osmotic stress 690
promoter 683, 685, 687, 688,
690

protein 685
salicylic acid 690
transcripts 685
UV-light 690
wheat 404

emb mutants 675
ErnEP-} gene 688
Embryo 250
ABA 656
auxin 652
axis 652
culture 775, 782
cytokinin 290, 359
binding protein 290
development 671, 672-674,
679

GA248
gene product 681
germination 249, 260
lethal mutants 675
maturation 678
ABA 680
desiccation 672
dormancy 672
nutrient reserves 672
tissue growth 672

proteins 682
rescue 776
sac 734

Embryogenesis 166, 167, 182,
521,672-682,778,
781-784, 788, 790-792

auxin 166
cultures 783
ethylene 166,
polyamines 166

Embryoid 164
Emergent growth 16
EMS mutagenesis 363
Endive 745
Endo-(I-3,1-4)-(j-glucanases 252
Endo-(I-4)-(j-xylanase 252
Endocytosis 281, 289
Endonuclease 322
Endopeptidases 253
Endoplasmic reticulum 154, 250,

254, 275, 283, 300, 354,
356,554

auxin-binding proteins 283­
285, 288-289, 354, 356

Cal> 300, 302-305, 308, 310
Endopolyploidization 777
Endosperm 31, 46, 47, 49, 55-57,

67,79-81, 154,246-250,
252, 253, 258, 306, 312,
359,441,443,651,652,
656,662-665,671,675,
676, 678, 709, 758, 774,
776

ABA 651, 656
CaM 306
function 247
GA 248
germination 312
hydrolases 249
IAA 652
phytohormone conjugates 359

Endoxylanase 252
Enzyme-immunoassays 434
Ephedra 552
epi mutant 737
24-Epibrassinolide 210-211
Epidermis 217, 284, 512
Epifluorescent optics 443
Epinasty 11,208,209,488,502
Epistasis 24, 453, 459, 701
Epitope 434, 437
Equisetum 552
Erwinia herbicola 48,319-320,

325, 332-333
Escarole 745
Escherichia coli 82, 102, 164,

329, 378, 382
cytokinins 103
Ims 325
transformation 326
glutathione S-transferases 237

Esterase 153
Etacelasil 759, 761
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Ethandiol dioxime 768
Ethane 132
Ethephon 233, 398, 487-488,

496, 501-502, 727, 739,
752, 755, 759-762, 765,
768,780

abscission 752, 761, 768
ethylene 487-488
flower sex 496
flowering 762
fruit 761
grape 761
Hevea 501
latex SOl, 760
ripening 727, 752, 761
senescence 762
tissue culture 780
tomato 752
tuberization 714

L-Ethyl-3 (3-dimethyl-amino­
propyl) carbodiimide
hydrochloride 443

Ethylene 8, 118-135, 372-391,
486-505

ABA 29, 123, 657
abscission 5, 8, 26, 29, 30,
372, 486, 495-496, 505,
726,752,755,761,768
zone 495, 589

ACC (see also under ACC)
119-128, 488, 730
deaminase 386
-N-malonyltransferase 128-
129

oxidase 124-128,377-380,
382-385,387,489,500
antisense RNA 382-385,
729

ACC synthase 120-124,380­
382,385-386,387,489,
500
antisense 385-388

action 133-134, 135, 486
modulators 488-490

S-adenosyl methionine 119-­
121, 129-131,489

aerenchymatous roots 493,
505

aminooxyacetic acid!AOA)
489

I-aminocyclopropane-l-carbox
ylic acid - see ACC
analogues 131-133, 134-135
antagonists 131-133, 134-135
antisense RNA 375-377
apical dominance 345, 581
hooks 457

apple 727,731,755
aquatic plants 491
Arabidopsis 350



Ethylene continued:
auxin 123, 492, 494, 733
-induced 497
transport 754

Avena 561
AVG 489
bananas 34
binding 132, 133, 292-293,
457, 458, 503
protein 133-134, 292-293
site 22, 489, 504

biosynthesis 8, 118-131, 135,
488,699
antisense RNA 382
brassinosteroids 208, 211
enzymes 120-131, 382
genes 135, 377, 728
lAA 581
inhibitors 374, 488·490,
495

low temperature 731
mRNA 26, 375, 377
pathway 119,375,459,
486

ripening fruit 343, 373
salicylic acid 190, 196
tomato 373

brassinosteroids 207, 209
bromeliads 629
bulbs 491
cabbage 742-744
cDNA 498
cellulase 728
chilling 122,731
chlorophyll 742, 745
climacteric 501-503, 726, 737
CO2 132,489
correlative interactions 581-
582

cuttings 495
cytokinin 123, 746, 780
daminozide 766
defoliation 488
development 488
diageotropica mutant 493
diazocyclopentadiene 489
differentiation 486
diffusion 487
discoloration 488
discovery 3
dormancy 8, 490-491, 505
drought 122, 500
£8389
effects 8, 372
embryogenesis 167
epinasty 488
ethephon 487-488
etiolation 491
fatty acids 486
female flowers 642

filaments 497
flooding 29, 567
flower 22, 501
formation 496, 629
malformations 490
opening 496-497
senescence 486, 497-499

flowering 8, 490, 496, 751
-forming enzyme (EFE) 124,
375, 377, 612

fruit 22, 486, 502, 503, 505,
735
ripening 8, 26, 122,
347-349, 372-391,
486-487, 502·503,
505, 726, 727·729,
730-732, 734, 737,
751

inhibitor 502
low temperature 731

softening 728
GA29
gas chromatography 422, 486,
488,502

genes 372-391
protein kinases 453
protein phosphorylation
453

genetic engineering 135
germination 122, 457, 490
glycol 134
gravitropism 494, 557, 561
growth 457, 486, 488, 490
regulators 486

hIs mutation 458
hook 458
hyperelongation 21
hypocotyl elongation 457
hyponasty 562
lAA 22, 29, 733
illuminating gas 3
incorporation 134
infection 500-50I
inhibitors 374, 488, 780
insensitive mutants 458
insensitivity 457
intercellular spaces 487
jasmonate 737
juvenility 780
latex 505
leaf abscission 500
senescence 457, 501

light 494
location 34
long distance hormone 487
mechanical perturbation 567
membrane 503
metabolism 134-135
mobilization, carbohydrates
490
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mode of action 133-134, 135,
503-504

molecular biology 505
morphology 22
mRNA 133, 498, 503, 738,
756

mutants 24, 133, 340, 342­
344,346-349,382-388,
457-460

2,5-norbornadiene 489
NPA 525
oxidation 133, 134
oxide 133, 134
pathogenesis 30, 398
perception 458
photoaffinity label 489
photosynthesis 657
physical stimuli 494
phytoalexins 50I
plant organ storarage 726
pollination 499-500
polyamines 131, 160, 168,
170,387,390, 737

potato sprouting 490
precursor 118, 120
production 26, 123, 696, 699,
730-731
promoter 729
proteins 133
putrescine 737
receptor 132·134, 292-293,
389, 457, 503, 729

regulated genes 134
releasing agents 759
resistance mutants 458
respiration 490, 50I, 738
response mutants 458
response pathway 453
responsiveness 22, 26, 729
rice, deep water 21 29
root 493
differentiation 8, 493-494
formation 29
growth 8, 455, 493-494
hairs 494

rooting 495, 780
salicylic acid 780
scrubbers 726
second message 503
secretion 505
seed development 676
dispersal 503-504
germination 70I

seedlings 457
senescence 8, 122, 349, 372,
486, 497-499, 501, 503,
745,746
mRNAs 26

sensitivity 13, 22, 29-30, 488,
505, 726



Index

Ethylene continued:
sex expression 496
shoot growth and
differentiation 8, 491-493
signal 697
transduction 350, 391, 729

silver 5, 504
soil atmosphere 493
spermidine 737
spermine 737
stems, diagravitropic,
orthogravitropic 582
stigma 499
stomata 657
storage organs 738, 742
stress 122, 160, 350, 372,
486-487,492,500 504,
567, 726

submerged shoots 491
tactile stimuli 494
thidiazuron 779
tissue culture 780
tomato 373, 374, 378, 492,
727,728,731

transduction pathway 134
transgenic plants 342, 344-
345,375

transport 8
triple response 457-458, 491
tuberization 714, 716
two-component systems 504
uses 759-762
vascular differentiation 531
water logging 122
wheat 123
wilt diseases 501
wounding 122, 377, 379, 398,
403, 500-501

yeast 378
yellowing 500

etr gene 133, 350, 457-459
Eubacteria 359
Eucalyptus 622
Euonymus radicans 622
Euphorbia pulcherrima 492, 620
Euphorbiaceae 786
Evocation 473, 477, 617, 629,

634,635
Exopeptidases 253
Expansin 223
Explants 793

Fabaceae 47
Fagus sylvaJica 621, 622
Far red 476
Farnesy1p~opho~hate68, 142,

144,463
Fatty acids 486
FCCP 514
FeH 78, 81, 126

Feeder cells 780
Feijoa 713
Female flowers 642-643
Ferns 552
Fiber 539
Fibroblasts 306
Ficus punula 622
Field pennycress 620
Fir 621
Fires 496, 751
Flacca (fic) 462, 679
Flame ionisation detector 426
Flavanone-3-hydroxylase 125,

378
Flavonoids 189,519,524
Flexing stress 492
Flooding 29, 491, 504, 567, 745
Floral development 644
inhibitor 623
initiation 166, 633
stimulus 166,622-626,628,
630, 632-636, 643
assay 643
cytokinin 635
extraction 643
GA 633, 635

F10rigen 623
Flower
bud 758, 766
colour 735
development 474
evocation 473
formation 617, 628-633
ABA 630
CCC 633
cold-requiring plants 636
cytokinins 630
GAs 631
hormones 628
thermoinduction 632
woody fruit trees 631

hormone 623
induction 473-478, 573, 623
inhibitor 474, 476, 630
initiation 164,475-476,617,
634

longevity 26
organogenesis 476
peas 474
promoter 474, 476
senescence 26, 497-499

Flowering 617-644
apical dominance 360
auxin 629
cytokinin 635
delay 767
ethephon 762
ethylene 751
fruit crops 76, 761-762
GA 626, 632, 741
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gene expression 644
genes 477
genetic control 478
grafts 624
heterochrony 476
hormone 476-478
inhibitors623, 625
measurement 625
mutants 478
peas 473-477
phenolics 190
phenotypes 473
photoperiod 705
physiology 478
polyamines 164-165,361
precocious, mutation 457
response types 620
salicylic acid 189-190
stimulus 473,476,622-625,
634-636, 705, 720

tuberization 705
Fluorescein 442
Fluorescence 426, 428, 439, 443,

603,605
detector 426

Fluridone 145, 147, 677, 678,
681,690

Folex 769
Footprinting 266, 688
Foraging 575
Fragaria 728
Fragaria x ananassa 623
Fraxirrus excelsia 621
Free radicals 737
Freesia 490
Freezing 224, 400
Frost 757, 762
Fructose 1,6-bisph~hatase 163,

658
Fructose-1,6-bi~ho~hate 303
Fructose-2,6-bi~ho~hate 658
Fructose-6-pho~hate 658
Fruit 725-747
abortion 574
abscission 574, 503, 726, 754,
755,757,768

auxin 593
chilling 731, 732
climacteric - see Climacteric
color 735, 761, 765, 770
correlative inhibition 577, 593
de-greening 735
development 388, 577
correlative effects 572
cytokinins 656

dominance 573, 593
drop 755
ethephon 761
ethylene - see under ripening
below



Fruit continued:
gibberellins 734
growth 676
growth inhibiting signal 574,
577

hormone changes 725
lAA 577, 591
parthenocarpic 734, 736
polyamines 166,728, 736
promoter 729
quality 757
reproductive dominance 573
ripening 372-391, 726-738,
757,761
ABA 726, 732-733
abscission 726
ACC 377-388
oxidase 377-380, 382-385,
387,729
antisense 382-385

synthase 380-382, 385-388,
729
antisense 385-388

synthesis 123
antisense 382-388, 729
fruit 384
mRNA 728

apple 727
auxin 726, 733-734
cDNA 374
chlorophyllase 729
clones 377
cytokinins 726, 736
daminozide 766
description 726
£8389
enzymes 727
ethephon 727, 761
ethylene 122-123,347-349,
372-391, 486, 502-503,
505,726-727,730-732,
734, 751
production 123
sensitivity 27

GA 726, 734-736
genes 348, 388, 728
hormone 727-728
lAA 727, 736
inhibitor 391,502,726
jasmonate 181,737-738
molecular biology 728
non-c1 imacteric 727
polyamines 164, 168, 727,
737

polygalacturonase 729
protein synthesis 727
putrescine 131
stages 728
tomato 374, 727

transgenic plants 347-348,
351,375,382-388

set 753-757, 765
shape 767
size 754, 756
softening 728, 766, 770
subordinate 593
thinning 754
trees 766
wounding 728

Fsdgene 476
Fucose 222
Funaria hygrome/rica 299, 311-

312,460,575,592-593
Fungal cell walls 398
Fungal elicitors 181, 184,237
Fungi 43, 142, 165, 172, 181,

183,777
6-(Furfurylamino) purine 98
Fusicoccin 208, 224, 286, 659,

661

G-box 685, 688, 691
G-protein 221, 275, 308,453,

517
GA-Iike 67, 467, 469, 626, 627,

631, 632, 642, 643, 652,
654,657,707-709,741,
746,757

GAl 6, 17-21,28,29,33,34,66,
70, 78, 80, 82-84, 86-88,
93,247,248,417,439,
465, 469-473, 633, 639,
643, 665, 708, 734

activity 86
aleurone 248
bioassay 17
bolting 18, 639
cell wall 472
lAA levels, wall yield
threshold 472

gene 82, 88
hydroxylation 88
internode length 18
location 17
mutants 470-472
stem elongation 248, 471
tallness 17,21,33

GA; 6, 17, 28, 29, 67, 83, 84, 87,
88,93, 153,246-248,
252-255, 258-267, , 299,
304, 306, 439, 453, 465,
467, 468, 472, 555, 560,
562, 567, 579, 582, 626,
627,631-633,635,637,
638, 642, 643, 652,
657-659,661,664,666,
708, 709, 716, 717, 734,
735, 738, 741, 752, 756­
758, 780, 786

813

Index

ABA 153,263
gene expression 267

acid phosphatase 254
aleurone 254-255, 259
a-amylase 254,258,260-266
genes 263
transcription 262

arabinofuranosidase 254
artichoke 752
bolting 741
CaM 306
cereal grains 247
flowering 632
gene expression 265
fJ-glucanase 254
hydrolases 253
1AA transport 579
juvenile plants 626-627
Iycopene 735
micropropagation 786
mRNAs 262
mutants 453
phloem loading 659
protease 254
protein synthesis 255
rhizome 582
ribonuclease 254
ripening 735
rRNA 262
senescence 752
tuberization 716, 717
xylopyranosidase 254

GA. 82, 87, 88, 93, 291
GA417 626, 658, 756, 758-759,

767
GAs 78, 83-85, 88, 93
GAo 83, 84, 93
GA, 84-87, 93
GAB 18,78,81,87-88,93,247,

469-471,638,708
GAs-catabolite 78
GA9 73, 75-77, 79, 82, 84, 85,

87,93,439,626,652
GAll 18,68,70-76, 79, 81, 82,

93,470, 708, 709, 717,
734

GAll-aldehyde 18,68,70-73,76,
79,81,470, 708, 709, 717

GAl] 79, 80, 93
GAlS 73, 76, 93
GA17 82, 247, 93
GAI9 77, 78, 80, 87, 94, 247,

636-638, 640, 643, 708,
734,746

GA20 15, 17-19,34,75-78,80,
82-88,94,247,417,424,
439,441,469-471,633,
636-640, 643, 652, 665,
708, 734, 746

methylfTMS spectrum 424



Index

GA23 80, 94
GA2• 73, 76, 94
GAlS 73, 82, 94
GA29 15, 77, 78, 83, 87,94,247,

441,469-471,637-640,
652,708

GA29-catabolite 77, 468
GA3• 81, 94, 247
GA31 80, 95
GA39 79, 95
GA.3 79-81,95
GA.. 77, 78, 80, 87, 95, 638,

708,746
GA" 247, 95
GAS! 76, 77, 95, 709
GAs3 76-80, 87, 95, 638-639,

708-709,717,746
GAs3-aldehyde 708
Ga genes 70, 465, 469
Gai gene 453, 472
Gaillardia 497
Galactose 40, 49, 726
(3-Galactosidase 237, 729
Galls 48, 207, 318-320, 326, 332,

342
Gametophore 460, 462, 575, 576
Garlic 739
Gas-liquid chromatography 415,

417,420,424,426
Gas chromatography/mass

spectrometry (GC-MS) 3,
39,47, 101,419-424,428,
429,431,440,441,443,
462,477,580,636,641

abscisic acid 425
auxins 422
cytokinins 424
gibberellins 423
IAA 422
zeatin 424

Gel shift assay 30
Gene
ABA 463
alternative oxidase 193
Arabidopsis 449-453, 463,
465-466,471

expression
a-amylase 250
ABA 260
animal hormones 274
auxin 228-242
axillary buds 585
brassinosteroids 210, 211
GA 260
protein phosphorylation
459

flower 473-478
internode length 467-473
maize 467-469
peas 463, 469-477

promoter 31
regulatory 479
response mutants 453
seed dormancy 462-467
strueturaI 479
tagging 462
transcription, animal hormones
274

wilt 462-467
Genet 574
Genetic engineering 320, 777
Genomic subtraction 450, 471
Genotypes 4
Geranyl pyrophosphate 68
Geranylgeranyl pyrophosphate

68-71,468,470
Geranylgeranyl pyrophosphate

synthase 69
Germination 673, 674, 759
a-amylase 246-248
ABA 247, 465, 677, 679, 682,
732

auxin 454
Ca2+ 312
cereal grains 247
cytokinin 359
embryo 248
enzymes 681
ethylene 122
genes 689
gibberellin 27, 247, 465, 759
barley 246
-binding proteins 290
Ca2+ 312
cereal grains 246-248
production 247

inhibitors 776
markers 679
mRNAs 262
nucleic acids 253
osmotic controls 253, 732
phytohormone conjugates 359
precocious 400
putrescine 165
spermidine 165
starch 248
storage protein-hydrolysis 253

Geum urbanum 631
Gi gene 473, 476
Gibberella fujilauoi 66-68, 72,

762
Gibberellane 6, 66
Gibberellin (GA - see also GA

numbers above) 6, 66-97,
246-267

ABA 452
activity 86
action 255-267
aleurone 246-267
a-amylase 6, 246-267
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gene 30
mRNA 676

anthocyanin 735
antibodies 256
apical senescence 477
Arabidopsis thaliana 82-83,
471-472, 477

assimilate translocation 769
axillary buds 579
barley 250, 756
binding protein 255-256, 290­
291

bioassay 417, 477, 746
biosynthesis 6, 66-88, 471,
631
control of 86
enzymes 81
growth retardant 763
inhibitors 85-86, 638
light 27

pathway 68, 467-469
seeds 27
site of 67

bolting 6, 741
brassinosteroids 208
bulbs 740
Ca2+ 291, 299, 301, 304, 305,
312-313

CaM 312-313
carboxypeptidase 265
cell division 6
elongation 6

cereal 246-267
chloroethyltrimethyl ammon-
ium chloride 627

cis-acting elements 265
cold 759
commercial 756
concentration 17
conjugates 67, 77
correlative interactions 579-
580

Cucurbita 79-82
3-deoxy 87
developing seeds 651, 665
developmental mutants 477
discovery 2
dormancy 759
dwarf plants 17, 467-473
effects 6
Em 690
embryo development 675-676
endosperm 652
enzymes 81
ethylene 29
floral stimulus 633, 635
flower bud 758
initiation 631-632

flowering 6, 477-478, 741
fructose bisphosphatase 658



Gibberellin continued:
fruit 6, 734
colour 735-736
development 654
growth 88, 676
ripening 726, 734-736, 757
set 675, 757, 765
size 756

GC-MS 423, 477, 577, 636
gene expression 260
genes 351, 467-473, 477
germination 6, 27, 255, 465,
759
Ca2+ 312
cereal grains 246-248
endosperm 246

grain development 247
grape 756, 757
growth retardants 85-86, 762
height 6, 17,21,33,467-473
HPLC 418, 419
2/3,B-hydroxylase 78, 79, 84,
88

21313-hydroxylation 17,77-82,
84, 86-88, 803

13-hydroxylated 18,79, 82,
86,248,709

IAA 29, 45
immunoassay 436-437, 439
inhibitors 85-86, 632
internode length 467-473 478
genes, maize 467-469
genes, peas 467, 469-471

juvenility 625
leaves 654, 658
levels 477
liquid endosperm 652
maize - see Zea below
male flower formation 642
malting 756, 758
Marah 83-85
mechanical perturbation 567
metabolic grid 89
metabolism 66-88, 477
control 86
genes 351
inhibitors 85

molecular ion 424
mono-oxygenase 72, 79
mutants 351, 452, 465, 477
mutation 257,471, 479
myb 267
nature 6
number 66
ovary growth 675
oxidase 78
2O-oxidase 81, 82, 87, 88
mRNA 81

oxidation 79, 82, 763
polyamines 169

parthenocarpic fruit 736, 757
peas 17,75-79, 81,469-471,
676, 734

perception 256
petal growth 636
Phaseolus 83-85
phloem loading 666
photosynthesis 657, 666
physiological disorders 758
plant organ storarage 726
pod development 675
pollen development 636
potato - see tuberization
promoter 264
protein levels 658
synthesis 246, 261

pumpkin 79-82
receptor 23, 290-291
response 28
element 30, 264
mutants 471, 478

Arabidopsis 472
mutations 473

responsiveness 27, 30
ripening - see fruit
roots 68
rosette plants 636-641
seed 88
development 671, 673,
676,677

germination 6
growth 652, 676
maturation 652

senescence 477, 734
sensitive mutants 471
sensitivity 27, 676
sex expression 636, 759
shoots 88
signal transduction chain 266
spinach 746
sprout tubers 714
stem elongation (growth) 6,
28,87,88,467-473,632,
636-641, 741
mutants 478
rosette plants 636
tissue culture 787

stereochemistry 66, 85
stomata 311
storage 742
structures 66, 93-97
sucrose translocation 664
suspensor 675
tallness 6, 17,21,33,467-473
tissue culture 780, 787
trans-acting factor 266
transport 6
tuberization 701, 707-709,
712-714, 716-720

uses 756-759
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vascular differentiation 531
vernalization 741
woody fruit trees 631
wounding 738
Zea 83-85, 467-469

Girdling 757
Gladiolus 490, 788
Globulin 689, 692
,B-Glucanase 194,222,249,253-

255, 265, 395
,B-Glucan 222, 249, 252, 253
Glucosamine 398
Glucose 39, 51, 55, 59,67, 77,

109, 150, 152, 154, 199,
252,359,563,662,664,
703,734

,8-Glucosidase llo-Ill, 199-200,
252, 358-360, 362, 587

role 362
Glucoside - see individual

hormones
,8-Glucuronidase - see GUS
L-Glutamine 130
Glutaraldehyde 439
Glutathione S-transferases 237,

241
N-Glycans 726
Glycerol 792
Glycine 577
Glycine max 536,620,624,651
Glycoproteins 272
Glycosidase 153
Glycosylation 285
Glyphosate 768
Glyphosine 751, 753, 768
Gossypium 576
Gossypium davidsonii 624
Gossypium hirsutum 620, 624
Graft 33, 534, 621, 623, 624,

630,634,635,705,706
Grafting 195,463,469,473,476,

534,621,623,624,632,
634,635,704-706,715

flowering 476
Grain 31, 169, 191,246-250,

252, 255, 259, 260, 262,
551,553,555,613,651,
652,656, 661-665, 675,
676,681,751, 777

filling 664
Grape 654, 657, 727, 732, 756,

757, 761, 765
ethephon 761
fruit set 765
GA 756

Grapefruit 123,621,732,735,
755,757

Grass 222,548,549,551,552,
554, 555, 558, 560-562,
565, 566, 608, 765



Index

Grass continued:
cell walls 222

Graviresponse 555, 560
Gravisensitivity 554, 559
Gravisensors 555
Gravitropism 5, 22, 52, 239, 241,

299,364,449,455,494,
510,515,521-522,525­
526, 547, 551-567, 575,
581-582,592

ABA 557
adaptive significance 552
asymmetric growth response
553

ATPases 565
auxin 22, 364, 521-522
-regulated genes 239
transport 355, 521

calcium 52, 299, 557, 565,
592

calmodulin 565
ethylene 494, 558, 582
GA 558, 560, 56
gene 567
glucan synthase 567
W-ATPase 567
hormone asymmetry 555
IAA 15,52,558,564,567
invertase 562-563, 56
molecular biology 562-565
mutant 364
negative 552
perception 553, 555
positive 553
protein kinases 565
proton efflux 557
pumping 565

pulvini 562
root 553, 556-557
shoot 556, 558 561
stress 582
sucrose hydrolysis 562
transduction 553, 555-561,
565-567

Greenhouse crops 763
Growth 185, 474
ageotropic 553
auxin receptor 357
auxin-binding 279
axillary bud 579, 584, 591
consolidation 582
inhibiting signal, fruits 574
intercalary 552
jasmonate 181
orientation 547-568
polyamines 164
reproductive 573
salicylic acid 191
secondary metabolites 188

Growth regulators - see Plant
growth regulators

Growth retardants 67,79,85, 88,
762-768, 770

Guanosine diltriphosphate 275
Guard cell 28, 291-292
ABA 291, 310-311, 599,
601-605

auxin 309
Cal + 299, 301, 305, 307, 309,
310-311, 603-605

CI- 601
hormones 601
ion channels 601, 605
IP3 308, 311
K+ 601,311
malate 601
patch clamp 601, 605
plasma membrane 601
protoplast 605
signal transduction 310
tonoplast 60I
turgor 601
wilty mutants 467

Guerilla form 574
GUS
ABA 30, 683
auxin 22, 237, 240, 280, 521
Em 583, 683, 685, 689, 690
gravitropism 240
Pin2 397, 402

Gynoecium 499
Gynogenesis 777
Gypsophila paniculata 48, 320

W-ATPase
Ca2+ 301-302, 307
lAA 561
plasalemma 286

WIIAA-symport carrier 514-515
Habituation 778
Hadacidin 579
Hairy roots 361-362, 586
Haploid 396, 460, 575, 777
Hapten 433, 437, 439
Heat 690
Heat shock 105,211,236,348
Heavy isotopes 427-429
Heavy metals 236
Hedera helix 622, 626-628
HelianJhus - see Sunflower
Helianlhus tuberosus 169, 705,

741
Helix-loop-helix motif 686
Hemerocal/is 780, 791
Hemicellulose 222
Hemocyanin 433
Henbane 620
HEPES 441

816

Herbicide 72, 509, 751, 753, 756,
768, 769, 778

Heterostyly 362
HtrVea 501, 760
Hieracium auranJiacum 631
High performance liquid

chromatography: see HPLC
High temperature 732
Histidine kinase 350
HIs mutations 458
Hollyhocks 620
Holoenzyme 312
Holohormone 288
Homeobox 686
Hordeum vulgare - see Barley
Horseradish 53, 54
HPLC 3, 101, 106,415-417,426,

440, 578
. detectors 426
HPLC-MS 3
Hyacinth 582, 788
Hybrid 197,377,451, 700, 496,

759,769
seeds 769

Hybridizing agents 769
Hybridoma 434
Hydraulic conductivity 214, 612
Hydrolases 48-50, 248-250, 253,

254,325,326,331,341
GAl 253
genes 250
mRNA 249

Hydroperoxide 407, 408, 411
dehydrase 407, 408, 411

N-Hydroxy-ACC 127
oc-Hydroxyacetosyringone 189
4-Hydroxybenzoate hydroxylase

325
Hydroxycinnamoyl acid amides

164
5-Hydroxy-IAA 359
4'-Hydroxy-oc-ionylidene acetic

acid 143
11/12-Hydroxy-jasmonic acid

709-711
enl-7oc-Hydroxykaurenoic acid

72,469-470,641
3-Hydroxy-3-methyl ABA 151­

154
6-(4-Hydroxy-3-methylbut-trans-2
-enylamino) purine - see
zeatin 98

3-Hydroxy-3-methyl glutaryl
HM-ABA 152

Hydroxyrnethylglutaryl-coenzyme
-A 68

3-Hydroxyrnethyl-oxindole 54, 57
5-Hydroxy-nitrobenzyl bromide

778
7-Hydroxyoxindole acetic acid 56



Hydroxy IAA continued:
glucoside 55, 56

2-Hydroxyoxindole-lAAsp 58
Hydroxyperoxide dehydrase 405
13-Hydroxyperoxylinolenic acid

405-408
Hydroxyproline 77, 395, 398
Hygromycin 364
Hygrophorus conicu.r 55
Hyoscyamus niger 620, 623, 624
Hypersensitive reaction 194-196,

199, 201, 473, 475
Hypobaric storage 374, 726

iaaH gene 325, 326, 333, 341,
360,586

iaaL gene 326, 333, 344-345,
360-361,456

iaiiM gene 325, 326, 333, 341,
342, 344, 346, 360, 457,
539, 586

Ibuprofen 409
Illuminating gas 3
Imbibition 681
Immunoaffinity 331, 333, 441
Immunoassay 3, 17,433
Immunocytochemistry 442
Immunofluorescence 251,284,

442,444
Immunoglobulin 442
Immunogold 442, 443
Impatiens balsamina 631
In vitro propagation 785
Incipient plasmolysis 218
Indirect organogenesis 781
Indo-I gene 312
Indole 46, 47, 422, 456, 362
Indole alkaloids 72
Indole-3-aceta1dehyde 4, 44
Indole-3-acetaldoxime 45
Indole-3-acetamide 44, 48,

324-326, 341
hydrolase 48, 325, 326, 341

Indole-3-acetic acid (IAA) (see
also Auxin) 4-5, 39-61,
214-225, 228-242, 318­
335, 354-367, 534-539

ABA 580, 611
abscission zone 589
ACC synthase 733
acid-growth 560
acropetal transport 557
amides 41, 59
amino acid conjugates 41,59
hydro1ases 50

apical dominance 594
assimilate translocation 769
asymmetric distribution 548·
550, 558·560
growth 560

Avena coleoptiles 548-549
axillary bud 581, 591, 593
bacteria 48
benzyladenine S40
basipetal transport 550, 558
binding 357
biosynthesis 41-50, 559
genes 326, 360
gibberellin 45
indole 46-47
microbial 48, 326
tryptophan 43, 44

brassinosteroids 208
bulbs 740
Ca2+ 309
carrier 516
catabolism 53, 57
cell division 775
cell wall protein 738
chloroplasts 17, 657
CO2 fixation 657
coleoptile 31
concentration 22, 25
conjugates 31, 40, 41, 49, 58,
325, 558, 560, 653, 733
hydrolysis 41, 48-50
synthesis 60

correlative signal 594
crown gall 323·326
cuttings 784
decarboxylation 53, 54, 56, 57
destruction 548
deuterium 45
distribution 52
duration of exposure 25
efflux 16
carrier 526

electrical gradients 514
electron transport 611
Em 690
embryonic axis 652
endogenous 40
endosperm 652
ester 41, 52, 325, 577,653,
656

ethylene 22, 29, 581, 733
export 591
fluorescence 426
fruit export 591
ripening 736

GC-MS 422
geotropism IS
glucosidase 359
gravitropism 22, 52, 560
growth 60
kinetics 216
rate 20

WIlAK symport 514-515
HPLC 418, 419
immunoassay 437
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immunocytochemistry 443
initial growth response 20, 25
intact plants 19, 20
invertase 564
K+ concentration 660
leaves 653, 654
mechanical perturbation 567
metabolism 41, 42, S3-6O
methyl ester 422
mobilization 660
morphology 22
mutants 478
overproduction 457
oxidation 53-58, 60, 778
pea growth 32
peptide conjugates 4()'41, 49
petioles 653
phloem loading 659
phosphorylation 611, 657
photosynthesis 611, 657
phototropism IS, 23, 31
plasmodesmata 52
polar transport 557
pool 41-43, 53, 60
prolonged growth response 20,
25,32

proteins 49
proton extrusion 514-515, 659
quercetin 519
redistribution 31
resistance, Arabidopsis 363
rolB 362
root 29, 522·523
rooting 41
seed 652-654, 677
sensitivity 516
shoot tips 548
stem elongation 28
growth 20, 32
length 22
segments 19

stomata 606-611, 657
storage 17,742
sucrose accumulation 664
sugar conjugates 41
tallness 19,21
tissue culture 41, 774
transgenic plants 21, 22, 344,
360

transport 31, 32, 51-52, 60,
510, 548, 556, 559
abscission 591
axillary buds 591, 593
Ca2+ 592
chemiosmotic theory 514
coleoptile tip 51
inhibition 592
lateral 515
light 550
seed to shoot 51



Index

IAA transport continued:
stem 590
tropisms 52

tropisms 22, 52, 560
tryptophan mutants 456
tuberization 716
tumor 323-326
turnover 40
uptake carrier 514-515
uses 753
vacuole 17
vascular bundle 589
vessel regeneration 540
vesicles 514, 516, 520, 522
wounding 398, 399, 738
xylogenesis 539
zeatin 540

Indoleacetic acid-amino acid
hydrolase 49
Indoleacetic acid-glucose synthase

51
Indoleacetic acid-glycoprotein 40
Indoleacetic acid oxidase 53, 57­

58, 124, 778
Indoleacetic acid-phenylalanine

50
Indole-3-acetonitrile 325, 456
Indoleacetyl-a1anine 50
Indoleacetyl-aspartate 50, 58-59,

734
Indoleacetyl-glucan 40
Indoleacetyl-glucose 41,58-60,

734
Indoleacetyl-g1ucose hydrolase

50,61
Indoleacetyl-glucose synthetase

50,59,61
Indoleacetyl-glutamate 59
Indoleacetyl-inositol 31,41,48,

49,51,52,58-59,61
Indoleacetyl-inositol-arabinose 40,

49, 59
Indoleacetyl-inositol-galactose 40,

49, 59
Indoleacetyl-Iysine 2, 4, 48, 58,

323, 534, 577, 727
gene 60

Indoleacetyl-Iysine synthetase
347,360

iaaL gene 60, 342, 456
Indole-3-aldehyde 54, 56
Indole-3-butyric acid 39,40,47,

753
cuttings 784
tissue culture 778

Indole-3-carboxylic acid 56
Indole-3-ethanol 44
Indole-3-glycerophosphate 43, 46
Indole-p-glucosidase 362
Indole-3-lactic acid 44

Indole-3-methanol 54, 56
Indole-3-methanol glycoside 57
Indole-3-pyruvic acid 44
Indoxyl-O-glucoside 359
Infection 122, 500-501
Inflorescence 573
Inhibition, axillary bud 579
Inhibitors 208, 709
Initial growth response 20
Injury 395
myo-Inositol 39, 49, 59, 359,

558, 775, 792
glycosides 49

Inositol-I,4,5-trisphosphate (IP3)
221, 225, 274-275, 298,
300-301,308, 792

ABA 292
animal cells 288
auxin transduction 288
Ca2+ 301,303,308,310
guard cells 310-311
vacuoles 308

Inositol phospholipases 453
Insects 122
Insertional mutagenesis 324, 364,

462
Instron stress-strain analysis 218
Internal standard 427-430, 463,

641
Internode length genes 467-473
Invertase 563-565, 567, 664, 703,

728
Iodine 435
Ion exchange chromatography

416
a-Ionylidene acetic acid 143-144
Ipomea nil 497, 581
ipt gene 105, 327, 330, 332, 334
axillary bud growth 586
apical dominance 345
cytokinin 586
leaf senescence 348
mRNA 105
senescence 349
transformed plants 105

Iris 490-491,574. 776
Iron 77
Isocitrate lyase 678
Isogenic lines 448. 675
Isopentenyl adenine 100, 106,

III, 112, 327, 330, 332,
462. 579. 746, 779

Isopentenyl adenosine 100.
102-104, 106, 107, III.
112. 327, 439, 746

Isopentenyl adenosine
monophosphate 104, 105.
107, 111.326-327, 342

Isopentenyl pyrophosphate 68,
102-104.342
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Isopentenyl transferase 102. 104,
105, 327, 329. 342, 586

Isopentenyl transferase gene - see
ipt

2'-isopropyl-4'-(trimethylammon
ium chloride)-5'-methylphenyl
piperidine-l-carboxylate 85

Ivy 627
Jasmine 10
Jasmonic acidlJasmonates 3, 10,

179-186
ABA 185-186,405,409
abscission II
ACe 737
oxidase 737

animal 179, 183
antifungal agent 183
Arabidopsis 185
biosynthesis 10, 179-180, 184
defense II, 179, 181-183
effects II
eicosanoid 179, 183
ethylene 737
fruit 11,737-738
fungi 181, 183
gene 181, 182
induction 184,691
products 181

glucoside 181,711
growth II, 181
interplant signal 183
leaf vasculature 184
lipoxygenase 179 180
metabolism 179
methyl ester 10, 180.710
mutants 185
occurrence 179·181
pheromone 183
pigment formation 11
Pin2 399. 403
plant organ storarage 726
promoter 691
protease inhibitors 181
proteinase inhibitor II, 405-
411

proteins 182
root growth 185
seed germination II
senescence II, 745
stereoisomers 181
stress 179, 181, 183
systemic signal 184-185
tendrils II
tuberization II, 709-711, 717,
719

vegetative storage protein 185
wound 185.396,405-411

Jerusalem artichoke 705, 712,
738,741

Jessamine 620



Juvenile(ity) 476, 573, 619, 621­
622, 625-628, 631, 780,
787

conifers 787
GA 625-627

Ka/anchoe b/ossfe/diana 320,
323, 361,620,635, 775

enl-Kaurenal 71, 469
ent-Kaurene 69-72,81,82,85,

88,468-470,746,762
enl-Kaurene oxidase 72
ent-Kaurene synthetase 70, 85,

468
enl-Kaurenoic acid 71, 72, 310-

311,469-470,640,641
Kaurenoids 70
ent-Kaurenol 71,469
Kaurenolide 72
a-Ketobutyric acid 343, 344, 386
a-Keto-methylthiobutyric acid

130
Kinase 693, 689
Kinetin 98, 112,542
auxin 785
buds 784-785
Cal + 309
cell division 775
discovery 774
organogenesis 781
phloem loading 659
senescence 50I
stomata 607-609
tissue culture 779
tuberization 717
vessels 540

Kiwi fruit 377, 502, 732, 736
Kleinia articulata 624
Kleinia repens 624
Kohlrabi 738
Kovats retention index 422, 424

la gene 472,477
/a cry' genes 19, 23, 24, 472
LAB-I44-143767
LAB-173-711 767
LAB-198-999 85, 86
Lac promoter 329
Lactone 66, 73, 76, 77, 99, 207,

643
Lactuca sativa 746
Lanthanum 310, 312
Larix decidua (larch) 621, 628
Late embryogenesis abundant

(LEA) proteins 182,404,
466,682,692

Lateral branches 572, 767
Lateral bud
auxin 785
cell division cycle 584

cell expansion 591
cytokinin 110
elongation 784
IAA transpon 591
kinetin 785
nutrients 591
oats 573
vascular connections 591
xylem differentiation 588

Lateral roots 363, 522
Latex 501, 505, 760
S-Lathyrine 779
Lathyrus 779
Laticifers 403
lazy mutants 553
Le gene 17, 18,34,86477
LiI gene 469
LE-ACC2 clone 385
Leaching 776
Leaf 533, 534, 536, 538
ABA 656
abscission 191,500,588-589
age 29
area 105
auxin transpon 589
bud cuttings 787
crops 742-747
ethylene 500
IAA 654, 656
movements 190
NPA 518
photosynthesis 657-658
primordia 534, 535
senescence 348, 50 I, 769
sheath pulvini 554
shoot apex 589
tryptophan 654
vascular system 533-536
water stress 612

Leaky mutants 451, 469, 470
Lectin 222, 681
Legumes 59, 67, 662, 663
Legumirwsae 160,620,624
Lemna 441
Lemna gibba 45, 190
Lemnaceae 190
Lemon 631, 751-752, 755, 757,

758
Lettuce 211, 467, 745, 746
Leucine aminopeptidase 182
heptad 686
zipper 686, 688

Leucoanthocyanins 779
Leukotrienes 406, 410
Lfgene 473, 476, 477
Lfy gene 476
Lgr gene 472
LH-20 Sephadex 419
Lh gene 469, 470, 477, 479
Light 549, 572
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auxin binding 285, 357
Cal + 299, 303
ethylene 494
PA 167

Lignification 131, 160,347
Lignin 72, 160, 188,347,395
Lily 191-193,752,763,788
Limit dextrinase 252, 253
Linoleic acid 56
Linolenic acid 10, 56, 179, 405-

408,410
Lipase 410,689
Lipid 261, 681, 737
Lipoxygenase 56, 124, 179, 180,

182-184,395,405
jasmonate 179-180, 184

Liquid endosperm 675, 779
Liquid scintillation counting 427
Litchi chinensis 732
Liverwons 552
Ik gene 24, 28-29, 472
Lodging 551,553, 751, 764
Lolium pe"ene 620
Lolium temulentum 629, 630, 632
Long-day plants 618-619,711
Is gene 29, 469, 477
Luciferase 587
Lufla cy/indrica 533, 536
Luminal protein 303
Lunaria annua 624,629,631,

632
Lupinic acid 110, 112
Lupinus angustifolius 102
Lupinus 110, 112, 150
Lupinus /uteus 102, 110, 150
Lutein 145
Luteolin 525
Lux gene 587-588
Lv gene 474
Lycopene 383-385, 388, 728,

730,735,761
Lycopersicon esculentum - see

tomato
Lysine 39, 58, 60, 122, 161, 334,

341,342,347,360, 361,
456,682

Lysine oxidase 161
Lysophospholipids 221

Macleaya microcarpa 154
MADS box 686
Maize 42, 46,51-53,55,56,58,

59, 84, 98, 102, 220, 282,
283, 356,441,443,444,
518-519,521,525,552,
600, 608-609, 612, 620,
642,651,652,663-665,
677

ABA 33, 267, 463, 467, 655,
677-679
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Maize - ABA continued:
mutants 679-680

a-amylase 260
auxin 356-357
coleoptile 222, 229-230
transport 511

auxin-binding protein 282­
289, 355, 358
antibodies 285-289
NPA 518

Ca2+ 299,301,304,309
cDNA 285
coleoptiles 222, 229-230, 512,
550,558

copalyl pyrophosphate 468
cytokinin 441-442, 656
-binding protein 290
oxidase 112-113

dinoseb 751
dwarf mutants 86
embryo-lethal mutants 675
mRNAs 682
proteins 682

ethylene 581
flowering 620
GA 83-85, 86
biosynthesis genes 467­
469,471

geranylgeranylpyrophosphate
468

germination 249, 678
f3-glucosidase 358
gravistimulated 558
IAA 22, 49, 443, 558
biosynthesis 46
catabolism 53
conjugates 58-59
distribution 52
glucose synthase 51
oxidation 54-56
transport 5I

internode length genes 467-
469

isopentenyl transferase 102
em-kaurene 468
kernel development 665
lazy mutants 553
LEA proteins 692
male-sterile 165
mesocotyl 558
mevalonic acid 468
mutants, hormone 449
NPA 518
orange pericarp 46
phototropism 32
plasma membrane ATPase 221
precocious germination 466-
467,673

protoplasts 690
rab28 gene 30

sal icyl ic acid 191
seed protein 404
sex expression 642
transcription factor 466, 686
tryptohan mutants 456
viviparous mutants 673
ABA 463, 467, 679

wilty mutants 463
VpJ gene/protein 351 689,
690

Male flower 642-643, 759
sterility 769

Maleic hydrazide 739, 752, 753,
765, 768

Mallooo japonicus 199
Malonyl-ACC 120, 129, 390, 730
Malonyl-CoA 129
Malonyltryptophan 45
Malonylation 128, 129, 730
Malonyltransferase 128, 129
Malt 774, 756
Malus pumila 621, 622
Malus robusta 622
Malus sylvestris 727
Mangifera indica 735
Mango 496, 735, 751
Mangrove 672
Mannich formaldehyde reaction

437
Mannitol 441
MAP kinase 583
Map-based cloning 449, 454,

457,466
Maple syrup 779
Marah mDcrocarpus 71, 83-85,

441
Marsilea drummond;i 578, 582
Mas promoter 587
Mass flow 399
Mass spectra 422-425, 429, 431
Mass spectrometer 428-429
Mass spectrometry 3, 39, 101,

146,420-421,425,577,
580,636,639,641

Maturation 505, 583, 621, 674
Mechanical harvesting 751, 752,

760,761, 764, 769
Mechanical perturbation 547,

567,629
Mefluidide 765
Melon 125,372, 380,502, 725,

730,731
Membrane
depolarization, salicylic acid
190

hyperpolarization, auxin 24
ion transport, salicylic acid
190

NPA 518
permeability 514
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phytotropins 518
polyamines 171
potential 24, 286, 309
wounding 399

Mepiquat chloride 764
Meristem 228, 442, 476, 491,

532, 575, 583, 639, 640,
719, 762, 765, 776, 784,
785

culture 776, 784
MeroCaM 306
Mesocotyl 552
Mesophyll 611
Metaxylem vessels 463
Methionine 8, 103, 118-122,

129-131, 170,334,375,
489, 567, 766

cycle 129
Methionine adenosyltransferase

131
3-Methyl-2-butenal 112
Methyl-2-ehloro-9-hydroxy

fluorene-9-carboxylate 765
Methyl iodide 422
Methyl jasmonate 10, 179, 183-

184, 737-738
Methyl sulphonyl anion 422
Methyl zeatin riboside 332-333
Methylation 131
Methylation interference

footprinting 687
3-Methylene-oxindole 54, 57
Methylthioadenosine 119, 120,

129
Methylthio isopentenyl adenosine

100
Methylthioribose 119, 129-131
Methylthioribose phosphate 129
Methylthio zeatin riboside 100
Metrosideros diffusa 622
Mevalonate kinase 68
Mevalonate-5-pyrophosphate 68,

102
Mevalonic acid 6, 9, 67, 68, 81,

102, 141, 143-144, 468
Mg2+ 81
MGBG 163, 165, 169 170
Mi2 genes 468
MiaA mutants 327, 330, 334
Mice 434
Microautoradiography 512
Microcutting 787
Micropropagation 774-793
Microsomes 518
Microspores 777
Microtubule 307
Millet 191,249,260
Minimal media 680, 775
Mitochondria 303



Mitogen-activated protein kinase
583

Mitosis 583 592
Mixed anhydride reaction 437-

438
Mn.... 53, 54, 81
Molecular ion 422
Mono-oxygenases 79, 85
Monoclonal antibodies 285, 434,

519
Monocotyledons 776, 778
Monoculture 575
Monoecious 642
Monophenols 53, 54
Monoterpenes 68, 72
Monstera deliciosa 547
Morning glory (Ipomoea) 497,

499,620,621
Morphaetins 517
Morphogenesis 7, 165, 675, 778,

782,792
Moss 7, 310, 311, 442, 552, 460­

462, 575-576, 592, 593
Mougeotia 299
Multiplication 428, 776, 781,

784-788
Mung bean 121, 123, 125, 128,

129, 169,207,208,210,
231,236,237,278,494­
495,552

ACC 123
oxidase 125
synthase 121

auxin 208, 278
ethylene 208, 292
brassinolide 208
SAUR 237
salicylic acid 191

Musa acuminaJa 727
Mustard 494
Mutants 340-351, 363-365, 385­

388, 448-479
ABA 351, 452, 462-467
deficient 149
resistant 453

Arabidopsis 448-453
auxin 455
biosynthesis 456
resistant 356, 453

biochemical pathways 448
cytokinin 453, 457, 462
deletion 450
epistatic 453
ethylene 340
gibberellin 351, 452, 465,
467-473
insensitive 452-453

isogenic lines 448
jasmonate 185
moss 460-462

response 451, 453
resistant 448, 452
tryptophan biosynthesis 456
zeatin 462

Mutation supressors 471
Myb gene/protein 266-267
Mycorrhizae 775
Myeloma 434
Myosin filaments 307

na gene 34, 468-470, 472, 477,
479

NAD kinase 306
NADPH oxidizing enzyme 163
NADPH-dependent

mono-oxygenases 79
NahG gene 351
nana 19, 20, 28, 34
Naphthalene acetamide 325, 753­

754
Naphthalene acetic acid (NAA)

235, 323, 753-755, 761
abscission 29, 755
auxin-binding protein 281,
284, 286-287

cell division 25
p-glucosidase 359
immunoassay 440
membrane potential 24
somatic embryos 782
stomata 311
tissue culture 774, 778
tuberization 716

1-Naphthyl-N-methyl-1-carbamate
755

Naphthylphthalamic acid (NPA)
29, 324, 355-356, 511,
517-518,525-526,778

auxin 565
binding 357

binding 277, 518, 522
antibodies 519
protein 518-520, 523-526
vesicles 520

p-Glucosidase activity 359
IAA 522-523
membranes 518
quercetin 519
receptor 355-356
root 523
stem 590

Napin 182
Narcissus 490, 788
Nematodes 397
Neomorphs 783
Neoxanthin 145, 147-149,463,

465
Nickel 780
Nicotiana debneyi 197
Nicotiana gilltinosa 195, 197
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Nicotiana plumbaginifolia 363,
455

Nicotiana sylvestris 620, 623, 624
Nicotiana tabacum - see Tobacco
Nicotine 161, 174
Nifedipine 312
Nigericin 514
Nite/lopsis 299
Nitrate 191
Nitrate reductase 191
Nitrenium ion 127
Nitrogen fixation 769, 791
Nitrogen specific detector 426
p-Nitrophenol 435
p-Nitrophenylphosphate 279, 435
Node culture 784
Nodulation genes 525
Nopaline 238, 320, 321, 323, 330
nor gene 728, 732
Norbornadiene 132-133, 374,

700,737
Norflurazon 145
Norspermidine 172
Norspermine 172
Norway spruce 621
Notabilis (not) tomato 462-463,

679
Nr gene 728, 732
NTP kinase 306
Nuclear proteins 687
Nuclease 253
Nuclei 162, 163, 175,211,235,

262,263,278-280,291,
293, 443, 583, m

Ca2+ 310
Nucleosidase 107, 253
Nucleotidase 107
Nurse cultures 780
Nutrients 349, 577

Oak 621
Oat - see Avena
Octadecylsilane 418
Octopine 320, 323-324, 328, 330
Octopine synthase 324
Oleander 320, 332
Olefins 132-133
Oligosaccharides 397, 398, 792
Olive 320, 326, 332, 760
Oncogenesis 330
Onion 555, 739, 740, 745, 768,

788
Ontogeny 574
Opaque-2265
Opines 323
Orange 170,383,390,621,729,

735,757
Orange pericarp, maize 46, 456
Orchid 604, 775, 776, 788
Orchidaceae 499



Index

Organ cultures 775-776, 778
Organogenesis 319, 476, 477,

673, 781, 782, 788, 790­
792

Organophosphate 769
Ornamental plants 764
Ornithine 158, 164, 169, 173,

361,716, 741
Ornithine decarboxylase 158,

161-163, 168, 169, 172,
174, 175,716, 741

orp gene 46
Orthogravitropic shoots 574
Oryza sativa - see rice
Osmoregulation 223, 225
Osmotic environment 732
potential 214,218,660,664,
760

stress
ABA 405, 409, 692
Em gene 690

Osmoticum 171,217,674,679,
682

Overripening 737
Ovules 777
Oxindole-3-acetic acid 39, 54-58,

60-61
Oxindole-3-carbillOl 54
2-Oxoglutarate 77, 78, 81-83, 85­

86
2-Oxoglutarate-dependent-di

oxygenases 77-79,85
12-Oxo-phytodienoic acid 405­

408
Oxygenase 154
Ozone 746

P-450 mono-oxygenases 85
Paclobutrazol 85, 472, 763-766
Palms 778
Paper and thin layer

chromatography 416
Paphiopedilum tonsum 609
Parsley 299, 745
Parsnip 738
Parthenocarpic fruit 757
Particle gun 263
Partitioning 649
Passiflora edulis 730
Passion fruit 730
Patatin 703, 704, 714
Patch clamp techniques 310, 601,

605
Pathogen resistance 196
Pathogenesis-related gene 30
Pathogenesis-related proteins 11,

194-196, 200 398
Pathogenicity 332
PCR amplified DNA 471
Pel gene 468

Pea 134, 469-477, 534, 608, 652,
660,664

ABA mutants 463, 663, 679
ACC 125
Alaska 165
apical senescence 477
auxin 217, 231, 233
epicotyl 229-230
response 20

axillary buds 584-585
brassinolides 208
cDNA clones 232
cell cycle 583
cotyledon bud 578
cytokinin 579
defloration 573
diamine oxidase 160
dwarf 19-20, 34, 86, 469
embryos 76-787
ethylene 292, 58 I
floral induction 473
flowering genes 473-478
fruit growth 676
fruit set 675
GA 81, 734
binding proteins 290
biosynthesis 75-79, 88
genes 469-473

hydroxy1ases 88
non responders 28, 472
pathway 86
response mutants 472
seeds 479
shoot 479
slender phenotype 470
internode length 477
pleiotropic 477

germination 165
grafting 473
lAA 20, 32
decarboxylation 56
response 20,
synthesis 28, 45, 46

internode length mutants 469­
473

methionine adenosyltransferase
131

mutants 449, 467, 469-477
nana 19, 20, 28, 34
pod growth 48, 675, 734
polyamines 169, 170, 175
putrescine 165
SAUR 237
seed GAs 75, 77 676, 734
growth 676

slender 19, 20, 23, 470
spermidine 165
tall 19,20,33-34,469
wilty mutants 463
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Peach 126,443,631,729,761,
762, 767
Peanut 129
Pear 189,621,729,731,732,

734, 736, 754, 755, 757,
766

abscission 755
ACC 120
fruit set 757
GA 734
polyamines 736
ripening 372

Pectin 222, 729
Pectin methylesterase 729
Pectinases 777
Peduncle 477
Pentose phosphate pathway 766
Pepper 211,727
Peptide hormones 274, 275
Perennials 619, 622
Pericarp 652
Pericycle 523
Perilla crispa 573, 620, 621, 623,

624, 628, 634
Periodate reaction 439
Periwinkle 775
Peroxidase 53-58, 124,282,283,

404,443,735
Perry 120
Persea americana 727
PESIGS rules 35
Petiole exp1ants 589
Petunia 26, 27, 344, 346, 347,

360, 500, 624, 735
pH 308, 515
Phalanx 574
PhaJeonopsis 497
Pharbitis nil 496,620,621,624,

629, 630, 633, 635
Phase change 621, 622, 625-628
Phaseic acid 148, 150-154,691,

742
Phaseolus coccineus 653
Phaseolus vulgaris 576,577 612,

661,664
ABA 429, 580
apical buds 577
auxin 675
axillary bud 583
cytokinin 110-111, 579
oxidase 112

development 583
embryos 663, 675
ethylene 581
binding protein 292

fruits 573-574, 577, 580
GA 83-85, 675
hydroxylases 87

lAA 576, 580
leaves 577



Phaseolus vulgaris continued:
naphthylphthalamic acid
(NPA) 577
seed drying 679
xylem exudate 579

Phenanthroline 378
Phenolics 40,72, 164, 188-190,

198,322,415, 738, 779
flowering 190
levels 415
plant-microbe interactions 189
roots 188
tuberization 716

Phenoxyacetic acids 778
Phenylacetamide 325
Phenylacetic acid 4, 40, 509, 519,

778
D-phenylalanine 129
Phenylalanine ammonia lyase

181, 182,409
Phenylcyclopropylamine 127
Phenylureas 769, 779
Pheromone 183, 487
Philodendron 547
Phloem 532-534, 658-662, 732
ABA 612, 656
metabolites 153-154
anastomoses 532, 535
auxin 535, 543
transport 510

collateral bundles 535
cytokinin 543
differentiation 531, 535
exudate 577
loading 612, 658-659, 666,
732

transport 658-662
unloading 660, 666
seed coats 652

wound signal 397
Phosphatase 30, 254, 279, 435,

438, 649, 692
Phosphate transporter 649
Phosphatidylinositol

4,5-biphosphate (PIP2)
274-275, 308, 792

Phospholipase 221, 274-275, 308
Phospholipid 254
Phosphon D 763
Phosphorylation 225, 611, 689
Photoaffinity labeling 133 354,

519
Photoassimilates 649-666
unloading 661-662

Photomorphogenesis 472
Photoperiod(ism) 18, 87, 193,

473-476,618-619,621,
624, 633, 639, 642, 643,
699-701,705,709,711,
716-718,746

genes 474
mutant 474
polyamines 165
salicylic acid 193
sex expression 643
thermogenesis 193

Photophosphorylation 657
Photorespiration 657, 769
Photosynthate partitioning 649-

666,704
Photosynthesis 181,299,310,

395,489,547,552,616­
611,649-666,725,769

ABA 611
auxins 666
cytokinins 657
ethylene 657
GAs 657
gibberellins 666
lAA 657
jasmonate 181
stomata 611

Phototropism 2, 15, 239, 299,
512,521,525,547-551,
553,556

action spectrum 548
adaptive significance 548
auxin 32, 521, 548-549
asymmetry 551
-regulated genes 239
transport 521

blue light 548
carotenoid 548
coleoptile tip 549
flavinoid 548
lAA 2, 23, 31
negative 547
photoreceptor 548
positive 547, 548, 550

Phragmites communis 574
pHTOM5 125
Phyllotaxis 621, 622, 629
Physarum polycephalwn 163, 175
Physcomitrella patens 460, 462,

575
Phytate 302
Phytoalexins 72, 181, 184, 188,

395,501
Phytochrome 169, 299, 307,

472-474,478,618,699
mutants 474, 478

Phytoene 384, 385
Phytotropin 355, 511, 517-520,

523, 524-525
plAAI326
Picea abies 553,621
Picloram 756, 778, 782
Pigment 181
Pigweed 208
Pik-Off768
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Pin2 gene 396, ,398, 405
Pine 47,56,493,621
Pineapple 496, 727, 751
Pinus 53,55,56,537,621,622
Pinus sylvestris 53, 55, 621
Pisonia 488
Pisum sativum - see pea
Plagiomniwn cuspidatum 576
Plant
breeding 759
culture 775
defense 181
immunization 194
multiplication 781
regeneration 782
transgenic 340

Plant growth regulators 2, 60,
100, 119, 168, 186,234,
400,486,490,493,504,
531,539,540,751-770,
775,776,788,791-793

Plant growth substance 2, 364,
747,789

Plant hormone - see also
individual hormones

analysis 415-447
apical dominance 572-594
binding 272-294
bioassays 416
biosynthesis genes / mutants
318-335, 372-391, 448-479

calcium 298-313
concentration 2, 13, 17-22
concept 1-2, 13-14
correlative interactions 576-
582

definition 1
derivitazation 422
detection 30
discovery 2-3
effects 3
enzyme activities 273
extraction 416
flowering 617-644
fruit 372-391, 725-747
functions 1-11
gas chromatography 420-421
GC-MS 3,421-425,428-429
HPLC 3, 417-420, 426
HPLC-MS 3
identification 2-3, 421-422
immunoassay 433-444
importance 34
insensitive mutants 451, 452
interactions 28, 29
isolation 416
levels 479
localization 14
measurement 14,426-429
micropropagation 774-793



Index

Plant honnone continued:
mutants 363-366, 448-479
nature 1-11
occurrence 1-11
orientation of growth 547-568
perception and transduction
272-294

photosynthesis 610-611, 649-
666

potato tuberization 698-721
purification 416
quantitation 2-3, 15·16,426-
430

receptors 272-294, 792-793
redistribution 31-34
reproduction 617-648
response genes 453
mutants 448-449, 451, 478

-responsive element 31
responsiveness 13, 22-31, 479
role 34
roots 598
seed development 671-693
sensitive mutants 451
sensitivity 2, 13, 22-31, 462,
586-588

sex expression 641-642
signal transduction 272-294
signaling pathways 451
source-sink 651-657
stomata 598-610
target cells 272
tissue culture 774-793
transgenic plants 340-351
transduction 30
transport I, 2, 13, 31-34
vascular tissues 531-544
vegetable 725
water balance 598-613
wounding 395-411

Plasma membrane 221, 225,
515-520,526

auxin receptor 286, 288
binding proteins 283-284,
354, 355, 604

ATPase 220,221,224-225
Ca2+ 300,302,304,307, 312,
604
ATPase 557
channels 300-301

W-ATPase 307, 560
GA receptor 291
proton pump 661
vesicles 30, 519-520

Plasmid 48, 104, 105, 110,238,
321, 322, 326, 329, 330,
332, 333, 365, 586, 454,
686, 690, 781

Plasmodesmata 52, 248, 250

Pleiotropic 272, 364, 449, 467,
472, 475, 477, 681, 689,
701,702

Pod 48, 477, 656
Poinsettia 492, 620, 752, 763-764
Pollen II, 777

ACe 499-500
auxin 754
dispersal 552
ethylene 499

Pollination 166, 383, 497, 499­
500, 652, 665, 733, 736,
754, 757, 769

ethylene 499-500
flower senescence 499

Pollinators 552
Polyacrylamide gel

electrophoresis 584
Polyamine oxidase 160, 162
Polyamines 3, 158-175
abscisic acid 169
ACe 131
S-adenosylmethionine 131,
169

adventitous shoot fonnation
164

a-amylase 169
antisenescence activity 160
auxin 162, 166, 169
bacteriophage 163
binding 162
biosynthesis 10, 159-162, 168,
174-175
enzymes 158, 163
localization 161
scheme 160

bound 161
calcium 175
cell division 164,736
walls 161

cellular 164
chilling injury 171
chloroplasts 161
cold hardening 171
conjugated 164-165, 736
cytokinins 169
differentiation 164-168
disease control 173
DNA 162-163
donnancy 741
drought 171
E. coli genes 174
effects 10
elongation 164, 169
embryogenesis ethylene 166
embryoids 10, 164
enzyme localization 162
ethylene 131, 160, 166-168,
170,387,390,737

eukaryotes 158

824

flowering 164-166,361
free 737
free radical scavenging 739
fructose-I,6-bisphosphatase
163

fruit development 166,736
ripening 164, 166-168,
387, 727, 737

softening 728
functions 162-164
GA 169
gene expression 163
growth 163-169
growth regulators 167
high temperature 171
honnones 10, 169
intracellular 161
K+ 170
kinases 175
light 169
lipid peroxidation 737
localization 16 162
macromolecule synthesis 162-
163

meiosis 162
membrane 162, 171
metabolism 160, 162
methylation 130
MGBG 169
mitochrondria 161
mitosis 162
molecular analysis 174
morphology 10
mutants 158, 165
nucleic acids 162
organogenesis 792
ozone 746
parthenocarpy 169
pH 161, 162
phenolic acid conjugates 160
phosphorylation 163, 175
photoperiod 165
phytochrome 169
phytopathogenic fungi 172
plant organ storarage 726
prokaryotes 158
protein structure 163
proton-secreting systems 162
RNase 739
rolA 361
root initiation 164
senescence 131, 164, 166 736
sexual differentiation 165
somatic embryogenesis 792
stress 160, 168, 171-172, 174
thennophilic bacteria 172
titer 168-173
tomato 160,736, 746
transgenic plants 174
transport 170



Polyamines continued:
tRNA 163
tuberization 716
uptake 170
vacuole 161
vascular differentiation 164
virus 163
wounding 739
yeast 163, 174

Polyclonal antibodies 382, 433
Polygalacturonase 386, 390, 398,

728
Polymerase chain reaction 451
Polyphenols 54
Polysaccharides 442
Postharvest hormone change 725-

747
Potassium channels 311, 692
Potassium cyanide 216
Potato 553, 578, 579, 582, 698­

721, 738
ABA 741
mutants 404, 463

andigena 700
arginine decarboxylase 741
aseptic culture 788
bolters 717
brassinolides 211
CN-sensitive 738
cuttings 579
cytokinin 741, 579
dormancy 740, 741, 759
droopy mutant 400, 402, 463,
467,717

dwarf 717-718
GA 708, 717-718, 741
genetics 700
giant hills 717
grafting 706
in vitro 715
jasmonate 182, 185,405,409,
410

late embryogenesis genes 404
maleic hydrazide 739
ornithine decarboxylase 741
Pin2 gene 402, 404
polyamines 739, 741
proteinase inhibitor 396
putrescine 741
S-adenosylmethionine
decarboxylase 741

spermidine 716, 741
spermine 741
sprouting 741, 768
topiary 717
transgenic 397, 402, 403
tuberization 181, 698-721
tuberosum 700
water-stressed 404
wilty mutants 463

wound-induced genes 405,
409

wounding 400, 401, 403, 738
Ppd gene 473-475
Precocious branching 786-787
Precocious germination 467, 671,

673,674,678,681,732
Prenyl transferase 69, 327-331
Privet 320
Pro-Shear 767
Procambium 532-533
Proembryo 777, 782, 783
Prohexadione-calcium 85, 763
Prokaryotes 158, 318
Proliferation 277
Proline 182,738
Prolonged growth response 20,
Promalin 767
Promoter 48, 232, 237, 239, 240,

256, 263-266, 280, 340,
342-343, 348, 360-363,
402,417,587,657,
683-685, 688, 740, 744,
779

ABA 404
a-amylase 263, 266
auxin-inducible 349, 521
Cal+, animals 307
cauliflower mosaic virus 35S
349, 361, 364

constitutive 375
heat shock 348
ioaN/iaaM 342
ip/334
lux 587
Pin2 397, 402-403
plz 334
ro/361-362
/mr 329

Propagules 490, 784
Propyl gallate 407, 409
4 (n-propyl-a-hydroxymethylene)

·3,5,-dioxocyclohexanecarb
oxylic acid ethyl ester 85

Propylene 132-133, 372, 386
Prostaglandin 60, 406, 410
Protease 133, 167, 168, 181, 184,

185,254,281
Protease inhibitors 181, 184
Protein
binding region 30
bodies 252, 290
Ca2+-binding 300
extracellular 788
kinase 30, 221, 274, 275, 295,
306, 350, 391,458-459,
583,689
Ca2> 306-307
CaM 306
isoforms 306

825

Index

Pisum 583
response regulator 457
animal hormones 274
gravitropic curvature 565

phosphorylation 30, 134, 453,
693

synthesis 211
inhibitors 216

Proteinase 10, II, 182-185, 196,
395, 396, 398, 405, 703,
704,791

Proteinase inhibitor 182-185, 196,
396, 703, 791

Proteolytic fingerprinting 257
Protocorms776,788
Proton
ATPase 220, 658
extrusion, IAA 659
motive force,auxin 513
-translocating ATPase 658
/sucrose cotransport 658, 661

Protonema 460, 478, 576
Protoplast(s) 167, 256, 281, 285,

291, 299, 462, 555,684,
689-690, 777, 780, 782,
792

cultures 775, 777
fusion 462, 777
sucrose uptake 662
transient expression assay 689

Pnmus 501, 734
Pseudomonas 729
ACC deaminase 386
lAA conjugation 58
NahG gene 351

Pseudomonas amygdali 332
Pseudomonas /luorescens 325
Pseudomonas savas/ano; 44, 48,

60,318,320,325-326,
342,456

auxin 318, 325-326
cytokinin 318
galls 325, 342
genes 324
ioaN 333
iaaL 60, 361, 456
iaaM333
tumorigenesis 319

Pseudomonas solanacearum 332,
335

Pseudomonas syringae 196, 360
Pseudotsuga menziesii 621
pTOMI3 clone 125, 377-378,

730
antisense gene 125

plz gene 332, 334
Pulvinus 551, 555, 558-563, 565­

567
auxin 560-561
GA 565
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Pulvinus continued:
gravistimul8ted 558, 560, 562
fAA 558, 562, 565
internodal 55 I
invertase 564, 567
leaf sheath 55I
cellulase 567

Pumpkin 79, 81-82 88
Purafil726
Putrescine 163, 167, 169,

171-175
ACC biosynthesis 131
alkaloids 161
auxin 161
chilling injury 737
conjugation 736
crassulacean acid metabolism
164

donnancy 741
ethylene 737
K+ 170
metabolism 736
NAA 161
nicotine 161
organogenesis 792
phenolics 160
ripening 131
somatic embryogenesis 792
stress 164
tomato 131,736
yeast 164

Polyvinyl polypyrrolidone
(pVPP) 441

Pyridoxal phosphate 120,489
Pyrimidine box 264-265
Pyrophosphatases 302
Pyrroline 160
Pyros communis 621, 731
Pyros malus 622

Quackgrass 553
Quercetin 519-520
Quercus 621, 622
Quercus robur 621
Quiescent center 442
Quin-2222
Quinate: NAD+ oxidoreductase

306

RABJ6 gene 404-405
rab2830
Rabbits 433, 434
Radical scavengers 358
Radioimmunoassay 329, 331,

333,434-437,439-441,
579

Radish 100, 102, 109, 110, 112,
207,208,211,524,632

Rafprotein kinase 350,391,459
Raffaele Piria 188

Ramets 574
Randomly amplified polymorphic

DNAs (RAPD) 449
Rapeseed 673, 678, 679, 682, 746
Raphanus saJivus - see radish
Rapid defense response 197
Receptivity 13, 14
Receptor 13-14,272-276
ABA 291
acid-growth theory, auxin 286
affinity 13, 14
auxin 277-278, 282, 284, 311
cytokinin 290
ethylene 292, 389
gibberellins 255, 290
IP3308
phytohonnones 298
plasamembrane 274
proton pumps 286
steroid 279
tissue culture 792

Red light 209, 284, 356, 699
Red/far-red ratio 582
Regeneration 277, 281, 782
media 777

"Release" 768
Reporter genes 263, 307
GUS 397, 402
lux genes 587

Reproduction 86, 166, 189-191,
474, 476, 558, 573, 577,
591,617-648,651,652,
655, 663, 666, 676

development 617
dominance 573, 577
honnones 617
vegetative 575

Reserve 246, 250, 253
Respiration 191, 194,389,489­

490,501-502,513,726,
727, 731, 732, 734, 738,
742, 745, 745

Respiratory climacteric 728
Response capacity 14
Responsive element 404
Responsiveness 13,25
Rest 10, 725, 739
Restriction Fragment Length

Polymorphisms (RFLP's)
449,454,457,471, 7~
701,720

Reticuloplasmins 303
Reverse phase chromatography

418
Rhizobium 189, 333, 524
Rhizobium meliloti 525
Rhizomes 553, 572, 574-575, 582
Rhizophora mangle 672
Rhodamin 442, 443
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Rhodococcus fascians 319-320,
332-333

Rhubarb 759
Ri plasmid 110
Ribes rubrum 54
Ribonuclease 253, 254
Ribulose 1,5-bisphosphate

carboxylase 181,395,397,
657

Rice 651
a-amylase 260, 263
genes 257

ABA 690
-responsive element
(ABRE) 687

deep-water 21
Em mRNA 690
promoter 686

embryo mRNAs 682
proteins 682

ethylene 29
-binding protein 292

GA 86, 759
gennination 249
fAA oxidation 54-55
lazy mutants 553
lodging 553
mutants 449
nuclear proteins 688
polyamines 168, 169
precocious gennination 673
RAB J6 gene 404
Tanginbozu dwarf rice assay
417

upward bending 553
Waito-C 17

Ricinus 612, 659
rin gene 728, 729, 732, 736
Ripening - see Fruit ripening
RNA blot hybridization 232, 235
RNA polymerase 101,229,266,

276, 278, 290, 685, 738

RNA synthesis 278
antagonists 217

RNase 739, 756
Robinia pseudoacacia 151, 622
Rol genes 361-363, 586-588

roU 27, 361, 363, 586, 587
rolB 24, 25,350,361-363,
586,587

role 110, 350, 359, 362-363,
366, 586, 587

Root(s)
ABA 599, 611, 656, 742
adventitious 540, 574
aerial 547
ageotropic 553
auxin 455, 512, 523, 556
transport 509



Root continued:
cap 556
culture 774, 777
cytokinin lOS, 579 656, 741
dormancy 725
elongation 523
growth 181,209,455
hairs 494
initiation 164
NPA 518
pressure 612
silver 493
storage 725
stress 656
tips 534
vascular system 533, 536, 538
water stress 611-612

Root Crops 741
Rooting 41,456,621, 753, 780
Rose 142, 189, 197,422,497,

502, 739, 767
Rosette plants 67, 636, 746
Rubber 403, 501, 760
Rudbec/cia bicolor 166, 620
Run-on transcription assays 233
Runners 553
Rutabaga 738
Rye 27,765
Ryegrass 620

Saccharomyces cerevisiae - see
Yeast

Salicin 188
Salicyl alcohol 188
Salicylic acid 3, 179, 188-202,

235
ABA II
alternative oxidase 194
animals 201
anthocyanin 191
Arum II
benzoic acid 2-hydroxylase
199

biosynthesis 198-199, 202
calorigen 191
cell wall 198
cinnamic acid 198
2,6-dihydroxybenzoic 193
disease resistance II, 194-198,
201-202

effects II
Em 690
ethylene II, 189,780
biosynthesis 189, 190, 196

flowering 189-190
glucosyl-SA 200
glucosyl-transferase 199-200
growth inhibition 191
history 188
leaf abscission 191

membranes 190
metabolism 199-202
nitrate 191
physical properties 189
properties 188-191
proteinase inhibitors 196
rice leaves 189
seed germination II, 190
senescence 189
stomatal closure 191
thermogenesis II, 189, 191-
194, 195, 201

tobacco 195
TMV 195-200
transgenic plants 351
transpiration 190
transport 189
wound 190-191, 196
yield 191

Salicylhydroxamic acid 409
Salinity 299, 690
Salix 188
Salt stress 211, 690
Sapillnl sebiferllnl 786
Sarcoplasmic reticulum 308
Sauromatum guttalllnl 191, 193
SAURs (Small Auxin Up-

regulated RNAs) 232-237,
239-241

Scarification 495
&heffiera 488
Schitrs base 439
Scotch pine 621
Scutellum 49, 248-250, 253, 255,

677
Secale 27
Sechillnl 441
Second messenger 298,307-308
Ca2+ 300,307,313
cAMP 275
cytoplasmic pH 309
inositol triphosphate (IP3)
275, 307-308

Secondary metabolites 188
Sedges 552
Seed 671-693
ABA 140, 141,655,733
desiccation tolerance 467
mutations 466

auxin 733
precursor 52

cytokinin 102
coat 652
desiccation 733
development 574, 671-693
ABA 466, 651-652, 671,
677,680

auxin 651, 671
cytokinins 651, 671
GA 651, 671, 677
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IAA 652, 677
LEA proteins 466
mRNAs 682
sucrose 651

dispersal 503
dormancy 462-467, 671
ABA 465, 466, 680
sit mutation, tomato 467

ethylene 490
fill 649, 655
germination 185, 467
ABA 462
ABAlGA ratios 676
GA6
jasmonate 181
salicylic acid 190

growth 676
IAA 577, 654
inhibitors 776
maturation 359, 679
production 759
storage genes 690
proteins 182, 681

tryptophan 654
water relations 466

Seedling development 671,673
Selected ion monitoring 113, 429,

580
Senescence 185, 725, 762, 769
ABA 501, 745
ACC oxidase 131,385
antisense 384

ACC synthase 131
S-adenosylmethionine synthase
131

benzyladenine 745
brassinosteroids 208
cDNA 501
cytokinin 7, 726, 735, 745­
746

ethephon 762
ethylene 122, 349, 372, 486,
745,746

flower 26, 30, 499
gibberellins 734, 752
jasmonic acid 181,745
kinetin SOl
leaves 501
mRNA 26, 501
nutrient mobilization 349
polyamines 131, 164, 167,
736

salicylic acid 189
sink 349
stress-induced 501
transgenic plants 348, 382
vegetative 349

Sensitivity 13-14, 22-31, 747
ABA 27, 692
seed development 676



Index

Sensitivity continued:
developmental stage 26
differential 25
ethylene 13, 726
GA, seed development 676
genetic regulation 23
moss 460
mutants 23
tissue 26, 792
transgenic plants 586-587
regulation 30

Sephadex 419
Serine-threonine protein

phosphatase 692
kinases 391

Sesquiterpenes 68, 141
Sex expression 165,636,641-

643, 496, 759
Shading 572
Shasta Daisy 319
Shelf-life 135
Shikimic acid pathway 43
Shoot apex
auxin 509, 577, 579, 588, 589
axillary buds, inhibition 577
basipetal IAA 577
correlative control 572-
573, 576, 589

dominance 577
GA 579
leaf abscission 589
repressive signal 572

brassinosteroids 209
culture 776, 784
inversion 581

Short-day plants 618-619,711
Shrubs 538
Sieve tubes 531-533, 540, 542
Signal transduction 255, 457, 503
auxin 232, 236
calcium 305

Si/ene armeria 620, 624, 631,
634-635, 639

Silica 418
Silver ion 5, 132-134,374,386,

389, 398, 489, 497-499,
504,581, 780

abscission of flower petals 704
carnations 132
male flower 489
thiosulfate complex 489
tissue culture 780

Sinapis alba 166,624,629,630,
634

Sink 129, 153, 183,349,351,
539, 578, 649, 651, 653,
654, 656, 657, 659, 660,
664-666,702-704,712,
715, 736, 742

Sitiens (sil gene) 400, 406, 462,
679,732

Slender 19, 470, 472
Slime mould 105
sIn gene 470, 479
Smoke 3, 490, 496
Sn gene 473-476
Sodium arsenite 236
Soil 572, 582 601
Solanaceae 499
Solanum andigena 579, 582
S. berlhaullii 700
S. demissum 703, 710
S. luberosum • see potato
ssp. tuberosurn 700
ssp. andigena 700

S. tuberosum x S. berlhaulli 700
Solvent partitioning 416
Somaclonal variation 388
Somatic chimeras 472
Somatic embryogenesis 167,673,

777-778, 780-784, 788,
790, 792

Somatic hybridization 462, 777
Sorghum 18,249,260,613
Source:sink relationships 183,

349, 651-657, 665
Soybean 652, 654-656, 658,

661-664
ABA 678, 679, 732
auxin 228-229, 231-235, 239
binding 279
mRNA 232

callus bioassay 417
cDNA 237
flowering 620
gene 238
germination 678
gravistimulation, hypocotyls
240

IAAsp 59
jasmonate 182, 184
precocious germination 673
protein kinase 306
TIBA 751
vegetative storage proteins
405,409

wounding 406
Spectrofluorimeter 426
Spermidine 160, 166-170, 172,

173, 175, 390
ACC 737
bud differentiation 166
cell permeability 739
DNA 162, 163
dormancy 741
ethylene 737
organogenesis 792
overproducers 10
somatic embryogenesis 792

828

Spermidine synthase 162, 165,
170,174

Spermine 160, 165, 167, 169,
172,175

cell permeability 739
DNA 162, 163
dormancy 741
ethylene 162,737
organogenesis 792
somatic embryogenesis 792

Spermine synthase 174
Spinach 619, 630, 636, 638·642,

745-746
ABA 154
flowering 620
GA 18,639-640,643,746
biosynthesis inhibitors 18,
638

pathway 86
sex expression 642
thermoinduced stem growth
639

Spinacia oleracea • see spinach
Spirode//a 190
Spoilage 135
Sprout tubers 713
Spruce 553, 621
Spy gene 472
Squash 121, 122, 171, 759
Squirting cucumber 503
Starch 246, 248-250, 252, 253,

258, 260, 443, 512,
554-557, 563, 649, 658,
664,698,703,704, 719,
741

germination 248
grains 250, 252, 258, 260,
443,512,554,555,557

hydrolysis enzymes 252
sheath cells 512
synthesis 658

Statoliths 5S4-557
Stem
culture 784
elongation (growth) 4, 6, II,
18-20,23,25,27,28,31,
87,88,465,478,631,632,
635,636,637-640, 741,
746, 762, 763, 764, 787
auxin 4
GAs 87, 88,471,636,741
sterols 763
thermoinduction 632

gravitropism 575
lAA transport 590
NPA 518, 590
sections 590
tip culture 776

Steroid hormone II, 207, 135,
255,276



Steroid contuinued:
animal 255, 274, 276

Sterols 72, 763
Stigma 499-500
Stolon 553, 572, 574-575, 582,

623,698,699,703, 704,
707,709,711-713,716,
719,719,741

tuberization 716, 719
Stoloniferous structures 582
Stomata
ABA 311,404,598,607,610,
681,745

aperture 310
auxin 311
behaviour 601
benzlyadenine 745
Ca:+ 299
stomatal closure
ABA 152,657
ethylene 657
salicylic acid 191

CO2 607, 610, 611
cytokinins 311, 610
GA 311
lAA 607, 608, 610, 611
IP3310
K+ 607
kinetin 608
naphthylacetic acid (NAA)
311,606

naphth-2-yloxyacetic acid
(NOXA) 606

opening 609, 657
photosynthesis 610, 611
solar radiation 610
transpiration 609, 611
water 609-611
wind 609, 610

Storage 725-726, 738-742, 742-
747

Storage protein 679
Stratification 6, 671
Strawberry 231, 306, 372,553,

653, 727, 728, 733, 734
Stress (see also individual

stresses) 395, 572
ACC oxidase 128
auxin 234
auxin-binding proteins 281
brassinolide 211
cytokinin 455
ethylene 122,372,350,581,
486, 492, 500

glutathione S-transferases 241
inducible genes 682
jasmonate 181, 183
light 697
microorganisms 697

polyamines 160, 168, 170-
172,174

response mutants 455
second messengers 410
water 409
temperature 697

Striga 188
Submergence 491
Subordinate organs 592
Succinate dehydrogenase 766
Sucrose 403,536,651,658, 703,

732,768
accumulation 663
co-transport 612

Sucrose phosphate synthetase 658
Sugar beet 309, 661, 664, 738,

742,775
Sugarcane 751, 753, 756, 758,

768
Sumagic 763-764
Sundew 567
Sunflower 29, 199, 518, 525,

539, 549, 550, 552, 581,
592,612, 705

Suspension cultures 47, 143, 154,
172, 199,229,282,690,
692,782

Suspensor 675
Sweet potato 738
Sweet William 620
Sycamore maple 621
Syngamy 777
Syngonium 488
Systemic acquired resistance 194­

197,351
Systemic signaling 184-185
Systemin 3, 11, 185,399,410,

411

T-DNA 48, 104, 105,321-324,
328, 330, 331, 341, 342,
360,361,364-366,450,
459,586,587,717

genes 323
insertion mutagenesis 450
tagging 364, 450

Tallness 17, 19,21,33,34
Tanginbozu dwarf rice GA

bioassay 417
Target cell 273, 274, 291
Td gene 406,407
Temperature shock 304, 305
Tendril coiling 181, 183
Teratoma 320, 781
Terpenoid 68, 70, 72, 415
Tetcyclacis 85, 746
Tetrapyranylbenzyladenine 767
Theoretical plates 420
Thennogenesis 11, 189, 191,

194-195,201
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Thennoinduction 618, 619, 621,
632, 639-641

Thennopolyarnines 172
Thennotolerance 211
Thiamine 774
Thidiazuron 769, 779
Thigmomorphogenesis 567
Thigmotropism 307, 547
Thin layer chromatography 416
Thinning 754, 755
Thionin 181-182
Thlaspi arvense 620, 632, 639­

641
Threonine deaminase 182, 404
Ti plasmid 48, 104, 105,238,

321-323, 330, 586
TIBA 209, 355-356, 511, 517,

565,593,751, 778
Tickseed 620
Tillering 764
Tissue 775
age 26
plasticity 793
polarity 588-594
printing 235
responsiveness 25

Tissue culture 5, 7, 163-165, 189,
210, 228, 232, 360, 388,
434, 533, 536, 688, 774­
793

2,4-0791
auxins 774
brassinosteroids 210
carrot 774
cytokinin 540
embryos 782
nitrogen 791
overall considerations 788
pH 790, 791
tobacco 774

Iml gene 324
tmr gene 321,324,328-331
Ims gene 321, 324-325, 333,

422-424
Tobacco 195,277,279,320,440,

456,620,623,624,777
ABA mutants 679
apical dominance 346
auxin 220, 229, 231, 233,
278,281,282,309,356,
357
binding protein 283
conjugate 342
receptor 286
resistant mutant 288

Ca:+ 299
callus bioassay 417
CaM gene, 307
cDNA 232, 237, 280
cytokinin 102



Index

Tobacco - cytokinin cont:
oxidase 112
synthesis 327

clones 235, 236
crown gall 328, 775
2,4..0279
division 775
Em-GUS 685
ethylene 30
receptors 133

flowering 165,620
grafting 706
gravistimulation 239
ipt transfonned 105
jasmonate 182
leaf yellowing 762
maleic hydrazide 753
morphogenesis 782
NAA 287
ovules 162
polyamines 162, 164-165, 168
PBR-Ib gene 30
proliferation 277
protoplasts 24
regeneration 277
rol genes 587
salicylic acid 189, 195, 197-
200

spennidine 10
sucker 752, 768
teratoma 319
thennogenesis 194
tissue culture 774, 779
transfonned 22, 359
transgenic plants 174, 175,
305, 344, 361-363, 398,
400,403
callus 365
ethylene 581

tumors 324
vascular differentiation 347
vesicles 30
wounding 403

Tobacco mosaic virus 195-200
Tobacco necrosis virus 1%
TOM13 cDNA 378, 380
Tomato 124,374,440,521,620,

727729,737
ABA 153, 443, 732, 733
deficient mutants 463, 663
mutants 580, 679, 680

ACe 730, 731
deaminase 348, 386, 729
oxidase 128,375,377-380,
382-385, 387, 730

synthase 121, 122,343,
375,380-382,385-387,
730,731
clone 385

alcobaca (ale) 390, 728, 736

antisense fruit 729
apical dominance 577
arginine decarboxylase gene
174

auxin, fruit 757, 593
binding protein 285, 355

brassinol ides 208, 209
CaM 307
carotenoid biosynthesis 380
cDNA 374, 377
chilling 732
cytokinin
Craigella 577
crown gall 324
cytokinin 107-108, 578, 736
2,4-0734
dgt mutation 285, 492
dominant fruits 578
embryo mRNAs 682
epinastic 737
ethephon 502, 752, 761
ethylene 372-391, 502, 727,
728,731,737
binding protein 292
receptors 133
mutants 372-391, 731
lateral bud 581

ftc mutant 462
flowering 620
fruit 593
development 166
ripening 167,372-391,
347-348, 502, 728, 729,
732
ethylene sensitivity 27
mutants 374, 728
stages 728
transgenic 351, 388

set 753, 754
GA 68, 735
-deficient mutants 676

lAA conjugates 734
internode length mutants 467
jasmonate 182, 185,405,410
737

lazy mutants 553
mutants 363, 449
ABA 463
ethylene insensitive 349
sitiens 400

nor mutant 728
not mutant 462
Nr mutant 728
pericap, hormone levels 732
peroxidase 53
Pin2 gene 406, 410
polyamines 166,390,736,
746

polygalacturonase 728-729
proteinase inhibitor II 3%
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putrescine 131, 736
rin mutant 728
salicylic acid 191
shoot apex 577
sit mutant 467
softening 729
storage life 737
transformation 375
transgenic 344, 378, 386, 389
729
abscission 382
ethylene 349, 382
ripening 351, 388
senscence 382

water-stressed 404
wilty mutants 462, 463
wound 398-400, 403, 408

Tonoplast 221, 283, 300, 555,
601

Totipotent 673
Touch 299, 301-306, 309
Toxic agents 122
Tracheid 537
Tradescantia 583, 584
Trans-cyclooctene 132
Trans-acting (transcription)

factors 31, 263, 266, 366,
686, 688-689

Transcription 123
activation 689
auxin-binding 279
enhancer sequence 364

Transduction chain 30
Transformation

Agrobacterium 457
tomato 375

Transgenic plants 4, 340-351,
385-388, 586-588

antisense 376
apical dominance 345
Arabidopsis 344
auxins 345, 360
cell division I expansion 345
cytokinin 21,344-345
ethylene 340, 344, 345, 385-
388

fruit ripening 347-348, 385­
388

hormone content I sensitivity
586-588
perception 350

lAA 21,344
polyamines 174
petunia 344
potato 703
rol362
tobacco 344
tomato 344
vascular differentiation 347

Transglutaminase 163



Transmembrane electrochemical
potential 190

Transpiration 33, 190, 349, 404,
462,478,510,599,
609-611,725,745,767

ABA 599
salicylic acid 190

Transport
auxin 512, 513, 588
IAA 557, 592
inhibitors, auxin 565
transport channels 588
vascular tissue 588

Transposable element 363
Transposon mutagenesis 324, 689
Tree 188,206,403,492·493,

501-502, 547, 727, 735,
757, 758, 760, 761, 766,
767, 786, 787

Triademefon 763
Triazole 763, 766, 770
S,S,S-Tributlyphosphorotrithioate

751
2,4,5-Trichlorophenoxyacetic acid

(2,4,5-T) 233, 235
2,4,6-Trichlorophenoxyacetic acid

(2,4,6-T) 233, 778
2,4,5-Trichlorophenoxypropionic

acid 753, 755
3,4,5-Trihydrobenzoic acid propyl

ester 409
Triiodobenzoic acid - see TIBA
Trimethylsilyl 422-424
Triterpenes 68
Triticwn aestivum • see wheat
tRNA 100-104
Tropisms 509
Trp2-1 gene 456
Trypsin inhibitor 182
Tryptophan 43-47, 60, 235, 341,

358-360, 654
lAA 323
biosynthesis
anthranilate 456
mutants 456

monooxygenase 48
genes 341

mutants
Arabidopsis 456
maize 456

racemization 45
Tryptophan synthase 46, 456
Tryptophan monooxygenase 325­

326
Tsuga heterophylla 626
Tuber 725, 759
dormancy 701
induction, 707
initiation 699, 701, 711
sink 702

sprouting 700
starch 703, 704

Tuberization 698-721
ABA 709, 713-714, 717, 719,
720

Agrobacteriwn 717
alleles 701
apical dominance 717
assimilate partitioning 702
auxin 712-713
axillary buds 698
bio~

buds 698,699, 715, 719
carbohydrate 703-704, 720
CCC 713,716,719
cell division 716
coumarin 716
cuttings 698, 699
cytokinins 711-714, 717, 719,
720

environment 699
epitasis 701
ethephon 713
ethylene 713-714
GA 701, 707-709, 712, 713,
716-720

genetics 700, 717-718
grafts 704-705
hormonal control 7~721
lAA 716
in vitro 715
inhibitors 702, 709, 719
jasmonates 181,709-711,717,
719

12-0H-jasmonic acid 709-
711

kinetin 717
leaf area 702
light 718
loci 701
NAA 716
nucleic acid synthesis 716
ornithine decarboxylase 716
patatin 703
phenolics 716, 719
photoperiods 699, 705, 706,
717-719

plant size 702
polyamines 716
protein synthesis 716
proteinase inhibitor 703
RFLP 720
signal 705
starch 703, 704
stimulus 705-706, 719, 720
stolons 716, 719
storage proteins 703
sucrose 703, 716
T-DNA 717
temperature 699, 718
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Tuberonic acid 3, 1O,71()'711,
741

glycoside 711, 719, 720
Tulip 490
Tumor 21,48,318-335,362,

366,434,440,586,775
cytokinin 326-333
lAA 323-326

Tumor-inducing plasmid - see Ti
plasmid

Tumorigenesis 319-322
Turfgrass 765, 768
Turgor 214, 218, 223, 225, 599,

612
Turnip 738
Tyrosine kinase 275, 308
tzs gene 327, 33()"334

Ubiquitin 350, 454-455
UDP-glucose:SA-glucosyltrans­

ferase 199
Uuderground storage organs 738-

742
Uniconazole 85, 763-764, 766
Uracil 768
Uromyces phaseoli 173
UV-light 690

Vacuole 153,308,310,354, 377
Valinomycin 514
Vanadate 216
Vascular tissue 531-544
auxin 534-539
Ca2+ 307
cambium 347
cytokinin 539-543
development 509

iaaL gene 456
differentiation 531, 534
adventitious roots 541
auxin 347, 536
cytokinin 540
leaves 534-539
lignified 347
polar pattern 541
polyamines 164
root 539
transgenic plants 347
wall 347

elements 544
lAA 589
network 535
system 538
leaves 536
tissue transport 589

veg gene 473, 476
Vegetables 725-747
Vegetative reversion 476
propagation 553, 784



Index

Vegetative storage protein 182­
83,405

genes 184, 186
Venus' fly-trap 567
Verapamil 312
Vernalization 473, 476, 618-619,

623,640,641,741
apical bud 476
GA 640, 741
ent-kaurenoic acid 640-641

Vesicles 27,30,220,221,308,
312, 355, 356, 443,
514-520, 522

IAA 520
NPA binding 520

Vessel 532-534,536-541
Vicia laba 604-605, 660
ABA 144, 153,311
AVG 581
axillary buds 581, 588
decapitation 576
ethylene metabolism 134
guard cell 291, 311
IAA catabolism 53
oxidation 55

IAAsp 58
Victoria regia 193
Vigna 10, 167
Vinca rosea 102, 104, 106, 112,

113
Violaxanthin 141, 145-150
Vir gene 321, 322, 330
Virulence 189,321, 322, 326,

331
Virus-free stock 785
Vitamins 10
Vilis 543
Vitrification 787
Viviparous mutants 26, 400, 463,

467, 672-673, 677, 680
Voodoo lily 193
Vpl gene 466, 680, 689, 690

Walnuts 760
Water balance 598-613
deficit 404, 598
logging 122
potential 33, 599-60I
relations 679
stress 9, 26, 27, 30, 146-148,
310,404,409,443,462,
463, 611-613, 658, 745
ABA 140-141, 145, 148,
409, 463, 599, 610
abscisic acid 462
auxins 610
cytokinins 610
ethylene 122-123
mRNAs682
xanthophyll 147

transport 467
use 767

Watercress 730
Water lily 193
Wax apple 496
Went, F. W. 2
Wheat 123,656,661
ABA 598, 613, 678, 692
ABRE 687
ACC 120
a-amylase 260, 264
isozymes 252

bisphosphate carboxylase 678
Ca2+ 299,301,312
cytokinin 107-109,290
dormancy 692
Em 404, 683
promoter 404,686
GUS 685

embryo 677, 679
mRNAs 682
protein 681

ethylene 123
flowering 620
germ 230
germination 252
grain length 676
internode length mutants 467
lazy mutants 553
lodging 553, 751
nuclear proteins 688
precocious germination 673
spring 613
ubiquitin-activating enzyme
454

upward bending 553
winter 662

Willow 201, 441
Wilting 598
Wilty mutants 462-467, 679
ABA 467
Arabidopsis 463
Capsicwn 463
com 463
guard cells 467
pea 463
potato 463
tomato 462
water transport 467

Wind 299
Wine 761
Witches broom disease 319
Wolffia 190
Wood 539
Woody plants 140,626
Wound(ing) 395-411, 542, 544,

738
ABA 400-405, 690
ACC oxidase 375, 378, 730
synthase 730
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aspirin 406
auxin 398 536
cell wall protein 738
cytokinin 540
ethylene 122, 377, 379, 500-
501, 738

gene 395
hormones 395
jasmonate 182, 184-185, 405-
411

polyamines 738
proteinase inhibitor 396-411
responses 190
salicylic acid 190-191, 196
signal transduction 409-411
vegetative storage protein 184

Xanthium strwnarium 145, 165,
190,620,624,625,630,
634

Xanthophyll 141, 143, 145-149
Xanthoxin 141, 142, 145, 147,

149,463
Xenopus 124, 125, 380
Xylanase 252
Xylem 5-7, 9, 25, 27, 33, 153,

154,208,210,347,510,
531-537, 539, 541-544,
579, 588, 589, 599, 600,
612, 655, 656, 742, 789

ABA 656
metabolites 154
glucosyl ester 153

auxin 535
transport 510

cavitation 612
collateral bundles 535
cytokinins 656
differentiation 531, 535, 588
regeneration 542
sap 612
water-stressed 612

Xyloglucan endotransglycosylase
222

Xyloglucans 222, 223, 225
Xylopyranosidase 254

YAC 449, 454
Yam 741
Yeast 50, 124, 164, 378, 692
ACC 378
artificial chromosomes 449,
454

Ca2+ 299
CaM 307
elicitors 299
ethylene 378
polyamines 172
putrescine 164
transcription factors 686



Yeast continued:
transformed 378
ubiquitin-aetivating enzyme
454

Yield 191

Zea mays - see Maize
Zeatin 7, 98, 100, 101, 105-107,

110-112,327,330,332,
342, 542, 652

9-a1anyl conjugates 110
axillary bud 578
cauliflower 746
GC-MS 424
identification of 415
metabolites 108
molecular ion424

mutant 457
regeneration of vessels 540
stomatal opening 609
tissue culture 779
tomato 736
tumors 328

Zeatin reductase III
Zeatin riboside 100, 103, 105-

107, 112, 327, 332, 652
cis 711
immunoassays 437
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