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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 play a 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 of hormone 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 find valuable information
in this book expounded in an understandable fashion.

IX



The subject matter 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 of action;
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 of ABA 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 of knowledge
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 information 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.



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
fatest 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. INTRODUCTION

Al. 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 consist mainly 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

1
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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 of compounds 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

! The international Society for the study of plant hormones is named the "International
Plant Growth Substance Association" (IPGSA)
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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 C1), jasmonates (Chapter C2a) (and
its derivative tuberonic acid; Chapter G12), salicylic acid (Chapter C2b),
brassinosteroids (Chapter C2c) and the peptide systemin (Chapters C2a and
ES) 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 F1). Thus
while early purifications from plant material utilized tens or even hundreds
of kilograms of tissues, modern 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
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each hormone have been elucidated largely from exogenous applications. In
some cases, using correlations between hormone levels and growth of defined
genotypes (Chapter G1) or transgenic plants (Chapter E2), we have evidence
that the endogenous hormone also fulfills that role. In other cases it has not
been conclusively proved that the endogenous hormone functions in the same
manner. The nature, occurrence, transport and effects of each hormone (or
hormone group) are given below. It should, however, be emphasized that
hormones 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 hormonal balance (7).

Auxin

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

CH,— COOH

N
H

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 B1)).
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 of biosynthesis
IAA is synthesized from tryptophan or indole (Chapter B1) primarily in
leaf primordia and young leaves, and in developing seeds.

Transport
TAA 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).
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Cell division - auxin stimulates cell division in the cambium and, in
combination with cytokinin, in tissue culture (Chapters G4 and G14).
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 G12).
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 (Agt), then auxin is no longer inhibitory.
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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 GA,; or gibberellic acid, which is a fungal product, the most
important GA in plants is GA,, which is the GA primarily responsible for
stem elongation (Chapters A2, B2, and G1). Many of the other GAs are
precursors of the growth-active GA,.

GIBBERELLIN A; or GA,

Sites of biosynthesis. ‘

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 - GA, 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).
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Cytokinins (CKs)

Nature

_~CH,0H
NH—CH;CH_C\CH;J,
o
ZEATIN

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 of biosynthesis

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 G14). This also occurs
endogenously in crown gall tumors on plants (Chapter E1). The
presence of CKs 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
E1) CKs promote shoot initiation. In moss, CKs induce bud formation
(Chapters G1 and 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 of CKs 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).
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*  CKs may enhance stomatal opening in some species (Chapter G7).

o Chloroplast development - the application of CK leads to an
accumulation of chlorophyll and promotes the conversion of etioplasts
into chloroplasts (9).

Mode of Action

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 (C,H,) 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 of synthesis

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, 1-aminocyclopropane-1-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).
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Abscisic acid (ABA)

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

H CHj
CHz CHgz | |
C\C/C\C/H
“OH I |
Z

CH3H 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 of synthesis

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 xvlem (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).
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* ABA counteracts the effect of gibberellin on a-amylase synthesis in
germinating cereal grains (Chapter D3).

*  ABA affects the induction and maintenance of some aspects of dormancy
in seeds. It does not, however, appear to be the controlling factor in
‘true dormancy’ or ‘rest,” which is dormancy that needs to be broken by
low temperature or light (Chapters G1 and G10).

* 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 ES5).

Polyamines

There is some controversy as to whether these compounds (fully
described in Chapter C1) should be classified as hormones, 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 formation 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 C1. 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.
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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 Brassicapollen. 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 play a 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 hormones in mammals. A few years ago, a great stir was created
amongst biologists working with plant hormones by the suggestion of
Trewavas (56) that there is no evidence that plant hormones act via changes
in the amount or concentration of the hormone, 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 hormone
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
hormone 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 hormone 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 hormones
is still elementary, documentation of differential sensitivities, elucidation of
hormone 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 hormone 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
term "sensitivity". As Firn (11) has pointed out, a change in sensitivity
simply refers to an observation that the response to a given amount of
hormone 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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the subsequent chain of events (response capacity). A change in the response
to a given amount of hormone could also be caused by a change in the level
of other endogenous substances that enhance, or inhibit, the response to the
hormone. When dealing with exogenously applied hormones, uptake
efficiency must also be taken into account. A change in each of these would
give a very different response curve to changing hormone concentrations (Fig.
1) (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 F1). 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 GA,, is metabolized to GA,, in the embryo, and this GA,, is then
further metabolized to GA,, 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 effluxing 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 ["C]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 acrobic 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 IAA 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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ATP-requiring growth to take place, while the compartment membrane ceases
being leaky. We do not know the location of the [AA-storage compartment,
nor the location of the growth active site (see Chapters C1 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 JAA 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 GA, to dwarf plants produced tall phenotypes (56). This has
since been completely refuted by the work of Reid and co-workers in peas
(Chapter G1) (19), and by Phinney and co-workers in maize (53). They have
shown that tall plants have GA,, while in dwarf plants GA, is absent or
present at a very low level. It has subsequently been shown that GA, 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 GA,. In peas, the tallness gene,
Le, controls the conversion (by 33-hydroxylation) of GA,, to GA,. In the
presence of le GA,, builds up and is not
converted to GA, (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
GA,, and GA,, since the bioassay plant has
the ability to convert inactive GA,, to the
] active GA,. (One newer bioassay, Waito-C
* Endogencus GAVGg pam-n  ~ Tice, has the ability to distinguish 3C-OH
Fig. 3. The relationship between the GAs, and on such a bioassay the difference
endogenous GA, content and internode ©an be seen.) It should also be noted that

length in pea plants with different the GA| is only present in the youngest
alleles of the Le gene. From (42).
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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/le 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 of GA,, 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 AMO1618
and BX112 (see Chapter B2) both prevent bolting. The effect of AMO1618,
which blocks GA biosynthesis prior to GA,,-aldehyde, can be overcome by
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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). GA; is a biologically
inactive GA. From data in (62). - 4

Stem length, cm

Fig. 5. (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 GA,, and GA,. From (62).
A) AMOI1618; B) BX112.

O = control; ® = inhibitor; V = inhibitor +
GA,,; ¥ = inhibitor + GA,.
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Fig. 6. Four genetic lines of peas differing in
internode length, and gibberellin and IAA content
in their vegetative tissue. Left to right: Nana
(na): an ultradwarf containing no detectable GAs
and a very low IAA content; Dwarf (Na le)
containing GA,,, but very little GA,, and low
IAA; Tall (Na Le) containing GA,, and a
medium IAA content; Slender (na Le la cry®): an
ultratall with no detectable GAs, but a high IAA
content. See Chapter G1. 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 GA,,, but the effect
of BX112, which blocks the
production of GA, from GA,,, can
only be overcome by GA, itself
(Fig. 5). This thus demonstrates
that it is the rise in GA, 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 cr), are ultratall
regardless of their GA content, and
look as if they are GA-saturated.
However, the concentration of IAA
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 modern 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. 7. The IAA levels of the stem elongation zone
of a range of pea genotypes of varying heights
(1766 = nana (na); 203 = dwarf (le); 1769 = tall
(Le); 188, 133, 197 = slender (la cr)), with
differing GA, contents: 188 - no GAs (na); 133 -

low GA, (le); 197 - high GA, (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

Fig. 8. Photograph of a pea seedling
superimposed with the positions of the
transducer arms (T1 and T2) used to
measure growth following the
application of JAA. IAA 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).

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 GA, (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 of GA,. The application of auxin
to intact plants induces a growth increase with similar kinetics to that seen in
isolated segments (Chapter D1) 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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Fig. 9. The promotion of growth
of dwarf pea seedlings by IAA
continuously applied via a cotton
wick to the two uppermost
internodes of the plants. The IAA
application started at time zero.
Note that the initial growth
response is more sensitive to IAA
(responding to 5 x 10 M) than
the prolonged growth response.
From (61).
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with tallness clearly show that stem elongation is governed both by IAA and
GA,, 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
decp-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 E1). 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 JAA content is elevated throughout the entire plant.
(Ethylene may play a 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 (8-
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 play a 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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Fig. 10. The growth stimulation (A) and curvature repression (A ) induced by the application
of different concentrations of IAA in lanolin (50 ug spot) to the irradiated side of
phototropically stimulated maize coleoptiles. The single open circle shows the growth rate of
the controls. Note that the growth response to IAA is approximately linear over the range of
0.5-2 mg/g and auxin totally overcomes the curvature at 2 mg/g of lanolin (a higher
concentration than in aqueous solutions because of the limited diffusion in lanolin and the
limited total quantity). The endogenous growth rate corresponds to that obtained by an
application of IAA of about 1 mg/g or 50% of the concentration giving the maximum growth
response. From (2).

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 /a cry*, 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 ultratall.
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 Ik, lka or 1kb contain normal GA levels but are
non-responsive to applied GA (22,41). Since /k is largely epistatic to
(inhibits the expression of) the la cr)’ gene combination, its action would
appear to be after that of /a 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 G1). 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°M NAA. Increasing the content of auxin binding protein
(ABP1) in the membrane increases the auxin sensitivity, whereas treating
protoplasts with an antibody to ABP1 leads to a decrease in sensitivity (1)
(Fig. 11). Protoplasts from tobacco plants transformed with the ro/B gene
from Agrobacterium rhizogenes also have increased sensitivity to auxin, in
this case by up to 100 fold (27).

Sensitivity Within Genotypes
Not only are variations in hormone sensitivity dependent upon genotype, but

Fig. 11. The presence of auxin

2 (NAA) (@) enhances the
- plasmamembrane electrical
08~ potential of tobacco protoplasts,
but only at a very specific
concentration (arrow) (5 x 10 M).
2+ This optimum concentration is
\ affected by several factors. If
protoplasts are treated with auxin-

41 A binding protein (ABP1) (A) the
max SE sensitivity is increased, whereas if
— et L Lot they are treated with anti-ABP1
-0 -9 8 -7 -6 -5 -4 -3 antibodies (O) the sensitivity is
log [NAA] (M) decreased. From (1).
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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 of Different Process

It was noted above that rol/B 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 associated with 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*M) 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°-10"'°M), being inhibitory at higher
concentrations. In this context it is notable that auxin binding protein from
roots had a lower dissociation constant (K;,) 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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Fig. 12. Elongation of A) shoots and B) roots of normal (wild-type) and viviparous (ABA
deficient) mutant plants growing in high (-0.03 MPa, circles) of low (-0.3 MPa in A and -1.6
MPa in B, triangles) water potential vermiculite. Note that while water stress depresses the
growth of both roots and shoots, the presence of ABA (in the wild-type) promotes the growth
of roots, whereas it depresses the growth of the shoots as compared to the ABA deficient plant.
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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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 of floral induction (Fig. 13) (13, 43).
Plants transformed with the rol4 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 of Physical 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 10°C than at 20°C (4). In GA-deficient mutants of Arabidopsis,
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 leaf water 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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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 NaCl) 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 any one 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 GA,,
but a high content of IAA. This all points towards both GA and IAA being
needed for stem elongation.

Pea genotypes with alleles /k, lka 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 /kb 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 /ka, 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 GA, in the
presence of auxin (Fig. 15) (39). These plants thus behave as if 1) auxin is
needed for the response to GA,, and 2) they are deficient in IAA. This has
in fact been shown to be the case, with /kb plants having about 1/3 the level
of IAA present in the normal Lkb plants (39). In the GA-deficient dwarf
plant containing the allele /s, which responds well to GA,, the GA-response
is enhanced in the presence of IAA and vice versa. Thus the level one
hormone can influence the sensitivity of the plant to changing levels of
another hormone.

Other examples of such synergistic hormone 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, 1-aminocyclopropane-1-carboxylic acid, ACC) and IAA both
enhanced adventitious root formation 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 formation 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-D 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
formation.  Ethylene promotes growth in part by increasing the
responsiveness of the internodal tissue to GA,, and appears to do so by
causing a reduction in the endogenous levels of ABA, so that the growth rate
is determined by the relative levels of endogenous GA, and ABA (18). In the
reverse direction GA; reduces the sensitivity of carnation flowers to ethylene,
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so delaying their senescence (46).

Pretreatment with the same hormone 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 H' 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 hormone is not due to
effects of other hormones, the likely reasons are a change in the hormone
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 hormones, together with
their regulatory regions. Deletion analyses then pinpoint those promoter
sequences essential for the hormonal 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 G10). 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-1b 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 intermediates
whose levels are regulated by specific kinases and phosphatases. In these and
similar cases the presence of the hormone probably alters the level or nature

30



P. J. Davies

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 hormone-induced DNA-binding protein to the gene promoter.
Mutations in the hormone-responsive DNA element would also alter the
hormonal response. However, Arabidopsis mutants with a decreased response
to ABA showed a different mechanism. A protein encoded by the 4BI3 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 abnormal
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 hormones in plants, which lack a nervous system, is to
convey information 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 synthesxzed in the tip, transported
basipetally and was then redistributed laterally to glve 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
endosperm of the grain (see Chapter B1), 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 G4), 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 of maize 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 of dwarf pea seedlings induced by 10 M IAA applied
to the uppermost internode, starting at time zero, as detected by transducers positioned at nodes
1 (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 of the uppermost internode as determined by the difference between lines
(2) and (c). Note that the growth of internode 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
IAA 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
of water 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 GA,, which is found only in the youngest internodes and thus will
not be transmitted through a graft. GA, is, however, the final 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 le is dwarf as it has the ability to produce GA,, (through the
gene Na), but it lacks the ability to convert GA,, 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
GA,, to GA, (because of Le), though normally it does not do so because
GA,, is lacking. Now if a nana scion is grafted onto a dwarf stock the
resulting plant is tall. The stock synthesizes the GA,, and passes it to the
scion, which converts the GA,, 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, Firn notes that hormones do not carry
information because they don’t have to (10). They only provide a "turn on"
or "turn 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 Ca** appears to
be a very important regulator of a wide variety of processes, yet calcium is
very simple; the specificity for the effects of Ca®* depend on the cell. In fact

' "Whether or not we regard cthylene 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 Ca®* may be an intermediate in some hormonal

responses (see Chapter D5).

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:

e  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:

e 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)' 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 JAA 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

' The following abbreviations are used throughout:
diOxIAA = dioxindole-3-acetic acid (3-hydroxy-2-indolone-3-acetic acid);
GC-MS = gas chromatography-mass spectrometry; IAA = indole-3-acetic acid;
TIAAsp = indole-3-acetyl-L-aspartate; IAAla = indole-3-acetyl-L-alanine;
IAGlu = indole-3-acetyl-L-glutamate; IAGluc = indole-3-acetyl-glucose;
IAInos = indole-3-acetyl-myo-inositol;
IAInos-gal = indole-3-acetyl-myo-inositol-5’-galactoside;
IAInos-arab = indole-3-acetyl-myo-inositol-5-arabinoside; IALys = indole-3-acetyl-e-L-lysine;
TAPhe = indole-3-acetyl-L-phenylalanine; IBA = indole-3-butyric acid;
7-OH-OxIAA = 7-hydroxy-oxindole-3-acetic acid; OxIAA = oxindole-3-acetic acid.
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Auxin biosynthesis and metabolism

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 of IAA in a responding tissue (12), but only recently
have we been able to directly measure the tumover 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 D4)

In the bope 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).

CH,COOH CH,CH,CH,COOH
CHEMICAL FORMS
X g OF AUXINS IN
H H PLANTS
Indole-3-acetic acid (IAA) Indole-3-butyric acid (IBA)
o Several naturally occurring

¢l auxins are found in plants,

CH,COOH CHz(":R

@ including IAA, its
oy N halogenated derivative,
" H 4-CI-IAA, and IBA. In

4-Chloroindole-3-acetic acid 1AA amino acid conjugates addition to these indolic
(-CHAR) (were Ris: auxins, various phenolic
T NHEHCOOH acids (such as phenylacetic

CH,COOH .
for IAA-aspartate) acid) and other compounds

in plants have low auxin

0 . e . .
o % activity. A physiological
Hom% on® role for such non-indolic
o~ Z o w compounds in auxin
N HO oH N
HO

regulation has not been
established. Auxins are
found in plants both as the
Fig. 1. Naturally occu.rring auxins and some examples of free acid (which is thought
the lower molecular weight IAA conjugates found in plants. to be the primary "active

Related low molecular weight conjugates (such as " . .
IAlInos-arabinose and [Alnos-galactose) and higher form") and in con_!ugated
molecular weight conjugates (such as an IAA-glucan, forms, ome function of
IAA-peptides, and an IAA-glycoprotein) have also been Wwhich may be to provide a
described following extraction from plant material.

indole-3-acetyl-1-0-p-D-glucose Indole-3-acetyl-myo-inositol
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readily accessible and easily regulatable source of free IAA without de novo
synthesis. One type of conjugated form 1is linked through
carbon-oxygen-carbon bridges and these compounds are referred to
generically as "esters", although some 1-O sugar conjugates such as
1-O-IAGluc are actually linked by acyl alkyl acetal bonds. True esters
include compounds such as 6-O-IAGluc and [Alnos. 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 ef 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 IAA 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 IAA conjugates; and C) transport from one site in the
plant to another site. The outputs from the IAA pool include: D) oxidative
catabolism; E) conjugate synthesis; F) transport away from a given site; and
G) "use" of IAA in growth. Output G may include a special mechanism of
IAA 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 "D" and "G" may therefore be closely related.

Fig. 3 presents an example of the usefulness of knowledge of the
structures and amounts of JAA and its conjugates. These experiments were
performed in the late 1970°s, and aside from quantifying the amounts and
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1AA-amino acid/peptide
w,

F

UDP-glucose

—————

1AGluc

1\

1Alnos

IAA-(glucose)n A Tryptophan |
/ [7-OH-OXAA]
UDPgal |UDP-arab Indoleglycerol(P)
|Alnos-gal |Alnos-arab '
7-OH-OxIAA-glucoside
Anthranilic acid

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 IAA 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.

INDOLE METABOLISM IN

ZEA_MAYS SEEDLINGS

INOSITOL ma INOSITOL |
GLYCOSIDES

=8
:

ENDOSPERM SCUTELLUM

Fig. 3. Pool sizes and rates of turnover of the indolic compounds in the kernels of Zea mays
after 4 days of germination. Fig. adapted from (31).
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INPUTS TO THE 1AA 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 [AA.

1IAA 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 IAA 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 JAA 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

COOH

Chorismate
qecra
COOH

GLN
I<GLU + Pyruvate
COOH
Anthranilate (I
NH,
K:RPP

COOH
Phosphoribosyl anthranilate (:C @
CANO)

COOH

1-(O-Carboxyphenylamino)-1- (I H_/-(EH—CH—CH;@

deoxyribulose-5-phosphate OH OH

b

CHOH—CHOH—CH,-0{P)

Indole-3-glycerol-phosphate @:s
N
H

CH;-COOH SER
PR ? l<G}ycefaldehyde-3~pl'ospmxe
N
H CH;-CH—COOH
indole-3-acetic acid 'l\“z
N
H
Tryptophan

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

H
tryptophan

2

%

H

CH, CO-NH, CH, CH,"NH, CH,-CO-COOH CH,-C-COOH

I i ! < | OH

N N N
H H H H
indols 3-acetomide tryptamine indole-3-pyruvic acid indole-3-lactic acid

CH,-CHO CH,-CH,0H
| < |
N N

H
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@—\—]»cuz-coou
N

H
indole-3-acetic acid

Fig. 5. Pathways for the synthesis of IAA from tryptophan: 1) 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. Pathways2 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 JAA 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 al., described the conversion of 5-[*H]-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 A,, 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-Cl-tryptophan, the expected precursor to 4-CI-IAA found in pea, also
occurred in the D-form (57).

Baldi er al. (1) tested the hypothesis that D-tryptophan is the IAA
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 ’N-D-tryptophan taken up from the medium was
not converted into ’N-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 “N-L-tryptophan to “N-IAA
labeling occurred without detectable labeling of the D-tryptophan pool.

Conversion of N-malonyltryptophan, a compound thought to be found in
vivo predominantly in the D-tryptophan form, to indole-3-acetaldoxime and
then to IAA 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 Marumo’s
laboratory (73) on the occurrence of 4-Cl-tryptophan and malonyl-tryptophan
in pea, report that only about 2% of the 4-Cl-tryptophan is in the D-form and
the bulk of 4-Cl-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 of IAA not involving tryptophan

Although early studies equated IAA 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 IAA 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 permeable 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 of deuterium 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 germinating Zea mays kernels. Thus, tryptophan and IAA synthesis appear
to occur independently, and there is not mecessarily 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
determined by the strain and type of plant and may also be determined by the
availability of sufficient IAA conjugates from the endosperm.

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
terminal 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 *N-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 intermediate,
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 pericarp maize study, and suggest that
the branch point for IAA production is probably at the point of indole
(following tryptophan synthase a) 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 terminal 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 endosperm capable of converting radioactive indole into
IAA 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 IAA 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 IAA is the primary route. However, when 2,4-D was removed
from the medium, which induces these carrot cells to form embryos, the
conversion of tryptophan to IAA 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 IAA 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 formation (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 IAA 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-IAA, 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 IAA in bioassays (57). Most of the 4-CI-IAA 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

47



Auxin biosynthesis and metabolism

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 144 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 bacteria Agrobacterium 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 1AA
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 of Gypsophila paniculata. Strains of Erwinia 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 corn (15). Five-[’H]-IAInos
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applied to the kernel is transported to the shoot and is, in part, hydrolyzed to
yield free 5-PH]-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-[’H]-IAlnos 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-[’H]-IAlnos is diluted
by endogenous IAlInos (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-[’H]-indole-3-acety-l-myo-inositol-
['*C]-galactoside applied to the endosperm is also transported to the shoot,
there to yield free JAA (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 endosperm 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 corn 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 by Arabidopsis. This approach
has allowed the tentative identification of the gene for an enzyme with
IAA-amino acid hydrolase activity toward both IAA-Ala and IAAsp.

Kowalczyk and Bandurski have reported on the co-fractionation of IAGlu
synthetase and two enzymes of IAGlu hydrolysis, a 1-O-IAGluc hydrolase
and a 6-O-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 of activity. The protein in the leading peak catalyzes IAGluc synthesis but also catalyzes
hydrolysis of 1-O-IAGluc. The protein in the second peak catalyzes 1-O-IAGluc synthesis and
catalyzes the hydrolysis of 6-O-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.

Transport from seed to shoot and from coleoptile tip to basal growing regions

From the limited studies on transport from seed to shoot (discussed
above), and determinations of IAA, IAInos and other esters in the fruit tissue
(37, 43, 65), it may be concluded that IAInos 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 IAlInos
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 findings, 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 of IAA during tropic stimulation

The earliest studies of IAA transport were concerned with how an
asymmetric (tropic) stimulus could induce an asymmetric distribution of IAA.
The asymmetric IAA 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 IAA leads
to changes in gene expression (48, and see Chapter D2). This phenomenon
of asymmetric IAA 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 IAA. The ratio of free to
conjugated IAA 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 IAA biosynthesis does not occur in young Zea seedlings (e.g., 2) there
must also be selective transport of IAA 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;
IAA 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) IAInos, the putative seed auxin precursor,
moves upwards from seed to shoot in the stele; b) the IAA 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)

TAA 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 of IAA 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 IAA catabolism predates identification of IAA as a
ubiquitous auxin in plants. In 1934 (78) it was observed that water extracts
of leaves inactivate the "growth promoting substance" of Avena. Later work
showed that peroxidase catalyzes the oxidative decarboxylation of IAA (75),
and this reaction was generally assumed to be the physiological route for
oxidative catabolism. More recently a new pathway of IAA 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, Vicia 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 "*CO, evolution from 1-[**C]-IAA,
manometrically by O, uptake, colorimetrically by loss of Salkowski color, or
by UV absorbance changes (Fig. 7). In the literature, "IAA oxidase" and
"peroxidative oxidation" of IAA with decarboxylation have been synonymous.
This definition of IAA oxidation is now, however, too narrow, due to the
discovery of oxidative non-decarboxylation pathways in several plant species.

The peroxidative decarboxylation of IAA occurs without added cofactors
with purified horseradish peroxidase, the best studied "IAA oxidase," although
Mn"" and monophenols increase the reaction rate, and H,0, reduces the lag
period for JAA oxidation (75). Tomato peroxidases are dependent on H,0,
for the oxidation of IAA. The main products of peroxidase oxidation of IAA
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Fig. 7. The oxidative decarboxylation process catalyzed by peroxidase. This process is
initiated by peroxidases contained in extracts of many 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 of Mn"™, 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 IAA by forming an IAA free
radical which is subsequently attacked by oxygen (35, 75). Following
decarboxylation of the IAA, the reaction proceeds either by the
indole-3-aldehyde route or the 3-methylene-oxindole route.

Cofactors for IAA oxidation include Mn™ and monophenols. Mn*™" will
non-enzymatically oxidize IAA, with subsequent decarboxylation, and it is
thought that peroxidase plus monophenol oxidizes Mn™ to Mn™.
Monophenols and m-diphenols stimulate IAA 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, corn, 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 O, 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
“CO, from feeding 1-['*C]-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 of IAA oxidation to oxindole-3-acetic acid (OxIAA) was
in the basidiomycete Hygrophorus conicus (74). The conversion of
tryptamine to JAA 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 Vicia faba respectively following feeding
1-[*C]-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 Vicia faba,
DiOxIAA was estimated by UV measurements to be 1 pmole kg’ fresh
weight in root tissues. In both of these experiments, labeled IAA was fed to
etiolated seedlings via endosperm tissue or cotyledons.

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

The enzymology of the OxXIAA 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 JAA to OxIAA has been measured in shoot, root,
scutellar, and endosperm tissues at 1-10 pmol h™' mg protein™. 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-100
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-OH-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” and has
been shown to be an intermediate in the synthesis of
7-OH-OxIAA-7’-0-glucoside (63). The glucoside is present in much higher
amounts than IAA, OxIAA, or 7-OH-OxIAA, and thus is hypothesized to
accumulate in vacuoles (52). The further metabolism of 7-OH-OxIAA has
not been studied except that 5-[’H]-7-OH-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-methanol. 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 [*C]-IAA was not metabolized to indole-3-carboxylate (27).
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3-Hydroxymethyl-oxindole and 3-methyleneoxindole are unstable compounds.
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 normal development. For example, ~75% of the
"IAA oxidase" can be lost from plant segments by a brief buffer wash, and
"TIAA 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 corn endosperm 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
TAA 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
OxIAA/DiOxIAA 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 OxIAA/DiOxIAA 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 of enzyme 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 of Tsurumi 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-B-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-OH-Ox-IAAsp, thus, the reaction with
peroxidase and H,0, yields a different product from that isolated from the
plant.

Conjugate Synthesis (Fig. 2, E)

Synthesis of conjugates 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 IAlInos, 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-lysine has
been cloned, and for Zea mays the gene for synthesis of 1-O-IAGluc has been
sequenced and cloned (Szerszen and Bandurski, unpublished data).
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Enzymatic synthesis of 1AA
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Enzymatic synthesis of IA4-conjugates in Zea mays

The enzyme catalyzing the synthesis of 1-O-IAGluc was purified to
homogeneity and polyclonal antibodies to the enzyme prepared (2). The
enzyme was unstable except in the simultaneous presence of dithiothreitol 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 JAA 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 of Indole-3-acetyl-e-L-lysine

In some strains of Pseudomonas 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 D1, 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
turtiover, 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 JAA away from the point of interest, and IAA "use" during
growth. Work on the enzymes of IAA 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 hormone homeostasis sufficiently to permit genetic and
chemical manipulation of IAA levels within the plant.

Fig. 1 illustrates that key points for control of hormone levels could
include: a) enzymes involved in the de novo synthesis of IAA; b) IAGluc
synthetase since it is the first enzyme in the series of reactions leading to the
IAA conjugates; ¢) 1-0, and 6-0, IAGluc hydrolases; d) IAInos synthetase
since this enzyme shifts the equilibrium towards conjugate formation; €) the
enzyme which oxidizes IAA to OxIAA since OxIAA itself is inactive as a
growth regulator; and f) enzymes (carriers) involved in IAA or IAlnos
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 1). There are two main types of GAs, the
C,,~GAs which have a full complement of 20 carbon atoms (structure 2), and
the C,,-GAs in which the twentieth carbon atom has been lost by metabolism
(structure 3). In almost all of the C,,-GAs, the carboxylic acid at carbon-19
bonds to carbon-10 to give a lactone bridge.

180y,
3)

Many structural modifications can be made to the ens-gibberellane ring
system. This diversity accounts for the large number of known GAs. Each
different GA which is found 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 GA, through GA;, 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 states of carbon-20, namely methyl (CH;), hydroxymethyl (CH,OH),
aldehyde (CHO) or carboxylic acid (COOH) occur. Additional functional
groups can also be added to the ent-gibberellane skeleton, especially to the
C,-GAs. Insertion into the ring system of hydroxyl (OH) groups occurs
frequently, and less common substituents are epoxide (>O) 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 -
stereochemistry (designated by -+ or —-as bonds, respectively) can
have quite different biochemical significance.
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Gibberellins were first isolated from the fungus Gibberella fujikuroi
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 Gibberella, and 13 are
present in both. Like Gibberella, 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 (GA;), 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 Al).

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 C,;-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
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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 GIBBERELLIN BIOSYNTHESIS PATHWAY

The following sections provide a brief outline of the GA biosynthetic pathway
from mevalonic acid to the first formed GA which is GA ,-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 GA ,-aldehyde
is discussed in more detail in subsequent sections.

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

In the terpenoid pathway C.-building blocks are linked head-to-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,,), sesquiterpenes (C,;, from the Latin sesqui = 1.5),
diterpenes (C,,), triterpenes (C,,) 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
["“C}-labelled acetate was converted to [*C]GA, by cultures of G. fujikuroi,
and mevalonic acid (MVA) 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 C,,-intermediate geranyl pyrophosphate (GPP).
This in turn condenses with another molecule of IPP to give famnesyl
pyrophosphate (FPP). Further condensation of FPP with a third molecule of
IPP gives the C,,-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. 1.
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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 of GGPP 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 of GGPP to a bicyclic intermediate, copalyl pyrophosphate (CPP),
whereas the B activity catalyses the further conversion of CPP to the
tetracyclic diterpene, ent-kaurene' (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. Furthermore, because both mutants possess normal 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 normal ent-kaurene synthetase A and B activity (53). The
GA1 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 GA
locus in Arabidopsis by genomic subtraction (50) will resolve these questions,
and allow the regulation of ent-kaurene synthetase to be studied directly.

! Using IUPAC nomenclature the precursor of GAs is the enantiomeric form of kaurene,
designated ent-kaurene. By convention a-substituentsare designated ent-8, and B-substituents
are designated ent-o.
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Fig. 2. The pathway from geranylgeranyl pyrophosphate to GA,,-aldehyde.
ent-Kaurene to GA,,-aldehyde

In the next part of the pathway, also shown in Fig.2, the methyl group at
carbon-19 of ent-kaurene is oxidized in the sequence CH, => CH,OH = CHO
=> COOH, to give ent-kaurenol, ent-kaurenal and ent-kaurenoic acid. This
sequence of oxidations 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 nm. 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 of GA 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 7B-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-Ta-hydroxykaurenoic acid the pathway diverges once again. This
branch-point is of critical importance. One of the products, GA,,-aldehyde,
is the first-formed GA in all systems. It is formed by contraction of the B
ring with extrusion of carbon-7. . In contrast, the other product, ent-6a,7c-
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 GA ,-aldehyde
and ent-6a, 7a-dihydroxykaurenoic acid are probably formed from a single
common intermediate (16).

Pathways from GA,,-aldehyde (Fig. 3)

The biosynthetic pathway up to GA,,-aldehyde appears to be the same in all
plants. In contrast, the conversion for GA ,-aldehyde to other GAs can vary
from genus to genus, consequently giving rise to several alternate pathways
from GA,-aldehyde. There is, however, a basic sequence of reactions
starting from GA ,-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 CO, and the
formation of C,-GAs.

Gibberellin A ,-aldehyde is first oxidized at carbon-7 to give the
dicarboxylic acid, GA,, (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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GA yALDEHYDE

H;C COOH

Fig. 3. The pathway from GA,,-aldehyde to the C,;-GA, GA,.

oxidation of carbon-20. First the C-20 methyl group of GA,, is oxidized to
a hydroxymethyl group (CH,OH), which lactonises on extraction and work-up
to yield GA;. The true intermediate is probably the open-lactone form. In
the next step of the pathway this intermediate is oxidized to the C-20
aldehyde, GA,,. At GA,, there is another branch-point in the pathway.
Carbon-20 can be oxidized to the acid, giving GA,; Alternately, and more
importantly, carbon-20 can be eliminated from the molecule as CO,, resulting
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Fig. 4. Metabolic pathways to C,,-GAs.

in the formation a C,,-GA, GA, (11, 31). It is the C,;-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 GA,, were to be
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Fig. 5. GA metabolism in Pisum sativum L (pea). Thickened arrows refer to major pathway.
35-Hydroxylation occurs only in shoots. (* = endogenous GA.)

hydroxylated at carbon-3, or at carbon-13, or at both the 3 and 13 positions
then the GAs shown in Fig. 4 are formed on three separate pathways
comparable to the route from GA,, => GA, discussed above. In reality, the
observed pathways are not always separate. They may converge or diverge
to form 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 information 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 GA, whilst the second
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Fig. 6. The metabolism of GA,, in shoots of Pisum sativum.

pathway leads to the 13-hydroxylated GA, GA,, (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 18-day old pea embryos,
together with Fe** and either NADPH or ascorbate, converted radio-labelled
GA,, to GA,;, GA,,, GA, and GA;, (Fig. 3) (29). Gibberellin A,; was not
metabolized but the open-lactone form, prepared by alkaline treatment of
GA,;, was readily converted to GA,,, GA, and traces of GA;,. In turn GA,,
was converted to GA, and some GA,,. Subsequently when GA, was
incubated with a high speed supernatant from older embryos it was 28-
hydroxylated in good yield to give GA;,. Thus the pathway GA,, = GA ,-
open lactone => GA,, = GA,=> GA,, was established (Fig. 5).

Alternatively, a low speed supernatant or washed microsomal pellet 13-
hydroxylated either GA,,-aldehyde or GA,, to give GA; (Fig. 5) (29). GA,,
was the better substrate. Both NADPH and molecular oxygen are essential
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for activity. Gibberellin A,s-open lactone and GA,, were 13-hydroxylated
less efficiently. Gibberellin A, was not an acceptable substrate.

When GA;; was incubated with the high speed supernatant in the
presence of Fe** and ascorbate it was converted to GA,,, GA,, and GA,, in
an analogous series of reactions to those shown in Figure 3, except all the
GAs are 13-hydroxylated (Figs. 5 and 6). Gibberellin A,, was 28-
hydroxylated by preparations from older embryos to give GA,, in ca. 75%
yield. Individual steps were confirmed by refeeding experiments and the
major pathway GA,, = GA,,-open lactone = GA,, => GA, => GA,, 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 C,,-GAs in pea seeds.

The 2B-hydroxylation of GA, to GA,, and of GA, to GA,, can be
observed in vivo by injecting labelled substrate into intact seeds. Applied
GA,, is further converted to an «,(3-unsaturated ketone named GA,,-
catabolite. Although GA,, and GA,, are located in the cotyledons of
maturing seeds, the conversion of GA,, to GA,,-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. GA,, and GA,,) have low biological activity and
their catabolism may constitute a means for their removal and/or disposal.
An alternative method for the removal of 23-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 Fe**. Ascorbate is also required. In the overall
reaction catalysed by this type of dioxygenase one oxygen atom oxidises 2-
oxoglutarate to succinate and CO, while the other oxygen atom hydroxylates
the primary substrate (i.e., in this case the GA). 2-Oxoglutarate-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
(Fe*) 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 CO,. Some decarboxylation of 2-oxoglutarate which is uncoupled from
substrate hydroxylation can also occur because of the generation of Fe’*
which blocks the enzyme’s active site. Ascorbate, in its role as a cofactor,
functions to reduce this enzyme-bound Fe’* back to Fe*', consequently
allowing the coupled decarboxylation/hydroxylation to proceed.

A 20-oxidase, which catalyses the conversion of GA,; to GA,, has been
partially purified from 20 day old pea embryos (32). The purified preparation
also catalysed the conversion of GA,, to GA,,. The relative proportions of
GA,, and GA,, 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 23-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 C,,-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 38-hydroxylation of GA,, to GA, is observed in shoots but not
seeds of pea (Figs. 5, 6) (28). Like GA,,, GA, can also be 28-hydroxylated
giving GA,, which in turn is oxidized to GA,-catabolite (Figs. 5, 6).

Gibberellin A, has high biological activity, and it has been implicated in
the control of internode extension (28) (see Chapter G1). 38-Hydroxylation
is therefore a very important metabolic conversion which has profound effects
on plant growth. The 38-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 33-hydroxylase,
since this metabolic conversion does not occur in seeds of this genus.
Instead, a 33-hydroxylase which converts GA,, to GA, (and GA, and GA,,,
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 33-
hydroxylase remains to be determined.

The 3B8-hydroxylase from bean seeds has several biochemical similarities
to the 23-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, Fe** 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 of GA,, to GA,. 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 38-hydroxylase described
above has been isolated from bean seeds and is not necessarily identical to the
3B-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 C,,-GAs in pumpkin preparations is
low, and instead several polyhydroxylated C,,-GAs accumulate. The
following discussion draws largely from two recent papers (33, 34), which
describe the latest, most comprehensive feeding studies.

GA,, and GA ,-aldehyde are metabolized to similar products by a gel-
filtered high speed supernatant from a pumpkin endosperm preparation,
though GA , is the more efficient precursor. When incubated with increasing
concentrations of protein and appropriate cofactors for 2-oxoglutarate-
dependent dioxygenases, labeled GA,, is converted in sequence to GA,,
GA,,, GA,; and the 3B-hydroxylated C,,-GAs, GA,; and GA,; (Fig. 7). At
highest protein concentrations GA,; and GA,, (both dihydroxylated
tricarboxylic acids) and 12aOH-GA,; accumulate. The 33-hydroxylated C,,-
GA, GA,, was only a minor product and GA, 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 no metabolism
of GA,, 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, GA,, was 13-
hydroxylated to give GA,; (mono-oxygenase activity). In the presence of 2-
oxoglutarate etc. mono-oxygenase activity was suppressed and GA,, 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). C,,-GAs are shown in boxes.

incubations (dioxygenase activity).

GA,;, incubated with the high speed supernatant in the presence of
dioxygenase cofactors, was converted to GA,,, GA,;, and GA, (right hand
side, Fig. 7) (33). GA,;;, GA,, and GA,, were minor products. The presence
of GA,; suggests that in pumpkin 33-hydroxylation of 13-OH GAs occurs at
the C,,-level (GA,, = GA,;), in contrast to pea stems in which it occurs only
at the C,-level (GA,, = GA,). Therefore, unlike the situation in pea stems,
in pumpkin endosperm GA,;,, not GA,,, appears to be the immediate precursor
of GA,.

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,
GA,; and GA,;, are major products in pumpkin endosperm preparations.
However, the metabolic origin of two 38,12a-hydroxylated C,,-GAs, GA4,
and its 2f3-hydroxylated derivative GA,;, which are major native GAs but
which were not detected in cell free incubations, remains obscure.
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Table 1. Enzymes catalysing reactions in the GA biosynthetic pathway--a summary of their
properties.

Reaction or sequence Enzyme Cosubstrates/ Ref.
of reactions Properties Cofactors, etc.
MVA =>=> ent-kaurene soluble ATP, Mn*'/Mg* 4
ent-kaurene =>=> GA ,-aldehyde  microsomal NADPH, O, 23,24
GA ,-aldehyde = GA,, (1) microsomal NADPH, O, 33
(2) soluble 2-oxoglutarate, 33
Fe™, 0,
sequential oxidation of carbon-20 soluble 2-oxoglutarate, 26
Fe*, 0,
2B3-hydroxylation soluble 2-oxoglutarate, 45
Fe¥, O,
3B-hydroxylation soluble 2-oxoglutarate/ 46
ascorbate, Fe**, O,
12-hydroxylation (1) microsomal NADPH, O, 33
(2) soluble 2-oxoglutarate 33
Fe*, 0,
13-hydroxylation (1) microsomal NADPH, O, 29, 33
(2) soluble 2-oxoglutarate 33
Fe¥, O,

There are some differences between pathways in pumpkin endosperm
and embryo preparations (33, 34) . One of these differences concerns 23-
hydroxylation. In endosperm preparations 23-hydroxylation occurs only at
the C,s-level, whereas in embryos only C,,-GAs are 283-hydroxylated. Thus
only endosperm preparations yield the 23-hydroxylated C,,-GAs, GA,, and
12a-GA,;, and only embryo preparations give GA; and GA,, (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 GA,,-aldehyde to GA,, in pumpkin endosperm 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 GA ,-aldehyde as preferred
substrate, and the soluble enzyme hydroxylating the more polar tricarboxylic
acids.

A 20-oxidase has recently been purified from pumpkin endosperm (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 endosperm 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 Agtl1 expression library
derived from cotyledons. The recombinant enzyme expressed in E. coli
catalysed the three-step oxidation of GA,, to GA,, and, with lower efficiency,
of GA,; to GA,;. C,,-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 1-aminocyclopropane-1-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 1.

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 GAI 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 38-hydroxylation
pathway leading to GA,, the early 13-hydroxylation pathway leading to GA,,
and the 3,13-dihydroxylation pathway leading to GA, (Fig. 4, Fig. 8). The
individual pathways seem to be connected in a grid, because 38-hydroxylation
can occur at several levels (Fig. 8). The metabolic conversions of C -GAs
in Arabidopsis are particularly interesting as they differ from those in pea and
pumpkin. From feeding studies with C,,-GAs it has been demonstrated that
GA, can either be 33-hydroxylated to give GA,, or 13-hydroxylated to give
GAyx. In turn, GA, can be 13-hydroxylated, and GA,, can be 383-
hydroxylated giving two alternate routes to GA,(51, 53). However, in
Arabidopsis GA, is not thought to be the active GA, instead GA, 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 formation of GA,,
insertion of a 33-hydroxyl group together with a 1,2 double bond as in the
formation of GA; and GA,, and of a 2,3 epoxidation as in GA,. These
metabolic steps are considered briefly here.

In cell-free systems from Phaseolus vulgaris the enzyme which converts
GA,, to GA, also gives GA, and GA,, as additional products (2) (Fig. 9). All
three appear to be formed 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 GA,, to GA, does not involve the incorporation of oxygen into the
molecule yet requires the presence of oxygen. This observation reinforces the
proposition that the conversion of GA,, to GA; is mechanistically linked to
the hydroxylation of GA,,.

83



Gibberellin biosynthesis and metabolism

2,3 epoxidation
——

38-OH
maize \ double bond shift

Fig. 9. The metabolism of GA,, in Phaseolus vulgaris (bean) and Zea mays (maize).

Kamiya and Kwak (30), working with a partially purified 38-hydroxylase
enzyme from bean seeds, also reported the epoxidation of GA, to GA,.
Although the cofactor requirements were the same for epoxidation and 38-
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, GA,,, in addition to being converted to GA,,
is also converted to GA, (14). Furthermore, GA; is converted to GA,,
establishing conclusively the biosynthetic origin of GA, in a higher plant (Fig.
9). Although GA, is purported to be the primary GA with hormonal function
in maize stems (39), the presence of GA, in some maize mutants, and the
verification of GA, as a true metabolic product suggests that it may also be
important in the control of internode growth in Zea. GA, is not a substrate
for 2B-hydroxylation and would be expected to have more persistent
bioactivity than GA,. Unlike the bean system, there is no evidence for the
conversion of GA; to GA, in maize.

In a set of biosynthetic reactions analogous to the conversion of GA,,
= GA;=> GA,, the non-13-hydroxylated GA, GA, is converted to GA, via 2,3-
dehydro GA, 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 [*H]
GA,,. The metabolism in each instance occurred with loss of the 8 protons:
23 and 30 protons were lost in the conversion of GA,, to GA,, and of GA,
to 2,3-dehydro GA,. The 18 proton was lost in the metabolism of 2,3-
dehydro GA, to GA, (1).

SYNTHETIC INHIBITORS OF GA BIOSYNTHESIS AND
METABOLISM.

Many chemical inhibitors are known which block GA biosynthesis. Several
inhibitors, e.g., AMO-1618* and cycocel, block the A activity of enz-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 of which are effective
growth retardants, have been extensively reviewed (20, 41).

N//N W H
a p{—] a N7/

/N
k— N
Cl
(4) Tetcyclacis (5) Paclobutrazol (6) Uniconazole

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-112 (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-1-carboxylate;
cycocel = 2-chloroethyltrimethyl-ammonium chloride;
tetcyclacis = 5-(4-chlorophenyl)-3,4,5,9,10-pentaaza-tetracyclo [5,4,1,0%,0"]-dodeca-3,9-diene;
paclobutrazol = 1-(4-chloro-phenyl)-4,4-dimethyl-2-(1H-1,2,4-triazol-1-yl)-pentan-3-ol,
uniconazole = (E)-1-(4-chlorophenyl)-4,4-dimethyl-2-(1H-1,2,4 triazol-1-yl)-1-penten-3-ol;
BX-112 (prohexadione-calcium) = calcium 3,5-dioxo-4-propionylcyclohexanecarboxylic acid;
LAB 198 999 = 4 (n propyl-a-hydroxymethylene)-3,5,-dioxocyclohexanecarboxylic 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
acylcyclohexanedionesthan are
other reactions. The 38-
hydroxylation of GA,, to GA,
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).
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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
C,s-GA is GA,,, and it is converted to GA, by 38-hydroxylation. In pea and
maize the /e and dI mutations, respectively, block the conversion of GA,, to
GA, and cause a dwarf phenotype (28, 49). The evidence is therefore very
strong that GA, is the active GA controlling internode elongation in these
genera. In wildtype plants GA,, and other members of the early 13-
hydroxylation pathway are bioactive only because they are converted in situ
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to GA,. The acylcyclohexanediones, which preferentially inhibit 383-
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.

GA,;, GA, and GA, are 3B-hydroxylated C,,-GAs like GA,, and each of
them is potentially as bioactive as GA,. In Arabidopsis thaliana and Cucumis
sativus applied GA, is actually very much more active than GA, (53).
Although both genera do contain GA, in addition to GA,, and applied GA,
is metabolised to GA |, the evidence is strong that in both genera GA, is the
primary GA for stem growth. Thus, GA, 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-13 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/D ring than do receptors from most other genera.

Now that it has been established that the active GAs for stem elongation
are 3B-hydroxylated C,,-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 of GA,; => GA,,
and of GA,, = GA,, in spinach (15), though how this is achieved at the
molecular level is not known. The conversion of GA,, to GA,, is of
particular interest. By comparing the relative levels of GA,,, GA,, and GA,
in insensitive dwarfs, in wildtype plants and in slenders (in which the GA,
response is constitutive) Hedden and Croker (25) have concluded that GA,
exerts negative control on the conversion of GA |, = GA,, as a consequence
of its action. Thus in situations in which GA, has a growth response or in
which the response is constitutively expressed the levels of GA,, are high.
Conversely if GA, is inactive because of a mutation conferring insensitivity
then GA, levels are low and GA,, and GA, accumulate. Scott (44) has
suggested that this type of feed back control could occur if GA, induced the
synthesis of a protein which down-regulated the transcription of mRNA for
the GA,, 20-oxidase.

The amount of GA, produced can also be finely tuned by balancing the
amount of GA,, which is 23-hydroxylated to give the inactive GA,, versus
the amount which is 38-hydroxylated to give GA,. The 23-hydroxylation of
GA, to form the inactive GA; is also an important factor in determining the
steady state level of GA,. 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 23- and 3B-hydroxylases from bean seeds and a 23-
hydroxylase from pea. In bean seeds it appears that 23-hydroxylation of
GA,, to GA, is less important than the 23-hydroxylation of GA, to GA; in
controlling the steady state level of GA,. In pea, for which no data for 38-
hydroxylation is available, circumstantial evidence suggests that at high GA,,
levels 28-hydroxylation of GA,, 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 11 are the main routes
to C,,-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 of GA,, = GA;=> GA,. 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 GAI 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 33-hydroxylated C,,-GAs, primarily GA,
(but probably GA, 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.

Acknowledgements.
I would like to thank Drs. Mike Beale and Peter Hedden for their useful comments on
the manuscript, and Serena Smith and Julie Blackwell for preparing the Figures.

88



V. M. Sponsel

*((su032Y pajeimyesun-g‘o) aj1joqeled = jed U0 uado = ")) 'UMOYS JOU JNG UMOUY 3Je SUOIOBAI JOYI0 SWOS (—) pajoidap are pouLIjuod
u92q J0U ARy YoIym sasuanbas [enuajod -siueld [[e ur serado suonoral [[e 0N ‘Z-D J0/pUR ‘gD ‘€1-D 1B UONRIAXOIPAY YNM PIUIqUIOD ‘TRAOWISI S
£q pamo[[o] (-2 JO UOHBPIXO 2AISSId0NS £q paonpoid («——) sasuanbas srjoqersw umouy Surmoys sjuerd 1oysiy ur syo Jo pus srjoqeroy 11 314

HOOD
150] ﬂ 0co30
<— (07D — OHD <«——— HO'HO «— *HD STEIS SATIEPIXO

Llyo

/ Styo Slyo

Sy0) orpAyap-¢°z

/ ) Ltyo
1 HYD YD «— VD Tﬁ’v?o b a<o A.||§<o ~———3PAYIPR-Lly g

_ HO-9¢
\ 43%75) \ Q<O\ om<o 10 lhm<o v~<o Oﬁ%ﬂ%—.ﬁlﬁ<o

_ IO@N _ ‘ HO €1

18062y A||||.m~<o Anlllllom<.u - 6lyD 3|3<O .AIII:%/.\O <«——2PAYIPE Sy n

1®0-2yD AI\|MW<_._V A|\|~<.U\\ £y _\ ,_cumm<o £<O

89



Gibberellin biosynthesis and metabolism

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Albone, K.S., Gaskin, P., MacMillan, J., Phinney, B.O., Willis, C. (1990) Biosynthetic
origin of gibberellins A, and A, in cell-free preparations from seeds of Marah
macrocarpus and Malus domestica. Plant Physiol. 94, 132-142.

Albone, K.S., Gaskin, P., MacMillan, J., Smith, V., Weir, J. (1989) Enzymes form seeds
of Phaseolus vulgaris L.: Hydroxylation of gibberellins A,  and A, and 2,3-
dehydrogenation of gibberellin A20. Planta 177, 108-115.

Aoyagi, K., Beyou, A, Moon, K., Fang, L., Ulrich, T (1993) Isolation and
characterization of cDNAs encoding wheat 3-hydroxy-3-methylglutaryl coenzyme A
reductase. Plant Physiol. 102, 623-628.

Beytia, E.D., Porter, J.W. (1976) Biochemistry of polyisoprenoid biosynthesis. Ann. Rev.
Biochem. 45, 113-42.

Birch, A.J., Richards, R.W., Smith, H., Harris, A., Whalley, W.B. (1959) Studies in
relation to biosynthesis-XXI. Rosenolactone and gibberellic acid. Tetrahedron 7, 241-51.
Bozak, K.R., Yu, H,, Sirevag, R., Christoffersen, R.E., (1990) Sequence analysis of
ripening-related cytochrome P-450 cDNAs from avocado fruit. Proc. Natl. Acad. Sci.
USA 87: 3904-3908.

Butcher, D.N., Appleford, N.E.J.,, Hedden, P., Lenton, J.R. (1987) Plant growth
substances in root cultures of Lycopersicon esculentum. Phytochem 27, 1575-1577.
Coolbaugh, R.C. (1983) Early stages of gibberellin biosynthesis. /n: The biochemistry
and physiology of gibberellins. Vol. 1, pp. 53-98. Crozier, A. ed., Pracger, New York.
Cross, B.E., Grove, J.F., MacMillan, J., Mulholland, T.P.C. (1956) Gibberellic acid, Part
IV. The structures of gibberic and allo gibberic acids and possible structures for
gibberellic acid. Chem. and Ind. 1956, 954-55.

Davies, P.J., Emshwiller, E., Gianfagna, T.J., Proebsting, W.M., Noma, M., Pharis, R.P.
(1982) The endogenous gibberellins of vegetative and reproductive tissue of G2 peas.
Planta 154, 266-72.

Dockerill, R.C., Hanson, J.R. (1978) Fate of C-20 in C,,-gibberellin biosynthesis.
Phytochem. 11, 317-26.

Donaldson, R.P., Luster, D.G., (1991) Multiple forms of plant cytochromes P-450. Plant
Physiol 96, 669-674.

Duncan, J.D., West, C.A. (1981) Properties of kaurene synthetase from Marah
macrocarpus endosperm. Evidence for the participation of separate but interacting
enzymes. Plant Physiol. 68, 1128-34.

Fujioka, S., Yamane, H., Spray, C.R., Phinney, B.O., Gaskin, P., MacMillan, J.,
Takahashi, N. (1990) Gibberellin A; is biosynthesized from gibberellin A,, via gibberellin
AS in shoots of Zea mays L. Plant Physiol. 94, 127-131

Gilmour, S.J., Zeevaart, J.A.D., Schwenen, L., Graebe, J.E. (1986) Gibberellin
metabolism in cell-free extracts from spinach leaves in relation to photoperiod. Plant
Physiol. 82, 190-195.

Graebe, J.E. (1987) Gibberellin biosynthesis and control. Ann. Rev. Plant Physiol. 38,
419-465.

Graebe, J.E., Bose, G., Grosselindemann, E., Hedden, P., Aach, H., Schweimer, A.,
Sydow, S., Lange, T., (1992) The biosynthesis of ent-Kaurene in germinating seeds and
the function of 2-oxoglutarate in gibberellin biosynthesis. In: Progress in plant growth
regulation, pp. 545-554, Karssen, C.M., van Loon, L.C., Vreugdenhil, D., eds. Kluwer
Academic Publishers, Netherlands.

Graebe, J.E., Hedden, P., Gaskin, P., MacMillan, J. (1974) The biosynthesis of a C,,-

gibberellin from mevalonic acid in a cell-free system from a higher plant. Planta 120,
307-309.

90



19.

20.

21

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.
38.

V. M. Sponsel

Griggs, D.L., Hedden, P., Temple-Smith, K.E., Rademacher, W. (1991) Inhibition of
gibberellin 23-hydroxylasesby acylcyclohexanedione derivatives. Phytochem. 30,2513-
2517.

Grossmann, K. (1990) Plant growth retardants as tools in physiological research. Phys.
Plant. 78, 640-648.

Hanauske-Abel, H.M., Gunzler,V. (1982) A stereochemical concept for the catalytic
mechanism of prolyhydroxylase, applicability to classification and design of inhibitors.
J. Theor. Biol. 94, 421-455.

Hasson, E.P., West, C.A. (1976) Properties of the system for the microsomes of
immature seeds of Marah macrocarpus. Cofactor requirements. Plant Physiol. 58, 473-78
Hasson, E.P., West, C.A. (1976) Properties of the system for the mixed function
oxidation of kaurene and kaurene derivatives in microsomes of immature seeds of Marah
macrocarpus. Electron transfer components. Plant Physiol 58, 479-484.

Hedden, P. (1983) Ir vitro metabolism of gibberellins. In: The biochemistry and
physiology of gibberellins, Vol. 1, pp. 99-150, Crozier, A. ed. Pracger, New York.
Hedden, P., Croker, S.J., (1992) Regulation of gibberellin biosynthesis in maize
seedlings. In: Progress in plant growth regulation, pp. 571-577, Karssen, C.M., vanLoon,
L., Vreugdenhil, D. ed., Kluwer Academic Publishers, Dordrecht.

Hedden, P., Graebe, J.E. (1982) The cofactor requirements for the soluble oxidases in the
metabolism of the C,,-gibberellins. J. Plant Growth Regulation 1, 105-116.

Hedden, P., Hoad, G.V., Gaskin, P., Lewis, M.J., Green, J.R., Furber, M., Mander, L.N.
(1993) Kaurenoids and gibberellins, including the newly characterized gibberellin A4,
in developing apple seeds. Phytochem. 32, 231-237.

Ingram, T.J., Reid, J.B., Murfet, I.C., Gaskin, P., Willis, C.L., MacMillan, J. (1984)
Internode length in Pisum. The Le gene controls the 38-hydroxylation of gibberellin A,,
to gibberellin A,. Planta 160, 455-63.

Kamiya, Y., Graebe, J.E. (1983) The biosynthesis of all major pea gibberellins in a cell-
free system from Pisum sativum. Phytochem. 22, 681-90.

Kamiya, Y.,Kwak, S.-S. (1991) Partial characterization of the gibberellin 38-hydroxylase
from immature seeds of Phaseolus vulgaris. In: Gibberellins, pp. 72-82, Takahashi, N.,
MacMillan, J., Phinney, B.O. eds. Springer-Verlag, New York.

Kamiya, Y., Takahashi, N., Graebe, J.E. (1986) The loss of the C-20 carbon atom in C,o-
gibberellin biosynthesisin a cell-free system from Pisum sativumL. Planta 169, 154-158.
Lange, T., Graebe, J.E. (1989) The partial purification and characterization of a
gibberellin C-20 hydroxylase from immature Pisum sativum L. seeds. Planta 179, 211-
221.

Lange, T., Hedden, P., Graebe, J.E. (1993a) Biosynthesis of 12a- and 13-hydroxylated
gibberellins in a cell-free system from Cucurbita maxima endosperm and the
identification of new endogenous gibberellins. Planta 189, 340-349.

Lange, T., Hedden, P., Graebe, J.E. (1993b) Gibberellin biosynthesisin cell-free extracts
from developing Cucurbita maxima embryos and the identification of new endogenous
gibberellins. Planta 189, 350-358.

Lange, T., Hedden, P., Graebe, J.E. (1994) Molecular cloning and heterologous
expression of a cDNA encoding a gibberellin 20-oxidase from developing cotyledons of
pumpkin (Cucurbita maxima). Proc. Natl. Acad. Sci. (in press).

MacMillan, J., Takahashi, N. (1968) Proposed procedure for the allocation of trivial
names to the gibberellins. Nature 217, 170-171.

Meyerowitz, E.M. (1987) Arabidopsis thaliana. Ann. Rev. Genet. 21, 93-111.
Nakayama, I., Miyazawa, T., Kobayashi, M., Kamiya, Y., Abe, H., Sakurai, A. (1990)
Effects of a new plant growth regulator prohexadione calcium gibberellins in rice (Oryza
sativa L.) seedlings. Plant Cell Physiol. 31, 195-200.

91



Gibberellin biosynthesis and metabolism

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

5L

52.

53.

Phinney, B.O. (1984) Gibberellin A,, dwarfism and the control of shoot elongation in
higher plants. /n: The biosynthesisand metabolism of plant hormones, pp. 17-41, Crozier,
A., Hillman, J.R. eds. Soc. Exp. Biol. Seminar 23. Cambridge U.P., Cambridge.
Prescott, A.G. (1993) A dilemma of dioxygenases (or Where biochemistry and molecular
biology fail to meet). J. Exp. Bot. 44, 849-861.

Rademacher, W. (1992) Biochemical effects of plant growth retardants. /n: Plant
biochemical regulators, pp. 169-199, Gausmann, H.W. ed. Marcel Dekker, Inc., New
York.

Rademacher, W., Temple-Smith, K.E., Griggs, D.L., Hedden, P. (1992) The mode of
action of acylcyclohexanediones - a new type of growth retardant. /n: Progress in plant
growth regulation, pp.571-577. Karssen,C.M., van Loon, L.C., Vreugdenhil, D. ed.,
Kluwer Academic Publishers, Dordrecht.

Schneider, G. (1983) Gibberellin conjugates. In: The biochemistry and physiology of
gibberellins. Vol 1, pp. 389-456. Crozier, A. ed., Pracger, New York.

Scott, .M. (1990) Plant hormone response mutants. Physiol. Plant. 78, 147-152.
Smith, V.A., MacMillan J. (1986) The partial purification and characterization of a
gibberellin 23-hydroxylases from seeds of Pisum sativum. Planta 167, 9-18

Smith, V.A., Gaskin, P., MacMillan, J. (1990) partial purification and characterization
of the gibberellin A,y 38-hydroxylase from seeds of Phaseolus vulgaris. Plant Physiol.
94, 1390-1401.

Sponsel, V.M. (1983) The localization, metabolism and biological activity of gibberellins
in maturing and germinating seeds of Pisum sativum cv. Progress No. 9. Planta 159, 454-
468

Sponsel, V.M. (1985) Gibberellins in Pisum sativum--their nature, distribution and
involvement in growth and development of the plant. Plant Physiol. 65, 533-38.
Spray, C.R., Phinney, B.O., Gaskin, P., Gilmour, S.J., MacMillan, J. (1984) Internode
length in Zea mays L. The dwarf-1 mutation controls the 38-hydroxylation of gibberellin
A,, to gibberellin A,. Planta 160, 464-68.

Sun, T., Goodman, H.M., Ausubel, F. (1992) Cloning the Arabidopsis GA, locus by
genomic subtraction. Plant Cell 4, 119-128.

Talon, M., Koornneef, M., Zeevaart, J.LA.D. (1990) Endogenous gibberellins in
Arabidopsis thaliana and possible steps blocked in the biosynthetic pathways of the
semidwarf ga4 and ga5 mutants. Proc. Natl. Acad. Sci. USA 87, 7983-7987.
Zeevaart, J.A.D., Gage, D.A. (1993) ent-Kaurene biosynthesis is enhanced by long
photoperiods in the long-day plants Spinacia oleracea L. and Agrostemma githago L.
Plant Physiol. 101, 25-29.

Zeevaart, J.A.D., Talon, M. (1992) Gibberellin mutants in Arabidopsis thaliana. In:
Progress in Plant Growth Regulation, pp. 34-41, Karssen, C.M., van Loon, L.C,
Vreugdenhil, D. ed., Kluwer Academic Publishers, Dordrecht.

92



V. M. Sponsel

Appendix - Gibberellin structures

(F denotes fungal origin, P denotes plant origin)
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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 undefined
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 NH:-CH Z—E]
autoclaved herring sperm DNA. This compound, N N 0
though one of the most biologically active & >
cytokinins (with activity recorded at levels of 10°M N
in tobacco callus growth bioassays (72)) is an lli
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, more commonlyknown
as zeatin. Virtually all the naturally occurring cytokinins appear to be purine
derivatives (Fig. 2) with a branched 5 carbon N® 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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NHR,
NTS oy 7 NHR, | 4
/&3 > ’> N N
R N N >
? | PN
Rs Rz N° N
R, R, Rs R, Trivial name Abbreviation
H H - N6(A2-isopentenyl) adenine  iP
H ribosyl - Né(A2-isopentenyl) adenosine {9R]iP
CH3  CH4S ribosyl 2 methylthio N6 (A2-iso- [2MeS9R] iP
/——-< pentenyl) adenosine
CH, CH; H ribotide - N&(A2-isopentenyl) adeno- [9R-5'P]iP
sine-5'- monophosphate
H glucosyl N6 (AZ-isopentenyl) [7GliP
adenine-7-glucoside
H H - trans-zeatin V/
CH0H H ribosyl - t-zeatin riboside [9R1Z
— H glucosyl - t-zeatin-9-glucoside [9G1Z
CH,  CHj H - glucosyl t-zeatin-7-glucoside [7GlZ
H alanyl - lupinic acid [9AlalZ
H ribotide t-zeatin riboside-5'- [9R-5'P1Z
monophosphate
CH,0G
/=< H H - t-zeatin-O-glucoside Oz
CH, CHj H ribosyl - t-zeatin riboside-O-glucoside (OG)[9R]Z
H H - dihydrozeatin (dithZ
cH,0H H ribosyl dihydrozeatin riboside (diHH{9R]Z
2 H glucosyl - dihydrozeatin-9-glucoside (diH)(9G1Z
H glucosyl dihydrozeatin-7-glucoside (diH)(7GIZ
CHz  CHj H alanyl dihydrolupinic acid (diH)[9Ala} Z
H ribotide - dihydrozeatin riboside-5 - (diDH{9R-5'P}Z
monophosphate
CH,0G
2 H H - dihydrozeatin-O-glucoside  (diHOG)Z
H ribosy! - dihydrozeatin riboside-O- (diHOG)[9R]Z
CHp  CH,3 glucoside
Q CH, H H - N& (benzyl) adenine BAP
H ribosyl - Né& (benzyl) adenoside [9R] BAP

Fig. 2. Free and tRNA cytokinin structures, nomenclature and abbreviations. cis-[9R]Z is a
common cytokinin riboside in tRNA in which the -CH,0H and -CH, 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 N° 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., f-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-glucosyl 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 modern 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 E1 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 of Z from corn 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 1. 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™).

Cytokinin V. rosea  Tobacco Radish L. luteus L. luteus L. angusti- L. angusti-

Crown Crown Seed Develop- Mature folius Jolius
gall gall ing Seed Seed Seed pod wall

Z 6.0 34 0.0 84 62
[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 22 425 56.7 453
[7GlZz 203 178.5
[9G}z 370 0.0 0.0
(0G)Z 13.0 1.6 0.5 0.5 1.8 1.6
(OG)[9R]Z 64.0 24 10.5 59 72 7.6
(diHOG)Z 4.6 1.1 44 212
(diHOG)[9R]Z 76.1 39.1 71.8 213.6
[9R-5’P]Z 789
(diH)[9R-5°P1Z 37

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.c., the methylated purines), are known to occur at the polymer level
during post-transcriptional processing (32). The branched 5 carbon N°
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 frans-methyl) occurs in the 2-isopentenyl
pyrophosphate or in the [9R]iP residues of the tRNA polymer.
Consistentwith the above model a a>-iPP:tRNA-a’-isopenteny] 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 CH, OH

Zea mays which was able to

. . HOOC (P)—
isopentenylate tRNA, oligo and cho-®-@
polyadenylic acids, and Mevalonic acid
adenosine. This work opens l pyrophosphate

the interesting possibility that
one enzyme may be
responsible for the formation CH,
of both free and tRNA [9R]iP
(subsequent modification of
this cytokinin being dependent
on enzymes which can l A3ipp
discriminate between free and
tRNA cytokinins).

The biosynthesis of the CH,
2-methylthio derivatives has CH,0-B—@
been extensively studied in E.
coli, and occurs at the polymer 7.
level after isopentenylation. AtiPP

Thiolation (cysteine being the Fig. 3. The biosynthesis of a’isopentenyl
source of the sulphur atom pyrophosphate.

(29)) is followed by

methylation (1). S-Adenosyl methionine is the donor of the methyl group for
these compounds and also for the hypermodified methylated purines and
pyrimidines found in tRNA (29).

CHO-B-@

CH,

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 Corynebacterium fascians, 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,
[OR]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 frans 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 of cytokinin-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 ['*C]-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 frans-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
a’-isopentenyl pyrophosphate : AMP-2-isopentenyl transferase (4) (for the
biosynthesis of [9R-5’PJiP 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 of 4. 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-s%isopentenyl 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 ipf gene from 4.
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
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Fig. 4. De novo cytokinin biosynthesis.
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that the observed large differences were in the trans-Z form 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 normally 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 [**C]-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
['*C)-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 transformed 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
[OR]iP to Z and [9R]Z. The activity required NADPH and was inhibited by
CO and metyrapone (a cytochrome P-450 inhibitor) (19). Where [*C]-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 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 [**C]-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 formation 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 1. As already discussed it appears that
the [9R-5°PJiP 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’ mono-, di- and tri-phosphates are
probably the most abundant naturally occurring cytokinins (42, 52, 71).
Ribosyl conjugation is always confined to the 9 position of the purine ring.
When '“C labelled zeatin is externally applied [9R]Z and [9R-5°P]Z are
usually important metabolic products (37). Where time course studies have
been performed 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 germ extracts (17, 18) and in tomato leaf and root
extracts (9, 10), but in each case the enzyme showed lower affinities for the
NC-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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Fig. 5. Various metabolites of zeatin (Z). Ade and Ado refer to adenine and adenosine,
respectively.

concentrations of adenine, adenosine and AMP in cells are normally 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 terms, 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 germ (20) tomato (11), 4. 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
associated with rapid formation of the corresponding nucleotide (3) involving
phosphoribosylation by a cell wall bound adenine phosphoribosy! 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 of 4. 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 N®-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
[OR]BAP to the corresponding nucleotide, would appear to be either reduced
or absent in APRT deficient mutants, since there was little [JR]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 of these 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 1) 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
of 7- 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}J/[9G] product ratio were determined. Interestingly, some cytokinins
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(e.g., cis-Z and trans-Z and BA) gave appreciable quantities of 9-glucosides,
but others (e.g., (diH)Z and (OG)Z) gave only traces of 9-glucosyl 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-glucosides. 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-glucosides 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 of 4. rhizogenes, the Ri plasmid
containing specific genes (rol C) for B-glucosidases 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 S-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 of Phaseolus vulgaris during different stages of development (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 (lupinic acid) and (diH)[9Ala]Z (dihydrolupinic acid) are minor
endogenous cytokinins in the immature pod walls and root nodules of Lupinus
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 -(6-allylaminopurine-9-yl) adenine synthase, has been
characterised (26) from developing seeds of L. luteus. This enzyme utilises
O-acetyl serine as the donor of the alanine residue, but is capable of
conjugating a large number of different purine substrates (though the presence
of an N° 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, N° substitution made little difference to the enzyme affinity
(i.e., AMP or adenosine were equally good substrates as [9R-5'PJiP 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
B-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 N° side chain - see next section). As a more
‘protected’ species (diH)Z may be important in the maintenance of cytokinin
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activity levels in an oxidative environment. An enzyme which converts Z to
(diH)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 of cytokinin activity
levels. An enzyme, cytokinin oxidase, has been partially purified from
tobacco tissue (81), corn kemels 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 (i.e., (diH)Z derivatives), the relocation of
the a? double bond to a’, 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 N° 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 GC/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
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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' 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.

! Abbreviations: ACC = 1-Aminocyclopropane-l-carboxylic acid;

AdoMet = S-Adenosyl-L-methionine;

AEC = |-Amino-2-ethylcyclopropane-1-carboxylic acid;
AOA = amino-oxy acetic acid;

AVG = Aminoethoxy-vinyiglycine;

EFE = Ethylene forming 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
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ELUCIDATION OF THE ETHYLENE BIOSYNTHETIC 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 Cu** 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 [*>S]-methionine and [*H-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.
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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-[U"C]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 bacteria and yeast metabolize ACC
to products other than ethylene. They identified MACC as a conjugate of
ACC formed in buckwheat hypocotyls. Hoffman 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 of MTA is readily recycled to methionine (72), and then, using
dual-labeled [*°S, '“C-methyl]-MTA, it was shown that the CH,S-group of
MTA is converted as a unit to re-form methionine (4). Later work showed
that the ribose moiety of MTA 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 (EC 4.4.1.4), which catalyzes the conversion of AdoMet
to ACC and MTA, 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 uM)
and AOA (K; = 0.8 uM). 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 of AdoMet with a K, of 20 uM, whereas (+)-AdoMet is an
effective inhibitor, (I,,= 15 uM). 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 of ACC synthase has been extensively studied by Satoh and Yang
(61) who, by specifically radiolabeling ACC synthase with [3,4-“C]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 of the identity of ACC synthase on SDS-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, LiCl 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 synthase cDNAs
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 of ACC 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 of ACC 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 germination, 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

122



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

(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
hormones. 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 AVG 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 confirms that
auxin application results in increased mRNA for ACC synthase (44).
Moreover, only a limited number of ACC synthase isoforms 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, ACC
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 hormones 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 of ACC 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 of ACC 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 H,0,-
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 of enzymes: 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-1-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, (IR, 25)-AEC, for the synthesis of the ethylene analogue -
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 Co** concentrations, and since, when
both substrates are present simultaneously, they are mutually inhibitory (27,
41). The substrate stereospecificity of ACC 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 K, of 66 uM for ACC found in vivo compares favorably with the
K, of 6.4 to 85 uM 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 O, (5), inhibition by Co®* when
applied in the range of 10 to 100 uM (38, 72), and competitive inhibition by
a-aminoisobutyrate (37).

Unlike ACC 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 pTOMI3 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 pHTOMS 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 of flavanone-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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Fig. 2. Comparison of the amino acid sequences of ACC oxidase deduced from pTOM13
(tomato) (25), pHTOMS (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 Fe** 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 Fe** 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 AH,
and A stand for ascorbate and dehydroascorbate, respectively):

2+
ACC (C,NOH,) + 0, + AH, —F€. €0y c 4+ CO, + HCN + A + H,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-1 of ACC), the latter being
further degraded spontaneously into HCN (derived from C-1 of ACC) and
CO, (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 CO,, whereas C-1 of ACC yields HCN,
which is then rapidly metabolized to yield B-cyanoalanine and asparagine:

® e

NH4 CH, X 4

x W2 + Co, + HCN

Co 2 ® CH

2 2H 2
HyS
A & & -
HEN + HS-CHy- CH-COL —> NC- CH,- CH- €O —> HNCO - CH,- CH - €O}
| | )
®NH, ®NH4 ® NHy

Additional information on the mechanism can be derived from the
stereochemistry of ACC oxidation. 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 CO, stimulates ethylene
production in vivo by direct modulation of ACC oxidase activity. Using
purified ACC oxidase, Dong et al. (18) showed that CO, and bicarbonate
stimulate ACC oxidase activity markedly. Upon removal of CO,, ACC
oxidase activity was abolished, indicating that CO, is an essential activator of
the enzyme. The concentration of CO, 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 CO,.
Recently Ferndndez-Maculet et al. (23) identified CO, as the species
responsible for the activation of ACC oxidase and presented evidence that
CO, 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 of ACC oxidase should allow the molecular dissection of ethylene-
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, witha K
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of 0.25 mM; at concentrations greater than 0.75 mM, malonyl-CoA inhibits
the transferase. The K, for ACC is 0.15 mM; AEC, 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 K, values of
those amino acids serving as substrates of malonyltransferase agree with their
corresponding K; values when the same amino acids act as competitive
inhibitors of ACC malonyltransferase, and (c) the (IR,2S)- and (IR,2R)-AEC
isomers, which have a D-amino acid configuration, are more effective
substrates and inhibitors of malonyl-transferase than the (1S,2R)- and (1S,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 of 5°'-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 turn, MTR kinase, which converts MTR to MTR-1-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 KMB 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 formed is adenosylated to form 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 K ’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 (1).
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. Consistent with 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 form 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 ul/l (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 z-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, C0,, prevents or delays many
ethylene responses when ethylene concentration is low (1 ul/l or below). The
mechanism of action is not known, but CO, has been suggested to be a
competitive inhibitor of ethylene action presumably by competing with
ethylene for the binding site, with a K, of 1.5% (gas phase concentration)
(12). C0, is used commercially in controlled atmosphere storage of fruits
where high CO, levels help to delay the ripening action of ethylene.
Interestingly, CO, 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-norbornadiene, 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 Relative Concentration Relative Concentration for
for 1/2 Maximal Response Inhibiting Ethylene Binding

Ethylene 1 1

Propylene 100 128

Carbon Monoxide 2,700 1,068

Acetylene 2,800 1,1013

1-Butene 270,000 601,277
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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, CS,, 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 K, for ethylene in the gas phase is 0.1 to 0.3 ul/l (or
approximately 10" M in the liquid phase), in agreement with the value of 0.1
to 1 ul/l 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-norbornadiene 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 ef 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 binding. Other ethylene
insensitive mutants have been isolated, ein! and ein2 (24) and ainl (69); The
ein] maps near efr, 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 ain/ are
distinct from the other ethylene resistant mutants. Another class, the ctrl, is
a recessive that displays the triple response in the absence of exogenous and
endogenous ethylene (30). The ctr/ mutation results in constitutive
expression of ethylene regulated genes and, based on the gene sequence of the
ctrl locus, it encodes a protein homologous to a family of eukaryotic protein
kinases. Moreover, the carboxy-terminal half of the et 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 efr, 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 CO,, in others it is incorporated in tissue (TT) 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 ml/l). These results indicate a very high K 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 K 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 of ACC
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 hormone is how its
cellular levels are regulated. The concentration of a hormone, 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 hormone 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 of mesophytic 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.
Dormant buds and seeds of woody plants accumulate high levels of ABA

..\\\\\\/’\’
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Fig. 1. Naturally occurring S-ABA and
(S) 2-t-ABA its R enantiomer.
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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 of more detailed reviews of the subject matter included in this
chapter have been written during the past decade (1, 8, 22, 29, 34, 44).

BIOSYNTHESIS

ABA is a sesquiterpene which like other sesquiterpenes has been shown to be
derived from mevalonic acid (MVA). 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 ng/g
fresh wt (4x10°*M to 2x107M). Only in water-stressed leaves, developing and
mature seeds and dormant buds are levels higher than 10°M. 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, *C-MVA and '*CO2 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 play a 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 '*C-acetate and “C-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 1°-deoxy
ABA (3 in Fig. 4a) (28). This compound was converted to ABA in good
yield when refed to the fungus. 1’-Deoxy ABA was isolated from the fungal
medium when neither "C-acetate nor “C-MVA had been added to the growth
medium, so that it is a naturally occurring fungal metabolite. Since ABA and
1’-deoxy ABA differ by only a hydroxyl group at the 1° position, it is likely
that 1’-deoxy ABA is an immediate precursor to ABA. Other compounds
related to 1°-deoxy ABA, such as a-ionylidene acetic acid (1 in Fig. 4a) and
4’-hydroxy-a-ionylidene acetic acid (2 in Fig. 4a) are converted by the
fungus to both 1’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
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Fig. 4. Later stages of possible ABA biosynthetic pathways in (a) C. rosicola and (b) C.
cruenta.

the two organisms really have the same pathways, or whether they vary
slightly remains to be determined. 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 intermediate been isolated.
The steps immediately after the formation of FPP are also still unknown (4).

After the discovery that a-ionylidene acetic acid and 1’-deoxy ABA may
be intermediates on the ABA biosynthetic pathway in C. rosicola, these
compounds were fed in radioactive form 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. o-Ionylidene acetic acid was converted to 1’-deoxy ABA and
various polar compounds were formed from both compounds. These results
were similar to those previously obtained with barley plants (18). In the case
of Vicia faba leaves, however, convincing evidence was obtained for the
conversion of both a-ionylidene acetic acid and 1’-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 CO, 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 '*C-MVA across the
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chloroplastic membrane was the rate-limiting step in incorporation. He
reported that lysed chloroplasts incorporated “C-MVA into ABA, although
the yields were very low (24). Subsequently, other investigators reported that
chloroplasts did not incorporate '“C-MVA into ABA (13). One explanation
for both of these results is that ABA is derived from preformed precursors
present at high levels relative to ABA, and that the precursors are synthesized
at low rates in mature leaves. The consequences of preformed 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 10’ 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 corn 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 of ABA 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 *0,,
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 '*O atom should be incorporated into the ABA ring at the 1’ position.
This assumes that the hydroxyl oxygen is derived from O, as normally would
be expected, and as is the case for ABA made in C. rosicola. Their results
showed, however, that one atom of '*O was incorporated into the ABA, but
it was in the carboxyl group and not in the ring. The results suggested that
(a) 1’-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
1’ and 4’ oxygens of ABA. One explanation for these results is that a
xanthophyll, such as violaxanthin, was cleaved by oxygen to form an
aldehyde containing '*0. 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 *O 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 *0. 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 '®O (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 *O in its epoxide group, one would expect to observe
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Fig. 6. Hypothetical cleavage of violaxanthin to xanthoxin by '*0, with subsequent conversion
to ABA by dehydrogenases.

1830 at the ABA 1’-hydroxyl group (Fig. 7). The results suggested that a
portion of the ABA was derived from the violaxanthin which had been
labelled with 'O, 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 of water 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 '*O in the epoxide to ABA containing "*O at
the 1’-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 *O from trans-violaxanthin into ABA as
described above (20). A portion of the ABA would have been formed directly
frorl? the pool of unlabelled 9’-cis-neoxanthin thus diluting the incorporation
of 0.

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! increase nmol. g fresh wt
40 -0.3 0.0 0.7 0.4 0.9 0.0 0.0 0.9
90 2.6 0.7 88 121 6.7 0.7 0.0 74
270 3.6 0.9 176 221 5.8 13.4 20 212

* 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 ~~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-frans 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 “C-ABA, and also to the rapid and extensive
metabolism of “C-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 of ABA 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

149



Abscisic acid biosynthesis and metabolism

PN
Ty ¥

Neoxanthin
\ / 9-cis-Violaxanthin
QHAH;
o :’

9'-cis-Neoxanthin

Xanthoxin

|

ABA sidehyde

|
jocal

ABA

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 of ABA metabolites have been shown to occur naturally,
while others have not been isolated from plants which have not been fed '*C-
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 “C-ABA was fed to several plants (17). Although this compound is a
naturally occurring ABA metabolite, feeding experiments with “C-RS ABA
can exaggerate its importance since the R-enantiomer is often converted
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Fig. 9. Metabolic pathways for the conversion of ABA to DPA-GS.

preferentially to the glucose ester. HM-ABA was isolated from tomato shoots
which had been fed “C-ABA. This compound has been isolated only once,
apparently because of the ease with which it rearranges to PA. PA had
actually been isolated prior to the discovery of ABA, but its correct structure
was only determined as the rearrangement product of HM-ABA (23). The
observation that HM-ABA so readily rearranged to PA in the absence of

H
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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
dihydrophaseic acid (DPA, 4, Fig. 9) was present in very high concentrations
in bean seeds suggested that PA is a naturally occurring ABA metabolite
subject to further metabolism (42). Since the initial descriptions of PA and
DPA, these compounds have been found in a wide variety of plants, and
appear to be on the major pathway of ABA metabolism. An epimer of DPA,
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 of metabolism. The 4’-glucoside of DPA
(DPA GS, 5, Fig. 9) has been isolated from several tissues (16, 25) and there
are indications from “C-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 HM-ABA (9, Fig.
10) which has so far been isolated only from the seeds of Robinia
pseudoacacia (22). Feeding experiments with “C-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 play a 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-1’-glycoside
all appear to have the necessary functional groups of ABA 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 HM-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. faba. 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 GA,-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 PA is 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 “C-ABA
produced PA, and therefore HM-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.
YC-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 of ABA metabolism. The conversion of ABA to HM-
ABA by a cell-free system obtained from the liquid endosperm: of
Echinocystis lobata was suggested to involve a mixed-function oxygenase
(11). The report that the oxygen inserted into ABA to form HM-ABA is
derived from O, 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.
lobata 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 suspension cultures of Macleaya
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, of possible regulation in barley aleurone layers. If layers
are pretreated with 10°M 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 (ODC) and arginine decarboxylase (ADC: Fig. 1). These
compounds,a-difluoromethylornithine (DFMO)and a-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:
How are PAs biosynthesized and metabolized in plants?

What is their location in the cell?

What is their probable function?

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?

Are PAs translocated?

What is the effect of the administration of exogenous PAs or PA
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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 1-aminocyclopropane-1-
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 NH, and H,O, (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 H,0, (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 $-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 H,0, needed for peroxidative
conversion of precursors to lignin (49, chapter 3).

The DAO of pea contains two identical subunits, each containing Cu®*
and sharing one carbonyl group; DAOs from other sources contain -SH
groups in addition to Cu?" 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 ferulic (53). Under certain conditions, these
conjugates may constitute up to 90% of the total PAs of the cell. Put is also
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the source of carbon atoms for the formation of the 5-membered pyrrolidine
ring of nicotine and related alkaloids. The fate of Put in alkaloid synthesizing
cells appears to be determined by auxin: thus, at low levels of NAA (c. 1uM)
tobacco callus grows little but makes lots of alkaloid, while at higher levels
(c. 10uM), growth is stimulated and alkaloid synthesis falls, the Put being
diverted into conjugate formation (55).

Cadaverine (Cad: 1, 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 staining methods and
(3) autoradiographic localization of labelled PAs and their biosynthetic
enzymes. Because of various limitations of the 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 PA is 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 °H 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 *H-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 of these
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 Ca?* 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 sensitizes DNA
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 of microbial 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 of PAs to the macromolecule, there is evidence

of covalent binding of PAs 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 of malignant 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 *H-leucine
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 SO,, 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 of the 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 0.4mM.
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 (18, 51, 53), and the interruption of PA biosynthesis
by inhibitors (19, 49, 53) or mutation results in altered growth patterns (13),
some of which 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 11).

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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are metabolically converted while
the floral apex synthesizes large
quantities of conjugated PAs de
novo. ‘r

The different sex organs also
have different spectra of PA- N
containing conjugates (6),
indicating a possible relation to
sexual differentiation. In corn, a
male-sterile line has a very low
titer of PA conjugates and a i q°
complete absence of feruloyl-Put i
conjugates (34). 4

A role for PAs in flowering
has also been made probable by
Malmberg and his colleagues (13). =° n 26
Presumptive PA tobacco mutants Sorminetion (hre)
obtained by regenerating plants

Root Length{cm)
—
Put/Spd

Fig. 2. Relation of Put/Spd ratio (----) to the
from mesophyll protoplasts that length of root (—) during germination and

survived cxPosurc.to high l_ev.els of growth of Alaska pea seedlings germination.
PA-biosynthetic inhibitors From (45).
exhibited aberrant flowering
behavior, including altered patterns of floral organ morphogenesis. For
example, in one MGBG resistant mutant (Mgr’), the resulting high titers of
Spd and Spm are correlated with the development of anther-like ovules. In
contrast, in a temperature sensitive revertant (Rt1), 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 of spermidine on bud differentiation in thin-layer explants of tobacco. Explants
were cultured in the presence (right) or absence (left) of 5 mM 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 Rudbeckia 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 of PA titer below some critical value inhibits
the prolific cellular division that prepares the way for fruit development.

166



A. W. Galston and R. Kaur-Sawhney

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 Ca®" -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
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Fig. 4. Kinetics of the effect of 1 mM spermine on (a) RNase activity; (b) free «-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 formation, at lower
concentrations they still affect ripening with no effect on ethylene formation.
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 of exogenous 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
(H) Spd into an 18 KD protein, which has subsequently been identified as the
eukaryotic translation initiation factor eIlF-5A. 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 P, = P, phytochrome transition
increases ADC activity in buds, while decreasing it in epicotyls (9). Thus,
P; effects on ADC in each organ parallel P, 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 play a 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 of Oryza 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 Ca”" -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 confirmed (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 **S-
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 NH,* feeding, or exposure to the
atmospheric pollutants SO, or Cd** (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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Fig. 5. A). Effect of osmotic stress on arginine decarboxylase activity of peeled oat leaf
segments, which were floated on buffer (A) or buffer +0.4 M sorbitol (O) in the light.

B). Effect of osmotic concentration on polyamine titer in peeled oat leaf segments. Polyamine
titer determined after 4 h incubation in osmoticum or control buffer. From (14).

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. O = pH 4.0; A = pH 6.0.
Enzyme activity is expressed as pkat/mg protein (1 katal = 1 mol/s). 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).

thermophilic bacteria that usually contain an abundance of Spd when grown
under more usual physiological conditions (25 to 35°C). However, a series
of mostly symmetrical analogs of Spd and Spm appear when the temperature
is increased above 50°C (40). The most common induced
"thermopolyamines", norspermidine and norspermine, are apparently essential
for continued protein synthesis at high temperature, both in vitro and irn vivo.
It is only recently that these "thermopolyamines" have been detected in plants.
When cell cultures of drought-tolerant alfalfa lines are exposed to water
deficit, significant amounts of norspermidine and norspermine 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 "thermopolyamines" 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 both. ADC 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 of Botrytis 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 of Uromyces phaseoli, 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.

Fig. 9. The effect of pre- and post-infection applicauon oI LrmMU and DFMA on lesion
formation on bean leaves inoculated with Uromyces phaseoli. Twenty-four hours intervened
between treatments with fungal spores and either DFMO or DFMA. At 0.5 and 1.0 mM
DFMO, no lesions were produced. From (42).
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MOLECULAR ANALYSIS OF POLYAMINE BIOSYNTHESIS AND
ACTION

The genes for ADC, ODC, SAMDC, spermidine synthase and spermine
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-terminus 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 normal 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 normal versus long-keeping alc 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 ez al. (20), who
inserted the yeast ODC gene, linked to the cauliflower mosaic virus 35S
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 of Agrobacterium tumefaciens, which were then
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used to transform tobacco plants. Transformed plants contained a unique 50
kD polypeptide and higher ODC activity, shown to be mouse ODC by pH
studies which distinguished it from the plant enzyme. Cellular putrescine
content was augmented 4-12 fold. No information 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 al. (11) showed that spermine
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 the Mg** 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 of plant growth
(17), since they are present in all cells, and essential to normal growth and
development in at least some organisms. Their approximately millimolar titer
is responsive to such physiological controls as light, hormones, injury and
stress, and external application can affect important physiological processes.
While their endogenous levels are about two orders of magnitude higher than
those of the traditional plant hormones, 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 information, including that
from transgenic plants, permitting 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 of these potentially important
signaling molecules.  Although considerable work remains, increasing
evidence supports the hypothesis that jasmonate 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 (1, 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, 183).

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-ox0-2-(2’-cis-pentenyl)-cyclopentane-1-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 10 ng to as
much 3 pg 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 of the 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
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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 (11), 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 thaliana, 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 are 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 (1) 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 of jasmonate 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 and/or
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MelJA 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 of jasmonate 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 (10).

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 intermediates of jasmonate biosynthesis, but closely related
compounds that are not JA precursors were ineffective (9). The implication
is that the authentic intermediates 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 lipoxygenase
activity, while exogenously applied MeJA remained fully effective (18).
Although lipoxygenase 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 leaf explants. 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
18-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 signaling may 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 of jasmonate 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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HISTORY 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 salicylates 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 allelopathic compounds influencing germination
and growth of neighboring 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 «-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 K, (octanol/water 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 pg 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 1-aminocyclopropane-1-carboxylic acid to ethylene (28). SA
also prevented the accumulation of wound-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 uM
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. Tt 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 uM 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, Aristolochiaceae,
Cyclanthaceae, Nymphaeaceae, and Palmae (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 of the Arum 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°C 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 10°C. 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 of the 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 pg g’ 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 100-fold reaching the level of 1 ug g 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 of large
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 1 ug g 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 of Sauromatum guttatum caused an increase in alternative

Fig. 2. Dose response of Sauromatum
guttatum appendix tissue to salicylic acid
and calorigen extract. Crude calorigen
extract or salicylic acid solution (200 ul)
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 uM 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 50-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.
Chitinases and 8-1,3-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 s 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

194



I Raskin

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 of PR protein induction and TMV protection increased with
increasing aspirin concentrations. A recent comprehensive study utilizing
modern molecular approaches showed that nine classes of PR 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-susceptible Nicotiana tabacum containing the recessive 7 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 accumulation of TMV (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 pug g 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 PR1 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 #» and Xanthi-nc N plants (32). By feeding SA
to excised leaves of Xanthi-nc (VN) tobacco it was shown that the observed
increase in endogenous SA levels is sufficient for the systemic induction of
PR-1 proteins (60) and increased resistance to TMV (14). At 32°C TMV
infection becomes systemic and Xanthi-nc plants fail to accumulate PR-1

195



Salicylic Acid

proteins. This loss of HR at high
temperature was associated with an A
inability to accumulate SA. However, 20
spraying leaves with SA induced PR-1

proteins at both 24°C and 32°C (60). 159
Different components of TMV were
compared for their ability to induce SA
accumulation and exudation: three
different aggregate states of coat protein
failed to induce SA, but unencapsidated
viral RNA elicited SA accumulation in
leaves and phloem (60). It is important
to note that SA does not activate such
wound-related responses as ethylene
synthesis and production of proteinase
inhibitors. In addition, mechanical leaf
injury did not stimulate SA production
and exudation.

SA was also exported from the
primary site of infection to the
uninfected tissues. When leaves of 0 il r .
Xanthi-nc tobacco were excised 24 hr 0 2 4 6
after TMV inoculation and exudates Time after inoculation (d)
from the. cutpetioles collef:ted, the Fig. 3. Accumulation of salicylic acid in
Increase in endogenous SA in TMY' TMV-tobacco. (A) Salicylic acid levels in
inoculated leaves paralleled SA levels in jnoculated 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 l€af (squares) and in the untreated leaf
fluorescent metabolite, identified as SA, mmediately above the inoculated leaf
. . ., > (triangles). Plants were inoculated at zero
increased dramatically in the phloem of ;.
plants inoculated with tobacco necrosis
virus (TNV) or the fungal pathogen Colletotrichum lagenarium (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 of the 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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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
parental species or N. tabacum cv.
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 (50).

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
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Fig. 4. Time course of the appearance of
salicylic acid in the cucumber phloem (A) in
relation to the induction of resistance 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)

hormone commonly produced during pathogenesis, is not likely to be a part
of the SA signal transduction pathway leading to SAR (50). Recently a SA-
binding protein with a physiologically relevant K, 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.
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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

Biochemical logic and some of the previously published reports (40) suggest
that, in plants, SA is likely synthesized from #-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 #-
cinnamic acid may occur by a chain-shortening reaction followed by 2-
hydroxylation or vice versa. Feeding both healthy and TMV-inoculated
tobacco leaf tissue with different putative precursors showed that only benzoic
acid was capable of increasing tissue levels of SA. On the other hand,
feeding ['*C]-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 ug benzoic and 19 ug SA per g fresh weight compared to less
than 2 pg benzoic and 0.7 pug SA at time

: : 25

0. Levels of free cinnamic and o- o
. . . ~—0O— Cinnamic acid
coumaric acid did not change 204 —o— oCoumaricacid
significantly. The data suggests that —&—  Benzoic acid
benzoic acid is a direct precursor of SA 15 T Saioyfeacd

in tobacco.

The monooxygenase activity which
catalyzes 2-hydroxylation of benzoic acid
to SA was recently isolated from tobacco

10+

Concentration (ug/g fresh weight)

leaves.  Benzoic acid 2-hydroxylase
(BA2H), required NAD(P)H or reduced 0

. 0 2.5 5 7.5 10
methyl viologen as an electron donor
(27). BA2H activity was detected in Time after T shift (h)
healthy tobacco leaf extracts, but gig s Accumulation of SA and its
increased  significantly following putative precursors in TMV-inoculated

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°C to 24°C (Fig. 6). The effect
of TMV-inoculation on BA2H could be
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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 (+ SE). From (62)
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duplicated by infiltrating leaf discs of 40

healthy plants with benzoic acid at the £ A
levels observed in vivo after virus g,
inoculation. BAZ2H appears to be a ‘;; 301
pathogen-inducible protein with an E
important role in the SA accumulation 3 20-
during the development of induced %
resistance to TMV in tobacco. £ 10-
However, the observed induction of & A
this enzyme by increased benzoic acid © ¢
levels suggests that BA2H is not the ¢
primary regulator of SA production, 1 B
and that the rate limiting step may be _ |
the formation of benzoic acid from &
cinnamic acid. Further identification & 6
of the intermediate(s) in the formation ;z':‘
of benzoic acid from cinnamic acid < 41
and characterization of the rate-limiting £ N
enzymes of SA biosynthesis will be !
important for designing strategies for P S— —_
increasing the resistance of plants to 0 25 50 75 100 125
pathogens. Time after inoculation (h)
Fig. 6. BA2H activity (A) and free SA
METABOLISM OF content (B) in TMV-inoculated leaves of
SALICYLIC ACID Xanthi-nc tobacco incubated at 32°C (0-96 h)

. . .. and then transferred to 24°C. The arrows
Various hydroxybenzoic acid ingicate the time of temperature shift. Each
glucosides have been reported to occur value is the mean of three replicates +SE.
in higher plants. For example, From (27)
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 8-O-D-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 8-O-
D-glucosyl-SA (14, 33) which could be converted back to SA following the
in vitro enzymatic digestion with 8-glucosidase. Large amounts of 3-O-D-
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 8-O-D-
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 8-O-D-glucosyl-SA, has been
partially purified from cell suspension cultures of Mallotus japonicus (53) and
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from oat roots (59). It was soon
discovered that healthy tobacco
tissues also have constitutive SA-
glucosyl-transferase activity of
0.076 mU g fresh weight (13).
This activity started to increase
48 h after TMV-inoculation
reaching its maximum (6.7-fold
induction over the basal levels)
by 72 h (Fig. 7A). This increase
in SA-glucosyltransferase activity
coincided with the accumulation
of free SA and (-O-D-glucosyl-
SA (the difference between total
SA released after hydrolysis with
B-glucosidase and initially pres-
ent free SA) in the inoculated
leaf (Fig. 7B,C). No significant
B-O-D-glucosyl-SAaccumulation
or elevated SA-glucosyl-trans-
ferase activity could be detected
in the healthy leaf immediately
above the TMV-inoculated leaf.
The effect of TMV-inoculation
on the SA-glucosyltransferase
and B-0-D-glucosyl-SA
accumulation could be duplicated
by infiltrating tobacco leaf discs
with SA at the levels naturally
produced in TMV-inoculated
leaves (13). Of 12 analogs of
SA tested only 2,6-dihydroxy-
benzoic acid induced B-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
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Fig. 7. 8-GTase activity expressed as (n) mU g
FW and (s) mU mg™ protein (A), free SA content
(B), and total SA (SA + B-O-D-glucosyl-SA)
content (C) in TMV-inoculated leaves of Xanthi-nc
tobacco at various times after inoculation. Vertical
bars denote + SE. (*) denotes a significant level of
B-GTase induction at the p<0.05 level. 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)

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 of SA 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 A1). 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. 1. The structure of brassinolide (2«, 3a, 22a, 23-tetrahydroxy-24c-methyl-B-homo-7-
oxa-Sa-cholestan-6-one).
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Brassinolide is the first plant hormone 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 (BR,)
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 hormones.

BRASSINOSTEROIDS AND THEIR DISTRIBUTION IN PLANTS

Brassinosteroids (BR) have been found in a wide range of plants, including
dicots, monocots, gymnosperms 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/ACTIVITY RELATIONSHIPS

All naturally-occurring brassinosteroids are known to be derivatives of 5-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 A/B 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;
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5. a-orientation at C-22, C-23 and C-24 are more active then 8-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 [’H]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 forms 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 formation,
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 formation, 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, Co®, 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 I[AA (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 uM)
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 arecent 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 BR having 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* 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 [AA, 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 IAA are used in combination in etiolated mung bean hypocotyl
sections. Recently, a full length cDNA (pAIM-1) 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 turn 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, corn, 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 of the effects
of environmental conditions and other factors need to be undertaken in order
to identify the reason for these variable results (9).

ARE BRASSINOSTEROIDS A NEW CLASS OF PLANT HORMONES?

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 of BR 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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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:

av/ds = Lp. Ay Equation 1
dav/dt = m(P-Y) Equation 2

where dV/dt is the rate of increase in cell volume, Lp is the hydraulic
conductivity, Ay 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:

m+

dvidr = 2 I:’D W,-m-Y) Equation 3

where ¥, is the apoplastic water potential and = 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, y, or P, or by decreasing
w 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 .
. s . Minutes

such change in sensitivity to auxin, 0 1020 30

but have a maximum growth rate of et
only 4-6% per hour (7). Once a
maximum rate is achieved, it can be
maintained for up to 18 hours in oat

coleoptiles, as long as auxin and 3
absorbable solutes are both present <
(7). If auxin is removed the growth 5
rate soon declines to the control level ‘g
(22). In most dicot stem sections §
there is a decrease in the growth rate
w
o mAAA Suc
0O 5 10 15 20

Hours

Fig. 1. Time course of auxin-induced growth
of Avena coleoptile sections.  Section
incubated in 10 mM phosphate buffer, pH
6.0, + 2% sucrose and with 10 xM IAA
added at time zero. Rapid elongation is
initiated after an 8-10 minute lag. The initial
rate is independent of the presence or absence
of absorbable solutes (sucrose), but absorbable
solutes are required for continual rapid
clongation.
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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 1 uM (7), while for
light-grown peas stems it is 300 nM to 50 uM (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 [DCCD], 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
o 1 2 3 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

Hours

Extension Rate (%/hr)
o

5 4
ol _ ' ' Avena|Pea Pea
0 5 10 15
Hours ~
g
Fig. 2. Comparison of the growth kinetics €
for Avena coleoptile and soybean hypocotyl s
sections, incubated with JAA (10 uM) and &
sucrose (2%). The growth rate is enhanced =
after a lag of 10-12 minutes for both. The o L., i ' .
rate for Avena sections reaches a maximum 0 -8 -7 -6 -5 -4

after 30-45 minutes and then remains nearly
constant for 18 hours. The rate for soybean
hypocotyls increases to a first maximum Fig. 3. A comparison of the auxin
after 45-60 minutes, then declines before  concentration curves for Avena coleoptile (8)
climbing to a second maximum, after which  and green pea stem sections (23). For both,
it steadily falls over the next 16 hours as  the growth rate is proportional to the log(IAA)
turgor falls due to dilution of the osmotic  over a 300-fold range, but the range differs
solutes during growth. between the two tissues.

IAA Conc. (Log M)
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with a slightly longer lag (16).

Another requirement for auxin action is a sufficient cell turgor. Addition
of osmoticum sufficient to reduce (y,-w-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.

Extension (%)

THE INITIATION OF CELL
ENLARGEMENT BY AUXIN 0

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

Hours

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 uM) 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
¢, since the growth potential would have been
stored up.
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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 ¥ (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 Ay 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)

O__L cﬁ_

O—_f— d

TP

. . 5
(MPa) 0 0.5 0.3 o

Fig. 5. Model of wall extension. In a cell at incipient plasmolysis (a), cellulose microfibrils
are crosslinked by polymers which 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 crosslinksare
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 turn.

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 al. (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

\

IAA @ WLF Turgor Pressure

% 1

H"
@

Fig. 6. The wall-loosening factor (WLF) concept and the acid-growth theory. Auxin enters
the cell (1) 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 activates wall polysaccharidaseswhich cleave load-bearing bonds in the wall (3),
permitting turgor-driven wall expansion (4).
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long-term 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 of ATPase protein in the plasma
membranes of Zea mays coleoptiles, as determined by antibody binding,
increased rapidly, starting about 5 minutes after addition of auxin, and nearly
doubled 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 leaf cells, 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 (15), which means that
auxin must exert its effect via a signal cascade. The receptor involved may
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