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Preface

The science of plant anatomy extends back
to the late seventeenth century and, by
now, spans over 300 years and encom-
passes hundreds of thousands of reports in
the scientific literature. The early plant
anatomy research was summarized in
1899 by Dr. Hans Solereder in his two vol-
ume work entitled Systematische Anatomie
der Dicotyledonen: Ein Handbuch fiir Lab-
oratorien der wissenschaftlichen und ange-
wandten Botanik. The 1908 English
translation by Boodle, Fritsch, and Scott
remains as fresh, informative, and useful
today as when it was published over
100 years ago. Several important texts were
published in the 1950s. The two-volume
work of Metcalfe and Chalk, Anatomy of
the Dicotyledons (1950) with second edi-
tions in 1979 (Volume 1) and 1983 (Vol-
ume 2), is a thorough survey of anatomical
traits and features arranged by family.
Some of the taxonomy has been rear-
ranged, but the anatomical references
remain accurate and valuable. The year
1953 saw the publication of the first edi-
tion of the classic Plant Anatomy by Kath-
erine Esau. Encyclopedic in its coverage,
insightful in interpretation, and complete
in its synthesis, “Esau” (as it has been
referred to by several generations of bota-
nists) remains a go-to reference to this day.
A second edition was released in 1977 and
Dr. Ray Evert authored the third, revised
edition, published in 2006. Additionally,
the 1988 Plant Anatomy by Dr. James
Mauseth and Dr. Avraham Fahn’s 1967
Plant Anatomy (4th edition in 1990)
belong on every plant anatomist’s book
shelf as valuable references.

In 2018, plant anatomy continues to play
key roles in studies of molecular plant
biology, forestry, plant pathology, plant
physiology, horticulture, agronomy, and a
host of related botanical disciplines. There-
fore, the authors of this plant anatomy
resource — printed book and e-book - have

made a substantial effort to update the
subject matter, reveal new ways in which
aspects of plant anatomy play a key role in
a variety of related disciplines in plant
biology, and present the topics in an
understandable and interesting manner to
the student and instructor. Heavy reliance
was made on original light and electron
micrographs, and color has been used
extensively. Literature citations were kept
to a minimum because, in today’s elec-
tronically searchable world, a wealth of
knowledge on any topic is a mere click or
two away.

This effort was started over two decades
ago when a collaboration between Prof.
Richard Crang of the University of Illinois
at Urbana-Champaign and Prof. Andrey
Vassilyev of the Komarov Botanical Insti-
tute in St. Petersburg, Russia, identified the
need for novel approaches to the teaching
of plant anatomy. This led to the develop-
ment that used modern educational tech-
nologies in a searchable, compact disk
format that presented a traditional view
regarding the anatomy of temperate seed
plants, their place in evolution, and taxo-
nomic relations, with a novel approach in
subject delivery. Although Prof. Vassilyev
died in 2012, his significant contributions
to botany must not be overlooked. Edu-
cated in dendrology, he devoted his life to
plant anatomy, specializing in plant secre-
tory structures. Dr. Vassilyev worked at the
Komarov Botanical Institute and Garden
in St. Petersburg (formerly Leningrad),
Russia, and rose to the position of Lead
Scientist at that institute. His contributions
in the field of plant anatomy, and to the
beginnings of this project, must be noted.

It has been felt for some time that a new
and more extensive approach to the teach-
ing of plant anatomy should be developed.
Such plans began in 2013 and grew to
include two established plant biologists
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with extensive backgrounds in plant anat-
omy. Prof. Robert Wise of the University of
Wisconsin at Oshkosh and Dr. Sheila
Lyons-Sobaski from Albion College in
Michigan each bring new ideas and
experiences to this effort in publishing.
Prof. Wise integrates anatomy and elec-
tron microscopy with a full background in
plant physiology, and Dr. Lyons-Sobaski
has added strength in ecology and evolu-
tion with relevance to plant anatomy. Prof.
Emeritus Crang conveyed a lengthy back-

TDeceased

VI

ground in microscopy applications as well
as years of experience in teaching courses
and research in plant anatomy to this
effort.

May the concepts of plant structure and
development help open our minds to a
better understanding of the interrelation-
ship of life in its various forms throughout
the Earth and, perhaps, beyond. And may
this text help, in a limited way, to aid in
that fuller understanding.

Richard Crang®
Urbana, IL, USA

Sheila Lyons-Sobaski
Albion, MI, USA

Robert Wise
Oshkosh, WI, USA
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1.1 - Plants Have Multiple Pigments with Multiple Functions

Introduction

Plants possess unique properties that distinguish them from all
other living things. The “green” plants comprise a very diverse group
of organisms from algae that are formally not plants, but are protists,
to bryophytes, gymnosperms, and angiosperms that are considered
true plants. On a cellular level, the vast majority of plants contain the
pigment, chlorophyll, and are the primary producers on planet
Earth, on land, and in water. These organisms have life cycles that
encompass an alternation of generations from a haploid generation
to one that is diploid. The complexity associated with these groups
can be attributed to the evolution of land plants from ancestral ties
to the blue-green algae (cyanobacteria) and algae (protists).

In this text, we are primarily going to focus on the properties of
seed plants, particularly flowering plants, in the study of plant anat-
omy—i.e., the microscopic study of cells, tissues, and organs. As
such, we must come to the recognition that while it is possible to
make general statements about their distinguishing characteristics,
there are, from time to time, exceptions that do not fit the rules. Nev-
ertheless, the rules are usually accurate, and the collective set of
rules certainly states notable properties. This text begins by intro-
ducing basic concepts associated with plants to set the stage for
learning about the anatomy of land plants.

1.1 Plants Have Multiple Pigments
with Multiple Functions

Plants possess a unique set of pigments. Among the pig-
ments, the light-trapping chlorophylls (e.g., chlorophyll a and
chlorophyll b) are typically widespread in foliar structures and
young stems (8 Fig. 1.1a, b). The ability of such green-pigmented
plants to trap light and to utilize it in the production of carbohy-
drates (simple sugars in particular) makes them photoautotrophs.
That is, they are capable of synthesizing their own food in the pres-
ence of light, requiring only water, minerals, and air from their
natural surroundings to survive. This property separates the green
plants from heterotrophs, which require an external source of
carbon-based food materials for survival. Practically all life on the
planet Earth is dependent, either directly or indirectly, on the pho-
tosynthate produced by green plants.

Additionally, plants use other pigments such as anthocyanins,
carotenoids, phytochrome, and cryptochrome. The different col-
ors of light the pigments absorb may attract fruit dispersers and
guide pollinators (8 Fig. 1.1¢, d). The pigments may also determine
the direction, brightness, and color of light, as well as track the time
of day and the season of the year. For instance, the pigment phyto-
chrome is used to measure the length of the dark period (i.e., night-
time) and that information is retained for several days. If last night
was longer than the night before, that indicates to the plant that
autumn is approaching (shortening days). If last night was shorter
than the night before, then spring is nearing. This information is
used by many plants to indicate flowering time.
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Porphyrin head group Phytol tail

O Fig. 1.1 a A dew-covered pachysandra (Pachysandra sp.) leaf exhibits a typical green of photosynthetic tissues.

b Both chlorophyll a and b are present in the leaf, in a ratio of about 3:1. Chlorophyll a has a methyl group (-CH,) in the
R position; chlorophyll b has an aldehyde (-CHO). The 20-carbon hydrophobic phytol tail is embedded in the thylakoid
membrane for stability, while the porphyrin ring with its central magnesium atom acts as an antenna to capture pho-
tons of light energy (a, b RR Wise)

@ Fig. 1.1 Monkey flower (Mimulus sp.) photographed in visible light

c and ltraviolet light d showing a dark nectar guide visible to bees but not to
humans. The nectar guide facilitates visitation to flowers by pollinators that
can see in the UV (usually insects or birds). Scale bar = 1 cm (c Images by Plant-
surfer—Own work, CC BY-SA 3.0; d Plantsurfer, CC BY-SA 3.0)

1.2 Plants Use Water, and the Properties
of Water, in Unique Ways

All life-forms, including plants, need water to survive. Indeed,
most living organisms are 80-90% H,O. Plants, however, are
unique in their use of water as a hydraulic tool. Lacking force-
generating contractile muscle cells, plants have evolved to take
advantage of the physical properties of water and the laws of phys-
ics to generate force that drives a circulatory system, growth, and
movement.

As water evaporates from a leaf (via a process called
transpiration), that water is replaced by water in the petiole, which
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B Fig. 1.2 a A young redwood tree (Sequoia sempervirens) already quite tall. b Concrete sidewalk buckled and cracked
by the growth of tree roots. ¢ Venus flytrap plant (Dionaea muscipula) prior to feeding. (a N Gabel, UW Oshkosh; Image b
by lldar Sagdejev (Specious)—Own work, CC BY-SA 3.0; ¢ RR Wise)

pulls water from the stem, in turn from the roots and eventually
the soil. Thus, water is pulled from the soil to the atmosphere
much like soda is sucked up by a straw. The difference in the avail-
able energy held by the water in the soil, versus that of the water
in the air, is sufficient to pull water to the top of a 100-m-tall tree,
via the xylem tissue (8 Fig. 1.2a). The water-conducting cells in
the xylem tissue are not merely tubes through which water flows.
Their structure and design facilitates and controls the several hun-
dred gallons of water that move through a medium-sized tree on
a typical summer day.

Hydraulics is defined as the use of a fluid (water in this case) to
perform work. By the physiological manipulation of solute concen-
trations in selected cells, and using the adjustable properties of cell
walls, plants can generate the force needed to drive cell expansion,
growth, and directed movement. Pressures well in excess of 200 psi
are common (automobile tires are typically 32-34 psi), allow-
ing stomata to open and close and plant roots to split rocks and
crack concrete sidewalks (8 Fig. 1.2b). Insectivorous plants close
their traps on their unsuspecting meals by rapid water movements;
Venus flytraps (8 Fig. 1.2c) close in about one-tenth of a second.
While animals use muscle cells to contract and pull, plants use
water to expand and push.
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1.3 Plants Use Anabolic Metabolism
to Manufacture Every Molecule Needed
for Growth and Produce Virtually No Waste

Plants are photoautotrophic, meaning they use the energy of sun-
light to manufacture their own food. What is often not as well rec-
ognized is that, in addition to making the carbohydrates to supply
basic energy and structural needs, plants make 100% of the amino
acids, proteins, lipids, nucleic acids, vitamins, and other biomol-
ecules they need for growth and development. Most plants need
light, water, and approximately 20 elements to manufacture them-
selves, and most of that anabolic machinery is in the plastids (Wise
and Hoober 2016).

Plants are literally rooted in one place and therefore are easy prey
for herbivores. To protect themselves, plants have evolved biosyn-
thetic pathways that synthesize a veritable cornucopia of toxic com-
pounds, many of which are used by humans as flavorings, spices,
herbals, dyes, preservatives, medicines, and recreational drugs
(8 Fig. 1.3). The course of history has been shaped by these com-
pounds, which are called plant secondary metabolites. For example,
Christopher Columbus was not searching for the New World in 1492
(his first of four excursions to the Caribbean and South America).
He and his crew were seeking a westward route to the lucrative south
Asian spice trade, but, alas, he returned empty-handed as the new-
found region was essentially devoid of the highly sought spices.

Due to the uniqueness of plants, they can grow, develop, and
complete their life cycle while producing a minimum of toxic
wastes. For example, almost all animals have extensive digestive
and excretory systems responsible for eliminating food wastes and
removing metabolic toxins that are the by-products of their diges-
tion (mostly nitrogen in the form of urea). Animals ingest a wide
variety of foods, metabolize what they need, and dispose of the rest.

@ Fig. 1.3 Many prescription and natural drugs are synthesized by and iso-
lated from plant tissues (RR Wise)
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Upon kidney failure, a person will typically live less than a week
before they poison themselves to death. In contrast, because plants
manufacture all their needed organic molecules, they typically only
make what they need for growth, development, reproduction, and
defense. The concept of toxic metabolic wastes is foreign to plants,
yet a central theme in the study of animals.

Box 1.1 Plants Are Important Sources of Anticancer Drugs
Secondary plant compounds are compounds synthesized
within a plant that are often used in plant defense, but not pro-
duced via primary metabolic pathways such as photosynthesis
or respiration that are necessary for life. Due to the defensive
nature of secondary compounds, it isn’t surprising that they
are toxic to other organisms. Thus, secondary defensive com-
pounds can be used to combat illnesses such as cancer within
vertebrates, particularly humans. However, host toxicity and
the evolution of tumor resistance are problems associated with
traditional chemotherapy treatments. Plant compounds are
often probed for anticancer properties to provide less toxic, yet
effective alternatives to traditional chemotherapies.

One study isolated compounds from the inner bark of Pau
D’Arco (Tabebuia avellanedae), examining them for toxicity
to non-small lung cancer cells. Two new furanonaphthoqui-
none compounds with cytotoxic effects were discovered that
affected the replication of DNA and also impaired the growth
and division of cells. Apoptosis, or programmed cell death, can
reduce the proliferation of cancer cells. Thus, these compounds
increased apoptosis rates and, thus, showed promise as a
potential drug to combat cancer cells.
Reference: (Zhang et al. 2015).

1.4 Cell Walls Are Nonliving Matrices Outside
the Plant Cell Membrane that House and/or
Perform a Variety of Functions

As will be evident in the succeeding chapters, plant cells possess a
nonliving but often biologically active cell wall that encloses the pro-
toplasmic cell contents (8 Fig. 1.4). Evolution of the plant cell wall
relied on some components that were used by prokaryotic ancestors
and others that arose more recently (Serensen et al. 2010). The cell
wall may be simple or complex, thin or thick, or have unique proper-
ties and associated components. In all cases, it possesses cellulose as
abuilding structure. Cellulose, in turn, is composed of multiple units
of simple sugars (glucose) in a unique linear or branching organiza-
tion. While cellulose is the most characteristic polymeric substance
comprising cell walls, there are also a variety of unique compounds
found only in plants that are incorporated into cell walls to a greater
or lesser extent. The cell wall is also a site of active cell secretion that
frequently contains enzymes of living cells as well as strengthening
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B Fig. 1.4 Primary cell wall synthesis in an epidermal cell of a blackjack oak
(Quercus marilandica) leaf. Golgi bodies (G) produce vesicles (V) that deliver
precursors to the developing cell wall (CW). Note also cuticle (Ct) to the
exterior and plasma membrane (PM) to the interior or of the cell wall. Scale
bar =1 pm (Crang and Vassilyev 2003)

polymers in living and nonliving cells. Unlike the exoskeleton of
insects and other arthropods, the plant cell wall can grow, expand,
and adjust to mechanical stress. It is a marvel of flexible packaging.
Cell walls will be discussed in more detail in » Chap. 5.

1.5 The Plant Life Cycle Alternates Between
a Haploid Gametophyte Stage and a Diploid
Sporophyte Stage

All plants that carry out sexual reproduction possess an alternation
of generations (B Fig. 1.5), which is characteristically different from
the life cycle of animals. In most green algae, and in bryophytes
(e.g., mosses), the dominant phase of the life cycle is the gameto-
phyte, which is haploid and which gives rise to gametes by means
of mitotic divisions. The haploid gametes fuse at fertilization and
produce a zygote, which is then diploid, and subsequent division
by mitosis gives rise to the sporophyte generation. Ferns and fern
allies, as well as seed plants, possess a dominant sporophyte (dip-
loid) generation, which is the evident plant. By means of meiosis,
chromosome reduction results in the formation of haploid cells
that now are a part of the gametophyte generation. Technically,
meiosis produces haploid spores while mitosis produces gametes in
plants. These two distinct phases of the life cycle are referred to as
an “alternation of generations”.

The type of life cycle that plants possess is known as a sporic
life cycle, because the products of meiosis are spores. This contrasts
with the zygotic life cycle of many protists and the gametic life cycle
of animals that directly produce gametes by means of meiosis.
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SpOf. \

Sporophyte

B Fig. 1.5 Events (in a clockwise manner) that define an alternation of gen-
erations (Redrawn from Crang and Vassilyev 2003)

1.6 Meristematic Activity Continues Throughout
the Life of a Plant

Throughout the life of the plant, there is continuous growth. In seed
plants this takes place in zones called meristems. This is in contrast
with most animals, which have a set size and form of development
that once reached is not exceeded. While a plant may be dozens or
even hundreds of years old, it will always have a continual supply of
new, juvenile tissues produced by meristems. Even bristlecone pine
trees (Pinus longaeva) at over 5000 years old have newly formed
tissues every year (8 Fig. 1.6a).

There are two basic types of meristems—apical and lateral
(B Fig. 1.6b). Apical meristems are found at the shoot tip and the
root tip. They are responsible for the cell division that results in
growth along the long axis and thus leads to an increase in length.
This growth is also called primary growth, because it produces
new organs (new shoots, leaves, and roots). In contrast, cells
produced by divisions in the lateral meristems contribute to an
increase in stem or root girth, and this type of growth is called
secondary growth. No new organs are produced, but existing
organs become larger in diameter. In most plants, both types of
growth continue for the lifetime of the plant. The detailed and
unique features of meristems and their derivatives will be exam-
ined in » Chap. 4.
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O Fig. 1.6 aThese 4000-year-old bristle cone pine trees (Pinus longaeva)
have some cells that were produced in the most recent growing season (Image
by Rick Goldwaser from Flagstaff, AZ, USA—GnarlyUploaded by Hike395,
CCBY 2.0)

®

Shoot apical
meristem
(in terminal
buds)

‘ Lateral
Axillary ) meristems
meristem > “
(in axillary
bud)

Root apical
meristems

B Fig. 1.6 b Meristems are found at the shoot and root tips and within the
cylinder of the stem and root (Redrawn from Crang and Vassilyev 2003)
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1.7 Fruits Disperse Seeds Through Space:
Dormancy Disperses Seeds Through Time

Because animals are mobile, their offspring can, and typically must,
disperse to new territory. Plants are usually considered to be sessile,
or fixed in one place, incapable of movement. However, they too
must disperse the next generation to access new territory and pre-
vent overcrowding. In angiosperms, this is the job of the fruit.

Fruits are usually thought of as being tasty and sweet. However,
to a botanist a fruit is the tissue surrounding the seed that is derived
(usually) from the wall of the ovary (8 Fig. 1.7a—f). In broad terms,
anything with a seed inside is a fruit. Thus, true botanical fruit can
be hard, soft, fibrous, winged, or, even in some cases, sweet and
edible. The fruit is the unit of seed dispersal, allowing plants to dis-
tribute their offspring over a wide geographic area.

In addition, and unlike most animals, the plant embryo can stay
dormant for extended periods of time, allowing dispersal of the
next ge