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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

Vil

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

The original version of this book was revised. The correction to this book can be found at

https://doi.org/10.1007/978-3-319-77315-5_20
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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 to bryophytes, gymnosperms, and angio-
sperms that are considered true plants. On a cellular level, the vast
majority of plants contain the pigment chlorophyll and are the pri-
mary producers on planet Earth, on land, and in water. These organ-
isms 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 (cyanobacte-
ria) and algae (eukaryotes).

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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O Fig. 1.1

The Nature of Plants

CH,
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CH,

Phytol tail

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 RR Wise; b public domain)

@ 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 (B 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)



1.4 - Cell Walls Are Nonliving Matrices Outside the Plant Cell Membrane

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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@ 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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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 (B 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 generation through time. The record is held by 32,000-year-old
campion (Silene sp.) seeds recovered from the Siberian permafrost
in 2007. Scientists surgically removed the embryos from the seeds
and were able to culture them to become mature, adult, seed-bearing
plants (8 Fig. 1.7g). In terms of viable, intact seeds, a 2000-year-
old date palm seed recovered from Herod’s palace in Israel was
germinated and grown to a mature plant in 2005 (8 Fig. 1.7h).

B Fig. 1.7 Fruit of the a peanut plant (Arachis hypogaea), b various peppers (Capsicum sp.), ¢ maple tree (Acer sacchari-
num), d tomato (Solanum lycopersicum), e dandelion (Taraxicum officinale), and f bean plant (Phaseolus vulgaris)
(a—f RR Wise)
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O Fig. 1.7 Two plants germinated from long-dormant seeds. g Campion (Silene stenophylla) and h King Herod's palm
(Phoenix dactylifera). g (Image g from Yasina, S. et al. 2012, with permission. Image h by Benjitheijneb, CC BY-SA 3.0; via
Wikimedia Commons)

While these examples represent extremes in history, it is not uncom-
mon for seeds of some species to remain dormant in a soil seed bank
for as many as 20 years and for a few even longer than 120 years.

Box 1.2 The Complementary Nature of Seed Dispersal
Mechanisms

Angiosperms have evolved a variety of ways to disperse seeds
including using wind (anemochory), water (hydrochory), grav-
ity (barochory), and ballistic means (ballochory), as well as by
transport internally (endozoochory) or externally by an animal
(epizoochory or ectozoochory) (“-chory” means “to place,” as
in choreography). Reynolds and Cumming (2016) studied seed
dispersal by six species of African waterfowl to quantify and
determine the germination success of seeds dispersed by way
of epizoochory and endozoochory. They discovered that seeds
dispersed following consumption and defecation had higher
germination success than those attaching to feathers or legs
of birds. Interestingly, while seeds were found more often on
animals than in feces, seed germination was highest in samples
from feces. Species diversity observed from samples obtained
from feces and external brushing of birds was significantly dif-
ferent indicating that the seed dispersal mechanisms comple-
ment one another and are important in determining species
composition within plant communities.

Reference: Reynolds and Cumming (2016)
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1.8 Earth’s History Is Divided into Four Major
Time Periods

Animals tend to fossilize better than plants, leading the early geolo-
gists to name the major geological time divisions after zoological fossils
(Paleo-, Meso-, and Cenozoic eras) rather than the algae and plants
upon which they depended for survival. Practically all the eras and eras
are demarcated by, and named for, changes in the animal fossil record.

The Earth is thought to be approximately 4.55 billion years
old. If that age were represented as a month of time divided into
30 days, each “day” would equal 150 million years. It would be only
on day 8 that the first life-forms—types of prokaryotic cells—would
have likely appeared, and the first fossils of these cells (bacteria and
blue-green algae) date to day 10. However, the first eukaryotic cells
would not have appeared until day 24.

The first land plants would have appeared on day 28, and cycads
and gymnosperms would have appeared on day 29. It would not be
until the latter half of day 30 that both flowering plants and mam-
mals would have appeared through evolution. Humans (Homo
sapiens) would have appeared late in the last day. Modern humans
would have evolved at 11:50 pm on the 30th day of the month.

1.8.1 The Precambrian: 4550 to 542 mya

The Precambrian encompasses the great majority of Earth’s geo-
logic history, stretching from the formation of our planet about
4550 million years ago (mya) to the appearance of shelled marine
life 542 mya. It is technically a supereon and is composed of two
eons, seven eras, and ten periods. Highlights include the forma-
tion of the oceans, the initial evolution of life, and the development
of the atmosphere (largely by the addition of oxygen produced by
photosynthesis). The first simple life-forms are thought to have
been chemoautotrophic bacteria, which appeared about 3600 mya.

The evolution of cyanobacteria, which first appeared perhaps 3400
mya, gradually enriched the atmosphere with life-sustaining oxygen
and, eventually, led to the development of the vital, protective ozone
layer. Without the photosynthetically derived, oxygen-containing
atmosphere (fully developed by ~2000 mya), aerobic life could not
have evolved. Photosynthetic bacteria were the planets primary pro-
ducers until about 659-645 million years ago, until they were replaced
by the rise of eukaryotic algae. Being eukaryotes, algae were able to
evolve more complex anabolic pathways, thus producing the molecules
eumetazoans (“true animals”) needed for their evolution and leading
to the origination of early animals such as sponges (Brocks et al. 2017).
Animals, therefore, established early on their basic metabolic strategy
of catabolism as a means of survival, relying entirely on the anabolic
prowess of the preceding algae. By the end of the Precambrian, com-
plicated eukaryotic algae were the dominant primary producers in the
oceans and fresh water ecosystems (Knoll et al. 2007).
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1.8.2 The Paleozoic Era: 542 to 251 mya

The Paleozoic era stretches from the appearance of shelled marine
life (542 mya) to the evolution of mammal-like reptiles (251 mya).
The first land plants, which were similar to the extant liverworts,
evolved from advanced marine algae and appeared in the late
Silurian or early Devonian periods, about 430 mya (Gensel 2008),
although earlier dates are possible. The Paleozoic also saw the
appearance of bryophytes (hornworts and mosses), club mosses,
ferns, and gymnosperms along with important structures needed
to survive on land— embryo protection, apical growth, lignin,
vasculature, stomata, complex leaves, and the seed (B Fig. 1.8).
The colonization of terrestrial ecosystems by plants was of criti-
cal importance to the evolution of life. Without land plants, there
could be no land animals because, being heterotrophs, animals
needed the plants to serve as a food source. The fern forests of this
era would later yield the vast coal deposits that fed the industrial
revolution and supply much of the world’s energy needs even today.
Periods within this era include the Cambrian, Ordovician, Silurian,
Devonian, Carboniferous, and Permian.

Gymnosperms Angiosperms

Flowers/Fruit

Lycophytes

Megaphylls

hornworts

Vasculature

Apical growth

O Fig. 1.8 A cladogram depicting some of the major groups and events in plant evolution. From left to right: Chara
sp., Marchantia sp., moss, Equisetum sp., fishtail fern (Nephrolepis falcata), Zamia pumila, Pinus sp., fox tail amaranth
(Amaranthus caudatus), cactus. Image of Chara courtesy of Missouri Department of Conservation (CCO-public domain)
(Image of Equisetum courtesy of Max Pixel (CCO-public domain))
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1.8.3 The Mesozoic Era: 251-66 mya

The Mesozoic era, also called the Age of Conifers, is defined as
being dominated by early gymnosperms and covering the reign of
dinosaurs. Periods within the Mesozoic are the Triassic, Jurassic,
and Cretaceous. Ginkgo biloba, and the genus Sequoia (redwoods),
both ancient, extant (still living) gymnosperms, arose during this
era (Ryberg et al. 2012). Fossil evidence indicates that flowering
plants diverged from gymnosperms over 200 mya, and evidence
of true angiosperms appears at about 140 mya (Royer et al. 2010).
Angiosperms dominated by the end of the era. Grasses arose
toward the end of the Cretaceous, becoming the most widespread
plant group today. Other new life-forms include turtles, crocodiles,
ancestral birds, snakes, lizards— leading to the alternative name
“Age of Reptiles” Primitive mammals arose during the Jurassic and
were able to fill empty niches created by the extinction of the dino-
saurs. The Mesozoic era is thought to have ended with the impact
of a large meteor off the Yucatan Peninsula 66 mya, forming the
Chicxulub Crater (Morgan et al. 2016). An estimated 65-75% of
all species went extinct at the end of the Mesozoic era (Vajda and
Bercovici 2014; Nichols and Johnson 2008), opening up numerous
ecological niches for rapid evolution of the survivors.

1.8.4 The Cenozoic Era: 66 mya to Present

The Cenozoic era, which continues today, began about 66 mya. This
can be thought of as the age of flowering plants and mammals, both
of which expanded greatly after the mass extinctions at the end of the
Mesozoic. Flowering plants conscripted many of the evolving animal
groups to serve as pollination vectors. The coevolution of plant/ani-
mal mating systems is described in the next section.

Modern humans did not appear until about 125,000 years ago.
The last 10,000 years of the Cenozoic, following the end of the
Pleistocene Ice Age, have witnessed the rise of human culture, the
cultivation of plants, the domestication of animals, the development
of industry, and the human’s widespread impact on the ecosystems
of our planet. Periods within the Cenozoic include the Paleogene,
Neogene, and Quaternary.

1.9 Life on Earth Has Experienced Five Mass
Extinctions: A Sixth Is in Progress

There have been five major mass extinctions events in the history of
Earth (B Fig. 1.9), and we are now experiencing a sixth. The sixth is
different from the others in that it is primarily due to anthropogenic
causation. The first four mass extinctions were caused by severe cli-
mate changes, while the fifth (at the end of the Cretaceous) is believed
to have been largely brought about by a meteor striking the Earth in
the region of the Yucatan Peninsula in what is now Mexico. The heavy
atmospheric dust of soil and metals obscured light and growth of
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B Fig. 1.9 Anillustration of the geological periods, mass extinctions, and the relative numbers of animal families
before and after the times of mass extinctions. Fossil spores indicate that land plants may have arisen as early as 470
mya, during the Ordovician Period. (Redrawn from Sepkoski (1984))

plants. It is commonly believed to have also brought about the demise
of dinosaurs which required exceptionally long times for eggs to hatch.

The latest mass extinction (in progress) is likely to surpass any
of the others in the loss of species. Currently, the rate of extinction
of species is 1000-10,000 times greater than “background extinc-
tion” (that extinction which is due to normal forces of natural selec-
tion). The increase is almost entirely due to humans via our negative
impact on nature via habitat destruction and global climate change.

1.10 Many Plants and Animals Have Coevolved

Species that have mutually influenced one another’s evolution are
said to have coevolved. Many plant families have intricate repro-
ductive strategies that have coevolved with animals, particularly
insects. Plants reward their animal partners with food, shelter, a
place to lay eggs (ovipositories), or even the (false) lure of sex by
mimicking insect pheromones.

Sometimes the coevolution is general, as in the case of the nectar
guides shown in 8 Fig. 1.1¢, d. Because such guides do not necessar-
ily involve a specific species of insect or plant, they are therefore an
example of diffuse coevolution.

Coevolution may also be species-specific. The Spanish bayonet
(Yucca filamentosa) and other yucca species are pollinated only by
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O Fig. 1.10 a, b Species-specific coevolution. a The Spanish bayonet (Yucca filamentosa) is pollinated by only one
species of b Yucca moth (Tegeticula yuccasella). Scale bars = 10 cm in a and 1 cm in b. (a Image courtesy of Kevin Nixon
(Copyright © 2004 by Kevin C. Nixon, Cornell University); b Image courtesy of Alan Cressler, US Geological Survey)

the yucca moth (genus Tegeticula; @ Fig. 1.10). The female moth
lays her eggs in the ovules of yucca flowers and then scrapes up
pollen from the flower’s anthers into a ball. The pollen ball is then
carried to another yucca plant where it is placed on the stigma of a
flower and where another batch of eggs is deposited. When the eggs
hatch, the larvae feed upon some of the developing yucca seeds,
seeds that will only develop if pollination is successful. Yucca has no
other pollinators, and the Tegeticula larvae eat no other food, so the
relationship developed between the plant and insect is an example
of species-specific coevolution. In instances such as this, the loss of
one partner will lead to the extinction of the other.

1.11 The Plant Body Consists of Four Organs

During the approximately 475 million years of land plant evolution,
there has been significant diversification of plant species and modi-
fication of the plant body. The basics of flowering plant anatomy
will be sketched in this section; variations present in other taxa will
be addressed in following chapters of this book. The four angio-
sperm organs are the root, stem, leaf, and flower (B Fig. 1.11a).

1.11.1 Roots

Roots (B Fig. 1.11b, ¢) anchor the plant in the soil and supply
the shoot with water and minerals absorbed from the soil. They
also rely on materials produced by photosynthesis in the leaves
and shoot. An extensive vascular system connects the roots with
all parts of the shoot, leaves, and flowers. Roots are resource-
acquisition organs, for water and minerals, and carbon-utilization
organs (heterotrophic).
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B Fig. 1.11 alllustration of a typical plant body of a flowering plant an
angiosperm (Redrawn from Crang and Vassilyev 2003)

Eudicots and monocots have distinctly different root system
architectures. The taproot system of a dandelion plant is shown
in @ Fig. 1.11b. Being a eudicot, the taproot developed from the
embryonic root (radicle) in the seed, and all branching lateral roots
developed from the taproot. @ Figure 1.11c shows a fibrous root
system of onion, a monocot plant. All of the fibrous roots shown
are adventitious and have developed from stem tissue. In mono-
cots, the main root does not survive the early seedling stage. It dies;
thus, all further roots develop directly from the stem. Roots will be
explored further in » Chap. 10.

1.11.2 Stems

The stem supports the aerial portions of the plant, namely, the
leaves and flowers (8 Fig. 1.11d). One of the main resources plants
need for survival—light—is obviously only present above ground.
Therefore, a major role for the stem is to support the leaves and
distribute them in space to maximize light absorption (phyllotaxis
is the specific, genetically controlled, nonrandom arrangement of
leaves on a stem). A second “resource” stems acquire for a plant
is access to pollinators, such as wind, insects, birds, or mammals.
Thus, the stem presents the flowers in space to maximize pollina-
tion success. Stems are resource utilization organs (water, minerals,
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B Fig. 1.11 b Taproot system of a typical eudicot (dandelion, Taraxacum officinale). c Fibrous, adventitious roots on a
monocot (green onion, Allium cepa). Scale bar in (c) = 2 cm and applies to both panels (b, c RR Wise)

and light), and carbon-acquisition organs (autotrophic), and will be
discussed in detail in » Chap. 11.

1.11.3 Leaves

Leaves are the photosynthetic organs of the plant. Their morphology
and anatomy have been adapted over evolutionary time to optimize
light absorption and carbon dioxide uptake. A typical plant leaf is
seen in @ Fig. 1.17e. It is essentially flat (to optimize solar absorp-
tion), green (due to tens of thousands of chloroplasts), and slightly
transparent (some light penetrates each leaf to supply energy to
those lower in the canopy). Many variations on leaf anatomy and
function exist, and those will be addressed in » Chap. 12.

1.11.4 Flowers and Fruit

Most plants under consideration in this book (refer to » Sect. 1.13
for definition of “plant”) reproduce sexually. However, only the
angiosperms do so with the use of flowers and fruit. The flower’s
role is to ensure successful pollination, by being exposed to the
wind or attractive to an animal pollinator. The fruit is responsible
for seed dispersal—on the wind, in the water, stuck to an animal,
or otherwise.
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B Fig. 1.11 d Stem from a lilac bush (Syringa sp.). Scale bar = 5 mm (RR Wise)

Stamens produce pollen grains (containing the male gamete)
(» Chap. 17). Flowers contain one or more ovaries, which house egg
cells (female gametes) within ovules (» Chap. 18). The pear flower
shown in @ Fig. 1.11f has multiple stamens and an ovary contain-
ing multiple ovules; other species, such as corn, have flowers with
exclusively male or female parts. Petals, often showy and brightly
colored, are responsible for pollinator attraction, while the sepals
wrap around and protect the young floral bud from insects and des-
iccation prior to flowering.

Pollination is the process of transferring pollen grains to the
stigma, where they germinate and send a pollen tube through
the style to the ovary. Sperm cells are transferred from the pol-
len grain via the pollen tube to the ovary where they fertilize the
ovule. Upon successful fertilization, the petals often die and fall
off, their job being done. Now the ovary enlarges and develops
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B Fig. 1.11 e Leaf of hops (Humulus lupulus). Scale bar = 5 cm (RR Wise)
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O Fig. 1.11 f Cutaway drawings of a pear flower and the fruit that develops from the receptacle and ovary wall
(Redrawn from Crang and Vassilyev 2003)
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into the fruit. In the case of pear (8 Fig. 1.11f), the true fruit is
what we call the core, which is usually discarded. The sweet, fleshy
part of a pear which we eat is actually the expanded receptacle or
base upon which the flower is mounted. Hence, pear is called an
accessory fruit (» Chap. 19).

1.12 Plant Organs Are Initially Made
of Three Tissues

Plant tissues are produced by meristems—either apical or lateral
(refer to » Sect. 1.6 and » Chap. 4)—and four different meristems
are needed to generate the three tissues of a stem.

The apical meristem gives rise to the leaves, seen in their ini-
tial stage as leaf primordia, and three additional meristems (also
called histogens) (B Fig. 1.12). At the surface of the new leaves,
the protoderm lays down epidermal cells (» Chap. 9). Inside each
leaf primordium, the procambium produces cells that will differ-
entiate into and connect with the xylem (» Chap. 7) and phloem
(» Chap. 8) tissues of the vascular system. Further back on the
growing stem tip, the ground meristem produces the nonspecial-
ized cells that fill the interior of the stem, regions called the cortex,
pith, and conjunctive tissue (» Chap. 11).

Leaf primordia

Procambium

Apical meristem

Axillary bud

Protoderm

Ground meristem

B Fig. 1.12 Apical meristem in a coleus (Plectranthus sp.) shoot tip. Scale
bar = 0.5 mm (RR Wise)
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1.13 “Plant” Can Be Broadly Defined

What, exactly, are plants? Who are the members of the kingdom
Plantae? Defined broadly (and with the inevitable exceptions),
a plant is any eukaryotic organism that relies on photosynthesis
as a method of acquiring food (also called autotrophs) and any
evolutionarily related lineages in that clade (a clade is a group of
organisms that includes a common ancestor and all of its descen-
dants). Opinions vary among scientists, but by using such a broad
definition, the major groups of “green plants” are the algae, bryo-
phytes, ferns and fern allies, gymnosperms, basal angiosperms, and
angiosperms.

Algae, as eukaryotic photosynthesizers, first arose approxi-
mately 1.6 billion years ago when a proto-eukaryote engulfed, or
endosymbiosed, a photosynthetic, prokaryotic cyanobacterium in
a process called primary endosymbiosis. Some lines of algae began
by endosymbiosing a green bacterium; other lines endosymbiosed
a red bacterium. Other lineages arose by endosymbiosing one of
the first lineages (secondary endosymbiosis). There is even sig-
nificant molecular evidence of tertiary endosymbiotic events. As
one can see, algae are polyphyletic, i.e., arose from multiple lines,
and the classification is rather complicated. @ Table 1.1 lists some
representative algal taxa but is by no means comprehensive or
complete (see examples in @ Fig. 1.13a-d). Algal taxonomy is cur-
rently in a state of flux and will probably not be well-resolved for
several more decades. The other major groups will be discussed in
the following sections.

Box 1.3 Peptidoglycans surround moss plastids
Peptidoglycan is a sugar amino acid polymer that is considered
to be unique to the bacterial domain as a component of the
bacterial cell wall. Recent research indicates that peptidoglycan
may be associated with plastids of some basal plant lineages
such as the Charophytes and the bryophytes but not the
angiosperms. Antibiotics that target bacterial cell walls with
peptidoglycan do not impact animal cells as they lack the
polymer but did interfere with plastid division in the moss,
Physcomitrella patens. Interestingly, TEM micrographs failed to
detect the presence of peptidoglycan within cell walls of P.
patens. Was peptidoglycan synthesis occurring in plants but
not being detected? If so, this would be a truly surprising
discovery.

The P. patens genome does contain homologs of Mur genes
that are associated with the synthesis of peptidoglycan in bac-
teria, such as the D-alanine:D-alanine ligase (DDL) gene. DDL
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knockout lines that removed this DDL Mur gene yielded cells
with few, large chloroplasts in comparison to wild type plants
where cells had many small chloroplasts, indicating that plastid
division was inhibited in the absence of DDL. Using fluorescent
techniques, Hirano et al. (2016) observed a layer of peptidogly-
can around a dividing plastid. These data provide support that
the peptidoglycan pathway is involved in plastid division in P.
patens. From an evolutionary standpoint, these findings sup-
port the bacterial origin of chloroplasts via endosymbiosis.
Reference: Hirano et al. (2016)

B Table 1.1 A brief comparison of various plant taxa. While dozens or even hundreds of individual characters
are used in plant systematics, only four have been used here—ploidy level of the dominant life cycle stage
(diploid vs. haploid) and the presence or absence of vasculature, seed, and fruit. The total number of named
plant species is approximately 364,000, although by some estimates there may be as many as two million diatom
species alone, most undiscovered and unnamed

Representative taxa Estimated Dominantstage  Vascu- Seed  Fruit
(not all inclusive) # of species lature
Algae Red algae - Rhodophyta 72,500 Gametophyte (n)  No No No

Brown algae —-Phyaeophyceae
Green alga - Chlorophyta
Diatoms - Bacillariophyceae
Glaucophytes - Glaucophyta

Bryophytes Hornworts — Anthocerotophyta 100 Gametophyte (n)  No No No
Liverworts — Marchantiophyta 9000
Mosses — Bryophyta 15,000
Ferns and Psilophyta — whisk ferns 15 Sporophyte (2n) Yes No No
allies Sphenophyta - horsetails 15
Lycophyta - club mosses 1200
Pterophyta - ferns 11,350
Gymno- Ginkgophyta - Ginkgo 1 Sporophyte (2n) Yes Yes No
sperms and Gnetophyta - gnetophytes 70
allies Cycadophyta - cycads 130
Coniferophyta - conifers 630
Basal Amborella 1 Sporophyte (2n) Yes Yes Yes
angiosperms  Nymphaeales 70
Austrobaileyales 100
Angiosperms  Ceratophyllum 6 Sporophyte (2n) Yes Yes Yes
Chloranthales 70
Magnoliids 9000
Monocotyledonae - monocots 70,000
Eudicotyledonae - eudicots 175,000

Total 364,300
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B Fig. 1.13 a-d Representatives of four major algal groups: a red algae (Gracilaria sp.), b brown algae (Fucus vesiculo-
sus), c green algae (Ulva lactuca) and d an unidentified freshwater diatom. Scale bars =2 cminaand b, 1 cmin cand 2
pm in d. (a Eric Moody CC BY 3.0; b Anne Burgess, CC BY-SA 2.0, c Kristian Peters CC BY 3.0, d RR Wise)

1.14 Bryophytes Lack Vasculature
and Produce Spores

Bryophytes, hornworts, liverworts, and mosses, (8 Fig. 1.14) are the
simplest of the land plants and have many features in common with
the first terrestrial plants of some 450 million years ago. Mosses (a
representative bryophyte) lack vasculature and do not produce seeds.
Photosynthesis takes place in a flattened, green, gametophytic tissue
called a thallus. The gametophyte is haploid and produces egg and
sperm by means of mitosis, which fuse to form the sporophyte plant
phase, which is diploid. Spores are formed within the sporophyte cap-
sule by means of meiosis. The haploid spores subsequently germinate
and grow into the gametophyte phase. Thus, there are no seeds or fruit.
While small in size (usually 2-4 cm inches in height), some mosses in
Australia and New Zealand have reached heights of up to 40+ cm.
Modern-day bryophytes occupy some of the most extreme environ-
ments on earth, from dry desert crusts to Antarctic lakeshores.
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O Fig. 1.14 Representative bryophytes. a The hornwort (Phaeoceros laevis) is so-named because of the horn-like
sporophytes arising from the flattened thalli of the gametophyte. b The liverwort (Marchantia sp.) has male and female
sporophytes. The flattened thalli lay on the ground while the male antheridia and female archegonia point upwards.

¢ A moss (unidentified) shows both gametophyte stage (the “leafy” green phase) and the sporophyte stage (stalked red-
dish phase with terminal capsules). Scale bars in all images = 1 cm. (Image a courtesy of Li Zhang, Shenzhen & Chinese
Academy of Sciences. Images b and ¢ by RR Wise.)

1.15 Ferns and Fern Allies Are Seedless
Tracheophytes

Plants that contain vasculature (xylem and phloem) are called
tracheophytes (literally, “vascular plants”), and ferns and their
close relatives are the simplest tracheophytes (B Fig. 1.15a-c).
Club mosses and horsetails have microphylls, the simplest leaves,
while ferns possess megaphylls. Megaphylls are believed to have
evolved from lateral branching systems that were gradually filled
in with additional tissue of chlorophyllous cells. Megaphylls
possess a complex vein system, and contemporary angiosperm
leaves (and most gymnosperm leaves) are essentially developed
megaphylls.

The fern life cycle is similar to the moss life cycle, with the alter-
nation of generations between a gamete-producing gametophyte
and a spore-producing sporophyte. The main difference is in the
relative sizes of the sporophytic and gametophytic stages. In mosses,
the gametophyte is the leafy green stage (refer to @ Fig. 1.14c),
whereas in ferns it is the sporophyte that is larger (8 Fig. 1.15¢).
Some modern-day ferns can reach 5 m in height.
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O Fig. 1.15 Typical a club moss (Lycopodiella cernua), b horsetail (Equisetum telmateia) and c wart fern (Microsorum
scolopendrium), the simplest vascular plants. Scale bars =10 cmina, 2 cmin b, and 10 cm in c. (Image a by Eric Guinther,
CC BY-SA 3.0), image b by Rror—Own work. Licensed under CC BY-SA 3.0 via Commons, image c by RR Wise.

1.16 Gymnosperms Are Seed-Producing
Tracheophytes that Lack Flowers and Fruit

While being an approximation, seed plants are typically divided
into two primary groups—gymnosperms and angiosperms. In both
of these groups of seed plants, the gametophyte (gamete-producing)
generation has been much reduced from that in non-seed plants. (In
bryophytes such as mosses, the vegetative plant is the gametophyte
and thus, is homologous with the pollen grain or embryo sac of seed
plants.) Ovule parts (specifically, integuments) develop into a seed
coat, and food reserves are deposited in the endosperm of the seed
or cotyledons of the embryo. Because of the protective coat, seeds
may survive cold and drought, as well as journeys by water, wind, or
animal coats, which may disperse the plant population.

The four living divisions of gymnosperms (8 Fig. 1.16a-d) are
the Cycadophyta, Ginkgophyta, Gnetophyta, and Coniferophyta.
Evidence indicates they evolved separately and earlier than other
seed plants, the angiosperms (flowering plants), and they do not
have ovaries to protect the developing seed. Today, there remain
about 830 known extant gymnosperm species (Conway 2013).

Conifers (Coniferophyta) reproduce via a woody structure called
a cone, of which there are both male and female cones. The male
cones produce pollen, which is carried by the wind to the female
cone, where the seed development takes place (8 Fig. 1.16¢, f).
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O Fig. 1.16 Representative gymnosperms: a coontie (Zamia pumila, Cycadophyta) b welwitschia (Welwitschia mirabi-
lis, Gnetophyta), ¢ maidenhair tree (Ginkgo biloba, Ginkgophyta) in fall foliage, and d white spruce (Picea glauca, Conif-
erophyta) (RR Wise)

Conifers are gymnosperms; most species of which are typically
evergreen and keep their leaves all year. However, such gymnosperms
as larch, tamarack, and bald cypress are deciduous. Retention of
foliage by the evergreen conifers enables them to adapt to warmer,
sunny winter days, as well as allowing them to take advantage of
early spring sunshine when deciduous trees are just putting out their
new leaves. Because conifers do not need to produce all of the pho-
tosynthetic needles in one season, there is a considerable energetic
savings in not being deciduous. These characteristics help conifers
live at higher latitudes (more northern in Canada, for example) and
higher elevations where the growing season is shorter.
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@ Fig. 1.16 e Pollen grains from blue spruce (Picea pungens) male cones and f several gymnosperm female cones,
each of which bears exposed seeds. In pine, there are two seeds with papery wings on the upper surface of each scale
of the female cone. Scale bars: (e) = 100 pm, (f) =5 cm (e, f RR Wise)

The needle-shaped leaves are also resistant to drought. Conifer
woods contain tracheids to conduct water. Tracheids are long
tapered cells with overlapping ends. They are believed to be ances-
tors of elongated cells that became modified for water transport at
the center of the stem. In an evolutionary sense, tracheids are also
thought to have given rise to the shorter and wider cells called vessel
elements, which combine with fibers, tracheids, and parenchyma
cells to make up xylem or water-conducting tissue in angiosperms.

1.17 Monocots and Eudicots Are the Two Largest
Groups of Angiosperms

Currently, there are five recognized groups of angiosperms (refer
to @ Table 1.1). The Ceratophyllum (six species), Chloranthales
(70 species), and Magnoliids (9000 species) are relatively small
clades and collectively account for less than 4% of known angio-
sperm species. The remaining 96% are distributed between the class
Monocotyledonae (70,000 species) and the class Eudicotyledonae
(175,000 species), commonly called monocots and eudicots. Those
two latter clades of plants will be the main focus of this text.

When comparing monocot and eudicot traits, not all features will
be clear-cut, and some are even shared with certain gymnosperms;
but in most cases the characteristic features that distinguish the two
classes are useful to remember, even if there are occasional exceptions.

The cotyledon is an absorptive or storage structure found
in the seed with a vascular connection to the embryo. Monocots
have a single cotyledon (also called the scutellum) that serves as
an absorptive structure, and their food reserves are stored else-
where, in the endosperm. During seed germination, the endosperm
food reserves are broken down, absorbed by the scutellum, and
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transported to the embryo via the vascular connection of xylem
and phloem tissues. In contrast, eudicots have two cotyledons.
Some eudicots, like monocots, store the seed food reserves in an
endosperm. In those cases, the two cotyledons perform the same
function as the monocot’s scutellum. Many other dicots, however,
store seed reserves within the cotyledons themselves and have very
little endosperm in the seed. So, the number of cotyledons—one
or two—is a major trait distinguishing monocots from eudicots
(B Fig. 1.17a, b). Other main traits are parallel vs. net-like leaf vena-
tion pattern (8 Fig. 1.17¢, d), vascular bundles appear in an appar-
ent scattered pattern throughout the stem vs. being arranged in a
ring at the periphery of the stem (8 Fig. 1.17¢, f), and the number
of floral parts. Monocots typically have three sepals, petals, and
anthers (or multiples of three), while eudicots typically have floral
parts in multiples of five (8 Fig. 1.17g, h).

IS

B Fig. 1.17 Comparison of monocot with eudicot. a Maize (Zea mays) seed showing embryo (Em), scutellum (Sc), and
endosperm (En). b Shepherd’s purse (Capsella bursa) seed with embryo (Em) and cotyledons (C). ¢ Maize (Zea mays)

leaf clearing demonstrating parallel venation. d Apple (Malus pumila) leaf with netted venation. e Cross-section of
Sprenger’s asparagus (Asparagus aethiopicus) stem. f Cross-section of sunflower (Helianthus sp.) stem. g Daylily (Hem-
erocallis sp.) flower. h White browallia (Browallia sp. hybrid) flower. Scale bars: a, b =200 pm, ¢, d = 100 pm, e = 0.5 mm,
f=1mm,g=5cm, h=1cm (a-h RR Wise)
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O Fig. 1.17 c-h (continued)

1.18 Understanding Plant Structure Requires
a Sense of Scale

The International System of Units (called SI units) uses the meter
(m) and multiples or fractions thereof, to denote length. Structures
of interest to plant anatomists range in size over 10 or 11 orders of
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O Fig. 1.18 A pictorial depiction of various plant structures and their sizes. The ability to visualize the size of each
component is given by the bars across the bottom of the figure (Palm tree courtesy of J.F. Wise, DNA model courtesy of
Molecular Models Corporation, Beloit, WI, phage courtesy of RV Cyrus)

magnitude, from the tallest trees (over 3 x 10? m tall) to the thick-
ness of a biological membrane (5-7 x 10~ m). Standard meter-
based units are the centimeter (cm, 1x10~! m), millimeter (mm,
1x1073 m), micrometer (or micron, um, 1x107°), and nanome-
ter (nm, 1x10° m). B Figure 1.18 gives examples of some of the
plant structures and their approximate size that will be discussed
throughout this book.

1.19 “Primary” and “Secondary” Are Important
Concepts in Plant Anatomy

Students of plant anatomy will frequently encounter the adjectives “pri-
mary” and “secondary” throughout this and other textbooks, which
can be confusing. A firm grasp of these two terms is fundamental to
understanding plant anatomy as well as growth and development.

1.19.1 Primary Versus Secondary Growth
and Meristems

Primary growth is the initial growth of a shoot or root and the gen-
eration of leaves and flowers. Many plants, particularly monocots
and annual eudicots, only engage in primary growth (8 Fig. 1.19a).
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They tend to be short-lived (seasonal, annuals, or biennials) or
have other mechanisms to generate more permanent structures.
[Refer to » Sect. 11.9 on secondary thickening in monocot stems
for a full explanation of the exceptions.] “Herbaceous” is a term
used to describe eudicots that are limited to primary growth only.

Primary growth is produced by the primary meristems, of
which there are two types—the shoot apical meristem (SAM) and
the root apical meristem (RAM). SAMs and RAMs are found at
the shoot tips and root tips; therefore, primary growth results in
longer shoots and roots. Primary growth allows plants to explore
and occupy a greater above-ground volume, which is vital to their
ability to compete for light, and a greater belowground volume,
from which they extract water and minerals. Refer to » Chap. 4
(Mitosis and Meristems).

Secondary growth, on the other hand, increases the girth of
existing stems and roots and produces more permanent structures
(B Fig. 1.19b). Leaves and flowers, while sometimes containing
sclerenchyma tissues (with secondary cell walls), do not exhibit true
secondary growth. Secondary growth is produced by two secondary
meristems, the vascular cambium and the phellogen. Each grow-
ing season, the vascular cambium produces xylem to the interior
and phloem to the exterior. The xylem, which is dead at maturity,
accumulates in annual growth rings, while the phloem is replaced

B Fig. 1.19 a Although hops (Humulus lupulus) stems may grow 10 m or more in a growing season, they are herba-
ceous, annual organs displaying only primary growth. They die back to the ground in the autumn and grow anew from
underground rhizomes in the spring. b Grapes (Vitis riparia) produce woody, secondary growth. They are perennial vines
that increase in length and girth and may live for dozens of years. Leaves may be shed in the autumn, but the woody
vines persist. (Image a by RR Wise. Image b courtesy of Sara Rivka Dahan, Israel)
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with new tissue because the increasing diameter of the xylem cyl-
inder pushes outward and crushes last year’s phloem. Exterior
to the phloem, the phellogen continuously generates the tissues
that become the periderm or bark of a tree. Refer to » Chaps. 14
(Vascular Cambium) and 16 (Periderm).

Because secondary growth can only arise in existing tissues,
all woody plants start as a seedling and engage in primary growth
during their first growing season. Once a basic body plan has been
established (and with many variations on the theme), the vascu-
lar cambium and the phellogen develop and generate secondary
growth. Thus, plant anatomists sometimes speak of a plant or organ
being “in the primary state of growth,” in the “secondary state of
growth,” or of the “primary to secondary transition” They also may
distinguish between the primary plant body (monocots, herba-
ceous eudicots, and first-year woody eudicots) and the secondary
plant body (gymnosperms and woody eudicots).

1.19.2 Primary Versus Secondary Xylem
and Phloem

The primary meristems—SAM and RAM—generate the primary
vascular bundles, which contain primary xylem and phloem.
The vascular bundles of herbaceous plants lack a cambium, can-
not develop further, and thus are called closed vascular bundles
(8 Fig. 1.19¢). Open vascular bundles are those with a vascular

O Fig. 1.19 c A closed vascular bundle in a lily (Lilium sp.) stem. d An open vascular bundle in a clover (Medicago sp.)
stem. P = phloem, VC = vascular cambium, X = xylem. Scale bar = 50 pm for both panels (c, d RR Wise)
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cambium (a secondary meristem) (B Fig. 1.19d). They transition
from the primary state to the secondary state upon the activation of
the vascular cambium which then produces secondary xylem and
phloem. These concepts will be given more meaning in » Chaps. 7
(Xylem), 8 (Phloem), and 11 (Stem).

1.19.3 Primary Versus Secondary Cell Walls

Primary and secondary cell walls are not conceptually related
to primary and secondary growth, meristems, or vasculature
(8 Table 1.2). However, primary walls are laid down first and
are then followed by the deposition of a secondary wall, in
those cells that have a secondary cell wall (8 Fig. 1.19¢). The
cell wall is unique to plants and covered in detail in » Chap. 5
(Cell Walls).

@ Table 1.2 “Primary” versus “Secondary” terminology used in plant anatomy

Primary growth

Initial growth of a plant organ

Generated by primary meristems

Results in an increase in organ length

Found in monocots and annual eudicots—a.k.a.
herbaceous plants

Secondary growth

Subsequent growth of a shoot or root

Generated by secondary meristems

Results in an increase in organ girth

Found in perennial eudicots—a.k.a. woody plants

Primary meristem
Located at the shoot and root tip.

Secondary meristem
Located at the shoot and root periphery.

Two types—shoot apical meristem (SAM) and root
apical meristem (RAM)
Both in » Chap. 4

Primary xylem or phloem
Generated by a SAM or RAM
» Chapters 8 (xylem) and 9 (phloem)

Primary cell wall

Laid down first

Thin, cellulosic, and rarely lignified

» Chapter 5

Nonliving but contains active enzymes and capable
of expanding

All plant cells (parenchyma, collenchyma, and
sclerenchyma) have a primary cell wall

» Chapters 5 (Cell Wall) and 6 (Cell Types)

Primary pit field—a hole in a secondary cell wall that
exposes an area of primary cell wall that has many
plasmodesmata

» Chapter 5

Two types—vascular cambium (generates xylem and
phloem, » Chap. 14) and phellogen (generates
periderm/bark, » Chap. 16)

Secondary xylem or phloem
Generated by the vascular cambium » Chap. 10

Secondary cell wall

Laid down after primary cell wall

Thick, multilayered, impregnated with lignin
Nonliving and incapable of expansion

Only sclerenchyma cells have a secondary cell wall
(with a few exceptions)

» Chapters 5and 6
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@ Fig. 1.19 e Primary and secondary cell walls in a young black walnut
(Juglans nigra) stem. Parenchyma cells with thin primary walls (green) lie

to either side of a band of brachysclereids with thick secondary walls (red).
Many of the parenchyma cells contain reddish-brown tannin deposits. Scale
bar =50 pm (RR Wise)

1.20 Chapter Review

1.1

1.2

1.3

1.4

Concept Review

Plants have multiple pigments with multiple functions. Plant
uses chlorophylls to harvest sunlight energy via photosyn-
thesis, carotenoids and anthocyanins to attract and reward
pollinators and they track the time of day, day length, and
season of the year by using the phytochrome system.

Plants use water, and the properties of water, in unique ways.
Hydraulics, the laws of physics and the physical properties
of water are used to drive water movement and generate the
force needed for growth and movement in plants.

Plants use anabolic metabolism to manufacture every
molecule needed for growth and produce virtually no wastes.
Plants make 100% of the amino acids, proteins, lipids,
nucleic acids, vitamins, and other biomolecules they need
for growth and development using sunlight, water, and
about 20 elements. Plastids are the organelle in which all
the major anabolic pathways take place. Spices and drugs,
produced primarily as antiherbivory defenses, are some of
the secondary products made by plants.

Cell walls are nonliving materials outside the plant cell
membrane that house and/or perform a variety of functions. The
cell wall was a major evolutionary advancement needed for
plants to colonize the land. It is composed of cellulose and
other organic polymers and may contain active enzymes.
Many plant cell walls can expand, grow, and adjust to mechani-
cal stresses.
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1.5

1.6

1.7

1.8

1.9

The plant life cycle alternates between a haploid gametophyte
stage and a diploid sporophyte stage. In plant sexual repro-
duction, gametophytes produce haploid male (sperm) and
female (egg) gametes. Fertilization unites the two gametes
to form a diploid zygote, which develops into the mature
sporophyte via mitosis. Using meiosis, the sporophyte
produces haploid spores that germinate and become the
gametophytic stage.

Meristematic activity continues throughout the life of a
plant. Plants produce new cells in meristems. A growing
plant, even 100 of years old, has new, juvenile cells at each
meristem. Apical meristems at the shoot tip and root tip
increase plant length via primary growth. Lateral meri-
stems increase the girth of stems and roots, which is called
secondary growth.

Fruit disperses seeds through space; dormancy disperses
seeds through time. Fruit (which may or may not be
edible) is the tissue surrounding the seed in angiosperms
and is responsible for fruit dispersal via wind, water, and
gravity or with the help of animals. Seeds may remain
dormant for years, decades, or even centuries and still
germinate, allowing the next generation of plants to “time
travel” into the future.

Earth’s history is divided into four major time periods. Earth’s
history has been divided into the Precambrian (4550-542
mya), the Paleozoic era (542-251 mya), the Mesozoic era
(251-66 mya), and the Cenozoic era (66 mya—present).
Earth is approximately 4.55 billion years old. If expressed as
a month-long calendar, life appeared on day 8, cyanobacte-
ria on day 10, eukaryotic cells on day 24, land plants on day
28, gymnosperms on day 29, and angiosperms on the
afternoon of day 30.

Life on Earth has experienced five mass extinctions; a
sixth is in progress. Natural disasters such as climate
change or meteor impact lead to five major extinctions
in Earth’s history. Human activity is currently driving a
sixth mass extinction. Anthropogenic habitat destruc-
tion and global climate change are the major drivers in
this mass extinction.

Many plants and animals have coevolved. Coevolution
occurs when the evolution of one species influences that of
another. Many plant reproductive strategies have coevolved
with animals and involved rewards of food, shelter, oviposi-
tories, or pheromones. The relationship may be general or
species-specific.

The plant body consists of four organs. The four plant organs
(and their basic functions) are the root (anchorage, storage,
and water uptake), stem (support, storage), leaf (photosyn-
thesis), and flower/fruit (reproduction, seed dispersal). Each
has a unique and characteristic anatomy. All are intercon-
nected by a vascular system consisting of xylem and phloem.
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1.13

1.15

1.16

1.17

1.18

1.19

Plant organs are initially made of three tissues. All plant
organs have an epidermis (produced by a meristem called the
protoderm), a vascular system (produced by the procam-
bium), and a filling tissue (produced by the ground meristem).
“Plant” can be broadly defined. Members of the kingdom
Plantae are defined as photosynthetic eukaryotes. With very
few exceptions, they are autotrophic and exhibit an alterna-
tion of generations. Major plant groups include algae,
bryophytes, ferns and fern allies, gymnosperms, basal
angiosperms, and angiosperms.

Bryophytes lack vasculature and produce spores. Bryophytes
(hornworts, liverworts, and mosses) are simple land plants
that resemble the first plants to colonize land. The gameto-
phyte (1n) generation is dominant and represented by a
green photosynthetic organ called a thallus. Bryophytes that
lack vasculature do not produce seeds or fruit. They
reproduce via spores.

Ferns and fern allies are seedless tracheophytes. Ferns
(including club mosses and horsetails) are vascular plants
that do not produce seeds, flowers, or fruit. Photosynthesis
takes place in the stem, in microphylls, or in megaphylls.
Reproduction is via spores and the sporophyte (2n)
generation is dominant.

Gymnosperms are seed-producing tracheophytes that lack
flowers and fruit. The four groups of gymnosperms
(Ginkgo, gnetophytes, cycads, and conifers) are seed-
producing vascular plants, but they lack flowers and fruit.
The sporophyte (21) generation is dominant. Photosyn-
thesis is in the leaves which may be needle- or scalelike.
Conifers, the largest gymnosperm group, produce their
seeds in cones, are typically evergreen, and have needle-
or scale-shaped leaves.

Monocots and eudicots are the two largest groups of angio-
sperms. Angiosperms, roughly divided into the monocots
and the eudicots, are the dominant and most diverse group
of modern plants. Monocots and eudicots have vasculature,
flowers, seeds, and fruit but differ from each other in many
ways including leaf venation, numbers of floral parts, and
basic anatomy. The sporophyte (27) generation is dominant.
Photosynthesis may be in the stem or leaf.

Understanding plant structure requires a sense of scale. Plant
anatomists use SI units for length measurements, which is
based on multiples or fractions of the meter (m). Most
images presented in this text use scale bars displaying the
micron (pm, 1x107° m) as a reference unit.

“Primary” and “secondary” are important concepts in plant
anatomy. These terms are used in multiple, and sometimes
confusing, ways to describe such things as plant growth,
meristems, xylem, phloem, and cell walls.
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s Concept Connections

0 1. Complete the crossword puzzle with the most appropriate
term.
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3. Leaves thought to have evolved from lateral branching systems.
8. Vascular system of stems arranged in a ring.

10. Self-feeder.

11. Growth that leads to formation of new organs.

12. Modern-day era.

14.This generation gives rise to haploid spores.

15.This generation can produce gametes via mitosis.

16. Two species evolving in response to one another.
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Down

1. Rapidly growing part of plant containing undifferentiated cells.
2. Important for the dispersal of angiosperm seeds.
4.This type of growth allows for the development of wood.
5. Reflects light at certain wavelengths.
6. Floral structures in threes and leaves with parallel venation.
7. Porous substance found within cell walls.
9. Pigment important in photosynthesis.
13. Obtains nutrients and energy from other organisms.

m  Concept Assessment

(7 2

© s

Plants have multiple pigments that are used to
a. trap sunlight energy.

. attract pollinators.

. determine light direction.

. measure the time of day and time of year.

. all of the above.

™ o N T

Hydraulics is defined as

a. the movement of water throughout the plant body.
b. pumping water from the soil to the atmosphere.

¢. using a fluid to do work.

d. the evaporation of water from the leaf surface.

e. the force behind muscle contraction.

In terms of metabolism, plants and animals differ in that

a. most animals are autotrophs.

b. plants produce copious metabolic wastes.

¢. plants use anabolic pathways to manufacture all
molecules needed for growth.

d. animal secretions are the source of many spices and
medicines.

e. plants must be supplied with vitamins and other
biomolecules to grow and reproduce.

The geological period in which we live is termed the
a. Paleozoic.

b. Devonian.

c. Jurassic.

d. Cambrian.

e. Quaternary.

Flowering plants and mammals became dominant during
the past million years.

a. 1

b. 23

66

. 195

500

® a0
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Which is not a characteristic of plant cell walls?

a. plant cell walls are found only in the sporophyte phase of
the life cycle.

b. plant cell walls contain molecules built of simple sugars.

c. plant cell walls may contain enzymes that are biologically
active.

d. plant cell walls often contain strengthening polymers.

e. plant cell walls are a site of active secretion.

The broad definition of “plants” includes all
a. heterotrophic eukaryotes.

b. bacteria, fungi, and angiosperms.

c. photoautotrophic eukaryotes.

d. chemotropic bacteria.

e. life-forms that perform metabolism.

The plant life cycle alternates between

a. a haploid gametophyte generation and a diploid
sporophyte generation.

b. an egg phase and a sperm phase.

c. asexual reproductive phase and an asexual reproductive
phase.

d. azygotic phase and a meiotic phase.

e. fertilization and mitosis.

. Which choice ranks the Sl units of length from smallest to

largest?

a. cm, mm, pm, nm, m

. mm, pm, m, nm, cm
m, cm, mm, pm, nm

. nm, pm, mm, cm, m

. nm, mm, pm, cm, m

P an o

. Which tissue gives rise to secondary growth?

a. apical meristem.

. adventitious roots.
germinating seed.

. terminal buds.

. vascular cambium.

man o

m  Concept Applications

O 2

Plants use carbon dioxide, sunlight, and minerals to pro-
duce the molecules that serve as the basis of the food chain.
Sketch a design of an agricultural system that astronauts
might use in a closed spaceship to provide food for a multi-
year space flight.

. Almost all spices used in cooking are derived from plant

leaves, stems, roots, or flowers. Why would plants make so
many flavor compounds? Of what value are spices to the
plants that produce them?
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Introduction

Plant anatomy is typically regarded as the microscopic study of
plant tissues and cells, and the development of light and electron
microscopes has had a major impact on elucidating our knowledge
of structure. It is, therefore, important that we have some under-
standing of the development, design, and use of these types of
instruments. How did microscopy develop, and what has been its
significance in the understanding of plant anatomy? This chapter
will begin by getting to know some key individuals significant in the
developing of microscopy and its relevant applications in plant biol-
ogy. However, we begin this section, not by focusing on early
microscopists, such as Zacharias Jansen who is credited with invent-
ing the first compound microscope, but rather, we also explore the
key individuals whose work ultimately led to advancements in the
field of plant anatomy. Thus, we are starting with those scientists
such as Hooke and van Leeuwenhoek who made discoveries and
innovations with early microscopes.

2.1 Robert Hooke, 1635-1703, Described
a Cell as the Basic Unit of Life by
Studying the Bark of the Cork Oak Tree,
Quercus suber

The Englishman, Robert Hooke (8 Fig. 2.1a), first described bio-
logical matter, including plant material, from its microscopic per-
spective using an instrument of his own design (8 Fig. 2.1b). His
famous treatise, Micrographia, was published in 1665. He used the
term “cellulae” to describe the tiny compartments of bottle cork
(bark of the cork oak or Quercus suber), which reminded him of
room-like compartments similar to the small, identical rooms of
monasteries which were called cells (8 Fig. 2.1¢c). The name “cell”
has, of course, remained. A direct count of some 60 cells per one-
eighteenth of an inch led him to calculate that there must be over a
billion cells in a cubic inch of cork.

Hooke was a remarkable individual, but reportedly plagued
with ill health and, according to all accounts, physically unattractive
with long, untidy hair, with a stooping gait, and with a pallid com-
plexion. However, besides microscopy, among his other accom-
plishments, Hooke studied problems in celestial mechanics;
invented the vacuum pump, the first respirator, and the iris
diaphragm; and developed an early balance spring used in watches.
He was one of the most gifted inventors of his day, though not as
well recognized as he might have been due to his antagonistic rela-
tionship with Sir Isaac Newton. Hookess life and scientific contribu-
tions have received considerable attention by historians. See Jardine
(2005) as an example.
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O Fig. 2.1 a Arecent interpretation of the appearance of Robert Hooke by artist Rita Greer. The only known portrait of
Hooke was destroyed or lost shortly after his death when Isaac Newton became president of the Royal Society of
England. (Image courtesy of Rita Greer). b Drawing of a microscope designed and used by Hooke (public domain)

2.2 AntoniVan Leeuwenhoek, 1632-1723,
Was the First Scientist to Observe
Microorganisms

In the mid- and late 1600s, Antoni van Leeuwenhoek (8 Fig. 2.2a)
published many letters to the Royal Society of London regarding his
observations of different microorganisms observed with his hand-
ground, single-lens microscopes (@ Fig. 2.2b). Van Leeuwenhoek’s
lens qualities were outstanding, and it is still not known how he
designed them so perfectly, as he appeared to have closely guarded
the technique.

Modern microscopes use multiple lenses to achieve maximum
magnification and resolution. However, at lesser magnifications,
the single-lens microscope of van Leeuwenhoek was quite success-
ful. Thus, Leeuwenhoek made many pioneering discoveries of sin-
gle cells from plants, animals, and microorganisms (Schierbeek
1959; Ford 1992).
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B Fig. 2.1 ¢ Hooke’s most famous image of cork as he drew it from viewing
with his light microscope. In it, he saw small compartments, which he referred
to as “cells” (public domain)

Among the microorganisms first described were bacteria, pro-
tozoa, and rotifers. It is believed that van Leeuwenhoek made at
least 500 microscopes during his career, but only nine are known to
currently exist. The highest magnification obtainable was approxi-
mately 275x.
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O Fig. 2.2 a Antoni van Leeuwenhoek, a well-to-do Dutch draper, developed a strong interest in science and in the art
of microscopy. His most famous instruments were designed to employ only a single lens. b A replica of Leeuwenhoek’s
single-lens microscope is shown above, with the single lens indicated by the red arrow. The microscope is quite small,
with the brass back plate only being approximately 2 x 5 cm. (a RR Wise; Image b by Jeroen Rouwkema. Licensed under
CC BY-SA 3.0 via Wikimedia Commons)

2.3 Nehemiah Grew, 1641-1712, Was the Father
of Plant Anatomy

In 1682 Nehemiah Grew (8 Fig. 2.3a) published the first of two
well-illustrated volumes with the Royal Society on the microscopic
anatomy of plants entitled: The Anatomy of Plants: With an Idea of a
Philosophical History of Plants. in which he described minute “vesi-
cles” (the cells that were earlier described by Hooke). While some of
his work was more morphology than anatomy, he did make consid-
erable use of light microscopy in his investigations, and Grew was
the first microscopist who limited his investigations to the anatomy
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B Fig. 2.3 a-c Nehemiah Grew, an English scientist and doctor, is often referred to as the “father of plant anatomy.”
b, c Two of the anatomical illustrations developed by Grew using an early compound microscope. b A eudicot stem
and c different paradermal sections (cut parallel with the leaf surface) through a eudicot leaf (a—c public domain)

of plants (8 Fig. 2.3b, ¢). Although the compound light microscope
had been around for over a half century, Grew and a few other
individuals simultaneously described general plant microscopic
structure for the first time during the end of the seventeenth cen-
tury and the early eighteenth century.

Grew was a doctor of medicine, having studied at Cambridge
University in England. Not unlike other botanists of his time,
although his training was in medicine, his interest in plant
structure developed from microscopic work in his medical
practice.

2.4 Robert Brown, 1773-1858, Discovered
the Nucleus of the Cell by Studying
Orchid Petals

In 1831 Robert Brown (B Fig. 2.4a, b) described the cell nucleus
during a study of orchids. He is also credited with first observing
Brownian movement (named for him and illustrating molecular
motion he observed by studying pollen grains) and the process of
cytoplasmic streaming. Although he practiced medicine as a sur-
geon for 5 years, he later abandoned this and turned all his efforts
toward botanical science, publishing dozens of books and articles.
He was distinguished in making a series of anatomical studies
involving the process of reproduction and in the study of pollen and
reproduction of gymnosperms (Brown 1828).
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O Fig. 2.4 aRobert Brown, a Scottish surgeon and botanist. b The microscope with which he made many of his
observations that was made prior to 1820. It is a compound light microscope because it uses both objective and ocular
lenses. (a public domain; Image b courtesy of Dr. Brian Ford)

2.5 Katherine Esau, 1898-1997, Advanced
the Field of Plant Anatomy with Her
Influential Textbooks

Born in the Ukraine, a daughter of the mayor of Yekaterinoslav,
Katherine Esau (8 Fig. 2.5a) was educated at the Women’s Agricultural
College in Moscow, Russia. In 1917 her studies were interrupted due to
the revolution, and she returned to her home, which had not been
occupied by the Bolsheviks. She remained there until the end of the
First World War when her family immigrated to Germany and later
(1922) to America. They settled in Reedley, California, near Fresno.

In California, she was hired by a sugar company to develop a sugar
beet that would be resistant to curly top disease caused by a virus. Her
work drew the attention of researchers at the University of California,
Davis, where she was recruited to study botany. Her dissertation
research discovered that the curly top virus was spread within plants
via the phloem. Upon graduation, she was offered the position of
instructor of botany in the College of Agriculture at Davis where she
taught plant anatomy, systematic botany, morphology of crop plants,
and microtechnique (8 Fig. 2.5b, c). She achieved the rank of full

»
>

B Fig. 2.5 b Atransmission electron micrograph by Katherine Esau showing a portion of a tobacco leaf infected by the
tobacco mosaic virus (V). Scale bar = 10 pm. ¢ A longitudinal section of a Pinus sp. needle seen in the light microscope and
prepared by Katherine Esau. Scale bar = 500 pm. (b, c Cheadle Center for Biodiversity and Ecological Restoration, UC Santa
Barbara)
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2.5 - Katherine Esau, 1898-1997, Advanced the Field of Plant Anatomy

O Fig. 2.5 aKatherine Esau, a Ukrainian botanist, plant pathologist, and
plant anatomist. (Image courtesy of Cheadle Center for Biodiversity and
Ecological Restoration, UC Santa Barbara)
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professor in 1949 at the age of 51. Her research became increasingly
involved with the anatomy of phloem, as she was concerned about
plant pathways in disease, and for chemicals in weed control.

Dr. Esau was elected to the National Academy of Sciences in 1957.
In the early 1960s she became interested in electron microscopy
involving the study of phloem tissue—an area of study she pursued
throughout the rest of her career. In 1989, US President George
H.W. Bush awarded her the National Medal of Science. She is most
noted for her highly read textbooks that established a modern foun-
dation for the field of plant anatomy (Esau 1953, 1961, 1969, 1977).

2.6 Light Microscopy: The Most Useful Tool
of the Plant Anatomist

Resolution is the ability to distinguish a gap between two adjacent
lines or objects. The smaller that gap, the higher the resolution,
which allows for greater detail at higher magnifications. Light
microscopy enables us to resolve structures of about 0.2 pm and
achieve magnifications of about 2000x, which is not fine enough to
visualize cell membranes and many subcellular units. However, in
the range in which it works, and given the use of color and special
imaging techniques which are possible, it has been the most valu-
able tool of the plant anatomist for almost four centuries. Realizing
that, it is useful to understand some basics of light microscopy,
starting with image formation.

How a compound light microscope works can be related to some
simple optical principles. To start with, we may imagine making simple
images, even without a glass lens. Prior to the popularity of digital pho-
tography, many students in elementary or secondary school designed
and built pinhole cameras (B Fig. 2.6). These are very simple devices
which have a small circular pinhole in a piece of foil through which
light rays pass and are projected onto the back of a light-tight box where
there is a piece of photographic film attached. An image of a well-
lighted scene can be projected onto the film through the pinhole due to
the rectilinear propagation of light (that means that light travels in
straight lines). The size of image points produced on the film depends
on the diameter of the pinhole and the distance between the hole and
the film. The larger the hole, the more blurred is the image. If the hole
is too small, brightness and diffraction become limiting factors.

Now suppose that you are photographing a tree at some dis-
tance. The light travels from any point on the plant in all directions,
but a certain solid angle of the light is intercepted by the pinhole (or
lens) of the camera, refracted (bent), and recombined at the film
plane. Normally, the image on the film plane will be much smaller
than the original object, and the distance from the center of the
pinhole (or lens) to the image is much shorter than the distance
from the object to the pinhole (or lens) center. Actually, this sets up
a consistent ratio in which we can say that A/a = B/b where A is the
height of the object (the tree) and where a is the distance to the
pinhole (or lens) from the object. B is the height of the image on the
film plane, and b is the distance from the center of the pinhole (or
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O Fig.2.6 An example of how images are formed using a pinhole camera
(Redrawn from Crang and Vassilyev 2003)

lens) to the film plane. Thus, the ratio of A to a is always equal to the
ratio of B to b when the image is in focus.

The image produced on the piece of film can be greatly improved
by using a glass lens in place of the pinhole. A lens has the extremely
valuable property of refracting light, thus counteracting the princi-
ple of the rectilinear propagation of light. It also can be of much
larger diameter than a pinhole and thereby capable of collecting
much more light to make a much shorter exposure time on the film.

2.7 The Compound Light Microscope
Uses Multiple Lenses to Form and
Capture Images

In the case of the single-lens microscope, such as the early instru-
ments designed by van Leeuwenhoek, greater magnification is
obtained by increasing the curvature of the surface of the lens. In
theory, the greatest magnification would result from a perfectly
spherical lens. However, the focal length of the lens would be on the
surface of the lens, and the field of view would be infinitely small,
making the device impractical.

There are several advantages to using a compound microscope
over a single-lens instrument. First, using two or more lenses in tan-
dem enables magnification to be viewed as the product of the com-
bined magnifications of the individual lenses. Second, it is easy to
obtain variable magnification by simply changing objective lenses.
Third, the compound microscope allows for a relatively wide field of
view at all magnifications. Additional advantages in using a com-
pound scope include brighter imaging as well as the ability to work
greater distances from a specimen than when using a single lens.

The modern compound light microscope (8 Fig. 2.7) possesses
two or more magnifying lenses. Light travels from a light source in
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O Fig.2.7 The basic components of a modern compound light microscope
(Olympus CX23). (Image courtesy of Jennifer Reed, Olympus Instruments)

the base of the microscope, through a condenser underneath the
microscope stage, through the specimen, objective lens, and then to
the ocular lenses. Various magnifications are selected by rotating
the revolving nosepiece and inserting a different objective lens into
the light path. Unlike the single-lens microscope, it also permits a
greater working distance from a specimen by allowing for finite
focal lengths outside of the lens itself.

2.8 The Resolving Power of a Lens Places Limits
on Resolution and Magnification

The physicist Ernst Abbé, working with the master lens maker Carl
Zeiss in Jena, Germany, during the latter part of the eighteenth cen-
tury, defined the rules of light optics and determined the theoretical
limits of resolution. To their amazement, it was found in the 1880s
that Zeiss had already produced (through his own skills) micro-
scopes that had essentially reached the limits of resolution (approx-
imately 0.2 pm). Abbé later founded the lens-making company
named after Carl Zeiss, which continues today.

Resolution, introduced above, is usually meant to represent the
unitless concept of the amount of detail available at high magnifi-
cations. The resolving power, or R.P, on the other hand, is the
mathematical expression of the resolution and is determined by
the equation shown below. Lambda (1) is the average wavelength
of light used in imaging, and N.A. represents the numerical aper-
ture of the objective lens (N.A. ) plus that of the condenser lens
(N.A._,.o) in the microscope.
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A

R.P.=
NA o+ NA.

cond.

The numerical aperture is a function of # (the index of refraction
of the medium being used) and of the sine of the half angle that
light rays would take from a specimen in focus through the objec-
tive lens (@ Fig. 2.8). It is represented by the formula shown here.

N.A.=nsin6

The index of refraction (n) is the ratio of the speed of light in a
vacuum to the speed of light in a medium such as air, water, or oil.
The value is always equal to or greater than 1.0. Air has a refractive
index of 1.0, thus in this case, the numerical aperture is dependent
upon the half angle of the light cone (6).

Numerical apertures are values that can be found inscribed on
the housing of the objective lens or on the condenser lens. Some
representative values for objective lenses are as follows (there
may be variation due to different manufacturers). A 4x lens may
have a N.A. = 0.1, a 9x lens may have a N.A. = 0.25, a 40x lens
may have a N.A. = 0.65, and an oil immersion 100x lens may have
a N.A. = 1.3. There is a rule of thumb, which says that the maxi-
mum magnification obtainable that yields good resolution is not
greater than 1000x the N.A. of an objective lens. Thus, this sets a
limit on how much magnification can be obtained by the corre-
sponding ocular lens of the microscope. Therefore, a microscope
with a 10x ocular lens and a 4x objective lens would have a total
magnification of 40x. This is lower than 100x magnification
(1000 * 0.1) and thus, would be expected to yield a high-resolu-
tion image.

B Fig. 2.8 Diagrammatic representation of numerical aperture. The
numerical aperture of a microscope lens in alignment with a point (P) depends
on the half-angle (6) of the maximum cone of light that either enters or exits
the lens. The N.A. has no units of measurement. The orange object to the right
represents a lens, which parallel light rays enter from the right (Redrawn from
Crang and Vassilyev 2003)
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Box 2.1 How Low Can You Go? Achieving Maximum
Image Quality by Post-imaging Processing
Light and electron microscopes are some of the plant anatomist’s
most basic tools. Both use lenses to manipulate a beam of
photons or electrons. Strict manufacturing tolerances allow for
the production of high quality lenses. However, there are
technological and physical limits to maximum magnification and
resolution, and the image produced by even the finest lens will
always have a certain amount of built-in “aberration.” The advent
of digital cameras, coupled with inexpensive and powerful
personal computers, has allowed microscope manufacturers to
partner with computer scientists to develop software-based
approaches to markedly improve images generated by microsco-
pists. While theoretical resolution is limited by the physics of the
light or electron beam, sophisticated mathematically-based
methods such as energy loss spectroscopy and image deconvo-
lution are being used to greatly enhance the quality, and
scientific value, of modern imaging techniques.

References: Ramasse (2017) and Storath et al. (2017).

The Confocal Microscope Allows for Sharper
Detail, Computer Control, and 3-D Imaging
with a Modified Compound Microscope

During the mid-to-late 1980s, commercial microscopes began to
appear that made use of the principle of confocal imaging (@ Fig.2.9a).

O Fig. 2.9 a A confocal laser scanning microscope (Nikon A1R CLSM) with computerized functions and display.
(Image courtesy of Eric Flem, Nikon Instruments, Inc.)
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B Fig. 2.9 b Schematic diagram of a confocal microscope. A rastered light pathway is projected onto a specimen by
epiluminescence. Reflected or fluoresced light is imaged back through the objective lens. (Image courtesy of Carl Zeiss
Microscopy, LLC, with modification)

This type of microscopy utilizing the confocal laser scanning micro-
scope (CLSM) is very powerful in that it is a versatile instrument that
allows scientists to study gene expression and protein movements
within specific plant structures. By fluorescently tagging genes, plant
geneticists can observe protein expression as well as how substances
move within plants. Thus, while the CLSM isn’t necessarily used for
classic plant anatomy per se, it is a powerful tool for plant cell biolo-
gists and geneticists.

Both full-color visible light instruments and laser instruments
have been designed and are useful in different applications. Both
have similar principles of design, however (8 Fig. 2.9b). A beam of
light is passed through a small opening and may be deflected in a
series of lines that constitute a raster which is projected from above
the objective lens of a light microscope, through that lens, and onto
the surface of a specimen located in the front focal plane of the lens.
The pathway of the light will be at its smallest diameter as deter-
mined by the point of light source and its crossover on the surface
of the specimen. Since the excitation light is coming from above the
specimen, it is said to represent epiluminescence.
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B Fig.2.9 c A CLSMimage of autofluorescence of a blade of grass. Trichomes
are shown in blue, and epidermal cells appear mostly orange. Scale

bar =200 pm. (Image courtesy of Dr. Donna Stolz University of Pittsburgh
School of Medicine)

The object being illuminated may be a section or, more often, a
layer (or multiple layers) of the specimen. The crossover light, being
in a raster, will be projected one point at a time in rapid sequence.
Either reflected or fluoresced light can be captured by the objective
lens and be conveyed back up the image tube of the light micro-
scope to a dichroic mirror (a glass surface coated with a special
metal film that reflects certain colors of light while allowing others
to pass through), that, in turn, projects the radiant image toward a
pinhole aperture plate. Any light that was received from either
above or below the focal plane of the objective lens will strike the
aperture plate away from the pinhole and will be blocked. Only
those light paths that have come from the exact focal plane on the
specimen will be focused through the aperture. Such light is then
picked up by a photomultiplier tube and used to create a point of
some brightness (depending on the amount of light captured
through the aperture) on a cathode ray tube or computer monitor
screen. The position of each point of light displayed will correspond
with the position of the rastered laser beam on the specimen. Thus,
a confocal laser scanning image can be generated (8 Fig. 2.9¢).

Since the operation of the confocal laser scanning microscope is
controlled by computer inputs, and its images are electronically
stored, it can then assemble the various images from the specimen
and reconstruct a three-dimensional image, which can be rotated
and/or analyzed for structural composition.
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2.10 Electron Microscopy Allows a View into
the World of Cellular Ultrastructure

It remained well into the twentieth century before resolution greater
than that of the light microscope could be achieved. This depended
upon employing illumination with a vastly shorter wavelength than
that possible in the light optical range. Electrons, discovered by the
British physicist, J.J. Thompson, in 1898, were shown by L. de Broglie
in 1924 to possess wave properties nearly a thousand times shorter
than that of visible light. Since it was recognized that the resolution
of the light microscope was limited mostly by the wavelength of
visible light, electrons seemed to offer an outstanding possibility for
vastly improved resolution (and therefore also magnification).

With the work of physicists, such as H. Busch, M. Knoll, and
E. Ruska from 1925 through 1934, strong electromagnetic lenses
were developed that enabled electron beams to be focused in much
the same manner as glass lenses direct the pathway of visible light.
In fact, the basic design of early transmission electron microscopes
(and even today’s instruments) follows similar optical pathways as
that of light microscopes. Electrons, however, can be deflected by
the presence of air; hence the electron microscope needed to have a
vacuum system for the pathway of the electron beam.

There are two basic types of electron microscope (and many
variations thereof). The transmission electron microscope (TEM)
was invented in the early 1930s by the German physicist Ernst
Ruska (B Fig. 2.10a), for which he shared the 1986 Nobel Prize in
Physics (Hawkes 1990). The first electron micrograph of a biologi-
cal sample followed almost immediately and coincidentally
in the field of plant anatomy. L.L. Marton published a shadowy out-
line of a sundew leaf in 1934 (8 Fig. 2.10c). However, the TEM did
not become commercially available until the late 1940s after the end
of the Second World War. In addition to the interruption caused by
the war, the TEM was invented by physicists, not biologists, and it
took the 1940s and 1950s for biologists to develop the sample
preparation techniques necessary to prepare and image biological
samples to the level of resolution with which we are familiar today.
The invention of those techniques and protocols, coupled with the
resolving power of the TEM, revolutionized cellular biology in the
mid-twentieth century (Rasmussen 1997). The micrograph atlas of
plant cell ultrastructure produced by Myron Ledbetter and Keith
Porter remains a classic to this day (Ledbetter and Porter 1970).
> Section 2.11 covers the TEM in more detail.

True to its name, the TEM works by transmitting a beam of elec-
trons through a thin slice of tissue. Organelles and molecules in the
tissue section selectively block the incident electrons, which proj-
ects a pattern on a viewing screen or film negative much like a slide
projector sends an image to a viewing screen. Thus, cellular internal
detail is revealed. The image can be collected directly on film.

The scanning electron microscope (SEM) was developed in 1937
(8 Fig. 2.12b) by Manfred von Ardenne, another German physicist.
Just as there was a 20-30-year lag between the invention of the TEM
and the generation of useful micrographs of biological specimens,
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B Fig.2.10 Early electron microscopes. a A prototype transmission electron microscope built in 1933 by German
physicist Ernst Ruska. (J Brew, CC BY-SA 3.0). b The first SEM capable of high-magnification imaging, built in 1937 by
Manfred von Ardenne. (A von Ardenne, CC BY-SA 3.0). (Image a by J Brew, licensed under CC BY-SA 3.0 via Wikimedia
Commons. Image b by Rechteinhaber: Dr. rer. nat. Alexander von Ardenne, by inheritance from his father Prof. Dr. h. c.
mult. Manfred von Ardenne, C licensed under C BY-SA 3.0)

the SEM was not immediately made available to the scientific com-
munity either. In the case of the TEM, the lag was largely due to the
development of suitable sample preparation techniques. SEMs were
not commercially available until the mid 1960s because of the need
for high quality electronics and a viable method for collecting
images. Cambridge Scientific Instrument Company of Cambridge,
England, sold the first SEM in 1965, the so-called Steroscan model.

A SEM scans a very narrow beam of electrons over the outside
of a specimen to reveal surface detail point by point (a pattern
referred to as a raster), not internal detail. The interaction of the
beam with the specimen can produce reflected electrons, electrons
knocked off the surface, photons, X-rays, and other signals.
Different detectors pick up those signals and produce an image on
a computer monitor screen that replicates the signal from each
point of the raster. Notable SEM plant anatomy reference volumes
include O’Brien and McCully (1969) and Lott (1976).

Compared to the maximum resolution and magnification achiev-
able by light microscopes (about 0.2 pm and 2000x), electron micro-
scopes can achieve theoretical resolutions of roughly 50 picometers
(0.00005 pm) and magnifications of up to 10 million-fold. While
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B Fig. 2.10 cThe first transmission electron micrograph of a biological
specimen ever published was a hand-cut section of sundew (Drosera
intermedia) leaf prepared by L.L. Marton 1934, in Belgium. Dark areas illustrate
where the electrons could not penetrate the screen within the TEM. (Image
from Marton (1934), reprinted in Siisskind (1985))

such extremes are useful for physicists and materials scientists, bio-
logical electron microscopists typically operate in the 100x to
10,000x range because biological structures, even viruses, are fairly
“large” as compared to crystals and atoms.

2.11 The Transmission Electron Microscope
Reveals Internal Cellular Detail

The designers of the transmission electron microscope used the
same optical principles as used in light microscopy. However, elec-
trons will not penetrate through any significant mass, including air,
and therefore must be projected within a vacuum. This also means
that glass lenses cannot be employed. Instead, hollow electromag-
netic lenses are used in the electron microscope since electrons,
being charged particles, can be refracted by circular magnetic fields
in much the same way as glass lenses influence the pathway of light
photons. In a transmission electron microscope, the design is simi-
lar to that of an inverted light microscope with the illumination
source (an electron gun assembly) at the top of an optical column
(B Fig. 2.11a, b). The emitted and accelerated electrons are pro-
jected by one or two condenser lenses through a very thin specimen
(remember that electrons cannot penetrate through very thick
objects) and into the field of an objective lens where focusing of the
electron beam takes place and projection of a real image some dis-
tance away occurs. Then, one or more projector lenses cast a final
magnified image onto a sheet of film, electronic camera, or a view-
ing screen. When electrons strike objects, they give up their energy
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B Fig. 2.11 a A diagrammatic representation of the basic function of the
electron beam and the electromagnetic lenses in producing a shadow-type
image on a fluorescent screen or electronic detection camera (Redrawn from
Crang and Vassilyev 2003)

by generating X-rays that can be damaging to the operator. Thus,
the operator must observe images through a thick leaded glass
window, which also separates the vacuum of the column from the
room outside of the microscope. Electrons cannot be directly visu-
alized, so they can only be observed on a viewing screen (within the
vacuum) that is coated with a phosphorescent paint that glows
when excited by the energy of the electrons, on photographic film
(again, within the vacuum) or, on modern instruments, with a digi-
tal image sensor (as in @ Fig. 2.11b).

Transmission electron microscopes form images based on the
selective absorption of electrons by various parts of the specimen.
The specimen lies above the fluorescent screen, and hence, the elec-
trons that make a mark on the screen are the ones able to pass
through the specimen. The parts that absorb the electrons prevent
their passage to the screen and thus appear dark. The parts that
allow the electrons to pass through appear bright (8 Fig. 2.11c).
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B Fig. 2.11 b A modern transmission electron microscope (Hitachi HT-7700)
with many refinements is shown. Although appearing quite different, it uses
essentially the same optical plan as the instrument from 1933. Note the lack of a
viewing port. All imaging is done digitally and displayed on the computer monitor.
(Image courtesy of Roger Teppert, Hitachi High Technologies America, Inc.)

B Fig. 2.11 cTransmission electron micrograph of a cucumber (Cucumis sativus)
leaf cell. Note vacuole (V), nucleus (N) and chloroplasts (C). Scale bar = 20 pm (RR Wise)
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2.12 The Scanning Electron Microscope
Resolves Surface Detail

The scanning electron microscope has many features similar to the
transmission electron microscope, up to a point. To a degree, it may
be thought of as the “top half” of a transmission electron microscope
column. In essence, the electron beam is reduced in size by one or
more condenser lenses producing a very narrow beam diameter, and
then it is electronically deflected in a raster pattern across a solid
specimen surface in a series of lines, each of which is composed of
many image points. The electron beam dwells for a very short time at
each image point (e.g., a millionth of a second or less), during which
time it excites outer shell electrons out of the specimen (called sec-
ondary electrons). These are low-energy electrons (typically <50 elec-
tron volts of energy), and are therefore capable of being attracted to a
positively charged (usually ~ + 250 eV) detector, where they create an
electrical signal that is proportional to their numbers from any given
site on the specimen. The strength of this signal regulates the intensity
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@ Fig.2.12 a Diagram of the beam path in an SEM (Redrawn from Crang and
Vassilyev 2003)
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B Fig.2.12 b A modern scanning electron microscope with ultra-high-
resolution capabilities (SU-3500). It is capable of resolving structures 0.8 nm at
15 eV beam acceleration. (Image courtesy of Roger Teppert, Hitachi High
Technologies America, Inc.)

B Fig. 2.12 ¢ Upland cotton (Gossypium hirsutum) leaf in cross-section. The
specimen was frozen and then fractured along a cross-sectional plane, which
was then prepared for observation with the SEM. Scale bar = 100 pm (RR Wise)

(brightness) of a corresponding electron beam in a television or mon-
itor-like screen. Thus, the number of electrons emitted from the sur-
face of a specimen at any one point determines the intensity of the
signal on the electronic viewing screen (B Fig. 2.12a—c).

The electron beam of the microscope and the raster display both
move in synchrony. However, the ratio of the length of the electron
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beam scan across the specimen, to the scan of the one across the view-
ing screen, determines image magnification. The smaller the sweep
across the specimen, the greater the displayed magnification. Thus, this
instrument is more like an image mapping system compared to the
optical projection of the transmission electron microscope.

Box 2.2 An Atomic-Resolution Microscope

Without Lenses

Light and electron microscopes use lenses, either glass or
electromagnetic, to manipulate an illuminating beam of
photons or electrons to produce the image of a specimen.
Alternatively, an atomic force microscope (AFM), physically
scans the surface of a specimen with a very small and highly
sensitive probe capable of measuring atom-to-atom interac-
tions. In effect, the AFM “feels” its way across the surface and
generates a three-dimensional map of surface features.
Resolutions of 30 nm (1 X 10~° m) in the horizontal direction
and 1 nm in the vertical direction can be achieved. The plant
cuticle is a layer of lipids, largely wax, that coats the leaves and
stems of terrestrial plants (refer to » Chap. 9). By gently
removing the cuticle from living plant leaves, and then using
AFM to monitor the redeposition of waxes, researchers have
been able to determine the timing and rate of various stages of
cuticle formation. This information is useful in understanding
the basic biology of cuticle formation at an extremely high
“magnification.”

Reference: Koch et al. (2004).

2.13 Different Microscopies Produce Different
Images of the Same Specimen

Below are four images of the same specimen—stomata from cotton
(Gossypium hirsutum). All have been adjusted to the same magnifi-
cation, yet note the different kinds of visual information conveyed
by each. The light micrograph (8 Fig. 2.13a) shows a flat appearance
and low resolution due to the very shallow depth of focus of the
instrument. For the CLSM image (8 Fig. 2.13b), the leaf was stained
with Auramine O, which fluoresces only in the presence of lipids
and waxes. It is used to highlight the layer of epicuticular wax that
covers the exterior of the leaf and extends into the substomatal
cavity. The transmission electron micrograph (8 Fig. 2.13c) is of a
section that shows internal structure of the guard cells. The scan-
ning electron micrograph (8 Fig. 2.13d) shows a three-dimensional
like view, which quickly gives the observer a feel for the surface
properties of the leaf and stomatal complex.

The transmission electron microscope, like the light micro-
scope, projects an optical image on a viewing or recording plane
from a thin specimen. On the other hand, the scanning electron
microscope generates an image map of the surface of a specimen. It
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O Fig. 2.13 Comparative micrographs of upland cotton (Gossypium hirsutum) stomata revealed in cross-sectional view
using a light microscopy, b confocal laser scanning microscopy (stained green to reveal epicuticular wax), ¢ transmission
electron microscopy, and d in surface view using scanning electron microscopy. Scale bar in (d) = 20 pm and applies to
all panels (a—-d RR Wise)

can readily be calculated that the limit of resolution of the light
microscope is approximately 0.2 pm (200 nm), that of the scanning
electron microscope is approximately 1.0 nm, and that of the trans-
mission electron microscope normally is approximately 0.1 nm.
Thus, based on these resolution potentials, the highest useful mag-
nification of the transmission electron microscope is about 500x
greater than the light microscope and 10x greater than that of the
scanning electron microscope.

2.14 Chapter Review

= Concept Review

2.1 Robert Hooke, 1635-1703, was the first to describe a cell as the
basic unit of life. Hooke was the first to describe biological
materials under microscopes and discover the cell as the
simplest unit of life.

2.2 Antoni van Leeuwenhoek, 1632-1723, was the first scientist to
observe microorganisms. Van Leeuwenhoek had a deep
interest in science and microscopy which lead to innovations
in single-lens microscopes. He is also known for his work in
describing microorganisms.
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2.3

2.4

2.5

2.6

2.7

2.8

2.9

2.10

2.11

2.12

2.13

Nehemiah Grew, 1641-1712, was the father of plant anatomy.
Grew is most noted for his pivotal work on two illustrated
books focused solely on plant anatomy.

Robert Brown, 1773-1858, discovered the nucleus of the cell.
While Brown’s work is exciting for any cell biologist, his
discovery of the nucleus in orchid cells earns him notoriety
in the field of plant anatomy. Other notable discoveries
include Brownian movement and cytoplasmic streaming.
Katherine Esau, 1898-1997, advanced the field of plant
anatomy with her influential textbooks. Esau’s work in plant
anatomy is so thorough that no other books on plant
anatomy have been as detailed or complete. Her life’s work in
plant anatomy led to many honors including the National
Medal of Science.

Light microscopy: The most useful tool of the plant anatomist.
Light microscopy provides relatively high magnification and
resolution and continues to be a vital tool for the modern
plant anatomist.

The compound light microscope uses multiple lenses to form
and capture images. Compound light microscopes use two or
more lenses, which allow for both variable and greater
magnification of images, wider fields of view, and brighter
images. It also allows the observer to work at greater
distances from the specimen.

The resolving power of a lens places limits on resolution and
magnification. The resolving power of a microscope is a
function of the wavelength divided by the sum of the
numerical aperture of the objective and condenser lenses.
The confocal microscope allows for sharper detail, computer
control, and 3-D imaging with a modified compound micro-
scope. Confocal microscopy provides greater detail in the
anatomy, structure, function, and gene expression within
plants using fluorescence.

Electron microscopy allows a view into the world of cellular
ultrastructure. Using electron beams, scientists can view
exceptionally small structures due to the greater resolution
and magnification afforded by electron microscopy.

The transmission electron microscope reveals internal cellular
detail. Electrons have a very limited ability to penetrate
substances. When looking at a TEM image, the parts that are
dark represent those areas where the electrons were
absorbed, while the parts that allowed the passage.

The scanning electron microscope resolves surface detail. SEM
scans electrons over the outside surface of a specimen. When
internal structures are to be visualized, the specimens are
frozen and fractured to allow for the surfaces of the internal
components of the cell to be imaged.

Different microscopies produce different images of the same
specimen. This chapter discusses a variety of different
microscopy techniques, which are all valuable at the level of
detail that they can capture from light microscopy to the
exceptionally high resolution of the electron microscopes.
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2. When this is high, gaps between adjacent objects are small
4.Type of electron microscopy that details surfaces
6. Famous plant anatomist who began studying how viruses travel through phloem
7. Father of plant anatomy
9. Uses fluorescence to build 3-D plant structures
10. First described the cell as cellulae
11. Magnifies a specimen
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c. objective.
d. projector.
e. intermediate.

The compound microscope is more powerful than a single-

lens microscope because

a. itreduces the amount of light necessary to view the
specimen.

b. it allows for a narrow field of view to enhance
magnification.

c. two lenses allow for increased magnification of the
specimen.

d. the multiple lenses allow the microscopist to work
closer to the specimen.

e. the multiple lenses have little to no effect on the
brightness of the image.

In its optical design, the transmission electron microscope
is most like a (n)

a. scanning electron microscope.

atomic force microscope.

single-lens microscope.

confocal microscope.

compound light microscope (brightfield).

Pongo

. How does the scanning electron microscope differ from the

transmission electron microscope? It

a. uses electromagnetic lenses.

operates with a vacuum.

uses an electron beam.

maps images rather than optically projecting them.
produces monochrome images.

Pongo

. Which instrument is best used to view the structure

of viruses?

a. single-lens microscope.

. confocal microscope.

scanning electron microscope.

. transmission electron microscope.
compound light microscope (brightfield).

man o

= Concept Applications

© 2

© 3

If you want to investigate the expression of a gene in the
root of an oak tree, what type of microscopy would you
use? Why? Could you use this same type of microscopy in a
leaf, why or why not?

You have been charged with understanding the leaf
anatomy of a plant in the desert in contrast to a plant from
a tropical rain forest. What types of microscopy would you
use to investigate similarities or differences associated with
the leaves?
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Light micrograph of an onion (Allium sp.) root tip in longitudinal section. Scanning
electron micrograph of several plasmodesmata in the cell walls of Katsura (Cercidiphyllum
japonicum) stem pith. Transmission electron micrograph of a thale cress (Arabidopsis
thaliana) leaf mesophyll cell. LM of a cystolith isolated from a Mexican petunia (Ruellia
simplex) leaf. SEM of druse crystals in American basswood (Tilia americana) wood. LM of
European hornbeam (Carpinus betulus) leaf mesophyll cells. (All images by RR Wise.)
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3.1 - Plant Cells Are Complex Structures

Introduction

Plants typically contain millions of cells and a wide variety of cell
types (cells are discussed in » Chap. 6: Parenchyma, Collenchyma,
and Sclerenchyma). Plant cells are composed of cell walls
(» Chap. 5), a cytoplasm, and vacuoles, which are primarily water
sacs that contain storage and waste products of metabolism and
which provide turgor pressure for the cell. While the vacuole physi-
cally takes up the most space in the cell, the cell contains many
organelles within the protoplasm that are pushed up against the
cell wall. Protoplasmic organization includes nuclear structure and
the cytoplasmic contents of the cell. The most basic to the organiza-
tion of cells are membranes which represent the limiting boundary
of the living components, being organized into various unique
functional bodies called organelles. Such organelles are usually
thought of as membrane-bound bodies that have a specific func-
tion and identifiable structural organization. The exceptions are
certain elements of the cytoskeleton, which are considered to be
organelles but are not limited by a membrane.

3.1 Plant Cells Are Complex Structures

With the development of the transmission electron microscope
in the mid-twentieth century, plant biologists were able to visual-
ize for the first time the organization of cells at a level much finer
than that seen with the light microscope (8 Fig. 3.1a, b). Hence, the
terms ultrastructure and fine structure came about in reference to

O Fig. 3.1 aLight microscopy (LM) showing a paradermal section (i.e., cut
parallel with the surface) of a leaf from the lyre-leaved sand cress (Arabidopsis
lyrata). Scale bar = 50 pm (RR Wise)

79
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B Fig.3.1 b TEM of several leaf cells from Arabidopsis thaliana. Each cell con-
tains a large central vacuole (V), nucleus (N), and numerous chloroplasts (C).
Note the intercellular air spaces (*). Other organelles are too small to be seen
at this magnification. Scale bar = 10 pm (RR Wise)

the detailed cellular structure shown with the electron microscope.
The information learned from the use of the electron microscope
in plant anatomy has revealed that cells are primarily composed
of membrane-bound organelles associated with specific functions.
Here, we consider the major structural entities and their functions.
In recent years, a variety of techniques have been developed which
enable investigators to identify elemental composition, localize
functional (usually enzyme) activities, and quantify cellular struc-
ture. These techniques extend our observations beyond merely
descriptive ones.

3.2 Plant Cells Synthesize an External Wall
and Contain a Variety of Internal
Compartments

Plant cells vary greatly in the numbers and types of organelles
they contain. That is why textbooks usually show a drawing
and not a micrograph of a “typical plant cell”’—there is no such
thing in real life. @ Figure 3.2 is, therefore, a “convenient fiction”
showing all the organelles neatly arranged in a prototypical plant
parenchyma cell. The four basic components are (from the out-
side in) cell wall (a primary wall in this case), plasma membrane,
cytoplasm (which contains many and varied organelles), and
vacuole.
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O Fig. 3.2 Basic components of a plant cell. The individual organelles are discussed throughout this chapter

(Redrawn from Wikipedia)

3.3 Cells and Cell Organelles Are Typically Bound
by Lipid Bilayer Membranes

The biological membrane is a ubiquitous and remarkable bound-
ary of all living cells and most cell organelles. All membranes share
a common structure and function (8 Fig. 3.3a, b), although the
individual components and the precise roles played by membranes
can vary greatly. The cell membrane (a.k.a. plasma membrane) will
be discussed in this section. Membranes of organelles such as those
in the chloroplast, nucleus, or Golgi apparatus share many of the
same basic characteristics.

Observed with very high-resolution transmission electron
microscopy, membranes often appear as two tracks or dense lines
when observed in a distinct cross-sectional plane (8 Fig. 3.3a). That
phenomenon occurs because of the deposition of osmium and
associated stains (all contain heavy metals that do not transmit the
electron beam of the microscope). The density appears to take place
primarily towards each side of the membrane, leaving a somewhat
translucent region in the center where the hydrophobic “tails” of
lipids are in contact from the two layers. Some investigators have
designated this type of pattern as a “unit membrane” image.
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B Fig. 3.3 a Unit membrane structure of nuclear envelope observed with
very high-resolution transmission electron microscopy. Two unit membranes
are found closely opposed to each other, with an intervening space (I), which
is similar to the nuclear envelope or outer double membrane of chloroplasts.
The magnification of this micrograph is close to 350,000%, and the thickness of
each membrane is approximately 10 nm (i.e., 100 A). Scale bar = 50 nm. (Image
from Macleod (1973) Cytology: The Cell and Its Nucleus, The Upjohn Co, with
permission)

Biological membranes are called a “fluid mosaic lipid bilayer”
The latter term, “lipid bilayer,” obviously means that the mem-
brane is composed of two layers of lipids (8 Fig. 3.3b). The indi-
vidual lipid molecules are amphipathic, meaning they have a
hydrophilic head group and (usually two) hydrophobic tails. In
the bilayer structure, the hydrophilic head groups are oriented
towards the outsides of the membrane, exposed to the aqueous
milieu on either side of the membrane, while the hydrophobic
tails face each other in the membrane’s interior. Individual lipid
molecules are free to rotate or diffuse sideways within the plane
of the membrane, hence the modifier “fluid” Phospholipids are a
common membrane lipid, although many other molecular species
contribute to the diversity of membrane structure and function
across the plant and animal kingdoms. Cholesterol, when pres-
ent, helps maintain membrane structure and fluidity. Cholesterol
is common in animal membranes but relatively scarce in plant
membranes. Membranes may also contain other lipids such as
chlorophyll, carotenoids, and the lipid-soluble, redox-active qui-
nones of the chloroplast and mitochondrion (plastoquinone and
ubiquinone).
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O Fig. 3.3 b Basic components of a plant cell membrane. The amphipathic lipids face each other creating two hydro-
philic surfaces and a hydrophobic interior. Different proteins may be on the surface of, or embedded within, the mem-
brane (Redrawn from Crang and Vassilyev 2003)

The term “mosaic” refers to the fact that membranes are a mixture
of lipids and proteins occurring in varying proportions, depending
on the role that the membrane plays in the plant cell. Proteins can
make up a significant portion of the membrane and play key roles in
membrane functions. In fact, the energy-transducing membranes
in chloroplasts and mitochondria are approximately 85% protein
by weight and only 15% lipid. Proteins may be associated with the
surface of the membrane (peripheral proteins) or embedded within
and even span the membrane from one side to the other (integral
protein). Many membrane proteins are free to diffuse throughout
the membrane (like lipids), while others, particularly proteins in
the limiting cell membrane, are anchored to cytoskeletal elements
lying close to the cytoplasmic (inside) surface of the cell. The cellu-
lose-synthesizing protein complex is actually dragged through the
plane of the membrane by the cytoplasmic cytoskeleton during cell
wall synthesis (» Chap. 5). Short chains of carbohydrates may be
covalently attached to proteins (glycoproteins) or lipids (glycolip-
ids) and facing the outer surface of the plasma lemma. By facing
the exterior, the sugars, their number and subunit structure, carry
important information for neighboring cells.

Biological membranes are selectively permeable, implying that
some substances cross the membrane more easily and rapidly than
others. Membranes can fuse one with another, and they also can
grow by adding new molecules. They can form bubble-like vesicles,
which segregate certain products that are moved to different sites in
the cytoplasm.

Membranes play many important roles. First, and foremost,
they create a boundary between the inside and outside of a cell or
organelle, which allows for the compartmentalization of metabo-
lism. Catabolic processes can take place in the mitochondrion,
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while anabolism may simultaneously proceed in the chloroplast or
endoplasmic reticulum. Second, membranes, specifically the mem-
brane proteins, control the transport of water, ions, and molecules
into and out of the cell or organelle. Third, because membranes
are basically two-dimensional, the proteins involved in metabolic
or electron transport pathways can be arranged side-by-side, thus
allowing metabolites or electrons to be passed directly from one
protein molecule to the next.

3.4 Vacuoles Play a Role in Water and lon Balance

A large central vacuole as seen in @ Fig. 3.4 is a key characteristic
of almost every mature plant cell. Once thought of as merely empty
space fillers (“vac” is Latin root for “empty”), vacuoles are now seen
as fully functional cellular organelles that play crucial roles in cell
homeostasis, water balance, metabolite, ion and pigment storage,
and detoxification and lysis of unwanted compounds.

The vacuole is bounded by a single membrane called the tono-
plast, which at 10 nm (0.01 pm) in thickness is too thin to be visible
in @ Fig. 3.4. The tonoplast contains transport proteins that control
the movement of water and molecules into and out of the vacuole,
which is critical to controlling the movement of water through-
out the plant and the maintenance of turgor (refer to » Sect. 1.2).
Water-soluble pigments such as anthocyanins accumulate in vacu-
oles in epidermal cells and impart the purple, red, and blue colors

O Fig. 3.4 TEM of a mesophyll cell from a pea (Pisum sativum) leaf with a
large central vacuole (V) and a thin rim of cytoplasm. Organelles such as a
nucleus (N, with nucleolus), chloroplasts (C), and mitochondria (M) occupy the
majority of the cytoplasm volume. Intercellular air spaces (IAS) are situated
between the cells. Scale bar = 10 pm (RR Wise)
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of many flower petals and leaves, whereas seed vacuoles are adapted
for protein storage. Vacuoles are also sometimes used to store the
end products of catabolism.

3.5 Plastids Are a Diverse Family of Anabolic
Organelles

Chloroplasts are photosynthetic organelles found in plant cells.
Indeed, the very definition of what it means to be a plant is largely
predicated on their photoautotrophic abilities, which reside exclu-
sively in the chloroplast. However, chloroplasts are only one mem-
ber of the plastid family, a large, closely related and diverse group
of organelles (Kirk and Tilney-Bassett 1967). Depending on the
breadth of the definition, there are as many as 20 distinctly different
types of plastids found in both plants and (in a few surprising cases)
animals (Wise 2006, 8 Table 3.1).

Plastids are sometimes categorized based on their color. In such
a scheme, the nonpigmented plastids such as proplastids, etioplasts,
amyloplasts, and elaioplasts are called leucoplasts. Red and orange
plastids (chromoplasts and gerontoplasts) are grouped together as
chromoplasts. Green plastids (C,, dimorphic C,, and guard cell) are

@ Table 3.1 Summary of plastid forms and functions

Plastid type Function(s) Distinctive features

Proplastid Source of other plastids Found in egg, meristematic and embryonic cells; source of all
other plastids in the plant

Etioplast Transitionary stage Develops in dark-grown tissue; site of gibberellin synthesis;
converts to chloroplast in light

Amyloplast Starch synthesis and Also functions in gravisensing

storage
Elaioplast Oil synthesis and storage Supplies lipids and oils to exine upon pollen grain maturation

Chromoplast

Gerontoplast

Chloroplasts

C

3

Sun/shade

Guard cell

Fruit and flower
coloration

Catabolism

Photosynthesis, etc.

Photosynthesis, etc.

Photosynthesis, etc.

Stomatal functioning

Rich in carotenoids; used to attract pollinators and seed/
fruit-dispersing animals

Controls the dismantling of the photosynthetic apparatus
during senescence

Also functions in fatty acid, lipid, amino acid and protein
synthesis, N and S assimilation

Dimorphic chloroplasts provide a CO,-rich, O,-poor environ-
ment for enhanced Rubisco activity (enzyme for early carbon
fixation)

Dimorphic forms develop under different light conditions in
order to optimize photosynthesis

Senses light and CO,; signals and metabolically drives opening
and closing of stomata
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called chloroplasts. Because this system merely focuses on common
color, and not distinct structure or function, it is not relied upon in
this text.

Substantial evidence exists to support an endosymbiotic origin
for plastids, with the original endosymbiont being a photosynthetic
cyanobacterium. Two processes took place during the ensuing 1.6
billion years of evolution: (1) approximately 90% of the plastid
genome was transferred to the nucleus and (2) the proto-chloroplast
radiated and evolved into the other plastid types. Thus, all plastids
share the same basic characters of a double-membrane envelope; a
separate and third internal membrane system of greater (chromo-
plast, chloroplast) or lesser (proplastid, amyloplast) complexity; a
complete prokaryotic-like genetic machinery consisting of organ-
ellar DNA, transcription factors, and ribosomes (» Sect. 3.9); and
division by fission (again, very prokaryotic-like). Unlike mitochon-
dria, which were also derived endosymbiotically, plastids did not
surrender the anabolic abilities of their free-living ancestors. In fact,
the power to manufacture all the biomolecules needed for complete
growth and development has enabled plants to use plastids as the
central organelle for anabolism, catabolism, energy regulation,
and environmental sensing. The seven main plastid types found in
green plants are described as follows.

3.5.1 Proplastid

Plants begin with an egg cell, and the egg cell is the primary source
of organelles for the zygote that eventually leads to an adult plant
(» Chap. 18). Egg cell plastids, of which there may be 50-100 per
egg, are called “proplastids” and are the progenitors of all the other
plastids (regardless of type) found in the mature plant. Subsequent
mitosis and the generation of new tissues in plants take place in
meristems (» Chap. 4), and meristematic plant cells also contain
proplastids. Most plants continue to grow throughout their entire
life to support shoot and root expansion. Therefore, they may have
hundreds to thousands of meristems at any given time and thus a
large population of proplastids.

Unlike the other plastid types, proplastids as a group are
defined by their appearance and location, and not by any specific
metabolic function. Characteristically, they are small, relatively
non-differentiated with few internal membranes and only found in
young, undifferentiated cells (B Fig. 3.5a, b).

3.5.2 Etioplast

Etioplasts develop in complete darkness in shoot tissue and are
a transitional stage between the proplastid and the chloroplast
during the process of greening (B Fig. 3.5¢, d). The reverse pro-
cess—degreening (chloroplast to etioplast)—is also possible as evi-
denced by the pale color that results under any light barrier laid
on a green lawn (board, tarp, garden hose, etc.). In this process,
the green grass undergoes chlorosis (the controlled, enzymatic loss
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B Fig. 3.5 aProplastids (P) surrounding the nucleus (N) in a cell from a mangrove (Rhizophora mangle) embryo. Scale
bar =10 pm (RR Wise). b A single proplastid from sweet potato (Ipomea batatas) root tip. Scale bar = 0.5 pm (a, b RR Wise)

of chlorophyll) and becomes pale green upon the imposition of
darkness. Removing the obstruction allows the greening process to
resume. Thus, the etioplast-to-chloroplast-to-etioplast transition is
quite dynamic and under strict genetic control in response to envi-
ronmental conditions.

Etioplast ultrastructure is dominated by the prolamellar body
(PLB), a large, ordered lattice of membranes (8 Fig. 3.5¢). While the
exact function of the PLB remains obscure, it probably represents
a “holding pattern” for the large amount of membrane and protein
that will ultimately be utilized in formation of the thylakoid system
(see chloroplast below). Interestingly, etioplasts only form in dark-
grown cells of the leaves and stems, tissues that under normal con-
ditions will eventually be exposed to light. They never form in roots
or tissues that are insensitive to light. The plant growth regulator
gibberellic acid (GA) is synthesized in the etioplast. Because GA
helps direct many early developmental processes, such as those in
an expanding and greening leaf, the etioplast probably contributes
directly to the light-to-dark transition.

3.5.3 Elaioplast

Lipid synthesis in animal cells is localized to the smooth endoplas-
mic reticulum (refer to » Sect. 3.9). However, SER is rarely seen
in plant cells because most plant lipids are made in the proplastid,
chloroplast, or elaioplast. Elaioplasts (8 Fig. 3.5f) are plastids that
specialize in oil synthesis and storage and are found primarily in the
layer of cells in the anther that surrounds developing pollen grains
(called the tapetum or tapetal layer; refer to » Chap. 17). After mei-
osis and just prior to pollen release, the tapetal layer degrades and
releases the elaioplasts, which contribute their oils to the exine, the
outermost, waterproof pollen wall (8 Fig. 3.59).
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B Fig. 3.5 c-e Wheat (Triticum aestivum) seedlings grown either in the light c or dark d. Note how etiolated growth
results in pale, long, weak plants. Scale bar = 2 cm (RR Wise). e TEM of four etioplasts from the dark-grown plants
similar to those seen in d. Note large prolamellar bodies (PLB) inside each etioplast. Scale bar = 0.5 pm (c, d RR Wise,
e Crang and Vassilyev 2003)

3.5.4 Amyloplast

Starch is a macropolymer of several thousand repeating glucose
units. All starch synthesis occurs inside a plastid, and large starch
granules can be found in proplastids, chloroplasts, and amyloplasts.
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B Fig. 3.5 fLM of lily (Lilium sp.) anther in cross-section. The tapetum (T) lines the cavity (loculus) in which the pollen
grains develop. Cells of the tapetum contain dense bodies of oil-rich elaioplasts. Scale bar = 0.5 mm (RR Wise). g TEM of
two elaioplasts in Arabidopsis thaliana anther, showing light oil inclusions. Scale bar = 1 um. (Image courtesy of Dr. Denis
Murphy, University of South Wales)

B Fig. 3.5 hTEM of an amyloplast from root tip (columella) of mung bean (Vicia faba). Note starch granules (S) in the
amyloplast, nucleus (N), rough endoplasmic reticulum (RER), and cell wall (CW). The direction of the gravitational field
is indicated by the arrow. Scale bar =1 pm (Image courtesy of Dr. Denis Murphy, University of South Wales). i SEM of
storage starch granules isolated from pea (Pisum sativum) amyloplasts. These starch grains are considerably larger than
those shown in B Fig. 3.5h. Scale bar =5 pum (h, i RR Wise)

Chloroplasts make short-term transitory starch with the entire pool
being synthesized during the day and degraded and exported at
night. Proplastids and, in particular, amyloplasts make long-term
storage starch that may persist for weeks, months, or even years.
While most plastid types can contain starch, amyloplasts are
unique because of the copious amounts of starch they synthesize
in the form of large grains (@ Fig. 3.5h, i). In another example of
plastid versatility, amyloplasts play two uniquely different roles.
The function of amyloplasts in starch storage has already been
noted. A second, separate function is in gravisensing (a positive
response to the force of gravity). Starch is heavy, and starch-filled
amyloplasts settle toward the pull of gravity on a minute time scale,
even within plant cells. Amyloplasts in special tissues in the stem
(the endodermis—refer to » Sects. 10.4 and 11.5) and the root (the
columella— » Sect. 10.4) perform a mechanical, not a metabolic,
function as they sink to the bottom of the cell, contact the rough
endoplasmic reticulum (RER), and signal an upper/lower cell
polarity that initiates a gravitropic growth response through a plant
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growth regulator indoleacetic acid (IAA). Shoots therefore exhibit
negative gravitropism and grow away from the signal, or up, while
roots exhibit positive gravitropism and grow towards the signal, or
down.

3.5.5 Chromoplast

Chromoplasts (B Fig. 3.5j) contribute the bright red, orange, and
yellow colors to many fruits that serve to attract and conscript ani-
mals to act as seed dispersers. They originate as chloroplasts, and
the chloroplast-to-chromoplast transition (refer to B Fig. 3.6) is
tightly coordinated with the complex process of fruit ripening. In
developing tobacco (Nicotiana tabacum) nectaries, an amyloplast-
to-chromoplast transition is the source of the carbohydrate used for
nectar production (Horner et al. 2007).

The colors of chromoplasts come from large accumulations of
carotenoid pigments of which there are two types: carotenes (car-
bon and hydrogen only) and xanthophylls (C, H plus oxygen). In
addition to functioning as animal visual attractants, the carotenoids
are also precursors for vitamin A biosynthesis in animals, thus
rewarding seed dispersers with an essential nutrient. During the
chloroplast-to-chromoplast transition, the chlorophyll-containing
thylakoid membranes of the chloroplast are degraded and replaced
with outsized pigment-protein droplets called plastoglobuli
(B Fig. 3.5k). The protein, fibrillin, which has many other functions
in plant cells, helps maintain plastoglobus structure.

3.5.6 Gerontoplast

Leaf cells each may have up to a hundred individual chloroplasts,
and each chloroplast is rich in the proteins needed for photosyn-
thesis. Autumnal senescence (“fall colors”) is a genetically pro-
grammed, step-by-step dismantling of the chloroplast with the sole
purpose of recovering that leaf protein (8 Fig. 3.5). Cell walls and
chloroplast lipids, including the lipid chlorophyll, are not recovered
and remain in the leaves that are eventually shed. As senescence
proceeds, thylakoid membranes are degraded, lipids and pigments
form large droplets, and the chloroplast is slowly converted to a
gerontoplast (B Fig. 3.5m). Gerontoplasts have few internal mem-
branes and many plastoglobuli—lipid accumulations that represent
the catabolic end product of resource recovery.

3.5.7 Chloroplast

These common chlorophyll-containing organelles are found in
leaves and stems of eukaryotic plants and in algae. They utilize car-
bon dioxide and water in the presence of sunlight to initially pro-
duce simple sugars that build up food for the plant.
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O Fig. 3.5 j Cells of a red bell pepper (Capsicum annuum) fruit containing many chromoplasts. k A single chromo-
plast from tomato (Solanum lycopersicum) fruit containing numerous dark, carotenoid-containing plastoglobuli. Scale
bars =10 pm injand 1 pmin k. | Maple leaves at the final stage of autumnal senescence (j-1 RR Wise)

e e e Rl e

O Fig.3.5 mTEM of a gerontoplast from a senescing leaf of hydrangea
(Hydrangea sp.). Note the numerous, small dark plastoglobuli (refer to

» Sect. 3.5.5), which result from the breakdown of the photosynthetic
membranes. Scale bar = 1 pm (RR Wise)
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B Fig. 3.5 n LM of chloroplasts from the outer layer of a green bell pepper (Capsicum annuum) fruit. The dark
specks inside the chloroplasts are grana. Scale bar = 10 pm. o TEM of spinach (Spinacia oleracea) chloroplast situated
between the vacuole (V) and cell wall (CW). Internally, chloroplasts have stacks of granal thylakoid (G) and starch
grains (S) suspended in the stroma (St). Scale bar = 3 pm. p This single granum (G) from a spinach (Spinacia oleracea)
chloroplast is composed of 15 thylakoid membranes stacked (appressed) on top of each other. Stromal thylakoids
(ST) are unstacked (unappressed) and extend from the edges of the granum. Note the two membranes of the chloro-
plast envelope (CE) and ribosomes (R). Cytoplasm, also with many ribosomes (R), is to the bottom of the image. Scale

bar = 0.5 pm (n—-p RR Wise)

The typical C, chloroplast is a round, plano-convex organelle
approximately 5 to 10 pm in length (8 Fig. 3.5n; see below for
definition of the C, photosynthetic pathway). They have a double-
membrane envelope and a third, internal system of membranes,
thylakoids, that is suspended in a protein-rich fluid, the stroma
(8 Fig. 3.50). In a functional chloroplast, thylakoids form a closed,
flattened volume, with the stroma to the outside and the lumen to
the inside. Two categories of thylakoids are recognized: (1) Granal
thylakoids are pressed together in stacks called grana in which
an individual granum may contain 2-30 or more thylakoids. (2)
Intergranal thylakoids (a.k.a. stromal thylakoids) are unappressed
and span the stroma to interconnect grana (8 Fig. 3.5p).

3.5.8 Chloroplast Functions

Because chloroplasts have a constant supply of reduced carbon,
NADPH, and ATP and originated from free-living prokaryotic
endosymbionts, they have evolved over time to be capable of
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performing a large array of anabolic functions in a plant cell. Some
of those functions are given here.

Chloroplasts use photosynthesis to manufacture low-molecular-
weight, reduced carbon compounds, commonly called sugars.
In brief, photosynthesis can be divided into two distinct sets of
reactions:

1. The light-dependent reactions harvest light energy and use
that energy to transport electrons through an electron
transport chain embedded in the thylakoid membrane.
Chlorophyll is the primary photosynthetic pigment; hence,
thylakoid membranes are deep green in color. The light-
dependent reactions synthesize ATP and the reductant
NADPH.

2. 'The light-independent reactions subsequently use that
NADPH and ATP to reduce and phosphorylate oxidized
atmospheric carbon to the level of a sugar phosphate. The
light-independent reaction occurs in the liquid stroma of the
chloroplast and converts CO, and other compounds to
glucose.

Nitrogen and sulfur are two of the 20 essential elements plants
need for growth and development. Both are rather scarce in the
environment, at least in bioavailable forms. While different path-
ways are responsible for the uptake of nitrogen and sulfur (and
will not be discussed here), once in the plant, both elements must
be assimilated into safe, transportable, and usable forms such as
amino acids.

As a class of chemical compounds, there are about 500 amino
acids, of which only 20 are used to make proteins. These are
the so-called proteinogenic (or proteinaceous) amino acids.
Humans can only make 11 of the 20 proteinogenic amino acids.
In contrast, plants can synthesize all 20 proteinogenic amino
acids (as well as hundreds of others), and plastids are the site for
the synthesis for the 9 essential amino acids that humans need.
Lacking plastids, humans must acquire these nine “essential”
amino acids via their diet, by eating plants or other animals that
feed on plants.

Glyphosate (Roundup®) is a potent inhibitor of a key plastid
enzyme in the aromatic amino acid pathway (phenylalanine, tyro-
sine, and tryptophan), and, thus, it is a powerful and specific her-
bicide. Synthesis of the branched-chain amino acids (isoleucine,
leucine, and valine) is also plastid localized and can be the subject
of specific herbicide inhibition.

Plastids, in one form or another, synthesize chlorophylls, carot-
enoids, fatty acids, phospholipids, sulfolipids and galactolipids,
tocopherols, and quinone lipids. Plant cells only rarely possess
smooth endoplasmic reticulum, the site of most lipid synthesis in
animals.

93
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Box 3.1 Where Are Tannins Made?

Tannins are a type of polyphenol that serve many purposes for
plants, including protection from predators (due to a bitter
taste), regulating plant growth, and protecting plants from
ultraviolet radiation. They are what give things like tea,
pomegranates, and under-ripe raspberries their “dry” effect.

Tannins form bonds with proteins, cellulose, starches, and
even minerals to create substances that resist decomposition.
In fact, tannins from trees like oak, maple, and mangrove were
used by ancient and indigenous cultures to preserve animal
skins for clothing and blankets. Hence the terms “tanned
leather”and “suntan.”

When you drink green tea, beer, wine, or even fruit juices,
the bitter taste in your mouth results from the presence of
condensed tannins. Condensed tannins are substances that are
produced in a wide variety of plants and are located within
leaves, fruits, and bark. Tannins provide plants with protection
against herbivores and even from the UV rays of the sun. People
utilize tannins for their antioxidant properties, often consuming
them for anticancer, anti-inflammatory, and anti-allergenic
benefits (Frazier et al. 2010). But how and where are tannins
produced within plant cells?

Light, epifluorescence, and confocal microscopy have
elucidated that tannins accumulate in tannosomes, small
bodies found within the central vacuole. Tannosomes contain
both tannins and chlorophyll, linking the tannosomes with
chloroplasts. By employing TEM, Brillouet et al. (2013) further
identified that tannins, and the tannosomes, are produced
within differentiated chloroplasts. These specialized chloro-
plasts are larger than normal chloroplasts and contain
unstacked grana that generate small, membrane-bound
structures in a process the authors called “pearling.” The pearls
thus produced are filled with tannins, concentrate together at
the chloroplast membrane, and are encapsulated in a mem-
brane. This structure and the tannosomes within are shuttled
from the chloroplast, through the cytoplasm and to the central
vacuole.

3.5.9 The Dimorphic Chloroplasts
of C, Photosynthesis

The photosynthetic pathway described above results in the gen-
eration of a three-carbon compound, glyceraldehyde-3-phosphate.
Hence, plants that use this pathway are called C, plants. Other
plants, most notably grasses such as maize and sugar cane, produce
a four-carbon acid as the first stable product of photosynthesis. That
form of photosynthesis is called the C, pathway.
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C, plants differ from C, plants on biochemical, physiological,
anatomical (refer to » Sect. 12.5), and ultrastructural bases. In C,
photosynthesis, carbon dioxide is initially fixed in chloroplasts in
the mesophyll cells of the leaf. Mesophyll cell chloroplasts contain
grana stacks and are termed “granal” A four-carbon compound is
transported to the bundle sheath cells where it is decarboxylated
to a three-carbon molecule and CO,. The released CO, is then
fixed again in the bundle sheath chloroplast, which lacks grana
(“agranal”) (8 Fig. 3.5 q, r). Different ultrastructures arise because
the enzyme responsible for the secondary fixation in the bundle
sheath chloroplast, ribulose-bisphosphate carboxylase/oxygenase
(a.k.a. Rubisco, an acronym for the enzyme ribulose bisphosphate
carboxylase/oxygenase), is inhibited in the presence of oxygen.
Unlike C, chloroplasts and C, mesophyll cell chloroplasts, the C,
agranal bundle sheath chloroplasts are non-oxygenic; thus, the O,
inhibition of Rubisco is alleviated.

O Fig.3.5 qTEM of portions of a maize (Zea mays) mesophyll cell (left side) containing an agranal chloroplast and a
bundle sheath cell (right side) with a granal chloroplast. Scale bar = 2 pm. r Higher magnification of the two plastids in
q showing granal (top) and agranal chloroplast (bottom) structure in more detail. V = vacuole, CW = cell wall, M = mito-
chondrion. Scale bar =1 pm (q, r RR Wise)
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3.5.10 Guard Cell Chloroplasts

Stomata (stoma = sing.) are minute, adjustable pores on the leaf sur-
face that allow for CO,, H,O, and O, gas exchange between the leaf
and the atmosphere. Specialized pairs of epidermal cells, called guard
cells, inflate with water and then bend and open the stomatal pore.
Subsequent loss of water causes the guard cells to deflate and close the
pore. In most plants stomata are closed at night (when photosynthe-
sis cannot operate) and open during the day. The signals to open and
close come from environmental cues and an internal circadian clock.
The energy to drive the opening and closing comes from guard cell
chloroplasts that respond to osmotically driven water movements.

Guard cell chloroplasts (GCC) are, in all respects, the same as C,
chloroplasts. They contain thylakoids, grana, chlorophyll, and all the
components needed to perform both the light-dependent and the
light-independent reactions of photosynthesis. They fix carbon and
make starch. What sets GCCs apart from other chloroplasts is that
they contribute nothing to the carbon economy of the leaf. GCCs
function solely to provide the energy and osmotic pressure changes
needed to drive stomatal opening and closing (8 Fig. 3.5s-u).

Guard cell chloroplasts are an impressive example of the evo-
lutionary flexibility of plastids. Plants evolved from green algal
ancestors and began land colonization during the Silurian period
(approximately 440 million years ago). One of the many adapta-
tions needed for a terrestrial life was a waxy, water impervious outer
cuticle, which drove the need for stomatal openings in that cuticle.
As guard cells evolved, plastids were enlisted to serve as the power
plant for stomatal functioning. They are sensitive to light (and light
is a major signal for stomatal opening) and can generate the ATP
and the low-molecular-weight ions needed to support osmotically
driven stomatal opening and closing.

3.5.11 Sun Versus Shade Chloroplasts

Chloroplast development is light-dependent, and different ultra-
structures and physiologies can result as a consequence of the light
environment during development. Because light is limiting in the
shade, chloroplasts in leaves that develop in the interior of a tree
canopy develop to favor the light-dependent reactions over the light-
independent reactions. Shade-type chloroplasts are optimized
for light capture with larger grana, more thylakoids per granum
and more chlorophyll per antenna (or light-harvesting) complex.
Stromal volume is concomitantly reduced. Sun-type chloroplasts,
which develop at the exterior of the canopy where light is not limit-
ing, have smaller grana, less chlorophyll (reduced capacity for the
light-dependent reactions), and more stromal volume (increased
capacity for the light-independent reactions). Both chloroplast
types can be found on the same plant; thus, these two different
developmental outcomes are driven solely by the light environment
experienced during leaf expansion (8 Fig. 3.5v, w).
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B Fig. 3.5 s SEMimage of an upland cotton (Gossypium hirsutum) guard cell pair. Chloroplasts appear as white spots
within the guard cells. t Confocal laser scanning microscopy (CLSM) fluorescence image of a Nicotiana benthamiana
guard cell pair. Chloroplasts appear as red spots in guard cells due to chlorophyll fluorescence. u TEM of guard cell chlo-
roplast of spinach (Spinacia oleracea). Scale bars =10 pminsandt, T pm in u (s—u RR Wise)
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Box 3.2 Can Plants Absorb Green Light?

Chloroplasts of most land plants capture blue and red wave-
lengths of light for photosynthesis and reflect green wave-
lengths, giving plants a green color. However, species that grow
in deep shade are challenged in their ability to capture
sufficient light as the intensity and quality of light have been
filtered by canopy leaves. Jacobs et al. (2016) have discovered
that some species of understory Begonia have evolved a unique
light-capturing adaptation, specifically the iridoplast, which
results in blue iridescent leaves.

Iridoplasts are plastids located within the epidermal cells of
some tropical Begonias; these plastids are unique in two ways.
First, most plants lack epidermal chloroplasts. Second, irido-
plasts enable plants to utilize green and red wavelengths for
photosynthesis, contrasting with most terrestrial plants that
utilize blue and red. This feat is accomplished by having highly
structured, multilayered thylakoid membranes within the
iridoplasts. The multilayered structure greatly increases the
absorption of green light, which is enriched in the understory
because the canopy plants depleted the incoming light of the
red and blue wavelengths. This allows the plant to increase the
quantum yield when in the deep shade of the tropical forests.
Thus, by utilizing green light and increasing quantum yield,
iridoplasts are important structures in the evolution of under-
story tropical begonias.

Reference: Jacobs et al. (2016)

B Fig. 3.5 TEM of v high-light and w low-light chloroplasts from spinach (Spinacia oleracea) leaves. v The high-light
leaves were treated with 1000 pmol photons m=2 s~ irradiance for 4 h prior to sampling. w The low-light chloroplast is
from a leaf on the same plant that received 4 h of high light and then 10 min of 50 pmol photons m=2 s~'. Scale bar in
w = 0.5 pm and applies to both panels. (v, w Philip Rozak)
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3.6 All Plastids Are Developmentally Related

All plastids in a plant are descendants of the hundred or so pro-
plastids provided by the egg cell in angiosperms. @ Figure 3.6
shows the development of the various plastid types starting with
the proplastid in the center of the figure. Plastids in anthers, roots,
and etiolated tissues develop in the dark (or near dark) and do
not turn green. Those plastids become elaioplasts in the tapetum,
starch storage or gravisensing amyloplasts in the root, or etioplasts
if shoot tissue develops in the dark. Once tissues are exposed to
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chromoplast

seed dispersal . resource recovery
fruit autumnal
ripening senescence
chloroplast
carbon assimilation
starch synthesis
amino acid synthesis
protein synthesis \//g%
lipid synthesis @z -
pigment synthesis light >
sulfur assimilation
nitrogen assimilation
S0 o dark
dividing proplastid
etioplast
PGR synthesis
anther tuber root tip
elaioplast amyloplast amyloplast
pollen maturation starch storage graviperception

O Fig. 3.6 The different pathways of plastid development depicted in the drawing are both light- and tissue-
dependent. The function(s) of each plastid type is given in italics (RR Wise)
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the light, either through leaf development or by placing the plant
in the light, etioplasts convert to chloroplasts. C,, C,, guard cell,
and sun/shade chloroplasts follow different developmental path-
ways depending on their host tissue. Chloroplasts in leaves typi-
cally go through the gerontoplast stage as leaves proceed through
the senescence process. Chloroplasts in developing fruit, such as
those in a green tomato, convert to chromoplasts during ripening.

3.7 Mitochondria Synthesize ATP and Small
Carbon Skeletons

Mitochondria are the sites of two of the three phases of respira-
tion: the citric acid cycle and oxidative phosphorylation. Those two
stages are preceded by glycolysis, which takes place in the cyto-
plasm. Respiration takes the low-molecular-weight, reduced carbon
compounds produced by photosynthesis, extracts the high-energy
electrons (some during glycolysis, most during the citric acid cycle),
and feeds those electrons into the mitochondrial electron transport
chain to drive ATP synthesis (phosphorylation). In addition to ATP
production, mitochondria also export two- to five-carbon skeletons
for use by many other metabolic pathways in the cytoplasm.

Mitochondria have two membranes. The outer membrane
serves as a barrier between the cytoplasm and the mitochon-
drial interior. In composition, it is more like the other native cell
membranes, i.e., plasmalemma, vacuolar membrane, and many
membrane-limited vesicles. The inner membrane has numerous
folds called cristae that are the site of the mitochondrial electron
transport chain, which culminates with ATP synthesis via chemi-
osmosis. The enzymes of the citric acid cycle reside in the fluid-
filled interior, the matrix. The number of mitochondria per cell
can vary from only a few to fifty or a hundred, depending on cell
type and activity level (8 Fig. 3.7a-c). However, recent research
has demonstrated that mitochondria and the endoplasmic reticu-
lum interact in strikingly dynamic ways in response to light and
oxygen deprivation, fusing and splitting on a short time scale
(Jaipargas et al. 2015).

Like plastids (refer to » Sect. 3.5), mitochondria were derived
endosymbiotically and have retained the machinery needed to code
for and manufacture some of their own proteins.

3.8 Microbodies Are the Site of Specific
Biochemical Pathways

In contrast to plastids and mitochondria, microbodies are bounded
by a single membrane, have no internal membrane structure, lack
DNA, and are amorphous internally or, in some cases, may have
internal protein crystals, which represent enzymes such as catalase.
Like plastids and mitochondria, microbodies multiply by a type of
fission division.
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B Fig. 3.7 aDrawing of a typical plant mitochondrion (Redrawn from Crang and Vassilyev 2003)
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B Fig.3.7 b TEM of three mitochondria from a secretory cell in the digestive
gland of Drosophyllum lusitanicum, a carnivorous plant. Note the continuity of
cristae with the inner mitochondrial membrane (arrow). Scale bar = 1 pm (RR Wise)

There are two types of microbodies, and both received their name
due to their small size and simple structure. Microbodies in leaf
cells are called peroxisomes, and they participate in the oxidation
of glycolate to glyoxylate that produces H,O, (hydrogen peroxide),
which in turn is destroyed by the enzyme catalase (@ Fig. 3.8a). This
process is called photorespiration because it consumes oxygen, gen-
erates CO,, and occurs only in the light. It represents an inefficiency
of Rubisco, which accepts oxygen instead of the normal substrate
CO, when O, accumulates to high concentrations. The oxygen-rich
Rubisco is tricked into releasing CO,
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B Fig.3.7 ¢ Scanning electron microscopy (SEM) of mitochondria from a
spinach (Spinacia oleracea) leaf using a frozen and fractured surface. Cristae
are visible as outgrowths of the inner membrane. Scale bar = 1 pm (RR Wise)

@ Fig. 3.8 aThis TEM image shows one peroxisome (P) and several mito-
chondrion (M) tightly appressed to a chloroplast (C) in a spinach (Spinacia
oleracea) leaf mesophyll cell. The image reflects the metabolic cooperation of
these three organelles. Scale bar = 1 pm (RR Wise)

Glyoxysomes, the second type of microbody, are key organelles in
oil-storing cells of seeds where they work together with mitochondria
to catabolize the long carbon chains on storage oils and lipids into
smaller carbon skeletons for respiration and growth (8 Fig. 3.8b).

3.9 The Endoplasmic Reticulum Synthesizes
Proteins and Some Lipids

Plant cells are capable of synthesizing every biomolecule needed
for complete growth, development, and reproduction; proteins and
lipids are two major cellular components, and the endoplasmic
reticulum (ER) plays a role in the synthesis of both. The ER is an
interconnected series of tubules and sacs that lie in the cytoplasm
and comes in two forms, smooth and rough. Rough endoplas-
mic reticulum (RER) is studded with ribosomes (refer to RER in
@ Fig. 3.9¢). Ribosomes are composed of a large and a small subunit
(B Fig. 3.9a), and there may be thousands of individual ribosomes
in a cell that are actively producing proteins.
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O Fig. 3.8 b TEM of glyoxysome (G) in the endosperm of a lyre-leaved
sand cress (Arabidopsis lyrata) seed surrounded by lighter lipid bodies. Scale
bar=1 pm (RR Wise)

O Fig. 3.9 aThe two ribosome subunits showing rRNA (brown and yellow)
and protein (blue) molecules. Scale bar = 10 nm (Protein data base, public
domain)

103



104 Chapter 3 - Plant Cell Structure and Ultrastructure

- -
R N

B Fig.3.9 b Polysomes (arrows) in the cytoplasm of a thale cress (Arabidopsis
thaliana) root. Scale bar = 0.5 pm. (Image courtesy of Dr. Harry Horner)

@ Fig. 3.9 ¢ TEM image of rough endoplasmic reticulum in a rhizodermal cell
of the water plant, Limnobium bogotense (a member of the grass family). Scale
bar = 0.2 pm (Image courtesy of Dr. Harry Horner)

Plant cells have three sets of ribosomes. Those in the cytoplasm
may be attached to the endoplasmic reticulum, forming rough ER
(8 Fig. 3.9b), or they may be free-floating and not attached to any
membrane. A single molecule of mRNA may be bound by multiple
ribosomes, each at different position along the message, in a struc-
ture called a polysome. When seen in the TEM, polysomes appear
as strings of beads (8 Fig. 3.9b). The other two sets of ribosomes are
found in the chloroplast stroma (» Sect. 3.5) and the mitochondrial
matrix (» Sect. 3.7).

Proteins synthesized by the ribosomes attached to the RER are
inserted into the RER membrane or injected into the interior space
(lumen). In ultrathin sections for transmission electron microscopy;,
RER appears as double-membrane profiles covered with bumps
(8 Fig. 3.9¢). The RER is involved in the synthesis and storage of
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O Fig.3.9 dTEM of a portion of a leaf mesophyll cell from the thale cress
(Arabidopsis thaliana) experiencing a bacterial infection. As a response to the
infection, the cells are induced producing callose, via the tubules shown. Scale
bar=1 pm (RR Wise)

specific proteins (hydrolytic enzymes, membrane, storage, and
secretory proteins). Smooth ER is more vesicular and tubular than
the thinner and flatter RER. In animal cells, SER plays a large role
in lipid synthesis, a function that plants mainly perform using plas-
tids. In plants, the SER is active in the synthesis and secretion of
specific lipophilic substances such as oils and terpenes. Therefore,
SER is rarely seen in plant cells and usually is only prominent in
plant secretory structures such as oil seed tissues, nectaries, and leaf
glands. Smooth ER is also seen in leaf cells that have been infected
by bacteria. Such cells often synthesize and secrete copious amounts
of callose via the SER (@ Fig. 3.9d).

3.10 The Golgi Apparatus Processes and Packages
Polysaccharides and Proteins for Secretion

The Golgi apparatus is the sum of all of the dictyosomes with com-
mon function in a plant cell. The dictyosomes are membranous
organelles in the cell cytoplasm engaged in the processing and
export of materials to the cell exterior. In animal cells, glycosyl-
ated proteins are the major export product. However, in plant cells,
the Golgi system is primarily used to manufacture and export the
non-cellulose polysaccharides used in cell wall synthesis or root
cap slime (Rose and Lee 2010). Only in rare instances, such as the
digestive traps of carnivorous plants, does the plant Golgi apparatus
secrete proteins.
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O Fig. 3.10 aThe plant Golgi apparatus consists of an array of dictyosomes
(D), two of which are shown here using TEM from a secretory cell of poplar
(Populus sp.) leaf gland. Note the cis (D) and trans (D;) faces of a dictyosome.
Scale bar = 0.5 pm (Crang and Vassilyev 2003)

The Golgi apparatus consists of dictyosomes and vesicles
(B Fig. 3.10a, b). Dictyosomes are stacks of (usually) 5-7 mem-
brane cisternae, which exhibit polarity. Membrane vesicles con-
taining proteins and carbohydrate precursors are trafficked from
the ER to the cis face (or regenerative pole). Those materials are
enzymatically modified as they travel through the dictyosome and
then are eventually secreted in vesicles from the trans face (or
secretory pole). In micrographs, the polarity is generally obvious
inasmuch as the thickness and contents of the cisternae change
from the cis (D) to the trans (D) side of the stack. Dictyosomes
represent functional units of a Golgi apparatus, so that all dictyo-
somes in a given cell that have similar functionality represent a
single Golgi system. Thus, there may be one or more Golgi systems
per cell.
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O Fig.3.10 b Root cap cell of timothy grass (Phleum pratense) observed with
transmission electron microscopy. Dictyosome cisternae mature from cis (DC)
to trans (DT) face where they become large secretory vesicles (X) which move
polysaccharides to the cell periphery where they fuse with the plasma mem-
brane and discharge their contents into the periplasmic space. Small protein-
coated vesicles are also shown. Arrows indicate the sites of intercisternal fibrils.
CW = cell wall, RER = rough endoplasmic reticulum. Scale bar = 1 pm. (Image
from Ledbetter and Porter (1970), with permission)

Carnivorous plants typically occupy ecological niches with
low nutrient availability such as bogs and swamps. As such,
these plants acquire much of their nitrogen and phosphorous by
capturing and digesting insects in tubular traps (pitcher plants),
sticky pads (sundew), or closable claws (Venus flytrap). The plant
then secretes enzymes into the trap, which digest the prey and
releases the nutrient from absorption through the trap surface.
In such plants, enzyme secretion is meditated by the Golgi appa-
ratus. Refer to » Chap. 13 for more information on secretory
structures.
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B Fig.3.10 ¢ Shown here are a dictyosome (D) and trans-Golgi network
(TGN), (a.k.a. trans-Golgi reticulum) which is the site of protein sorting. Note
the clathrin-coated vesicles (CV) and the transport vesicles (TV). Such cells syn-
thesize and secrete digestive enzymes involved in the digestion of captured
insects. TEM. Scale bar = 0.5 pm (Crang and Vassilyev 2003)

@ Figure 3.10c shows details of a cell from a secretory cell of the
digestive gland of Drosophyllum lusitanicum, a carnivorous plant.
Unlike cells secreting polysaccharides, in cells producing proteins,
there is no shifting of cisternae in the dictyosomal stack from cis to
trans sides. On the contrary, cisternae in the stack remain station-
ary, and the exchange of the maturing protein among them occurs
through small transport vesicles (TV) that successively pinch
off and fuse with neighboring cisternae in the trans-direction.
Finally, the transport vesicles fuse with the trans-Golgi network
(TGN), an irregular body, where sorting of different proteins and
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their packing in different secretory vesicles occurs. The digestive
enzymes are packed in clathrin-coated vesicles (CV). The name of
these vesicles is derived from a spiny coat made of a specific type
of protein called clathrin. The coated vesicles bud oft the TGN, lose
their coat, and move to the plasmalemma. After the fusion of their
membrane with the plasma lemma, their cargos, hydrolases, are
then released from the cell.

3.11 The Nucleus Houses the Cell’s Genetic
Material and Participates in Ribosome
Synthesis

The nucleus is the site of storage of the cell’s genetic information, in
the form of chromosomes. Recall that plants have three genomes:
the plasmid genome contains approximately 100 genes, the mito-
chondrial genome has 40 or fewer, while the nuclear genome holds
between about 26,000 in the thale cress (Arabidopsis thaliana,
Arabidopsis Genome Initiative, 2000) to 45,550 in black cotton-
wood (Populus trichocarpa; Tuskan et al. 2006). The nucleus is also
where the components of cytoplasmic ribosomes are synthesized
and partially assembled.

Just as the vacuole is the dominant structure in leaf meso-
phyll cells, the nucleus is normally the predominant protoplas-
mic organelle of the cell and thus is one of the largest cellular
organelles. In small meristematic cells, such as those shown in
@ Fig. 3.11a, the nucleus can easily be visualized with the light

O Fig.3.11 a Light micrograph of dividing cells in an onion (Allium cepa)
root tip. Each cell has a prominent nucleus. Scale bar = 50 pm (RR Wise)
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O Fig.3.11 b ATEM micrograph showing two rows of cells from a meriste-
matic region of a root with prominent nuclei and their nucleoli and scattered
membranes about the cytoplasm with some prominent vacuolated areas. This
TEM image is of a thick (one micron) section and therefore shows more cellular
structure. Scale bar = 10 um (Crang and Vassilyev 2003)

microscope and can be seen to occupy a major portion of the cell’s
volume when viewed in more detail in the electron microscope
(8 Fig. 3.11b).

Nuclei in cells that are actively engaged in protein synthesis
typically contain a large nucleolus, a substructure within the
nucleus that participates in ribosome synthesis. The transmission
electron micrograph in @ Fig. 3.11c illustrates a nucleus from an
African violet. The nucleolus is the center of production for ribo-
some precursors (rRNA and imported proteins), which constitute
the granular component. These particles are smaller than ribosomes
in the cytoplasm, and only after they pass through the nuclear pores
do they acquire the remaining proteins to become full-sized and
mature ribosomes.

The nucleus is bounded by a double-membrane envelope
that is perforated with numerous nuclear pores (8 Fig. 3.11d, e).
Nuclear pores are gateways, which regulate the exchange of RNA
and proteins between the nucleus and cytoplasm. More than
merely a hole in the envelope, the pores are actually a compli-
cated protein complex that spans the two membranes and selec-
tively regulates the trafficking of molecules into and out of the
nucleus.
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B Fig.3.11 c¢TEMimage of a portion of a nucleus from undifferentiated spo-
rogenous tissue of African violet (Saintpaulia ionantha). The nucleus (N) occupies a
major portion of the cell volume. The genetic material of this interphase nucleus is
formed of diffuse (most active) and condensed (least active) chromatin. The large
nucleolus (Nu) consists of intermingled granular and fibrillar components which
are responsible for assembling ribosomes. NE = nuclear envelope, CW = primary
cell wall, D = dictyosome, P = plastid, M = mitochondrion, RER = rough endoplas-
mic reticulum. Scale bar = 5 pm. (Image from Ledbetter and Porter (1970), Intro-
duction to the Fine Structure of Plant Cells, Springer-Verlag, with permission)

3.12 The Cytoskeleton Organizes the Cell
and Helps Traffic Organelles

The cytoskeleton is an architectural framework of protein strands
found in the cytoplasm of all eukaryotic cells. It is composed of two
types of components: structural and force-generating. All eukary-
otes have a cytoskeleton, but recent research has shown that there
are significant differences between the cytoskeletal proteins of plant
and animal cells.

m
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@ Fig.3.11 d TEM image showing a portion of a nucleus (top right) and
amyloplast (bottom left) in a mung bean (Vicia faba) root tip. Note the two
membranes of the nuclear envelope (between the two arrows), nuclear pore
(single arrow), and condensed chromatin (C). Scale bar = 5 pm (RR Wise)

In plants, microtubules and microfilaments (8 Fig. 3.12a) are the
two structural fibers that form the scaffolding of the cytoskeleton
while individual motor proteins generate force and move vesicles
and organelles along the fibrous scaffold. A third class of cytoskel-
etal proteins which are purely structural, the so-called intermedi-
ate filaments, are present in animal cells but are not found in plant
cells. Intermediate filaments play multiple roles in animals and are
a main component of hair, nails, and skin. They also form a sup-
portive network to the interior of the nuclear membrane. While
hair, skin, and nails are not found in plants, analogous structural
proteins can be found in plant nuclei.

Microtubules (MT) are polymers of the globular protein
tubulin, which occurs as dimers of a- and B-tubulin subunits. The
subunits are packed in a spiral manner with a hollow core. In cross
section, the tubule diameter is approximately 25 nm and typically
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B Fig.3.11 e A freeze-fracture TEM image of the surface of a nuclear enve-
lope membrane (NM) in face view with numerous nuclear pores (NP). Scale
bar =5 pm. (Illustration modified from Jensen and Park 1967, Cell Ultrastruc-
ture, Wadsworth Publishing Co., Inc.)

@ Microtubule Microfilament

L

Actin monomer

Tubulin  B-Tubulin o-Tubulin
dimer monomer monomer

B Fig.3.12 aThe two classes of structural proteins found in plant cell cyto-
skeletons (Redrawn from Crang and Vassilyev 2003)

shows 13 subunits (8 Fig. 3.12b). Microtubules play numerous
important roles in the plant cell (refer to Hepler et al. 2013 for a
historical perspective). Microtubules are primarily known for
their role in the movement of chromosomes during nuclear divi-
sion and in the formation of the cell plate during cytokinesis, but
in interphase cells they are usually confined to the cell periphery.
Such cortical microtubules are involved in orienting and depositing
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B Fig.3.12 b Plant microtubules are shown here in close association with
the plasma membrane. The inset demonstrates a very high-resolution TEM
image of a single microtubule from a root tip cell of juniper (Juniperus chinen-
sis) in cross section revealing 13 subunits of structure around a hollow core.
CW = cell wall, Mt = microtubules (in cross section), PM = plasma membrane.
Scale bar =1 pm. (Image from Ledbetter and Porter (1970), Introduction to the
Fine Structure of Plant Cells, Springer-Verlag, with permission)

cellulose of plant cell walls, and some give shape to the cell prior to
the deposition of the cell wall.

In animal cells, the motor protein kinesin is responsible for
force generation and vesicle trafficking along microtubule tracks.
However, the motor kinesins of plant play a much reduced role,
as compared to animal cells. Instead, vesicle trafficking, organ-
elle orientation, and cytoplasmic streaming are all mediated in
plant cells by an actomyosin system. Microfilaments (MF) are
polymers of the protein actin and are smaller than MTs, typically,
solid rods about 7 nm in diameter. Microfilaments provide the
tracks along which cytoplasmic streaming and the independent
movement of organelles and vesicles occur. The motor protein
myosin is attached at one end to a vesicle, mitochondrion, or
chloroplast. It uses the energy in ATP molecules to travel along
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1\ Organelle
~J or vesicle

B Fig.3.12 c Organelle movement driven by the plant cell actomyosin
system (Redrawn from Crang and Vassilyev 2003)

O Fig.3.12 d Green fluorescent protein-labeled microtubules in alfalfa (Medicago sativa) root cells. The diagonal and
diffuse orientation of the MTs probably relates to the direction of primary cell wall synthesis. e GFP-labeled microfila-
ments from Arabidopsis roots. Note that the microfilaments are thinner than the microtubules and arranged at the
periphery of the cells. Scale bar in e = 50 um for both panels. (d, e Images courtesy of Nobel Foundation, Ardmore, OK)

the MFs in a stepwise fashion dragging the cargo vesicle or
organelle along with it (8 Fig. 3.12¢). The rate and extent of cyto-
plasmic streaming can be quite impressive with speeds reaching
10 pm sec™! and the entire cell contents swirling when viewed in
the microscope.

Over the life of the cell, the MT and MF networks repeat-
edly disassemble (depolymerize) and reform (polymerize) to
accommodate changes in cell shape or in response to stress. In
a mature, nondividing cell, the microtubule system forms a net-
work throughout the cytoplasm that aligns primarily with the
orientation of the cellulose synthetic machinery used for primary
cell wall production (@8 Fig. 3.12d), as described in » Chap. 5.
Microfilaments, on the other hand, are arranged in the cytoplasm
where they direct the movement of organelles during cytokinesis
(8 Fig. 3.12e).
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3.13 Chapter Review

3.1

3.2

3.3

34

3.5

3.6

3.7

Concept Review

Plant cells are complex structures. Many structural details of
plant cells can be revealed through the use of electron
microscopy that can employ both descriptive and quantita-
tive information.

Plant cells synthesize an external wall and contain a variety of
internal compartments. Surrounded by an external cell wall
and an adjacent interior plasma membrane, the cellular
cytoplasm contains many varied organelles.

Cells and cell organelles are typically bound by phospholipid
bilayer membranes. High-resolution transmission electron
microscopy reveals that membranes often appear as two
parallel dense lines due to the preparatory stain deposit at
the site of hydrophilic phosphate groups from a lipid
bilayer. Membranes are designated as being “mosaic” due to
various proteins that may be anchored at specific sites or
mobile on either side of the lipid bilayer and play a large
number of important roles in structural and metabolic
functioning.

Vacuoles play a role in water and ion balance. Vacuoles, a
major characteristic of plant cells, exchange water and ions
with the cytoplasm to help maintain cellular water balance.
Toxic substances, pigments, and waste products as well as
hydrolytic enzymes may also be stored in the vacuoles of
some cells.

Plastids are a diverse family of anabolic organelles. There are
approximately a dozen different types of plastids found in
various plant tissues and organs. As a group, they function to
synthesize all the biomolecules needed for plant life and play
additional roles in sensing and responding to the environ-
ment.

Plastids are developmentally related. All types of plastids are
derived from proplastids and are found in virtually all parts
of the plant. Many different developmental patterns are
found in the conversion to specific types of plastids at all
stages of the plant life.

Mitochondria synthesize ATP and small carbon skeletons.
Mitochondria are organelles with two membranes that carry
out advanced stages of aerobic respiration. The outer
membrane is functionally similar to other cell membranes,
whereas the inner membrane functions to produce ATP by
means of chemiosmosis on a folded surface. Enzymes of the
citric acid cycle are only found in the matrix. Mitochondria
assume many three-dimensional forms and may vary from a
few to approximately 100 per cell.
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3.8

3.9

3.10

3.11

3.12

Microbodies are the site of specific biochemical pathways.
These organelles are bounded by a single membrane and lack
internal membranes and DNA. They often contain high
levels of enzymes or proteins, sometimes in a crystalline
form. In leaves, they are designated as peroxisomes and
oxidize glycolate to produce peroxides that in turn is
decomposed by catalase, a process termed photorespiration.
A second type of microbody designated as glyoxysomes
functions with mitochondria to break down long chain oils
for respiration and growth.

The endoplasmic reticulum synthesizes proteins and some
lipids. Rough endoplasmic reticulum (with ribosomes
attached to the membrane) produces, stores, and trans-
ports proteins. Smooth endoplasmic reticulum (without
attached ribosomes) is relatively rare in plants, but when
found in secretory structures, it may synthesize oils or
terpenes.

The Golgi apparatus processes and packages polysaccha-
rides and proteins for secretion. The Golgi apparatus is
comprised of functionally similar distinctive dictyosomes
that transport certain proteins and carbohydrates in
vesicles and subsequently to the cell surface for possible
discharge. Based on function, there may be one to several
Golgi apparatuses per cell. Dictyosomes play a significant
role in the secretion of enzymes as found in carnivorous
plants.

The nucleus houses the cell’s genetic material and participates
in ribosome synthesis. In addition to storing the genetic mate-
rial, the nucleus contains a nucleolus which functions in the
synthesis of ribosomes which come to full size after being
transported through nuclear pores and into the surrounding
cell cytoplasm.

The cytoskeleton organizes the cell and helps traffic materi-
als. A plant cytoskeleton is a framework of protein strands
composed of both structural and force-generating compo-
nents. Microtubules and actin filaments give rise to the
shape of the cell and the formation of the cell wall,
whereas microtubules direct the movement of chromo-
somes during mitosis and meiosis. Motor proteins (forms
of kinesin) move vesicles from Golgi trans face to cell
surface and in other building processes driven by energy
from ATP.
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s Concept Connections

Q 1. On a separate sheet of paper, identify a name and at least
one function for each of the plastid types shown in the

figure below.
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s Concept Assessment
@ 2. The cytoskeleton of a cell is comprised of
a. cell wall and membranes.
. nucleus and cytoplasm.
intrinsic and extrinsic proteins.
. microtubules and microfilaments.
. organelles and crystals.

man o
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0 3. Photorespiration is primarily a function of
a. chloroplasts.
. microbodies.
microtubules.
. mitochondria.
. dictyosomes.

" an o

0 4. In membranes, sugar groups are most likely associated with
. inner phospholipid layer.
. outer phospholipid layer.
intrinsic proteins.
. intercalated cholesterol.
. hydrophobic unsaturated lipid chains.

man oo

@ 5. The organelle most responsible for cellular water balance is
the
. nucleus.
. chloroplast.
vacuole.
. cell wall.
. cytoskeleton.

man oo

@ 6. Ifthe mitochondrion is the cell’s powerhouse, the
is the cell’s blueprint library.
a. tannosome.
. ribosome.
gerontoplast.
. nucleus.

man o

. nucleolus.

@ 7. To synthesize a protein and secrete it to the cell wall, a cell
would need to use the
a. nucleus.
. ribosomes.
rough endoplasmic reticulum.
. golgi apparatus.
. all of the above.

man o

@ 8. What is the main anabolic organelle of the plant cell?
a. nucleus.
. golgi apparatus.
rough endoplasmic reticulum.
. vacuole.
. plastid.

man o

@ 9. Whatis the function of the cytoskeleton?
a. organize the cell interior.
. synthesize ATP and small carbon skeletons.
traffic vesicles through the cytoplasm.
. photosynthesis and photorespiration.
. aandc.

P an o
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@ 10. Ribosomes are found in the
a. cytoplasm.
. chloroplast.
vacuole.
. mitochondrion.
. a,b,and d.

" an o

@ 11. Respiration involves the
. glyoxysome.

b. gerontoplast.

c. golgi apparatus.

d. peroxisome.

e. guard cell chloroplast.

Q

s Concept Applications

Q 12. Plants have the ability to synthesize 100% of the biomol-
ecules and high-energy molecules needed for life. If you were
to genetically engineer a cat or a dog to do the same, what
processes or organelles would you need to put into your pet?

@ 13. Use the internet to search for the term “kleptoplast.” How

are kleptoplasts related to other plastid types? How are they
different?
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4.1 - The Plant Cell Cycle Includes Interphase, Mitosis, and Cytokinesis

Introduction

Unlike animals, plants continue to grow and produce new tissues
and organs throughout their lives. It is their adaptation to a station-
ary and autotrophic life habit. In order to maintain their supply of
water and nutrients, plants must grow continuously, expanding the
surface of their interaction with the environment. There are two
principal types of plant growth, the growth in height or length (pri-
mary growth of stems, leaves, roots, and flowers) and the subse-
quent growth in thickness (secondary growth of stems and roots).
Each type of growth takes place by both cell division (mitosis) and
cell enlargement, and the cell divisions are primarily concentrated in
specific zones called meristems, which contain structurally similar,
undifferentiated (embryonic-like) parenchyma cells.

Primary growth is achieved mainly through the activity of apical
meristems. Shoot apical meristems occupy the tips of the shoots,
and root apical meristems are found at the tips of the roots. In addi-
tion, primary growth is found in some plants (mostly monocots) due
to the activity of intercalary meristems (which was originally
derived from the apical meristem but becomes located at some dis-
tance with non-meristematic tissues in between; refer to » Sects.
4.13 and 11.2). In some cases, intercalary meristems may be located
at each node of the stem, but each site is isolated with non-meriste-
matic tissues. Secondary growth is found in some eudicot stems and
roots and results in an increase in girth. Secondary growth will be
addressed in detail in the chapters on xylem (» Chap. 7), phloem
(» Chap. 8), stems (» Chap. 11), the vascular cambium (» Chap. 14),
and wood (» Chap. 15). From that list, it can be seen that secondary
growth is a large part of what makes a plant a plant.

4.1 The Plant Cell Cycle Includes Interphase,
Mitosis, and Cytokinesis

The plant cell cycle (B Fig. 4.1) begins with a single cell and results
in the production of two identical copies called daughter cells.
Much of the time, a cell is in interphase. Interphase may be brief in
an actively growing tissue, or it may last weeks or years in a dor-
mant tissue. The portion of interphase indicating the growth period
prior to duplication of the chromosomes is called G1 (meaning
Gap 1). The signal to divide comes during interphase and initiates
chromosome duplication, also called the S phase of interphase for
DNA synthesis. The cell may then enter a second growth phase
(designated as G2) or proceed directly to mitosis.

Mitosis is division of the single nucleus into two daughter
nuclei, and it is usually followed by cytokinesis, which is division of
the cytoplasm into two daughter cells. Mitosis and cytokinesis, key
stages in the cell cycle, will be examined in detail in the next few
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Cell prepares
for division

Cell Divides into
Identical cells

Mitotic Phase

DNA replication

B Fig. 4.1 The plant cell cycle: interphase, mitosis, and cytokinesis. Throughout the process of interphase, the cell
produces proteins and grows. In G,, proteins degrade lipids and carbohydrates to form energy. In G,, prior to mitosis, the
more proteins are formed, and mitochondria grow and divide. Follow the diagram in a clockwise direction (Redrawn from

Crang and Vassilyev 2003)

sections. The production of egg and sperm cells via meiosis will be
discussed in » Chap. 17 (Flowers and Male Reproductive Structures)
and 18 (Female Reproductive Structures and Embryogenesis).

4.2 A Pre-prophase Microtubule Band Precedes
Mitosis and Defines the Plane of Cell
Division

The first sign of incipient mitosis in plants is the clustering of corti-
cal cytoplasmic microtubules in a pre-prophase band of microtu-
bules (B Fig. 4.2). It is formed at the site where the new cell wall
between two daughter cells appears at the end of cytokinesis and
coincides with the future metaphase plate. This phase is short-lived,
inasmuch as the microtubules become reassembled into the mitotic
spindle at prophase of mitosis.

The pre-prophase band determines the division plane of the cell,
which determines the relative sizes of the two daughter cells (Rasmus-
sen et al. 2011). In many instances, the daughter cells are equal in size
(symmetric), and function, as for the parenchyma of ground tissues.
However, in instances in which the daughters have decidedly different
developmental fates, the plane of division may be asymmetric. A
phloem sieve tube element (large) and its companion cell (small) are
the two daughters of a single progenitor and result from the asymmet-
ric placement of the pre-prophase band (see @ Fig. 8.4 a-d).
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Microtubules

Nucleus

Cell wall

Cytoplasm

O Fig. 4.2 Pre-prophase microtubule band seen in side view (left) and top view (right) (Redrawn from Crang and
Vassilyev 2003)

4.3 Mitosis May Be Divided into Distinct,
but Continuous, Stages

Division of the nucleus—via the processes of mitosis or meiosis—
always precedes the origin of new cells, which occurs by cytoplasmic
division (cytokinesis). Unlike plastids and mitochondria, the nuclei
never divide into two by simple constriction. Such a method could
not provide equal distribution of chromosomes between daughter
nuclei. An exact distribution is achieved by a complex and very pre-
cise mechanism known as mitosis, the universal form of nuclear
division common to all eukaryotes. Four phases of mitosis are rec-
ognized: prophase, metaphase, anaphase, and telophase (8 Fig.4.3a).
Interphase is the portion of the cell cycle between mitotic events.

mm Prophase

Chromatin condenses and chromosomes begin to appear. Near the
beginning of prophase, the pre-prophase band of microtubules and
nucleolus (a prominent nuclear structure where ribosome synthesis
occurs) disappear, and the nuclear envelope disintegrates. A set of
microtubules, called the spindle apparatus, is formed. Early mitosis
and spindle formation are quite different between plant and animal
cells. Plants lack centrosomes, structures in animals that serve as
the nucleation point and control center for spindle formation. In its
place, other proteins, particularly Ran (Ras-related nuclear) pro-
teins and the kinetochore, direct spindle formation (Zhang and
Dawes 2011). The plant spindle apparatus begins at the poles of the
cell and extends to the center of the cell. Some, but not all, of the



128 Chapter 4 - Mitosis and Meristems

B Fig. 4.3 aThe four phases of mitosis in an onion (Allium cepa) root tip: prophase, metaphase, anaphase, and telophase.
Microtubules (MT) and the forming cell plate (CP) can be seen in the telophase panel. Scale bar = 10 pm (RR Wise)

spindle microtubules are attached to chromosomes at the centro-
meres. It becomes apparent that each duplicated chromosome is
composed of a pair of identical threads, or sister chromatids.

mm Metaphase

The duplicated chromosomes aggregate in the equatorial plane of
the cell, a site determined earlier by the pre-prophase band of
microtubules. The spindle microtubules are responsible for the
movement, and both push (via polymerization) and pull (by depo-
lymerization or using motor proteins) the chromosomes to the cell
equator. The unattached microtubules of the spindle may aid in for-
mation of new wall plasmodesmata connecting the cytoplasm of
the daughter cells with each other.

mm Anaphase

Sister chromatids separate from each other and move to opposite
poles of the spindle as individual chromosomes. In addition to the
chromosomes, it is also believed that some organelles may be segre-
gated to the cell poles by the action of microtubules, either as a part
of the spindle apparatus or separately (Nebenfiihr et al. 2000).

mm Telophase
The individual chromosomes reach the poles of the cell, and two
new nuclear envelopes begin to reform. Each daughter nucleus gets



4.3 - Mitosis May Be Divided into Distinct, but Continuous, Stages

O Fig. 4.3 b The stages of mitosis and cytokinesis may be seen in a single
longitudinal onion (Allium cepa) root meristem section. P = prophase,

M = metaphase, A = anaphase, and T = telophase with a developing cell plate.
C marks two cells in which cytokinesis and cell plate formation have com-
pleted. Scale bar = 50 pm (RR Wise)

a set of chromosomes genetically identical to one another and to
that of the parent nucleus. Finally, chromatids de-condense and
nucleoli (plural for nucleolus) are restored.

Shoot and root apical meristems (discussed in subsequent sec-
tions in this chapter) are regions of active mitosis. B8 Figure 4.3b shows
an area of approximately 50 cells in an onion root tip. All stages of
mitosis can be seen in different cells of the field of view.

Box 4.1 Kinesin-5 Protein Is Important in Spindle
Formation and Microtubule Organization in Plants
Kinesin-5 proteins are called motor proteins because they
physically move along microtubules and can transport sub-
stances from the center of the cell to the poles via filaments (Vale
2003). Kinesin-5 proteins have been documented to influence
spindle formation in both animals and yeast. To discover if these
proteins were conserved in plants, Bannigan et al. (2007) used a
temperature-sensitive arabidopsis mutant (rsw7; radially swollen
7) to investigate if the kinesin-5 gene was conserved in plants.
This mutant contained a single-nucleotide mutation (SNP) where
one nucleotide was substituted for another, leading to a change
in the amino acid sequence, and ultimately, it changed the
structure of the protein. The research indicated that spindle
formation was modified in the mutant as compared to the
wild-type plant. Similar to animals and fungi, when the allele is
mutated in plants, the spindle didn’t function properly. Thus, the
kinesin-5 protein appears to be conserved over the course of
evolution among at least three major groups of eukaryotes.
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Kinesin-5 genes also are involved with microtubule
organization during interphase. Bannigan et al. (2007) also
grew wild-type and rsw7 mutant plants at 19 °C and at 30 °C
and observed microtubule organization during interphase
using confocal microscopy. No differences were noted in the
plant root meristems at 19 °C. However, at 30 °C, the microtu-
bules of the cells of the mutant plants showed disorganization
during interphase, whereas the wild-type plants were normal
with microtubules arranged in parallel. Thus, the data indicate
that kinesin-5 of the rsw7 gene is also involved in the organiza-
tion of microtubules during interphase.

References: Vale (2003) and Bannigan et al. (2007)

4.4 Cytokinesis Begins with Initiation
of the Cell Plate and Grows by
the Deposition of Callose

Cytokinesis follows telophase and starts with the initiation of a cell
plate (the developing cell wall) in the equatorial plane between the
two daughter nuclei that was defined by the pre-prophase band
(Verma 2001). The cell plate is disc-like and grows centrifugally from
the center outward toward the walls of the mother cell. @ Figure 4.4a
shows a cell plate forming in a dividing onion root tip cell.

Cell plate growth occurs by the fusion of dictyosome vesicles
and is associated with the phragmoplast, an aggregation of micro-
tubules and other proteins with their orientation perpendicular to
the expanding cell plate (8 Fig. 4.4b, c). Vesicles of cell wall precur-
sors produced by the Golgi apparatus are trafficked to the develop-
ing cell plate by the microtubules of the phragmoplast and fuse to
the developing cell plate. The vesicle contents contribute to the cell
wall, and the vesicle membranes contribute to the plasma mem-
brane. The actual vesicle trafficking along the microtubules is
mediated by an array of proteins including molecular motors, teth-
ering proteins, fusion proteins, and regulatory elements
(McMichael and Bednarek 2013). Cell plate growth is initiated by
the deposition of callose, a polysaccharide which is soon replaced
by cellulose (Samuels et al. 1995). Eventually, the cell plate grows to
the wall of the mother cell (8 Fig. 4.4d), the microtubules of the
phragmoplast depolymerize, and the separation of daughter cells is
complete. Additional cell wall material is then laid down all around
the cell walls—not only at the cell plate—as the two new daughter
cells expand.



4.4 - Cytokinesis Begins with Initiation of the Cell Plate

O Fig. 4.4 a Cell plate formation in onion (Allium cepa) root tip. Two
developing cell plates are shown. Cell plate #1 (CP1) is at a slightly earlier stage
of development than CP2. Scale bar = 10 pm (Crang and Vassilyev 2003)

O Fig. 4.4 b Cell plate in an early stage of initiation in Arabidopsis thaliana.
ATEM view of a forming cell plate (CP) with an aggregation of phragmoplast
microtubules (arrows) and endoplasmic reticulum (ER) near the aligned
vesicles. The two daughter nuclei are labeled N. Scale bar = 1 pm. (Image from:
Ledbetter and Porter (1970), with permission)
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O Fig. 4.4 Cell plate formation at the telophase stage of mitosis. c Early cell plate formation in a cell from sporogenous
anther tissue of the African violet (Saintpaulia ionantha). An accumulation of microtubules and Golgi vesicles (G) aligned in
the equatorial plane between reforming daughter nuclei (N, with condensed chromatin) mark the site of the future cell
plate. d Late cell plate (CP) formation in a dividing leaf cell of water lettuce (Pistia stratiotes). Inset shows the cell plate
dividing the two daughter cells is not quite fused with the mother cell wall. The envelope surrounding the nucleus (N) has
reformed, and the chromatin has de-condensed. Scale bars = 2 pm in both panels. (c Image from Ledbetter and Porter
(1970), with permission. d Image courtesy of Dr. Gayle Volk; GM Volk and VR Franceschi, Washington State University)

4.5 Microtubules Play a Critical Role in Mitosis
and Cytokinesis

As explained in » Sect. 3.12, microtubules are one component of

the cell’s cytoskeleton. Microfilaments are the other. Microtubules

are polymers of the protein tubulin and can form (polymerize) and
dissolve (depolymerize) in response to the needs of the cell. Upon
depolymerization, the individual tubulin monomers persist and are
recycled into new microtubules via polymerization.

Microtubules are key players in the cell cycle. B Figure 4.5 shows
some of the multiple roles they play. Referring to the figure:

(a) Interphase: Cortical microtubules are aligned within the inside
of the cell wall. The microtubules perform many functions,
chief among them being to direct the synthesis of cell wall
cellulose microfibrils (refer to » Chap. 5).

(b) Pre-prophase band: Microtubules form a band around the
equatorial region of the cell marking the plane of future
cytokinesis.
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O Fig. 4.5 The multiple roles of microtubules throughout the cell cycle. See text for explanation. (Drawing from
Ledbetter and Porter (1970), with permission)

(c) Prophase: Cytoplasmic microtubules disappear and a mitotic
spindle of microtubules is formed.

(d) Metaphase: Chromosomes are aligned on an equatorial plate
of the spindle.

(e) Anaphase: Interzonal fibers extend from one pole to the other.
Chromatids are moved to opposite poles of the spindle.
Dictyosomes (two are shown) begin to produce vesicles,
which will fuse laterally initiating the cell plate.

(f) Telophase: The spindle microtubules disappear, and a phragmo-
plast is formed whose component microtubules are concen-
trated at the periphery of the cell plate, and which grows
centrifugally toward the parent cell wall. The phragmoplast
microtubules remain at the edge of the cell plate until they
reach the parent cell wall. They then depolymerize and
disappear.
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4.6 Apical Meristems Are the Sites of Primary
Growth

Mitosis occurs in terminal zones of cells called the meristem, of
which there are two types—apical meristems, discussed here, and
lateral meristems which will be discussed briefly in » Sect. 4.15 and
in more detail in » Chap. 14 (Vascular Cambium) and » Chap. 16
(Periderm). Apical meristems originate during embryogenesis at
the two poles of the embryo axis as shoot and root apical meristems
(refer to » Chap. 18, Female Reproductive Structures). The shoot
apical meristem (SAM) gives rise to all aboveground organs of the
plant such as the stem, leaves, and reproductive organs (flower
parts, fruits, and seeds). In addition, many belowground organs
such as tubers, bulbs, and rhizomes are actually underground stems
and are thus derivatives of a shoot apical meristem. The root apical
meristem (RAM) will be discussed below in » Sect. 4.11.

The shoot apical meristem (8 Fig. 4.6) gives rise to three tissues,
which are also called meristems: the protoderm, the procambium,
and the ground meristem. The difference between the SAM and the
other three meristems has to do with the potential fates of the
resulting daughter cells. SAM (and RAM) cells are totipotent,
meaning that they have the plasticity to differentiate into any other
cell type (toti = all). Thus, they produce the other meristems.
However, the cells generated by the protoderm, procambium, and
ground meristem are only pluripotent (pluri = many). While they
can produce a variety of cell types, they are more restricted in how
many cell types they can produce, as each of these three meristems
has a specific tissue to produce.
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O Fig. 4.6 Longitudinal sections of a coleus (Plectranthus sp.) shoot tip. a Low magnification view showing the position
of the shoot apical meristem (*) and mature vascular strands (V). b Higher magnification view showing emerging leaves
(L), ground meristem (GM), procambium (Pc), and the protoderm (Pd). The developing leaves are covered with trichomes,
which are maturing from the protoderm cells. Scale bars = 0.5 mmin aand 0.1 mm in b (a, b RR Wise)



4.7 - The Shoot Apical Meristem Is the Site of Lateral Organ Initiation

The protoderm is the outer layer of cells that covers the young
expanding leaves that arise from the apex (8 Fig. 4.6a) as well as the
apex itself (B Fig. 4.6b). Their plane of division is perpendicular
(anticlinal) to the surface of the apex, so as mitosis proceeds, the
daughter cells are pushed to either side along the surface in order to
cover the expanding shoot tip. Cells are considered to be part of the
protoderm as long as they continue to divide via mitosis. Eventually,
mitosis will cease, and the epidermal cells produced by the proto-
derm will mature into epidermal pavement cells (nonspecialized
irregular-shaped protective epidermal cells), guard cells, trichomes,
and root hairs, in the case of roots.

The procambium (8 Fig. 4.6b) produces the cells that will
develop into the xylem and phloem tissues of the primary vascular
strands. As for the protoderm, active mitosis defines the procam-
bium. Keep in mind that the SAM and RAM are engaged in pri-
mary growth. Secondary growth is driven by subsequent divisions
of the lateral meristems and will add additional vasculature later on.

The ground meristem gives rise to the cortex and pith in stems,
cortex in roots, and to mesophyll in leaves. It is indicated in
@ Fig. 4.6b. Each cell in the ground meristem undergoes multiple
rounds of mitosis but stays in the same relative position in the stem.
Therefore, the daughter cells appear as ordered columns of cells well
down the length of the stem.

4.7 The Shoot Apical Meristem Is the Site
of Lateral Organ Initiation

The shoot apical meristem not only produces the meristems that
will fuel primary growth of the epidermis (protoderm), pith
(ground meristem), and vasculature (procambium); it is also
responsible for the initiation of lateral organs, such as leaves, axil-
lary buds, flowers, and lateral branches (8 Fig.4.7a) (Ha et al. 2010).
This external initiation of organs is termed an exogenous origin
because the lateral organs arise from the surface (exo- or outside) of
the tip.

@ Figure 4.7b shows the surface of a waterweed shoot tip as
viewed in the scanning electron microscope. The SAM is inside the
narrow tip region, and a series of ridges, which broaden out, are the
emerging leaf primordia. These ridges, also called leaf buttresses,
alternate in a precise, genetically determined pattern that will deter-
mine the phyllotaxy (a.k.a. leaf arrangement). Because leaves and
lateral branches are formed exogenously, they are evident from the
exterior of the organ as soon as initiated. In contrast, lateral roots
are formed endogenously and are not evident until they break
through the root rhizodermis. Refer to » Sect. 4.12.

Leaf initiation from the SAM of eudicots is shown in @ Fig.4.7c.
The cotyledons emerge first and, in the case of Arabidopsis lyrata,
expand and turn green. The SAM is found between the two coty-
ledons and is the site of leaf initiation, which can be seen in
@ Fig. 4.7d.
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O Fig.4.7 a A median longitudinal section of waterweed (Elodea sp., an
aquatic monocot) shoot apex, showing numerous leaf primordia ranging from
small (close to the shoot apical meristem or stem tip) to large (further away
from the SAM). Scale bar = 100 pm (RR Wise)

4.8 Axillary Buds Arise De Novo
in the Developing Leaf Axis

The leaf axis is the upper (and usually smaller) angle between a
stem and the petiole of a leaf. Thus, the leaf axis is a location or
region, and not a physical tissue or structure, and is the site of lat-
eral buds that are the source of additional leaves, flowers, or
branches. Axillary buds arise from an axillary meristem and begin
to form soon after leaf initiation, as can be seen in @ Fig. 4.8 (single
arrows). Within a short period of time, the axillary buds may
develop their own SAM, protoderm, ground meristem, procam-
bium, and leaf primordia (double arrows). Actively growing regions,
such as SAMs, produce the plant growth regulator indole acetic
acid (IAA, Ha et al. 2010), which diffuses down the stem and inhib-
its the development of axillary buds. This is a phenomenon known
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4.8 - Axillary Buds Arise De Novo in the Developing Leaf Axis

@ Fig. 4.7 b Scanning electron micrograph of a waterweed (Elodea sp.)
shoot tip. The shoot tip would normally be enclosed by numerous mature and
developing leaves, which were removed from the shoot tip. The SAM is
indicated by the arrow. Scale bar = 100 pm (RR Wise)

B Fig. 4.7 Seedlings of the lyre-leaved sand cress (Arabidopsis lyrata) showing the emergence of the first true set of
leaves from the shoot apex. Large, green cotyledons are visible in the macro image in ¢, while the first two emerging
leaves can be seen in the SEM image in d. The shoot meristem is between the two emerging leaves and is not visible in
these images. Scale bars = 500 pm in c and 200 pm in d (c, d RR Wise)
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@ Fig. 4.8 Median longitudinal section of the shoot tip of coleus (Plectran-
thus sp.) showing newly formed buds (single arrows) and older (double arrows)
buds developing in the leaf axis. Scale bar = T mm (RR Wise)

as apical dominance. Many eudicots can be induced to produce
more lateral leaves and stems by removing apical meristems and
thus releasing the growth of the axillary meristems. Horticulturists
call this “pinching back” and use the technique to produce bushier
plants with more flowers.

Box 4.2 Deep Buds Explain Adaptation to Fire in Cork
Oak, Quercus suber

While many plant species have adapted to fire by remaining
below ground as dormant seeds within soil seed bank or as
rhizomes that resprout after fire, most plants don't resprout
from buds located on stems as either the buds and/or vascular
cambium are damaged. There is a least one exception, Quercus
suber, the cork oak that has a thick, rapid-growing bark. Cork
oak is an economically important plant as its phellem is most
notably used to cork wine bottles, but the cork is also used as in
flooring, shoes, and bulletin boards.



4.9 - Tunica-Corpus Organization Describes Shoot Apical Meristem Growth in Many Eudicots

O Fig. 4.9 Median longitudinal section of the dome-shaped shoot apical
meristem in coleus (Plectranthus sp.) showing a tunica-corpus organization in
this angiosperm. The red arrows indicate the fate of corpus derivatives. Scale
bar =50 pm (RR Wise)

While cork has isolative properties and doesn’t burn readily,
little has been known about the physical structures that allow
for regrowth from epicormic buds, buds that form beneath the
bark of a trunk or stem. Burrows and Chisnall (2016) studied the
anatomy and morphology of the thick phellem and epicormic
buds (arising from dormant tree buds) of cork oak. Among
other findings, they observed that many overlapping bud scales
covered the buds. More importantly, they noted that the buds
were surrounded by a thick layer of phellem that would provide
protection from intense fire. Interestingly, they observed
longitudinal sections of buds that were not completely covered
by the phellem because a tube formed around the buds
allowing for unobstructed growth of the meristem toward the
surface. These anatomical and morphological observations help
explain why epicormic buds resprout following high-intensity
fires in cork oak.

Reference: Burrows and Chisnall (2016)

4.9 Tunica-Corpus Organization Describes
Shoot Apical Meristem Growth in Many
Eudicots

Most eudicotyledon SAMs have a tunica-corpus arrangement
(Reeve 1949). The tunica comprises two outer layers of the dome in
this apex, which are designated L1 and L2 (8 Fig. 4.9). Its cells
divide only anticlinally (i.e., in a plane perpendicular to the sur-
face). The cells of the corpus divide in various planes (periclinally
[parallel to surface] and anticlinally [perpendicular to surface]).
The outer cell layer of the tunica (L1) gives rise to protoderm, which
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B Fig.4.10 Shoot apical meristem of ginkgo (Ginkgo biloba). The zone of
central mother cells is indicated within the red circle. Scale bar = 50 pm
(RR Wise)

in turn will form the epidermis of the shoot. The second tunica
layer (L2) provides cells that add volume to the growing shoot tip.
The corpus generates cells that will become the ground meristem
and procambium, and thus the resulting pith and vasculature.

410 Gymnosperms Do Not Possess
a Tunica-Corpus

Gymnosperms do not usually show a tunica-corpus type of organi-
zation in their shoot apical meristem (Foster 1938). The outer cells
of the apical dome divide both anticlinally (i.e., perpendicular to the
surface) and periclinally (parallel to the surface), thus contributing
cells to the interior of the promeristem. The more striking feature of
gymnosperms is the presence of a distinct zone of central mother
cells in a median position below the surface layer (8 Fig. 4.10). The
central mother cells are irregularly arranged and, for most of the
growing season, are relatively large and thick-walled. Note the lack
of regular columns of cells in the interior of the ginkgo stem in
O Fig.4.10 that would result if ginkgo had a ground meristem proper.

411 The Root Apical Meristem Provides
the Primary Growth of Roots

The growth of the roots in length (i.e., primary growth), as is the
growth of the shoots, is provided by the apical meristems where
mitotic cell divisions occur. However, in roots, a small group of cells
at the extreme apex, called the quiescent center (B Fig. 4.11a, b),
divide very infrequently, and the highest rate of cell divisions is
observed in adjacent tissues of the root tip. Feeding radioactive DNA
nucleotides to growing root tips originally identified the quiescent
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O Fig.4.11 a, b Longitudinal section of a pea (Pisum sativum) root tip. The quiescent center (red circle) may be
distinguished as a zone of convergence of cell tiers. Scale bars = 500 pm in a and 100 pm in b (a, b RR Wise)

center. Autoradiography then revealed that a small group of cells at
the root tip was unlabeled, because they rarely undergo mitosis. The
surrounding cells, however, took up large amounts of the radioactive
compounds. Thus, the quiescent center concept was born (Clowes
1956). However, standard light microscopy of stained sections, such
as that seen in @ Fig. 4.11a, b, cannot reveal which cells are truly
quiescent and which are not. Identification of the quiescent center,
therefore, is typically based on location, not appearance.

The cells surrounding the quiescent center are mitotically active
and produce the protoderm, ground meristem, and procambium,
which are active in the so-called zone of division. The overall struc-
ture of the root—i.e., the zones of division, elongation, and matura-
tion—will be discussed in more detail in » Chap. 10, Roots.

The RAM is different from the SAM in two important ways.
First, as mentioned previously, it does not produce lateral roots,
whereas the SAM does produce leaves. Second, the RAM generates
the root cap, and there are two basic types of root cap formation. A
“closed” root apical meristem has discrete portions that generate
separate regions of the root and root cap. The central core of the
root cap (columella) is produced by a discrete cell type in the RAM
(called the calyptrogen or the columella mother cells), while the
outer cells of the root cap are generated by the same RAM initials
that produce the root epidermis. The root cap can be thought of as
being exterior to and separate from the developing protoderm (the
outermost tissue of the root tip proper), and atypically a boundary
may be seen between the two (8 Fig. 4.11c). The root tip, immedi-
ately behind the root cap, develops from a separate region of the
RAM, and in much the same manner as the shoot, apical meristem
develops. This arrangement is found in some eudicots and many
monocots. An “open” RAM lacks the distinctly separate origins of
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O Fig.4.11 ¢, d The closed root apical meristem of maize (Zea mays) shows a clear distinction between the root cap
(RC) and root tip (RT). The boundary between root tip and root cap is not as apparent in the open root apical meristem
of onion (Allium sp.) Scale bar = 100 um (RR Wise)

root tip and root cap (columella). Meristematic initials may at dif-
ferent times produce cells of the columella, cortex, or protoderm,
and there is not an apparent boundary between the root tip and
root cap (B Fig. 4.11¢).

The planes of cell division in the root meristem are strictly
ordered and are primarily transverse (anticlinal to root surface)
divisions that provide growth of the root in length. As the result of
such ordered divisions, characteristic cell tiers are formed in the
cortex (B Fig. 4.11e).

4.12 Lateral Roots Originate from Inside
the Pericycle, Not from the Root Apical
Meristem

In contrast to shoots, which can produce lateral leaves, shoots, and
flowers, roots only produce one type of lateral organ, namely, more
roots. In addition, initiation of lateral organs does not occur in the
apical meristem at the root tip. Lateral roots arise internally some
distance back from the root tip. They thus arise endogenously,
unlike lateral branches in the shoot, which arise exogenously.
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e Longitudinal section of an onion (Allium cepa) root showing

O Fig. 4.11

some of which are
=100 pm (RR Wise)

ordered tiers of cells produced by the ground meristem,
undergoing stages of mitosis and cell division. Scale bar

DO Fig.4.12 Lateral root initiation from the pericycle (arrow) in a buttercup

(Ranunculus sp.) root. Scale bar = 0.5 mm (RR Wise)

The vasculature in a root is contained within a central solid core

called the vascular stele (refer to » Chap. 10). Lateral roots are initi-

the developing root tip forces its way through the cortex and epi-

ated by mitotic activity from cells at the outer edge of the stele, and
dermis (@ Fig. 4.12). Parenchyma cells of the developing root

which in turn connect

to existing vasculature in the stele. A root cap develops and contin-

differentiate into xylem and phloem tissues,
ues primary growth just as in the main root.
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4.13 Intercalary Meristems Contribute to Stem
and Leaf Growth in Monocots

Monocot roots develop from a root apical meristem, much like
those of eudicots. However, monocot shoots typically do not show
tip growth or have a shoot apical meristem. Instead, stem and leaf
growth are driven by mitosis in a loose arrangement of meristematic
cells that are scattered throughout a zone called an intercalary
meristem. Intercalary meristems have a complicated anatomy that
is difficult to image in a single section. They are found between the
nodes or at the base of leaves. Stem elongation in bamboo, a large
monocot, is driven by multiple intercalary meristems at each stem
node (B Fig. 4.13a). Turf and lawn grasses have an intercalary meri-
stem at the base of each leaf. It is for this reason one can mow a lawn
and not kill the grass. Only the leaf tips are removed and the lower,
actively growing region produces more leaf tissue (8 Fig. 4.13b).
Such morphology is an evolutionary adaptation to the frequent fires
that strike grasslands. The leaves burn off, but the meristems at the
base survive.

B Fig. 4.13 a Stem of bamboo (Phyllostachys edulis). The internode (In) is the
portion of the stem between the nodes (N). Intercalary meristems lie in the
internode, close to the nodes. Scale bar = 10 cm (NE Wise)
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Level of
mowing

Intercalary meristems

O Fig. 4.13 b Diagram showing location of intercalary meristems in turf and lawn grasses (Redrawn from Crang and
Vassilyev 2003)

O Fig.4.14 anitial cell in the shoot apex of Equisetum sp. Scale bar = 50 pm
(RR Wise)

4.14 Many Lower Vascular Plants Have a Single
Initial Cell in the Shoot and Root Apical
Meristems

Apical meristem structure in ferns, horsetails, and related plants is
much simpler than that of angiosperms. Typically, a single pyramidal
shaped cell—called the initial cell (or apical cell)—is the source of all
shoot (B Fig. 4.14a) and root tissues (8 Fig. 4.14b). The initial cell
repeatedly divides by cleaving off daughter cells to either side. Those
cells will develop into simple meristematic tissues called histogens
that will eventually produce the epidermis, ground tissues, and vascu-
lature.
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O Fig. 4.14 b Longitudinal section of a moonwort fern (Botrychium sp.) root
tip with the initial cell encircled. Scale bar = 200 um (RR Wise)

O Fig. 4.15 A walnut (Juglans nigra) stem cross-section showing heartwood,
sapwood with annular rings, the vascular cambium, and the nonliving cork
cambium to the outside. Scale bar = 2 cm (RR Wise)

4.15 Lateral Meristems Are the Site of Secondary
Growth in Eudicots

This chapter has dealt with the meristems involved in primary
growth, i.e., growth in length. Such is the province of the shoot and
root apical meristems and their derivative meristems. Other meri-
stems, which will be discussed in detail in subsequent chapters, are
responsible for secondary growth, or an increase in shoot or root
girth (B Fig. 4.15). The interfascicular cambium and vascular
cambium (» Chap. 14) generate xylem and phloem (» Chaps. 7
and 8), and the cork cambium generates the periderm (» Chap. 16).
Monocots lack lateral meristems and true secondary growth. They
cannot make wood. However, the intercalary meristem (above),
primary thickening meristem, secondary thickening meristem, and
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heavy sclerification of vascular bundles allow some monocots to
develop large, strong stems (> Chap. 11).

416 Chapter Review

4.1

4.2

4.3

4.4

4.5

4.6

4.7

Concept Review
The plant cell cycle includes interphase, mitosis, and cytokine-
sis. The plant cell cycle includes all the stages in the division
of a single cell to two daughter cells. The cell cycle has
multiple, well-defined stages. Mitosis is division of the
nucleus to produce two nuclei; cytokinesis is division of the
cytoplasm to produce two daughter cells.
A pre-prophase microtubule band precedes mitosis and defines
the plane of cell division. Cortical microtubules cluster at the
cell equator prior to mitosis. This pre-prophase band directs
where the new cell wall will be synthesized, and its placement
may result in a symmetric division or an asymmetric
division.
Mitosis is divided into four distinct, but continuous, stages.
Mitosis is nuclear division (not cellular division). As nuclear
division proceeds, four distinct stages of chromosome
movement are visible—prophase, metaphase, anaphase, and
telophase. Interphase: DNA is replicated prior to the start of
prophase. Pre-prophase: the pre-prophase band (PPB) forms.
Prophase: chromosomes condense and the nuclear envelope
dissolves. Mitotic spindle formation initiates. Metaphase: the
mitotic spindle directs the duplicated, condensed chromo-
somes to the plane of division (as defined by the PPB).
Anaphase: duplicated chromosomes separate, and a copy of
each is directed to the opposite cell poles. Telophase: chromo-
somes are fully separated, and two nuclear envelopes form.
Cytokinesis begins.
Cytokinesis begins with initiation of the cell plate and grows by
the deposition of callose. Cytokinesis is cellular division and
usually follows mitosis (nuclear division). It starts with the
formation of a cell plate containing callose and develops into
the primary cell wall containing cellulose that will separate
the two new daughter cells.
Microtubules play a critical role in mitosis and cytokinesis.
Microtubules continuously form, dissolve, and reform during
the cell cycle. They make up the pre-prophase band and the
mitotic spindle. The considerable movement of chromosomes
(in mitosis) and cell wall materials (in cytokinesis) is directed
by microtubules.
Apical meristems are the sites of primary growth. Apical
meristems are zones of active cell division at the tips of
shoots and roots. Their growth (fueled by mitosis and
subsequent cell enlargement) causes an increase in the length
of the organ, which is called primary growth.
The shoot apical meristem is the site of lateral organ initiation.
Lateral organs of the shoot (i.e., leaves, axillary buds, flowers,
and branches) are formed by budding off at the shoot apical
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4.8

4.9

4.10

4.11

4.12

4.13

4.14

4.15

meristem. This is called exogenous organ initiation and
contrasts to root development, which occurs endogenously.

Axillary buds arise de novo in the developing leaf axis. The
leaf axis is where the leaf attaches to the stem and is the site
of axillary buds. By initiating at this site, axillary buds have
access to the vascular system of the shoot. Axillary buds
may develop into stems, leaves, or flowers—any of the stem
lateral organs.

Tunica-corpus organization describes shoot apical meristem
growth in many eudicots. The eudicot shoot apical meristem
has a definitive structure consisting of an outer layer called
the tunica and an inner zone called the corpus. Cells in the
tunica divide anticlinally, which provides new cells for the
surface of the shoot. Cells in the corpus divide periclinally,
which provides new cells for the stem interior.
Gymnosperms do not possess a tunica-corpus. The gymno-
sperm shoot apex lacks an organized tunica and has a zone
in the middle called central mother cells, which contributes
to the developing shoot tip.

The root apical meristem provides the primary growth of
roots. The root apical meristem (RAM) has at its core a zone
of quiescent cells that divide only rarely. The few cells
produced subsequently divide multiple times to provide the
bulk of the root tissue. The RAM also produces the root cap.
Lateral roots originate from the pericycle, not from the root
apical meristem. In contrast to exogenous formation of
lateral organs at the shoot apical meristem, lateral roots do
not originate from the root tip. They arise from within the
stele, proximal to the root tip proper in a process that does
not initiate until root elongation has ceased.

Intercalary meristems contribute to stem and leaf growth
in monocots. Intercalary meristems are not organized
zones of cell division like the shoot and root apical
meristems. Rather, they are composed of meristematic
cells scattered throughout an area of active growth, such
as the crown of a grass plant. This allows for the basal
initiation of new leaves and shoots and evolved as a
response to fires.

Many ancestral vascular plants have a single initial cell in
the shoot and root apical meristems. In contrast to the
more complex angiosperm and gymnosperm root and
shoot apical meristems, ferns and their relatives have
simpler apical meristems consisting of a single apical cell
that provides all the cells of the growing shoot or root
tip.

Lateral meristems are the site of secondary growth in eudicots.
Meristems arranged along the length of the shoot and root
contribute to the increase in girth of these organs. This is
called secondary growth, because it can only be possible if
primary growth has generated the shoot or root initially.
Monocots lack lateral meristems and therefore lack true
secondary growth. Stem strengthening in monocots is due
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to primary and secondary thickening meristems and the
enhanced development of fibers around each vascular
bundle.

m  Concept Connections
Q 1. Identify each of the stages of the cell cycle shown in the fol-
lowing images and arrange them in the proper order.

a.
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s Concept Assessment

© 2. Whichis a correct sequence for stages of the cell cycle and
mitosis?

0:

(2 3

O s

a.
. interphase, telophase, metaphase, anaphase, prophase.
. metaphase, anaphase, telophase, interphase, prophase.
. anaphase, prophase, telophase, metaphase, interphase.
. telophase, anaphase, prophase, metaphase, interphase.

o o N T

interphase, prophase, metaphase, anaphase, telophase.

Where is the quiescent center located?

a.
. behind the root apical meristem (proximal).
. in the root cap.

. in the center of the corpus.

. the central region of the tunica.

o o N T

in front of the root apical meristem (distal).

During the cell cycle, microtubules

a.
b.

direct the movement of chromosomes during mitosis.
polymerize and depolymerize continuously throughout
the cell cycle.

. form the pre-prophase band prior to prophase.
. transport vesicles from the Golgi apparatus to the

developing cell plate.

. all of the above.

Division of the tunica occurs in which plane(s)?

a.
b.
C
d.
e. none; division does not occur in the tunica.

anticlinal.
periclinal.
metaclinal.
various planes.

In plant cells, the first visible sign of mitosis is:

a.
b.
C.
d.
e. initiation of cytokinesis.

thickening of chromosomes.

formation of a spindle apparatus.

development of a cell plate.

appearance of a pre-prophase band of microtubules.

What is the derivative of procambium?

a.
. vascular tissues.
. pith and cortex.
. epidermis.

. apical meristem.

o o N T

root cap.

Vesicles giving rise to the cell plate originate from

a.
. the endoplasmic reticulum.

. microbodies.

. invaginations of the cell membrane.
. microtubules.

™ o N T

dictyosomes.
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0 9. Shoots and roots generate primary growth and lateral
organs in different manners. A main difference between
shoot primary growth and root primary growth is that
a. the shoot apical meristem does not generate primary
growth.

b. the root apical meristem produces lateral organs from
the root cap.

c. the shoot apical meristem can produce different organs;
the root apical meristem only generates primary growth.

d. root lateral organs are initiated from within the stele, not
at the root apex.

e. candd.

@ 10. Intercalary meristems are different than apical meristems in
that

a. intercalary meristems are more organized than apical
meristems.

b. apical meristems produce tip growth, while intercalary
meristems produce basal growth.

c. intercalary meristems are only found in gymnosperms;
apical meristems are only found in bryophytes.

d. apical meristems are found in the crown of a grass plant;
intercalary meristems are found at the gymnosperm root
tip.

e. intercalary meristems rarely divide; apical meristems
divide often.

© 11. Lateral meristems contribute to
a. primary growth.
. secondary growth.
increase in stem and root length.
. increase in stem and root girth.
. bandd.

man o

= Concept Applications
0 12. Explain how root cells sense the direction of gravity.

0 13. Why can shoot lateral organs originate exogenously,

whereas subsequent root organs must originate endog-
enously?
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Introduction

The cell wall is unique to higher plant cells. Due to their reliance on
hydraulics for growth, expansion, and transport, plant cells develop
tremendous internal pressures. Without walls, they would rupture
due to the high osmotic pressures from within. There are two basic
types of cell walls. Primary cell walls surround living cells and are
made of a loose, and “loosenable,” matrix of cellulose, cross-linking
glycans, and structural proteins and contain enzymes capable of
loosening and strengthening the wall. The primary wall offers physi-
cal support during the time of growth and in herbaceous tissues.
Secondary cell walls are greatly stiffened by the deposition of lignin,
arerigid, and are found in tissues or organs that require great strength
and support, such as tracheary elements and wood. Typically, those
cells are dead at maturity. Cell-to-cell communication and transport,
which are of vital importance, occur via plasmodesmata in the pri-
mary cell wall or pits in the secondary cell wall.

5.1 Transparent Plant Cell Walls Contain
Cellulose and Are Synthesized
to the Exterior of the Protoplast

Although most plant cells are highly colored (» Chap. 1), cell walls,
the main structural component of plants, rarely contain pigments.
Light needs to penetrate many plant tissues; therefore, most cell
walls, especially primary walls, are typically transparent or translu-
cent (B Fig. 5.1a).

@ Fig. 5.1 a Chloroplast-containing elodea (Elodea canadensis) leaf cells
separated by translucent primary cell walls. Scale bar = 50 pm (RR Wise)
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@ Membrane Enzyme Cellulose @ Pore Crystallization
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B Fig. 5.1 b, c Diagrammatic representation of portion of a plasma membrane with islands of cellulose synthase
complexes (aka rosettes). These enzyme complexes generate the cellulose microfilaments on the outer surface of the
membrane but are oriented by the positioning of cytoplasmic microtubules on the inner surface of the membrane.
They are mobile and can move throughout the membrane. CSC cellulose synthase complexes, PM plasma membrane,
CSI1 CSC associated proteins, MT microtubule. (Figure redrawn from John Tiftickjian (Delta State University))

All plant cell walls contain the polysaccharide cellulose, a poly-
mer of 3-glucose units, arranged in crystalline structures only a few
nanometers in diameter called microfibrils. Cellulose microfibrils
are synthesized to the cell surface by large enzyme cellulose syn-
thase complexes having hexagonal symmetry, sometimes called
“rosettes” (Lei et al. 2012). Underlying microtubules in the cyto-
plasm guide the direction of the rosettes as they circle the cell by
means of the action of motor proteins (8 Fig. 5.1b, ¢, Wightman
and Turner 2010). This results in the cell becoming wrapped in lay-
ers of cellulose microfibrils, which become the early primary cell
wall (8 Fig. 5.1d). Different layers of the cell wall may have different
patterns since microtubules can depolymerize and re-polymerize in
multiple orientations. The assembly and orientation of cellulose are
connected, as several cellulose synthase mutants have phenotypes
defective in cellulose orientation and plant structure as well as being
depleted in cellulose content.

Not only cellulosic microfibrils but other polysaccharides are
exported to the cell wall region either as a part of a permanent wall
or as part of temporary secretions that play a significant role in
lubricating for the growth of root structures through soil particles,
harboring symbiotic and mutualistic microorganisms, and envelop-
ing enzymes for extracellular degradation and transport. Within
the cytoplasm, numerous Golgi bodies secrete vesicles that deliver
components to the external cell wall either directly or through the
endoplasmic reticulum (8 Fig. 5.1e).
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@ Fig. 5.1 d Orientation of numerous cellulosic microfibrils as shown by scan-
ning electron microscopy that are enveloping the protoplasmic cell surface of a
plant. The microfibrils shown here are firmly held to the adjacent fibrils by hydro-
gen bonds between their -OH groups. Scale bar = 1 pm (Crang and Vassilyev 2003)

5.2 Primary Cell Walls Are a Structural Matrix
of Cellulose and Several Other Components

The wall of a dividing and growing cell is called the primary cell
wall (B Fig. 5.2a, Cosgrove 2005). This early wall is composed of
multiple compounds formed in complex assemblages from within
the cytoplasm of the cell, and transported across the cell (plasma)
membrane (a.k.a. plasma lemma), which is a semifluid barrier of the
early living cell (refer to » Sect. 3.3). In addition to the carbohydrate
cellulose (B Fig. 5.2b), the main component of most cell walls, the
primary cell walls also contain a matrix of polysaccharides in the
form of amorphous substances (e.g., pectic and cross-linking gly-
cans; @ Fig. 5.2¢, d). Pectic substances are composed of polymers of
galacturonic acid in which some of the carboxyl groups are esterified
with methanol. Pectins act as a glue to hold adjacent cells together
and are a main component of the middle lamella (see below). The
pectic substances that are extracted from plants are commonly called
pectins, and their sticky nature makes them an ideal choice for mak-
ing jams and jellies. Cross-linking glycans (which used to be called
hemicelluloses) bind to cellulose molecules to provide a strong but
flexible web-like complex. They are composed of several different
sugar monomers including glucose, arabinose, galactose, rhamnose,
mannose, and xylose. The next most abundant component usually
is water that is followed by a wide variety of compounds such as
lignin, proteins, and mineral ions. Cell walls of some cell types may
also contain polymeric lipids such as waxes, cutins, and suber-
ins (B Fig. 5.2e) which form hydrophobic deposits on hydrophilic
walls, particularly conspicuous on the surface of the epidermis, in
the Casparian strip of the endodermis and in the walls of cork.
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O Fig.5.1 e A portion of a developing root cell from maize (Zea mays)
showing many dictyosomes with swollen trans vesicles containing polysac-
charides that are emptying their contents at the site of the cell wall (CW). Scale
bar =1 um. (Micrograph courtesy of Hilton H. Mollenhauer; HH Mollenhauer,
Texas A&M University)

@ Fig. 5.2 aThis transmission electron micrograph shows the primary cell
wall of an onion (Allium cepa) parenchyma cell from a bulb after the extraction
of noncellulosic polysaccharides. Although the extraction process enhances
the cellulose microfibrils, it has altered their parallel orientation from that in
the intact cell wall. Scale bar = 0.2 pm (Crang and Vassilyev 2003)
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B Fig. 5.2 b The basic structure of cellulose, a linear polysaccharide with glucose units connected by a beta-acetyl
linkage (Public domain)
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B Fig. 5.2 ¢ A common molecular orientation of a cross-linking glycan that contains several sugars including glucose,
galactose, mannose and xylose (Public domain)

Each plant cell develops its own cell wall, and neighboring cells in
the plant body are held together by the middle lamella (Zamil and
Geitmann 2017), which originates as a pectic cell plate formed at telo-
phase. The middle lamella is very thin and often indistinguishable
from the developing primary cell wall (8 Fig. 5.2f). When two adja-
cent primary walls are cemented together with a middle lamella, the
combination is designated asa compound middle lamella(8 Fig.5.2g).

If chemical agents or enzymes are used to dissolve the middle
lamella, the cell walls become separated from each other. Such an arti-
ficial process of cell separation is called maceration and is achieved in
the laboratory by treatment with enzymes, acid, and/or alkaline solu-
tions. However, a more common event is natural maceration when
pectins of the middle lamella are enzymatically dissolved as during
the process of leaf loss (e.g., abscission). Very often, partial macera-
tion occurs when the middle lamella is solubilized only at certain sites,
primarily at the cell corners. Cells round oft due to turgor pressure,
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O Fig. 5.2 d Chemical structure of a pectin which may contain a variety of
sugars as well as being rich in galacturonic acid (Public domain)
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O Fig.5.2 e A hypothetical structure of a suberin polymer. Such glycerolipid polymers are specific to plants. Cutin is
responsible for the composition of the cuticle on the aerial epidermis. Suberin is mostly present in the bark and under-
ground organs of plants (Public domain)
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B Fig.5.2 fMiddle lamella (ML) between adjacent cells in water lettuce (Pistia stratiotes). (GM Volk and VR Franceschi,
Washington State University). g Compound middle lamella between three adjacent cells in developing poplar (Populus
sp.) wood, two fibers (F) and one vessel element (V). The middle lamella and the two primary walls in apposition have
fused to form the compound middle lamella (CML), and three layers of secondary wall have developed (S1, S2, and S3).
(K Ruel, CNRS, France). Scale bars =5 pminfand 1 uming

and intercellular air spaces appear at these sites. These spaces enlarge
and fuse with each other as cells grow, and a single-branched system
may appear which is filled with gases and water vapor. Therefore,
intercellular spaces facilitate exchange into and out of plant cells for
gases such as oxygen, water vapor, and carbon dioxide.

Box 5.1 Using Plant Cells for the Oral Delivery of Protein
Drugs
Protein drugs include compounds such as hormones, vaccines,
and enzymes. They are expensive to manufacture and require
cold storage. Because these drugs can be degraded by
proteases and acids if ingested and have difficulty crossing
intestinal barriers, they are typically administered by injection,
often by medical professionals that further increases costs.
The use of plant cells to manufacture and store protein
drugs could provide both convenience of oral delivery and
economic relief for patients. Here is the basic concept of drug
production and delivery using plant cells: drug companies
engineer chloroplasts to express genes of medicinal
interest. The plant leaves are harvested, freeze-dried, and
placed in a capsule. Envision a patient orally ingesting the
capsule containing a gene product, such as insulin, instead
of administering the hormone via self-injection. Since the
human body does not produce cellulases, enzymes that break
down plant cell walls, the drug would not be dispensed until
encountering gut bacteria in the intestines can denature the
walls, releasing the drug. Within the intestines, the drug can be
integrated into the body. Freeze-drying allows these protein
drugs to remain stable at room temperature, keeping storage
costs down. Since these drugs may not require purification
or professional administration, costs to patients would be
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reduced. This research of drug bioencapsulation within plant
cell walls may lead to increased efficiency in treating metabolic
disorders and diseases such as diabetes, hypertension,
and Alzheimer’s. While oral delivery of drugs is still in its
experimental stages, it shows much promise.

Reference: Xiao et al. 2016

5.3 Plasmodesmata Connect Adjacent Cells Via
Holes in the Primary Cell Wall

Plasmodesmata are tiny (30-60 nm), intercellular, cytoplasmic
extensions between adjacent cells and are lined with the plasma
membrane of the two adjacent cells (B Fig. 5.3a). They are dynamic
structures that control the passage of large molecules between cells
and also in cell-to-cell communication (Overall and Blackman
1996; Maule 2008).

Practically all living cells of the plant body are interconnected
by plasmodesmata. An exception is the subsidiary cells surround-
ing guard cells found in epidermal layers (refer to » Sect. 9.3). There
are numerous plasmodesmatal connections between the subsidiary
cells and guard cells but none between the subsidiary cells and adja-
cent pavement cells of the epidermis. With that exception, plasmo-
desmatal connections between adjacent cells link the cytoplasm of
practically every cell in the plant into a symplastic whole. Due to
the presence of multiple plasmodesmata, plant cells can be consid-
ered to form a syncytium or multinucleate mass with cytoplasmic

O Fig. 5.3 aNewly formed cell walls in water lettuce (Pistia stratiotes)
containing numerous plasmodesmata (arrows). Note also the chloroplasts

(C), mitochondrion (M), and two peroxisomes (P) containing darkly stained
catalase crystals. Scale bar = 0.5 pm. (Image courtesy of Gayle Volk and Vincent
Franceschi; Washington State University)
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continuity (in contrast to a coenocyte which can result from mul-
tiple nuclear divisions without accompanying cytokinesis).
Accordingly, the tiny channels have caused a significant amount of
debate among scientists regarding cell theory, some suggesting that
the cells of higher plants are not cells at all since they are not physi-
cally separated or structurally independent from one another.

There are two forms of plasmodesmata: primary and secondary
(Ehlers and Kollmann 2001). Primary are formed from the sites
where strands of endoplasmic reticulum were trapped in the devel-
oping cell plate during cytokinesis. Secondary plasmodesmata are
formed by insertion into existing cell walls between nondividing
cells. Secondary plasmodesmata are a much less common occur-
rence than primary plasmodesmata.

Areas in the primary cell wall that have a concentration of plasmo-
desmata are called primary pit fields, and in cells that form a second-
ary wall, the primary wall’s pit fields are left exposed. This creates large
perforations in the secondary wall called pits (refer to » Sect. 5.5,
below). Secondary cell wall pits of adjacent cells are usually aligned
with each other so that the two primary cell walls and middle lamella
form a selectively permeable pit membrane, pierced by multiple plas-
modesmata. Going from one cell to the adjacent one, the sequence of
structures is as follows: pit-primary wall-middle lamella-primary
wall-pit. Such a secondary wall pit pair can transmit water, nutrients,
plant growth regulators (hormones), etc. between adjacent cells.

Plasmodesmata may be straight or branched, and plasmodesma-
tal diameter varies across the length (8 Fig.5.3b, ). They are 30-40 nm
at the wall surface and approximately 50-60 nm in diameter at the
midpoint. Note the plasmodesmata in 8 Fig. 5.3c that are closer to the
cytoplasmic surface of the cell wall are smaller than the plasmodes-
mata further from the cytoplasm and thus deeper in the wall.

Plasmodesmatal internal structure is delimited by a plasma
membrane encircling a solid-looking core (or desmotubule) and an
intervening layer known as the cytoplasmic annulus (8 Fig. 5.3d).
The cytoplasmic annulus is the space between the desmotubule and
the plasma membrane. Around the desmotubule and the plasma
membrane, areas of an electron-dense material have been observed
with the aid of the transmission electron microscope and often
joined together by spoke-like structures that seem to split the plas-
modesmata into smaller channels. In this case, these proteins may be
used in the selective transport of relatively large molecules between
adjacent cells. It has been found that a typical plant cell may have
between 10° and 10° plasmodesmata connecting adjacent cells,
which may equate to between 1 and 10 per pm?.

Plasmodesmata are more than merely passive holes connecting
adjacent cells (Ehlers and Kollmann 2001). Plants may regulate
plasmodesmatal transport by the accumulation of callose around
the end regions of plasmodesmata to form a restriction, which may
reduce the diameter of the plasmodesmata at those sites and thereby
control the passage of substances through the plasmodesmata.
Through the action of ATP, proteins associated with the desmotu-
bule can expand the radius of the plasmodesmata, allowing larger
unfolded proteins to pass through from one cell to the next. Also,
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BT Y

O Fig. 5.3 b Branched plasmodesmata seen in cross-section traversing the two primary cell walls (CW) separating two
leaf cells. The middle lamella is indicated with an arrow. Chloroplasts with grana (G) and starch (S) are also indicated. c
Plasmodesmata seen in face view in an oblique section of a primary cell wall (CW). Cytoplasm (Cyt) is to the right in the
image, and the arrow indicates increasing depth into the cell wall. Both images are from the leaf of the lyre-leaved sand
cress (Arabidopsis lyrata). Scale bar = 0.1 um for both panels (b, c RR Wise)

cells can utilize both passive and active transport to move molecules
and ions through the plasmodesmata.

Numerous large molecules have been shown to traffic from cell to
cell via plasmodesmata. Studies have tracked cell-to-cell movement of
proteins, transcription factors, messenger RNA, and even entire viral
genomes. The latter is mediated by proteins encoded by the virus called
“movement proteins.” The ability of a virus to make movement proteins
is key to its virulence because it allows the virus to spread throughout
the plant (Heinlein 2015). Tobacco mosaic virus encodes MP-30, a
30 kDa movement protein that binds to and traffics the entire viral
genome through the plasmodesmata, thus spreading the infection.

Finally, the plant cell membrane typically has a rather large elec-
trical potential, in the range of —150 mV (negative on the inside) as
compared to the —40 to —60 mV potentials found in most animal
cells (Flickinger et al. 2010). Because plasmodesmata allow for ion
(electrolyte) transport between cells, uniform membrane potentials
across a plant organ can be maintained.

Persimmon fruit contains cells with extremely thick primary
cell walls (B Fig. 5.3e) and is a common specimen for classroom
study of bundles of plasmodesmata as the long channels are easily
seen with the light microscope. This allowed early microscopists to
visualize plasmodesmata long before the development of the
transmission electron microscope permitted high-resolution stud-
ies, ones that continue to this day.
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@ Fig. 5.3 dThe structure of an unbranched plasmodesmata. Light green
area cytoplasmic sleeve; CW cell wall, CA callose, PM plasma membrane, ER
endoplasmic reticulum, DM desmotubule, purple circles and spokes — other
agents such as ATP and proteins within the cytoplasmic sleeve that may
include myosin. The combination of actin and myosin may be in the selective
transport of large molecules between two cells through the plasmodesmata
and along the desmotubule. (Figure modified from Sevilem et al. (2015))

B Fig. 5.3 e Cell walls of persimmon (Diospyros sp.) in cross-section show-
ing fine bundles of plasmodesmata traversing the walls, through the middle
lamella, and interconnecting every cell in the field of view. Scale bar = 25 um
(RR Wise)
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5.4 Secondary Cell Walls Are Rigid, Thick,
and Lignified

For many cell types, wall formation ends with the cessation of cell
growth. Such cells remain surrounded by a thin primary wall dur-
ing their whole life. But in other cell types, the deposition of wall
material continues. The wall layers deposited after cell enlargement
ceases are collectively termed the secondary cell wall. Because of
secondary wall growth, the thickness of the wall increases, at the
expense of the volume of the living cell cavity (@ Fig. 5.4a).

Primary cell walls of different tissues and plant species will vary
in their composition and function. Likewise, secondary walls will
also vary in that regard for the different layers that can be estab-
lished. For some cell types, such as tracheids, vessel members, cork
cells, and some sclereids and fibers, the formation of the secondary
wall is the main function of their protoplasts, and the cells eventu-
ally die because of fulfilling that principal function. In such a case,
the secondary wall mainly provides mechanical support and is
responsible for the specific structural features of wood, textile fiber,
and paper.

B Fig. 5.4 a Cross-section of late-wood tracheids of longleaf pine (Pinus
palustris) showing the layers of the secondary wall (S, S,, and S,), the thin
primary wall (Pr), and the true middle lamella, which is markedly thickened
at the cell corners. The combination of the primary cell walls and the middle
lamella is often termed a compound middle lamella. Scale bar =1 pm

(Crang and Vassilyev 2003)
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Middle lamella

O Fig. 5.4 b This diagram shows the order of wall layers for a cell with sec-
ondary wall development. The middle lamella is amorphous in organization.
The primary wall typically shows a nonlinear pattern of cellulose microfibril
deposition. The orientation of fibrils may determine the direction of cell elon-
gation. Fibril patterns that are nonlinear cause the walls to undergo minimal
expansion. Note, however, that the three layers of secondary wall material
(labeled, S,, S,, and S.) have distinct orientations of the cellulose microfibrils.
A“warty” layer (possibly representing the remaining nonliving cell contents)
may also be found as a lining to the S, layer. Not all cells that form secondary
wall material will result in all the layers. (Figure modified from Esau (1977))

In cells with well-developed secondary walls (S), up to three
concentric wall layers may be distinguished: an outer narrow S,
layer adjacent to the primary wall, a thicker middle S, layer, and a
thin inner layer bordering on the cell cavity (S,, 8 Fig. 5.4b). The
layers differ not only in thickness but also in chemical composition
and in the angle of cellulose microfibril orientation in relation to
the cell axis (Richter et al. 2011). The three-layered structure of sec-
ondary walls is characteristic of wood elements of conifers and
some angiosperms, but in some cells the S, is lacking. The S, layer is
the richest in cellulose and is responsible for most of the properties
of secondary walls. Lignification results in the substantial modifi-
cation of cell wall properties, e.g., the loss of elasticity, a drastic
increase in hardness and tensile compression, and a decrease in the
permeability of water as the lignin polymerizes within the cell walls.
Lignin is found in many or all the secondary wall layers.

In some specialized cells (mainly those engaged in water con-
duction, called xylem tracheary elements), the secondary wall is not
deposited over the entire inner surface of primary wall but appears
as individual rings, continuous helices, or net-like arrangements
(B Fig. 5.4¢). Xylem tracheary element structure will be covered in
more detail in » Chap. 7.
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O Fig. 5.4 Variations in secondary cell wall thickening patterns in protoxylem tracheary elements from celery
(Apium sp.) petiole. ¢ Annular thickenings, d helical thickenings, e reticulate thickenings. Scale bar in e = 50 pm for all
three panels (c—e RR Wise)

The different compositions of cell walls in plants allow for a
variety of economic and practical uses of the materials. For exam-
ple, an obvious and vastly important product is lumber, used as a
building product. Also, other products that derive value from the
cell wall include the following: paper products, fibers for weaving
and as dietary supplements, extracts for textiles, ink products, food
thickening and flavor products, oils, as well as cellulosic materials
for hydrolysis and fermentation into biofuels.

5.5 Pits Are Holes in the Secondary Cell Wall

In secondary walls of all types of cells, areas remain where secondary
wall material is not deposited. Such interruptions in the secondary
wall (B Fig. 5.5a) are called pits due to their appearance in the light
microscope. Three main types of pits are recognized: simple pits
(8 Fig. 5.5b, ¢), bordered pits (8 Fig. 5.5d, ), and half-bordered pits.
In simple pits, the canal typically has a cylindrical form, whereas in
bordered pits, the canal becomes much narrower in the process of
secondary wall deposition and consequently, the diameter of the pit
aperture facing the cell cavity is significantly less than the diameter
of the so-called pit membrane. In adjacent cells, pits arise opposite
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Primary wall
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B Fig. 5.5 a A diagrammatic representation of two segments of cell walls, with the orientation of middle lamella,
primary and secondary layers shown. Each represents a model of adjacent cell walls appressed to each other. On the left
are shown bordered pits in which the secondary wall material forms an overlaying circular rim over the compound mid-
dle lamella. On the right, the simple pits have only the compound middle lamella extending across the pit opening, and
the primary and secondary layers of the cell wall are of common dimension (Redrawn from Crang and Vassilyev 2003)

each other and have a common pit membrane. Such a configuration
is said to be a pit pair. While the two pits of a pit pair are usually of
the same type - i.e., simple or bordered - half-bordered pits are a
combination of a simple pit and a bordered pit. Simple pits are found
in cell walls of living cells such as cells of parenchyma and some
fibers. Bordered pits are characteristic of water-conducting cells of
wood, which are dead at maturity (tracheids and vessel members).
Pits facilitate the intercellular transport of water and solutes.
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B Fig. 5.5 b Simple pits seen in cross-section from radial parenchyma in catalpa (Catalpa speciosa and c honey locust
(Gleditsia triacanthos) wood. d Bordered pits seen face-on in d tracheids of white cedar (Thuja occidentalis) and e pine
(Pinus sp.). Scale bar in e = 20 pm and applies to all panels (b—e RR Wise)

The portion of the primary cell walls and middle lamella that
traverses the pit is called the pit membrane (8 Fig. 5.5f). Despite its
name, there is no living membrane present, the “membrane” being
the original primary cell wall. The primary cell wall is modified from
that of a living cell to increase its permeability for water transport.

In cells with very thick secondary walls, pits can be very long
indeed. For instance, in brachysclereids of pear fruit (e.g., stone
cells; refer to » Sect. 6.7), pits appear in sectional view as long radial
canals through the secondary cell wall, extending from one cell to
another (B Fig. 5.5g). The scanning electron microscope allows
visualization of the inner cytoplasmic surface of secondary cell wall
and shows the density of pits (B Fig. 5.5h).
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B Fig.5.5 f A pit membrane (PM) between a fiber (F) and a vessel (V) in
Tatarian dogwood (Cornus alba). Note that the fiber has a simple pit, while
the vessel has a bordered pit. Scale bar = 1.0 pm. (Image courtesy of Feng Xu;
Beijing Forestry University)

B Fig. 5.5 Simple pits in the brachysclereids of pear (Pyrus communis) fruit. g Pits are shown in cross-sectional view in
the light microscope. The thick secondary cell walls are stained red. h Pits are shown in face view in the scanning elec-
tron microscope. Scale bar in h = 20 pm for both panels (g, h RR Wise)
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5.6 Transfer Cells Have Elaborated Primary Cell
Walls for High Rates of Transport

Transfer cells are characterized by extensive ingrowths of the pri-
mary cell wall (Gunning and Pate 1969). Such ingrowths function
by greatly enlarging the surface area of the plasma membrane,
thereby facilitating the absorption or secretion of ions, products,
metabolites, etc. They are usually confined to only one area of a cell,
and are often found in tissues, which sustain large amounts of
metabolite transport such as the “stem” (pedicel and/or suspensor)
that attaches a developing fruit to the parent plant (McCurdy and
Hueros 2014).

Mangrove is also a unique example in that it is a viviparous
plant, meaning that seeds germinate while still in the fruit and the
seedling remains attached to the mother plant for the first several
weeks of development (B Fig. 5.6a). The entire surface of the devel-
oping seedling that remains in contact with the fruit develops into
transfer cells (8 Fig. 5.6b, ¢, Wise and Juncosa 1989). Some recent
evidence suggests that a small amount of secondary wall deposition
may be present in certain plant species.

O Fig.5.6 aDeveloping seedling (S) of red mangrove (Rhizophora mangle)
emerging from the fruit (F). The top end of the seedling and the zone of trans-
fer cells are indicated by the dashed line. Scale bar =5 cm (RR Wise)
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O Fig.5.6 Two views of transfer cells in a mangrove (Rhizophora mangle) embryo. b Note the substantial protrusions
of the primary cell wall that increases the surface area for molecular exchange. Mangrove seeds germinate while still
in the fruit (F, above the black lines in both panels), and the seedling (S, below the black lines) stays attached to the
mother plant for the first several weeks of development. ¢ All water and nutrients are transported from the fruit to

the seedling across the transfer cell zone in the direction indicated by the arrows. Scale bars = 10 pm in both panels
(b, ¢ RR Wise)

Box 5.2 Understanding Gene Control of Transfer Cell
Development and Function May Lead to Increases

in Crop Yield

The elaborate and characteristic cell wall ingrowths of transfer
cells, and their location at critical plant exchange surfaces, have
confirmed their roles in nutrient and solute transport. They play
arole in phloem loading/unloading, providing nutrition to the
developing embryo in viviparous plants, and for the transfer of
nutrients into the endosperm during seed development. In the
latter two cases, the transfer process is between different
generations and genetically distinct individuals, thus requiring
coordinated communication between the individuals during
transfer cell development and functioning. Lopata et al. (2014)
reviewed the recent literature on the expression of genes
during endosperm transfer cell (ETC) development of cereal
crops. ETC-specific genes were placed in five categories: (1)
Signal reception and transduction proteins that form the basis
of a two-component signaling system between maternal tissue
and developing grain (this communication is important for ETC
differentiation and development), (2) transcriptional regulators
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and cofactors which also play a role in ETC differentiation, (3)
genes responsible for sugar conversion and transport from the
maternal vascular system into the developing endosperm, (4)
genes that code for lipid transfer proteins found in the cell
membrane, and (5) a group of genes with unknown functions.
The authors make particular note of the potential application of
this knowledge to the manipulation of seed filling rates, and
increased plant yield, which has been a goal of agronomists for
roughly the past 10,000 years.

Reference: Lopata et al. (2014)

5.7 Chapter Review

= Concept Review

5.1 Transparent plant cell walls contain cellulose and are synthe-
sized to the exterior of the protoplast. The plant cell wall is a
major structural component of the plant body. Cell walls are
mostly transparent; therefore light can penetrate the plant
body and be absorbed by a variety of plant pigments. The
building blocks of the primary wall are synthesized in the cell
cytoplasm but exported to the exterior where they are
assembled into the structural components in the wall.

5.2 Primary cell walls are a structural matrix of cellulose and
several other components. The primary cell wall is composed
of several complex carbohydrate molecules such as cellulose,
cross-linking glycans, and pectic substances in addition to
numerous proteins and ions. Individual cells secrete a cell
wall to the exterior of the plasma membrane. The middle
lamella glues the cell to the wall of the adjacent cell.

5.3 Plasmodesmata connect adjacent cells via holes in the primary
cell wall. Plasmodesmata are membrane-lined passages
linking adjoining living cells. Primary plasmodesmata
develop during cytokinesis to connect daughter cells and
secondary plasmodesmata form between existing cells.
Plasmodesmata are a tube of a plasma membrane containing
a cytoplasmic sleeve and a desmotubule. Proteins, mRNA,
and viral genomes are known to be passed through plasmo-
desmata.

5.4 Secondary cell walls are rigid, thick, and lignified. Secondary
cell walls are laid down between the plasma membrane and
the existing primary cell wall. Thus, they push inward against
the cytoplasm and reduce protoplasmic volume. The second-
ary cell wall may cover the entire cell surface or be deposited
in a helical or spiral fashion depending on cell function. The
secondary cell wall has multiple layers of different orientation
and chemical composition. The deposition of lignin provides
significant strength.

5.5 Pits are holes in the secondary wall. Pits represent a second-
ary cell wall gap in adjacent cells that allows for the high rate
of water movement from cell to cell. Both simple and
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bordered pits exist in pit pairs—one pit for each of the two
adjacent cells.

5.6. Transfer cells have elaborated primary cell walls for high rates
of transport. The highly folded cell walls of transfer cells
increase the surface area available for membrane transport.
Accordingly, transfer cells are found in tissues that engage in
higher than normal rates of metabolite transport. While
normally having primary cell walls, some plants may also
possess secondary thickenings to their infolded walls.

s Concept Connections
0 1. Fill in the concept map below.
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= Concept Assessment
0 2. The primary function of intercellular spaces in most plant
tissues is to
a. allow for the movement of organic compounds.
b. provide space for the addition of secondary wall
materials to cells.
facilitate gaseous exchange of cells.
. maintain turgor pressure.
e. provide a site of extracellular storage.

an
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0 3. Where may lignin be found?

a.

" an o

secondary walls only.

. compound middle lamella.
s, layer only.

. primary walls only.

. all cell wall layers.

© 2 The S, layer of a cell wall is found

a.

" an o

adjacent to the cell membrane.
. inside of the S, layer.

. outside of the S, layer.

. inside of the S, layer.

@ 5. Pectic substances are polymers of

a.

@6 C

a.

" an o

" an o

galacturonic acid.
. lipids.

glucose residues.
. amino acids.
. calloses.

ellulose is a polymer of
galactose.
. glucose.
mannose.
. rhamnose.

. xylose.

Q 7. The role of pectin in the primary cell wall is to

a.

" an o

@3 v

reinforce the cellulose in the wall.
. make the wall transparent.

. glue adjacent cells together.

. cross link the cross-linking glycans.

iruses can spread throughout the cell via

a. the vacuole.

b

C
d
e

@ 9. Compared to primary cell walls, secondary cell walls are

. the cell wall.

. secondary cell wall.

. pits.

. plasmodesmata.

typically

a.

man o

thicker.
. stronger.
less active.
. more lignified.

. all of the above.

adjacent to vacuolar membrane (tonoplast).

transport precursors to the developing cell wall.
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@ 10. The elaborate cell walls of transfer cells allow for

a. the movement of viruses from one cell to the next.
the formation of pits and pit membranes.
the deposition of multiple secondary cell wall layers.
high rates of metabolite transport.
both straight and branched plasmodesmata.

o n o

@ 11. Plant cell walls are the basis of which of the following
industries?
a. paper, fiber, and pulp.

lumber, timber, resins, and tars.

textiles, inks, and biofuels.

food thickening and flavor products.

all of the above.

o n o

s Concept Applications

Q 12. Global climate change is being driven largely by an
increase in atmospheric CO, levels. Plants take CO, out of
the atmosphere via photosynthesis and use it to make,
among other things, cell walls. Herbaceous plants contain
mostly primary cell walls, while woody plants contain
mostly secondary cell walls. If you were to plant a garden
of plants to sequester CO, from the atmosphere, would
you use herbaceous or woody plants, and why?

Q 13. Aclass of enzymes called pectin methyl esterases (PMEs)
degrade pectin molecules (by breaking methyl ester
bridges between pectin molecules). Why would PMEs be
most active in ripening fruit?
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Introduction

Regardless of the organ or tissue, all plant cells belong to one of
three cell types: parenchyma, collenchyma, or sclerenchyma. Unlike
animals, in which an organ, tissue, and cell type may have all the
same name, the nomenclature of plant structures is more specific
and detailed. For instance, we may speak of an organ called the liver,
which is made of both liver tissue and liver cells. In this instance, the
organ, tissue, and cell type all have the same name.

Plants are arranged differently. The plant body has four basic
organs: roots, stems, leaves, and flowers/fruit (» Sect. 1.11), which
in turn, are composed of tissues. Tissues are cell complexes, which
are similar in origin and structure, and are designed to carry out spe-
cific functions. Tissues may be simple (consisting of one cell type
only), as in the case of aerenchyma or chlorenchyma, or complex
(consisting of two or more cell types) as in the case of xylem
(» Chap. 7) or phloem (» Chap. 8). Thus, an organ such as a leaf is
made of three different tissues (epidermis, mesophyll/chloren-
chyma, and vasculature), with each tissue composed of up to three
general cell types (parenchyma, sclerenchyma, or collenchyma). The
three general cell types may be further divided based on function.

6.1 Parenchyma Cells Are the Most Common
Plant Cell Type

@ Table 6.1 give examples of different forms and functions of the
three basic plant cell types — parenchyma, collenchyma and scle-
renchyma. Parenchyma cells are simple cells—alive, metabolically
active, capable of dividing, and bounded by a primary cell wall.
Altogether, parenchyma represents about 90% of the cells found
in a typical herbaceous seed plant. Some of the most important
activities of the plant, such as photosynthesis, nutrient assimilation,
respiration, storage, and secretion are primarily based in paren-
chymatous tissues. While many parenchyma cells may be simple
or unspecialized, they also possess the highest degree of develop-
mental plasticity. This enables them in specialized circumstances
to become transformed into all other cell types, a feature important
for wound repair and a key characteristic of meristematic tissues
(» Chap. 4). It is also noteworthy to point out that more primitive
multicellular non-tracheophytes (» Sect. 1.14) tend to consist of
parenchyma only. Lacking the support and water conduction made
possible by collenchyma and sclerenchyma, bryophytes are mostly
of small stature and typically only occupy moist habitats.
Parenchyma cells are found in ground tissues. Examples of
such tissues are the pith of stems (8 Fig. 6.1a, b) and the cortex
of stems and roots (8 Fig. 6.1¢, d). Here, the cells serve primarily
as basic filler tissue but may also be involved in apoplastic and
symplastic transport and/or storage. Parenchyma cells may be
highly specialized when they are parts of a complex tissue like the
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B Table 6.1 Characteristics, functions, and examples of parenchyma, collenchyma, and sclerenchyma cells
(RR Wise)

Parenchyma

Collenchyma

Sclerenchyma

Characteristics

Characteristics

Characteristics

1° cell wall only*

connected via
plasmodesmata

living at maturity

may be toti-/pleuropotent

1° cell wall only

unevenly thickened cell
walls

connected via
plasmodesmata

living at maturity

mostly 2° cell wall

various patterns of wall
thickenings

if connected, by pits

usually dead at maturity*

Functions

Functions

Functions

serve as ground tissues

photosynthesis
(chloroenchyma)

protection (epidermis)

storage

meristematic

conduction (translocation,
via phloem)

secretion

wound repair

support of annual or young
stems and leaves

protection

support

conduction (transpiration, via
xylem)

Examples

Examples

Examples

pith parenchyma
cortical parenchyma
leaf mesophyll
(chloroenchyma)
epidermis
pavement cells
subsidiary cells
guard cells
trichomes
glandular/nonglandular
uniseriate/multiseriate
1° meristems
protoderm
procambium
ground meristem
calyptrogen
2° meristems
fasicular
interfascicular
lateral
phelloderm
pericycle
phloem
sieve tube elements
(angiosperms)
sieve cells
(gymnosperms)
companion cells
(angiosperms)
albuminous cells
(gymnosperms)
phloem parenchyma
sclerified xylem
parenchyma*
secretion
idioblasts
hydathodes
resin duct epithelia
lithocysts
glandular trichomes
nectaries
collaters

angular collenchyma
annular collenchyma
lamellar collenchyma
lacunar collenchyma

“enchyma” is from the Greek
£y (in) and xeiv (to pour) and
means to “pour in’; “fill" or
“occupy”. Originally, the
term was used to describe
the primitive formative juice
of animal and plant bodies.
That “juice” was later found
to be made of individual
cells, but the root word
persists.

“par(e)” is from the Greek
mopa (para) meaning
“beside”

“scler” is from the Greek
G KANpPAG (scleros), meaning
“hard”

“coll” is from the Greek
koAl (kolla), meaning
“glue’; which refers to the
thick, glistening appearance
ofthe walls in fresh tissues

xylem and phloem fibers

sclereids*
brachysclerids
astrosclerids
macrosclerids
osteosclereids

xylem tracheary elements
imperforate
(andiosperms and
gymnosperms)
perforate (angiosperms)

*Some sclerids maintain a
living protoplasm at maturity,
but they are metabolically
very quiet.
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B Fig. 6.1 a Pith parenchyma in a mugwort (Artemisia sp.) stem. b The pith tissue is composed of tightly packed
parenchyma cells. Scale bars = 500 pm in a, and 50 pm in b. (a, b RR Wise)

B Fig. 6.1 d Cortical parenchyma in a buttercup (Ranunculus sp.) root. The vascular system is in the center of the root,
and the epidermis lies to the outside. d Note the presence of numerous starch grains (stained as red dots); thus, this
cortical parenchyma is also storage parenchyma. Scale bars = 500 pm in ¢, and 50 pm in d. (c, d RR Wise)

chlorenchyma (chloroplast-containing parenchyma) of leaves that
carry on abundant photosynthesis (B Fig. 6.1e). Parenchyma cells
are well suited for photosynthetic activity because their thin pri-
mary cell walls allow more efficient diffusion of light, water, gases,
and metabolites.

The plant epidermis is made of parenchyma cells and may
include pavement cells (a.k.a. ground epidermis), guard cells of
the stomata (@ Fig. 6.1f, g), and glandular or non-glandular tri-
chomes (» Chap. 9). Guard cells are the only epidermal cells to
contain chloroplasts, which play a key role in stomatal opening and
closing.
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B Fig. 6.1 e Cross-section of a cucumber (Cucumis sativus) leaf showing
chlorenchyma (with red-stained chloroplasts) in the center of the leaf (meso-
phyll, Me) with epidermal parenchyma (Ep) on the top (adaxial) and bottom
(abaxial) surfaces. Scale bar = 50 pm. (RR Wise)

B Fig. 6.1 f Epidermal parenchyma on the surface of an onion (Allium sp.) leaf. Multiple pairs of guard cells can be
seen. All other cells in the images are subsidiary (or pavement) cells. Trichomes (not shown here) are also parenchyma
cells. g The dark red dots are nuclei. Scale bars = 100 pm in f, and 25 pm in g. (f, g RR Wise)

Aerenchyma tissue is composed of parenchyma cells and is
quite common in the leaves, stems, and roots of aquatic plants
(8 Figs. 6.1h-j) (Takahashi et al. 2014). In these plants, the air in the
spaces serves not only for aeration, but (when they occur in float-
ing leaves or stems) also to give the plants buoyancy and support.
The air spaces form an elaborate system that is continuous from the
leaf to the root, thereby allowing oxygen to diffuse from its point
of highest concentration in the leaves, to places of scarcity in the
tissues that are lacking chlorophyll. The buoyancy of many water
plants further enables them to capture light at the surface of the
water for effective photosynthesis.
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B Fig. 6.1 h A section through the underground stem of sweet flag (Acorus sp.)
showing large separation of the parenchyma tissues along the middle lamella.
The intercellular spaces enable the movement of large amounts of water, dis-
solved gasses, and minerals to travel throughout much of the plant. The red cells
are sclerified and serve as support tissue. Scale bar = 100 pm. (RR Wise)

O Fig. 6.1 i Aerenchyma tissue occupying the center of a bullrush (Juncus sp.) stem. j The individual parenchyma cells
form a network of aerenchyma tissue. Scale bars = 1 pmini and 100 pm in j. (i, j RR Wise)

Storage parenchyma of seeds and tubers contains large quantities
of carbohydrates, mostly in the form of starch, or oils (8 Fig. 6.1k,
1). In seeds such as Asparagus, Coffea, Diospyros, and Iris, the carbo-
hydrates may be in the form of thickened walls and are represented
by hemicelluloses. Oils are typically in the form of triglycerides in
seeds, but in tubers and roots, there are many complex oils that vary
by species as well as climatic and environmental conditions.

While parenchyma cells are generally thought of as being thin-
walled, they sometimes have very thick primary walls as in the case
of seed endosperm cells of lily (Lilium sp., @ Fig. 6.1m), date palm
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O Fig. 6.1 k Storage parenchyma of bean seed (Phaseolus vulgaris) and | potato tuber (Solanum tuberosum, right).
Both tissues were stained with 1Kl to enhance internal starch deposits, which appear as purple grains. The cells are
compressed into a multifaceted form by contact pressure, with little intercellular air space in these storage tissues. Scale
bars = 50 pm in both panels. (k, | RR Wise)

O Fig. 6.1 m Lily (Lilium sp.) seed endosperm showing thick primary walls,
stained green. The cell protoplasm has stained red, with the nucleus slightly
darker. Scale bar = 100 um. (RR Wise)

(Phoenix dactylifera), asparagus (Asparagus sp.), and coffee (Coffea
arabica). This is often due to the large deposition of hemicelluloses.

The three-dimensional shape of parenchyma cells has been a
matter of considerable study (8 Fig. 6.1n). A number of studies have
shown that parenchyma cells consist of a variety of three-dimensional
polyhedra that have an average of 14 faces. A geometrically perfect,
14-sided polyhedron with 8 hexagonal and 6 quadrilateral faces has
been named an orthic tetrakaidecahedron. This ideal figure is com-
promised in plants that may have a range of facets, but usually averag-
ing 14. Pressure and surface tension both appear to play a major role
in determining the number of facets for a particular parenchyma cell.



188

Chapter 6 - Parenchyma, Collenchyma, and Sclerenchyma

B Fig. 6.1 n LM of Wandering Jew (Tradescantia zebrina) adaxial epidermis
showing its angular appearance. Scale bar = 100 pm. (RR Wise)

6.2 Parenchyma Cells May Exhibit Totipotency

Parenchyma is the only one of the three cell types that can engage
in mitotic divisions, and they can retain that ability for years. In
animals, only stem cells, which are quite rare, retain the ability to
carry out mitosis. Consequently, parenchyma cells are the types
found in primary and secondary meristems (refer to » Chap. 4)
and the cells that are used for wound repair. The retention of the
ability to divide and then continue to differentiate into any of the
other cell types is called totipotency, and it enables some paren-
chyma cells (under the right environmental conditions) to develop
into other specialized tissues, including an entirely new viable
plant (White 1939).

@ Figure 6.2 shows plantlets derived from plant tissue culture
techniques. As an example, carrot tissue is easily cultured with
the following procedure. A carrot root can be sliced into several
sections, and the parenchyma storage tissue (cortex) is pulver-
ized with a blender that separates individual cells. Some of these
may be cultured in a nutrient medium and will undergo mitosis.
Placing these young developing cells into a semisolid nutrient
medium will allow them to start growing into new young plantlets
due to their totipotency (ability to differentiate into any number of
cell types). These, in turn, can be transferred to an enriched soil
where full development occurs into a mature carrot plant. Plant
tissue culture has many uses in horticulture, plant propagation,
and biotechnology.
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B Fig. 6.2 Plant tissue cultures being grown at a USDA facility (USDA, public domain)

6.3 Collenchyma Cells Are Used for Support
and Are the Least Common Cell Type

Collenchyma, together with sclerenchyma, belongs to a group of
plant tissues often designated as supporting or mechanical and is
primarily found in angiosperms. They essentially have only primary
walls (8 Fig. 6.3a), but in some cases, it is believed that second-
ary deposition may occur resulting in a gradient of development
(Leroux 2012). The designation, collenchyma, is derived from the
Greek word, kAL, meaning glue, which is a reference to the thick,
glistening appearance of unstained collenchyma cell walls (refer to
Leroux 2012 for the etymology). Of the three types of fundamental
tissue found in plants, only about 1% can be considered to be col-
lenchyma.

Given the lack of a secondary cell wall, collenchyma cells can be
thought of as being relatively “inexpensive” to produce and reason-
ably stretchable. Therefore, they are typically in one of two places in
herbaceous plant organs. First, collenchyma cells are found in short-
lived and rapidly expanding tissues such as large leaf petioles where
there is not the time or need to invest in sclerenchyma for support.
Second, they may be found in elongating stems, which could not
continue to expand in the presence of rigid sclerenchyma. While
there have been a few cases in which collenchyma tissues have
appeared in roots, most of those have been aerial roots. In leaves,
collenchyma appears as axially elongated strands, often located
above and below major veins, as well as in petioles and sometimes
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@ Fig.6.3 a Atransmission electron micrograph of angular collenchyma
from the petiole of celery (Apium sp.) revealing detail of walls and cytoplasmic
structure. Note the irregular primary cell wall thickenings in the corners of the
cell. Scale bar = 1 pm. (Image from: Ledbetter and Porter 1970, Introduction to
the Fine Structure of Plant Cells, Springer-Verlag, with permission)

leaf blade margins. In stems, it appears as a hollow cylinder around
vascular tissues,or as peripheral longitudinal strands even though
the cells have various amounts of living protoplasm. Chloroplasts
are rarely found.

The walls of collenchyma are largely hydrated cellulose, but small
amounts of hemicelluloses and pectins have also been reported
(Leroux 2012). Lignin does not appear to be a normal component
of collenchyma cell walls. Collenchyma cells have unequally thick-
ened primary walls, especially when observed in cross-sectional
view. The different thickness patterns of the wall are a characteris-
tic feature formed during elongation. There are four primary types
of collenchyma based on the arrangement of the wall thickenings:
angular (8 Fig. 6.3b, ¢), lamellar (or plate, @ Fig. 6.3d), lacunar
(8 Fig. 6.3e), and annular (B Fig. 6.3f).

Collenchyma is a living tissue composed of elongated cells
with thick non-lignified primary walls. Such cells are most closely
aligned physiologically with parenchyma cells. Where collenchyma
and parenchyma cells are found adjacent to each other, they fre-
quently intergrade through transitional cells. The resemblance
to parenchyma is further stressed by the ability of this tissue to
undergo reversible changes in wall thickness and to engage in meri-
stematic activities. Thus, it is entirely appropriate to consider these
two cell types in the same chapter of study.

The thickened walls of collenchyma cells consist mainly of cellu-
lose and hemicelluloses and contain considerable water (as much as
67% based on fresh weight). Thickening of the walls occurs during
elongation growth of the cells, with successive layers of wall material
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O Fig. 6.3 b Angular collenchyma from celery (Apium sp.) petiole. Angular
collenchyma has greatest wall thickenings where cells meet in corners. The
thickened portion of cell walls in contiguous collenchyma cells merges, form-
ing three to four angles. Scale bar = 100 pm. (RR Wise)

O Fig. 6.3 cAngular collenchyma from rhubarb (Rheum rhabarbarum) leaf
petiole showing the extensive amount of angular collenchyma, as viewed with
scanning electron microscopy. Scale bar = 100 pm. (RR Wise)

formed around the entire cell, but they are wider in the places of
thickenings. Cellulose microfibrils have a helicoidal texture in col-
lenchyma cell walls that largely sets them apart from parenchyma
cells (B Fig. 6.39).

In some cases, it has been reported that the degree of wall
thickening in collenchyma is increased if, during development, the
plants are exposed to motion by wind or other mechanical forces.
On the other hand, wall thickenings may be removed in response
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O Fig. 6.3 dLamellar (a.k.a. plate) collenchyma from a black elderberry
(Sambucus canadensis) stem is characterized by thickened portions of cell walls
that are present only on tangential cell walls, i.e., those parallel to the surface.
There are no substantial thickenings on the radial cell walls, and thus they
often tear during sectioning. Scale bar = 100 um. (RR Wise)
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B Fig.6.3 e Lacunar collenchyma in the outer cortex of a young stem of

lily (Lilium sp.). The presence of intercellular spaces is a characteristic feature
of a less common type of collenchyma called lacunar. It is somewhat similar
to angular collenchyma but contains an intercellular space in the center of
“angles.!” Note the guard cell pair and thick wax coating of the stem epidermis.
Scale bar =50 pm. (RR Wise)

to injuries and wound-healing reactions. Collenchyma that differ-
entiates early in a given organ becomes more highly specialized,
whereas that which is formed later is often more like parenchyma
(Leroux 2012).
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O Fig. 6.3 f Annular collenchyma in the stem of paper flower (Bougainvillea
glabra) is the least common type of collenchyma. It is characterized by evenly
deposited primary wall thickenings and little or no intercellular spaces. The
cell lumen acquires a rounded outline in cross-section, and the cells become
similar to fibers, but with unlignified walls. Fresh section and stained with
phloroglucinol. Scale bar = 50 pm. (RR Wise)

6.4 Birefringence Isa Common Phenomenon
in Collenchyma Walls

A phenomenon called birefringence occurs when crystalline
materials or specimens with highly ordered molecules are being
observed with the polarized light. When a polarizing filter is used
to order light into a single plane through the specimen, some of the
light is retarded and rotated by the specimen so that when the light
encounters a second polarizing filter above the objective lens of the
light microscope, some light has rotated to a new plane and may
have experienced interference to produce new colors. Light leaving
the filter is said to be plane polarized and consists of light waves
essentially in a single plane (all parallel to one another). That light
not changed by the specimen will be blocked and will not appear.
The birefringence seen in collenchyma cell walls (B Fig. 6.4a, b) is a
direct consequence of their layered structure.

Box 6.1 Chemical Composition of Collenchyma Cell Walls
(Finally) Revealed

Collenchyma, as a distinct cell type, has been described for over
100 years. Collenchyma cell shape, location, mechanical
properties, and wall appearance are very well known.
Surprisingly, however, the chemical composition of the
collenchyma cell wall was only recently revealed. Chen et al.
(2017) reported the first detailed investigation of the cell wall
composition of collenchyma from any plant. The authors
isolated collenchyma strands from celery petioles, a classic
study system for collenchyma. Using a vast array of modern
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B Fig.6.3 g Transmission electron micrograph of angular collenchyma from
burdock (Arctium sp.) petiole. The thickenings of the collenchyma cell wall
have a helicoidal arrangement of the cellulose microfibrils that may make

the walls more flexible. In cross-section, the wall appears to be multilayered
because the microfibrils gradually change their orientation from longitudinal
to transverse and back again to longitudinal during cell elongation. In the
thin layers of the wall, the microfibrils are cut longitudinally, and in the thicker
regions, there are many layers of microfibrils. Note the very thin layer of cyto-
plasm at the inner surface of the wall (arrow). Scale bar = 100 nm. (Crang and
Vassilyev 2003)

chemical analytical techniques, they determined that the
collenchyma cell wall contained many of the same polysaccha-
ride components as found in the extensively studied paren-
chyma cell wall. However, the proportions and chemical species
were distinctly different. Pectin is the major polysaccharide in
the Apium collenchyma cell wall, followed by cellulose,
xyloglucans, heteroxylans, and heteromannans. This long
overdue study on collenchyma will serve as a good comparison
to the large amount of data available for the structure and
chemical composition of cell walls of parenchyma tissues.
Reference: Chen et al. (2017).
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O Fig.6.4 a, b Collenchyma in a carrot (Daucus carota) petiole. a Brightfield
microscopy. b Polarized light microscopy. Scale bar = 100 pm. (a, b RR Wise)

B Fig. 6.5 a-cThree basic sclerenchyma cell types. a Fibers from macerated red oak (Quercus rubra) wood. Scale
bar =500 pm. b Sclereids in the central pith of a mistletoe (Viscum sp.) stem. Scale bar = 100 pm. c A water-conducting
xylem vessel element from macerated basswood (Tilia americana) wood. Scale bar = 50 pm. (a-c RR Wise)

6.5 Sclerenchyma Cells Provide Support,
Protection, and Long-Distance Water
Transport

Sclerenchyma cells vary greatly in regard to their origin, distribu-
tion, shape, and structure. However, they may be classified into
three categories, namely, fibers, sclereids, and water-conducting
sclerenchyma (8 Fig. 6.5a-c). Along with parenchyma and collen-
chyma, they constitute the third group of fundamental tissues but
in total represent only less than 10% of all the cells in living (i.e.,
non-woody) tissues. Sclerenchymas are structural support cells that
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do not depend on turgor to remain rigid, but rather on the presence
of a rigid secondary wall, and are usually dead at maturity.

Water-conducting sclerenchymas, such as vessel elements, are
a major cell type in xylem tissue and will be presented in detail in
» Chap. 7. Fibers and sclereids will be discussed below in » Sects.
6.6,6.7, and 6.8.

6.6 Fibers Impart Support and Protection

Fibers are long (up to 2 mm), narrow (typically 20 pm), thick-walled
cells that are dead at maturity. Generally, fibers are not associated
with water conduction, although one type of fiber—the fiber tra-
cheid—has sidewall pits (» Chap. 7). Fibers are found in various
parts of plants, often in association with vascular tissues, particularly
phloem in primary growth (8 Fig. 6.6a, b) and secondary xylem/
wood (» Chap. 15). Fibers differentiate early into elongated cells
with few simple pits in their cell walls and always appear in clusters.

@ Figure 6.6a shows fibers to the adaxial (at the top in the figure)
and abaxial (at the bottom) sides of a vascular bundle in a maize stem.
In young maize stems, the fibers serve primarily to protect the fragile

B Fig. 6.6 a Caps of fibers adaxial (Fad) and abaxial (Fab) to a vascular bundle in a young maize (Zea mays) stem. The
two large cells to either side are xylem vessel elements (VE), and a patch of phloem (P) is visible in the center. The empty
space in the top-middle is a lacuna (L), or hole, caused by tearing of the tissue during growth. b Same specimen viewed
in polarized light to show lignification of fibers and vessel elements. Scale bar = 50 pm. (a, b RR Wise)
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phloem tissues with structural support being a secondary function.
The lignified cell walls of the fibers and the two large vessel elements
show red birefringence when viewed in polarized light (8 Fig. 6.6b).

In leaves such as those found in cattail (B Fig. 6.6¢, d), fibers pro-
vide most of the leaf support, in addition to protecting the phloem.
Large bundles of fibers to either side of the vascular bundles and at
the leaf margin make for a stiff leaf that will support itself and be
resistant to tearing in the wind.

Fibers may be commonly found in the cortex of developing
or older stems. B Figure 6.6e shows a large patch of fibers in a

B Fig. 6.6 ¢ Brightfield and d polarized images of fiber bundles (F) in a cat-
tail (Typha latifolia) leaf. Fibers are adaxial and abaxial (Fad and Fab) to the
three vascular bundles (VB) and strengthen the leaf margin (far right). Note the
large patches of chlorenchyma (C) in the leaf mesophyll. Scale bar = 100 pm.
(c, d RR Wise)
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O Fig. 6.6 e Large area of fibers (F) in a 2-year-old Dutchman’s pipe (Aristolo-
chia sp.) stem. Scale bar = 100 pm. (RR Wise)
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2-year-old Aristolochia stem. Because perennial stems grow for
multiple years, large areas of fibers can accumulate. The fiber
cells are initiated as cortical parenchyma, which subsequently
differentiate into sclerenchyma and develop thick secondary
walls.

Bundles of fibers are often found in the leaves of monocots
where they provide support, particularly in large leaves of tropi-
cal plants. These heavily lignified bundles are often referred to as
“hard” fibers. On the other hand, “soft” fibers may or may not be
lignified and are usually quite flexible. The terms “soft” and “hard”
are commercial designations referring to the texture of the raw
materials used in making products and are not strict anatomical
terms.

The walls of fibers are rather elastic, a feature which allows
them to return to their original shape after bending or stretching,
although the cells themselves are usually rigid. Gelatinous fibers
are found in the tension wood (a type of reaction wood of dicots
that shrink and pull, » Chap. 15), and have a non-lignified cell wall,
which is deposited over one or more layers of the secondary walls
(8 Fig. 6.6f, g).

Sclerenchyma fibers are subdivided according to their localiza-
tion into xylary (or woody) fibers or extraxylary fibers. Libriform

B Fig. 6.6 f, g Transmission electron micrograph of thin sections through Populus deltoides wood. Periodic
acid-thiocarbohydrazide-silver proteinate (PATAg) staining. g Tension wood fiber has developed a gelatinous layer
(G-layer) against an S, layer that is thinner than in g normal wood fiber. F = fiber; V = vessel; S/ S, and S, =second-
ary wall sub-layers; G = gelatinous layer. Scale bars = 0.5 pm. (TA Tabet and FA Aziz, National University of Malaysia,
CCBY 3.0)
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fibers and fiber tracheids are part of the vascular bundle and are
considered to be xylary fibers. They will be discussed further in
» Chap. 7—Xylem. Extraxylary fibers, on the other hand, are not
located within a vascular bundle or xylem tissue meaning they
may be mitotically derived from the phloem (phloem fibers), from
cells immediately external to the phloem (perivascular fibers) or
in the cortex (cortical fibers). All of the fibers discussed in this
section have been extraxylary fibers. Wood fibers are discussed in
» Chap. 15.

Bast is a term used for over 150 years to refer to several dif-
ferent extraxylary fibers or tissues that could be stripped from a
plant stem and used to tie or bind. As knowledge of plant anatomy
developed, bast was first used to refer to phloem tissue (known
then as the “inner bark” or “skin”), before the true nature of that
tissue was known (» Chap. 8). Now, the term is used in a generic
sense to refer to a variety of fibers of commercial importance, and
its value as an anatomical term has diminished. The cell walls of
most bast fibers, although thick and strong, are often not ligni-
fied and are therefore considered to be soft fibers. Some well-
known examples of bast fibers are hemp for cordage (8 Fig. 6.6h,
i), jute for cordage and coarse textiles (B Fig. 6.6), and flax for
linen thread, textiles and fine papers, and ramie, which is used

B Fig. 6.6 h A hemp (Cannabis sp.) field in Brittany, France. i Cross-section of a hemp (Cannabis sativus) stem showing
green, thick-walled, non-lignified bast fibers in the stem cortex. Scale bar = 100 pm. (h Barbetorte CC SA 3.0; i RR Wise)
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B Fig. 6.6 jJute (from Corchorus sp.) being placed out to dry. The hanging
fibers are used for making textiles. (Image by La Roche Jagu-Chanvre, attribu-
tion ShareAlike 3.0)

for various textiles (Pari et al. 2015). Refer to » Sect. 8.6 for more
on phloem fibers. Leaves are also a good source of fibers, such
as those found in New Zealand flax (Phormium tenax, Carr et al.
2005) and sisal (Agave sisalana).

6.7 Sclereids Are Reduced Sclerenchyma Cells
That Occur Singly or in Clumps

Unlike the elongated fibers (» Sect. 6.6) and water-conducting scle-
renchyma (» Chap. 7), sclereids are smaller in size and more varied
in shape. Fibers and water-conducting sclerenchyma are character-
istics of vascular tissues and may extend, in an overlapping fashion,
the entire length of the root or shoot. Sclereids, on the other hand,
occur singly or in clusters in various locations in the plant body
such as stems, seed coats, fruit pulp, and leaves (especially in the
mesophyll). They have thick secondary walls that are heavily lig-
nified. Development of sclereids appears to be dependent, at least
in part, on plant hormonal (auxin) levels. Elevated levels of auxin
(as may occur in wounding) may elicit the development of greater
numbers of sclereids. Sclereids are classified as brachysclereids,
astrosclereids, osteosclereids, or macrosclereids. Examples of each
type are discussed below.

Brachysclereids (also termed stone cells) are the smallest form of
sclereids (8 Fig. 6.7a, b). Brachysclereids are complex cells that lend
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B Fig. 6.7 a, b Fresh brachysclereids are naturally yellow in pear (Pyrus communis), but in a are stained with phloro-
glucinol that gives them a reddish appearance due to the presence of lignin. They give support to the soft tissues of the
fruit. b Interpretation of the pit details. Due to concentric cell divisions, clusters of sclereids typically develop as shown
here. 1° = primary wall, 2° = secondary wall, P = ramified pit, L = cell lumen. Scale bar = 50 pm. (a, b RR Wise)

strength and support to tissues such as the peduncle, the stem by
which an apple is attached to the tree (Horbens et al. 2015). They occur
in many species and organs but are probably the most easily seen in
the flesh of pear fruit, where they impart the gritty texture found when
eating fresh pears. Brachysclereids occur in clumps of 10-50 cells, are
isodiametric, and possess very thick lignified cell walls with numer-
ous pits, many of which may be branched (thus are said to be rami-
form in organization). Such ramiform pits develop by fusion of simple
pits during the increase in thickness of the secondary wall.

The brachysclereid secondary wall consists of many thin con-
centric layers, which are laid down to the interior of the cell. As a
consequence, the living protoplasm of the cell continually shrinks
as the cell wall thickens. @ Figure 6.7c shows how the cytoplasm
has been reduced to less than 10% of the cell volume. Pits traverse
the secondary wall and connect adjacent cells with living cytoplasm
(B Fig. 6.7¢, insert).

Plants respond to wounding caused by insect or other damage
by sealing off the damaged area. Sclerification, which is the rapid
production of a thick secondary cell wall, forms an effective seal,
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B Fig.6.7 cTransmission electron micrograph of a single pear (Pyrus com-
munis) brachysclereid. Note the dark primary cell wall (CW,) and the extremely
thick secondary cell wall (CW,). Inset: two simple pits appear with plasmo-
desma (Pd) in the pit membrane. Scale bar = 1 um. (Image from: Ledbetter and
Porter 1970, Introduction to the Fine Structure of Plant Cells, Springer-Verlag,
with permission)

and can convert living parenchyma cells into brachysclereids at the
site of the wound (8 Fig. 6.7d, e). The parenchyma cells at the site
of the injury are mostly isodiametric; therefore, they differentiate
into similarly shaped brachysclereids upon the deposition of a thick
secondary cell wall.

Astrosclereids (star-shaped sclereids) appear as radiantly
branched structures with numerous processes (B Fig. 6.7f) and
are found in such disparate tissues as needles of the Douglas
fir (Pseudotsuga menziesii), leaves and petioles of water lily
(Nymphaea odorata, 8 Fig. 6.7g, h), and the leaves of monstera
(Monstera deliciosa), a common houseplant. Their function is
assumed to be one of support, although little experimental evi-
dence supports this notion. Astrosclereids are often covered with
calcium oxalate crystals, which are easily identified by their bire-
fringence under polarized light (8 Fig. 6.7i-k). Astrosclereids are
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O Fig. 6.7 d Alarge wound in a greenbrier (Smilax sp.) root. e Sclereids showing lignification have developed at the
site of the damage. Scale bars =200 pm in d and 100 pm in e. (d, e RR Wise)

O Fig. 6.7 f Representative astrosclereids isolated from an American white water lily (Nymphaea odorata) leaf. Scale
bar =50 pm. (RR Wise)
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B Fig. 6.7 g, h Cross-sectional views of a leaf blade of a water lily (Nymphaea
odorata) with portions of several astrosclereids observed via light microscopy
of g a stained section and h an SEM of a fresh section. Scale bars = 100 pm in
both panels. (g, h RR Wise)

| ©

O Fig. 6.7 i-k Astrosclereids of water lily (N\ymphaea odorata) leaf covered with numerous calcium oxalate crystals. i
Viewed with SEM, j brightfield light microscopy, and k polarized light showing birefringence of the CaOx crystals. Scale
bar in k=50 pm and applies to all three panels. (i-k RR Wise)
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B Fig. 6.7 |Bean (Phaseolus vulgaris) seed coat with an outer layer of mac-
rosclereids and an inner layer of osteosclereids. Starch-containing endosperm
is to the bottom of the image. Inset: isolated macrosclereids (M) and ostoscle-
reids (O) from a chemically macerated broad bean (Vicia faba). A small bundle
of 10 macrosclereids seen end-on is in the lower left corner of the inset. Scale
bar = 50 pm for both main image and inset. (RR Wise)

resistant to decay. Those from the yellow water lily (Nuphar lutea)
can persist in lake sediments for millennia and have proven use-
ful in reconstructing paleoenvironments (Lacourse and Davies
2015).

Osteosclereids and macrosclereids (B Fig. 6.71) form the thick,
waterproof layer of the seed coats of certain legumes. The cells
are tightly adhered to each other and prevent desiccation, keep
dormancy-promoting hormones from leaching out, and deter her-
bivory. When isolated (inset to figure), they often appear as “dog
bones”

Box 6.2 Anatomical and Biochemical Changes in Legume
Pod Wall Were Driven by Crop Domestication

The domestication of crop plants required the selection for
many features such as reduced dormancy, reduced seed
dispersal (which leads to a preharvest loss of valuable seeds),
and increased cooking ability—three traits that are directly
influenced by the anatomy of the seed coat. In legumes,
domestication favored a thinning of the pod wall which
increased the retention of seeds in the pod until they could
be harvested (reduced pod shattering) and eased the steps
involved in cooking and food preparation. Hradilova et al.
(2017) performed an extensive study of seed coats from the
wild, dehiscent species Pisum elatius (which releases seeds
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upon pod maturity, the seeds maintain dormancy) and the
cultivated, indehiscent Pisum sativum (which does not release
seeds upon pod maturity, the seeds lack dormancy). The
P. elatius seed coat was found to have significantly larger
macrosclereids and be much more structurally robust than
the domesticated P. sativum, which would lead to increased
shattering and loss of seeds upon harvest. This anatomical
trait was also associated with higher amounts of dormancy-
promoting chemicals such as proanthocyanidins, quercetin,
myricetin rhamnosides, and hydroxylated fatty acids. Loss of
dormancy allows for more even and predictable germination
upon planting. Genetic analysis showed a downregulation of
several genes associated with pod shattering in P. sativum,
as compared to P. elatius. Together, these results show that
domestication of the garden pea resulted in the selection of
seed coat anatomical and biochemical characteristics that
made for more dependable germination, higher yield, and
ease of cooking ability.

Reference: Hradilova et al. (2017).

6.8 Xylem Vessel Elements Are Water-Conducting
Sclerenchyma

The third type of sclerenchyma, water-conducting scleren-
chyma, are also called tracheary elements. They will only be
mentioned here to complete the survey of sclerenchyma but
will treated more fully in » Chap. 7, Xylem. In brief, tracheary
elements provide a conduit for the water of the transpirational
stream to flow from the roots to the leaves. There are two basic
types (with many variations) of tracheary elements: tracheids,
which are long and narrow and vessel elements, which are
shorter and much wider. Gymnosperms only possess tracheids,
while angiosperms have both tracheids and vessel elements.
Tracheid morphology does not vary significantly, but vessel ele-
ments range from relatively long and narrow to extremely wide
and short (B Fig. 6.8a-d).
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B Fig. 6.8 a-d Examples of tracheids and vessel elements from various woods. a Tracheid from grape (Vitis riparia)
stem. Scale bar = 100 pm. b Tracheid from grape (Vitus riparia) stem. Scale bar = 20 pm. ¢ Vessel element from red
maple (Acer rubrum) wood. Scale bar = 100 pm. d Vessel element from honey locust (Gleditsia triacanthos) wood. Scale
bars = 100 pm. (a-d RR Wise)
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6.9 Chapter Review

s Concept Review

6.1 Parenchyma cells are the most common plant cell type. Paren-
chyma cells are living, thin-walled cells that perform a wide
variety of functions in the plant. They are generated at the
meristem and are the precursors to all other cell types.
Parenchyma cells make up the bulk of the stem pith and root
cortex, the epidermis, and the aerenchyma tissue. Storage
tissues in seeds and tubers are made of parenchyma cells.

6.2 Parenchyma cells may exhibit totipotency. Parenchyma cells
are physiologically active and, under many circumstances, are
capable of mitosis and differentiation into all other cell types.
This is important for wound repair and has been exploited by
plant scientists to regenerate entire plants from a single cell.

6.3 Collenchyma cells are used for support and are the least
common cell type. Collenchymata are living cells with thick,
unevenly deposited primary cell walls consisting mostly of
cellulose. They are found in short-lived or expanding tissues
where sclerenchyma would be too costly or too restrictive.
Four types of collenchyma may be identified depending on
the pattern and location of cell wall thickenings: angular,
annular, lamellar, and lacunar.

6.4 Birefringence is a common phenomenon in collenchyma walls.
The layered collenchyma cell wall shows birefringence using
crossed polarizers for light microscopy due to the orientation
of multiple cell wall layers of microfilaments.

6.5 Sclerenchyma cells provide support, protection, and long-
distance water transport. Sclerenchyma cells have thick
secondary walls and are usually dead or have little physiologi-
cal activity at maturity. There are three general classifications:
fibers, sclereids, and water-conducting sclerenchyma.

6.6 Fibers are elongated with tapered ends. The long, thin scleren-
chyma fibers are almost exclusively structural and are found
in a variety of tissues and organs, particularly alongside
vascular bundles and in the cortex of stems and roots. Fibers
are somewhat elastic, with gelatinous fibers being the most
flexible. Fibers found in the wood are called xylary fibers (two
types: libriform fibers and fiber tracheids), while those not
associated with wood are extraxylary (or bast) fibers.

6.7 Sclereids are compact sclerenchyma cells that occur singly or in
clumps. Sclereids have a variety of shapes (brachysclereids,
astrosclereids, macrosclereids, and osteosclereids) and, like
fibers, provide structural support and protection to stems,
leaves, seeds, and fruit. Many are studded with calcium
oxalate crystals.

6.8 Xylem vessel elements are water-conducting sclerenchyma.
Water-conducting sclerenchyma, also known as xylem
tracheary elements, functions in the movement of water from
the roots to the leaves during the process of transpiration.
Tracheids are long and narrow with tapered ends. Vessel
elements are short and wide with various end-wall styles.
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s Concept Connections
0 1. ldentify each of the cell types shown in the following
images.
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s Concept Assessment
© 2. Cell walls of collenchyma cells are flexible due to

a.
. their elastic nature due to contractile proteins.

Do n o

" an o

a high lignin content.

irregular secondary thickenings.

. a helicoidal arrangement of cellulose microfibrils.
. layers that slide past one another.

. Sclereids develop from
a.
. parenchyma cells.

fibers.

collenchyma cells.

. apical meristems.
. cork cambium.
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@ 4. Libriform fibers are found in

a.
. cortex.

" an o

epidermis.

phloem.

. xylem.
. pith.

0 5. Most parenchyma cells are capable of

a.
. metabolism.

man o

mitosis.

dedifferentiation.

. sclerification.
. all of the above.

Q 6. Lamellar collenchyma shows thickenings

a.
. on the radial (anticlinal) walls.

" an o

on the tangential (periclinal) walls.

uniformly around the cell.

. adjacent to intercellular spaces.
. at the ends of elongated cells.

0 7. Totipotency is the ability of a cell to

a.
. undergo mitosis.

man o

undergo metabolism.

differentiate into any cell type.

. die at maturity.
. secrete cell wall material.

@ 8. Macrosclereids are most often found in

P an o

. leaves.
. seed coats.

root tips.

. vascular bundles.
. ground (storage) tissues.

Q 9. The three basic types of sclerenchyma are

a.

man o

@ 10. Vascular tissues in herbaceous stems are frequently
accompanied by bundles of extraxylary fibers. These fibers

collenchyma, parenchyma, and stone cells.

. totipotent, monopotent, and dedifferentiated.
astrosclereids, macrosclereids, and osteosclereids.

. fibers, sclereids, and water-conducting sclerenchyma.
. angular, lacunar, and lamellar.

serve to

a.
. provide structural support to the stem.

man o

deter herbivory.

expand with the expansion of the stem.

. conduct water from the roots to the leaves.
. protect fragile phloem tissues from damage.
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Q 11. Collenchyma cells are most commonly found in
a. stems that are still growing.
. leaves of aquatic plants.
rapidly expanding leaf petioles.
. aerial roots.
. aandc.

" an o

s Concept Applications

Q 12. In animals, the word “liver," as an example, is used to
describe an organ (liver), a tissue (liver tissue), and a cell
type (liver cells). The same is true for the heart, muscle,
bone, etc. Most animal organs, tissues, and cell types share
a common name. However, in plants, organs (roots, stems,
leaves), tissues (dermal, ground, vascular), and cell types
(parenchyma, sclerenchyma, collenchyma) do not share
common names. Explain this fundamental difference in ani-
mal versus plant organ/tissue/cell organization.

Q 13. Define totipotency and explain how it differs between ani-
mal cells and plant cells.
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Light micrograph of a maize (Zea mays) stem. LM of a Dutchman’s pipe (Aristolochia sp.)
stem maceration. (All images by RR Wise.)
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Chapter 7 - Xylem

Introduction

Land plants have two primary conducting systems, designated as
xylem and phloem. Xylem is a conductor of water and dissolved sub-
stances mostly from the soil through the roots, stems, and leaves.
Phloem transports the sugars made by photosynthesis from green
tissues where they are manufactured to other parts of the plant, as
well as moving a variety of growth regulators. Fossil studies have indi-
cated that water-conducting cells, termed tracheary elements,
evolved first in primitive root systems of early land plants, providing
both transport of water and support. Subsequent evolutionary devel-
opment of tracheary elements occurred throughout progressively
higher stem and leaf structures. In a similar fashion, phloem elements
have developed along with vascular cambium in land plants. Phloem
will be covered in » Chap. 8, and the vascular cambium, which gives
rise to both xylem and phloem, is discussed in » Chap. 14.

7.1 Xylem Is a Complex Tissue Containing
Multiple Cell Types, Each with a Specific
Structure and Function

Xylem is responsible for the transpiration of water from the soil to
the leaves (ascending transport, refer to » Sect. 7.2), while phloem
translocates the products of photosynthesis from leaves to the rest of
the plant (ascending and descending transport, refer to » Sect. 8.2).
Both xylem and phloem are complex tissues containing multiple
cell types, and being the main highway for transport throughout the
plant, they play multiple roles in whole-plant transport, communi-
cation, and coordination. The structure and function of xylem will
be considered in this chapter. Phloem is discussed in » Chap. 8.
The evolution of vasculature was a major and necessary advance-
ment for the colonization of land by plants. Indeed, lacking vascu-
lature, bryophytes are limited to short stature and moist
environments. As noted above, xylem is a tissue with multiple types
of cells. The cell types will be briefly introduced in » Box 7.1 and
B Fig. 7.1a, b and then treated in more detail in » Sects. 7.3-7.8. It is
common in many botany texts to distinguish only two types of tra-
cheary elements—tracheids and vessel elements—and then proceed
to state that gymnosperms have tracheids, whereas angiosperms
have tracheids and vessel elements. To be more precise, the scleri-
fied xylem cells (which excludes xylem parenchyma, which have
primary cell walls) can be divided into two groups—imperforate
(refer to » Sect.7.3) and perforate (refer to » Sect. 7.5). The angio-
sperm tracheid, fiber tracheid, and libriform fiber are all imperfo-
rate xylem cells, meaning they lack perforations in the side walls
and end walls. Perforate cells possess perforation plates at both ends
of the cell and, in some instances, on the side wall (refer to » Sect.
7.5). The angiosperm vessel element is the only perforate cell type,
although there is considerable variation in length, width, side wall
(refer to » Sect. 7.6), and end-wall (refer to » Sect. 7.7) design. The
distinction between imperforate and perforate sclerified xylem cells
is very useful for plant anatomists and is supported by numerous
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7.1 - Xylem Is a Complex Tissue Containing Multiple Cell Types

Box 7.1 Xylem Cell Types

Gymnosperm

1. Tracheid: function in conduction of water and minerals, densely
covered with circular bordered pits, lack a perforation plate
(therefore, imperforate)

2. Parenchyma: alive at maturity, function in storage/synthesis/
cavitation recovery

Angiosperm
1. Imperforate tracheary elements: long, narrow, tapered at ends, lack
a perforation plate
1. Tracheid: function in conduction of water and minerals, densely
covered with circular bordered pits, usually found adjacent to
vessels.
2. Fiber-tracheid: function in support, largely non-conductive,
fewer and smaller bordered pits than found in tracheids
3. Libriform fiber: function in support, largely nonconductive, may
be alive at maturity, containing a few simple pits, pits often
slit-shaped
2. Perforate tracheary elements: possess a perforation plate, short,
wide, connected end-to-end to form a vessel
1. Vessel elements: function in conduction of water and minerals,
large diversity in size and shape, side walls thickenings may be
annular, helical, reticulate or pitted, perforation plates may be
simple or compound
3. Parenchyma: storage/synthesis/cavitation recovery
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OFig.7.1 Representative cell types in cross sections of young stems of a Canadian yew (Taxus canadensis, a gymnosperm)
xylem has parenchyma (P) in the xylem rays against a field of axial tracheids (T, imperforate tracheary elements). b Tulip tree
(Liriodendron tulipifera, a woody eudicot) has ray parenchyma and tracheids intermixed with the much larger axial vessel
elements (VE, perforate tracheary elements). Both of the images are from one-year-old stems. Scale bar in b =100 um and
applies to both panels. (a, b RR Wise)
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anatomical, physiological, and evolutionary studies. Finally, paren-
chyma cells are found in the xylem of both gymnosperms and
angiosperms (refer to » Sect. 7.8). They function in storage, synthe-
sis, and recovery from cavitation (the deleterious formation of gas
bubbles in the transpiration stream).

7.2 The Primary Functions of Xylem Are Water
Conduction, Mineral Transport,
and Support

Transpiration is the movement of water from the soil, through the
xylem tracheary elements (vessel elements and/or tracheids), and
finally to the atmosphere through the stomata. Like every process
that involves movement, there has to be an energy source to drive
transpiration; transport moves from an area of high energy to an area
of less energy. In the case of transpiration, the driving force is the
difference in the free energy of the water at the beginning of the tran-
spirational stream (the H,O in the soil) and the energy of the water at
the end of the stream (the H,O in the air). With very few exceptions,
air water has significantly less energy than soil water, although either
can vary tremendously depending on rainfall, soil type, relative
humidity, and climate. The energy differential between the water in
the soil and the water in the air is sufficient to draw water to the top
of a 100 meter tree. Minerals dissolved in the soil water are passively
carried with the transpiration stream. They likewise enter the root
and are pulled upward with the cohesive transpirational water.

The movement of water is described by the cohesion-adhesion-
tension model. Water is very polar; it sticks to itself (cohesion) and
any other molecule with a polar group (adhesion). Water is drawn
through the xylem by its evaporation at the stomatal pore (stomata
are discussed in » Sect. 9.2). The water lost to the atmosphere is
replaced, in turn, by water from the leaf mesophyll cells, the leaf
xylem, the stem xylem, the root xylem, and ultimately, the soil water
(B Fig. 7.2a). Being pulled by the atmosphere, transpirational water
is always under tension [in contrast, phloem sap is under pressure
and is pushed through the sieve tube (> Sect. 8.2)]. At night, when
stomata close and water is no longer evaporating to the atmosphere,
the water is held in the plant by adhesive and cohesive forces and
does not run back down to the roots.

The constant tension applied to the water in the transpiration
stream has a direct impact on xylem functioning and architecture.
If the water column is pulled too hard because the air (large driving
force) or the soil (limited supply) are too dry, the water column will
break, or cavitate, and produce a bubble of gas in the form of water
vapor that blocks any further transpiration in that vessel element or
tracheid (Tyree and Sperry 1989). Recovery from cavitation is pos-
sible with the adjacent living xylem parenchyma cells providing the
water n