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Plant development
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Because of plant cells’ rigid cell walls and lack of cell movement within tissues,
a plant’s architecture is very much the result of patterns of oriented cell divisions.
Despite this apparent invariance, however, cell fate in development is largely deter-
mined by similar means as in animals—by a combination of positional signals and
intercellular communication. As well as communicating by extracellular signals and
cell-surface interactions, plant cells are interconnected by cytoplasmic channels, which
allow movement of proteins such as transcription factors directly from cell to cell.

The plant kingdom is very large, ranging from the algae, many of which are unicel-
lular, to the multicellular land plants, which exist in a prodigious variety of forms.
Plants and animals probably evolved the process of multicellular development inde-
pendently, their last common ancestor being a unicellular eukaryote some 1.6 billion
vears ago. Plant development is, therefore, of interest not simply for its own sake and
for its agricultural importance. By looking at the similarities and differences between
plant and animal development, a study of plant development can shed light on the
way that developmental mechanisms in two groups of multicellular organisms have
evolved independently and under different sets of developmental constraints.

Do plants and animals use the same developmental mechanisms? As we shall see
in this chapter, the logic behind the spatial layouts of gene expression that pattern a
developing flower is similar to that of Hox gene action in patterning the body axis in
animals, but the genes involved are completely different. Such similarities between
plant and animal development are due to the fact that the basic means of regulat-
ing gene expression are the same in both, and thus similar general mechanisms for
patterning gene expression in a multicellular tissue are bound to arise. As we shall
see, many of the general control mechanisms we have encountered in animal devel-
opment, such as asymmetric cell division, the response to positional signals, lateral
inhibition, and changes in gene expression in response to extracellular signals, are all
present in plants. Differences between plants and animals in the way development is
controlled arise from some different ways in which plant cells can communicate with
each other compared with animal cells, from the existence of rigid cell walls and the
lack of large-scale cell movements, to the fact that environment has a much greater
impact on plant development than on that of animals.

One general difference between plant and animal development is that most of the
development occurs not in the embryo but in the growing plant. Unlike an animal
embryo, the mature plant embryo inside a seed is not simply a smaller version of
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256 Chapter 7 Plant development

the organism it will become. All the “adult’ structures of the plant—shoots, roots,
stalks, leaves, and flowers—are produced after germination from localized groups
of undifferentiated cells known as meristems. Two meristems are established in the
embryo: one at the tip of the root and the other at the tip of the shoot. These persist
in the adult plant, and almost all the other meristems, such as those in developing
leaves and flower shoots, are derived from them. Cells within meristems can divide
repeatedly and can potentially give rise to all plant tissues and organs. This means
that developmental patterning within meristems to produce organs such as leaves and
flowers continues throughout a plant’s life.

Plant and animal cells share many common internal features and much basic bio-
chemistry, but there are some crucial differences that have a bearing on plant develop-
ment. One of the most important is that plant cells are surrounded by a framework of
relatively rigid cell walls. There is therefore virtually no cell migration in plants, and
major changes in the shape of the developing plant cannot be achieved by the move-
ment and folding of sheets of cells. In plant development, form is largely generated
by differences in rates of cell division and by division in different planes, followed by
directed enlargement of the cells.

As in animal development, one of the main questions in plant development is how
cell fate is determined. Many structures in plants normally develop by stereotyped
patterns of cell division, but despite this observation, which implies the importance
of lineage, cell fate is, in many cases, also known to be determined by factors such as
position in the meristem and cell-cell signaling. The cell wall would seem to impose
a barrier to the passage of large signaling molecules, such as proteins, although it
is very thin in some regions, such as the meristems; but all known plant extracellu-
lar signaling molecules—such as auxins, gibberellins, cytokinins, and ethylene—are
small molecules that easily penetrate cell walls. Plant cells also communicate with
each other through fine cytoplasmic channels known as plasmodesmata, which link
neighboring plant cells through the cell wall, and they may be the channels by which
some developmentally important gene-regulatory proteins, and even mRNAs, move
directly between cells. The size of the channel varies and those in shoot cells have
the largest diameter.

Another important difference between plant and animal cells is that a complete,
fertile plant can develop from a single differentiated somatic cell and not just from
a fertilized egg. This suggests that, unlike the differentiated cells of adult animals,
some differentiated cells of the adult plant may retain totipotency. Perhaps they do
not become fully determined in the sense that adult animal cells do, or perhaps they
are able to escape from the determined state, although how this could be achieved
is as yet unknown. lnanycase.thisdgﬁetencebetweenplamsandanhmlsiﬂm-
trates the dangers of the wholesale application to plant development of concepts
derived from animal development. Nevertheless, the genetic analysis of development
in plants is turning up instances of genetic strategies for developmental patterning
rather similar to those of animals.

The small cress-like weed Arabidopsis thaliana has become the model plant for
genetic and developmental studies, and will provide many of the examples in this
chapter. We will begin by describing the main features of its morphology, life cycle,
and reproduction.

7.1 The model plant Arabidopsis thaliana has a short life-cycle and a small
diploid genome

The equivalent of Drosophila in the study of plant development is the small crucifer
Arabidopsis thaliana, commonly called thale cress, which is well-suited to genetic
and developmental studies. It is a diploid (unlike many plants, which are polyploid)
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and has a relatively small, compact genome that has been sequenced and which
contains about 27,000 protein-coding genes. It is an annual, flowering in the first year
of growth, and develops as a small ground-hugging rosette of leaves, from which a
branched flowering stem is produced with a flowerhead, or inflorescence, at the end
of each branch. It develops rapidly, with a total life cycle in laboratory conditions of
some 6-8 weeks, and like all flowering plants, mutant strains and lines can easily be
stored in large quantities in the form of seeds. The life cycle of Arabidopsis is shown
in Fig. 7.1.

Each Arabidopsis flower (Fig. 7.2) consists of four sepals surrounding four white
petals; inside the petals are six stamens, the male sex organs, which produce pollen
containing the male gametes. Petals, sepals, and the other floral organs are thought to
derive evolutionarily from modified leaves. At the center of the flower are the female
sex organs, which consist of an ovary of two carpels, which contain the ovules. Each
ovule contains an egg cell. Fertilization of an egg cell occurs when a pollen grain
deposited on the carpel surface grows a tube that penetrates the carpel and delivers
two haploid pollen nuclei to an ovule. One nucleus fertilizes the egg cell, while the
other fuses with two other nuclei in the ovule. This forms a triploid cell that will
develop into a specialized nutritive tissue—the endosperm—that surrounds the fertil-
ized egg cells and provides the food source for embryonic development.

Following fertilization, the embryo develops inside the ovule, taking about 2 weeks
to form a mature seed, which is shed from the plant. The seed will remain dormant
until suitable external conditions trigger germination. The early stages of germination
and seedling growth rely on food supplies stored in the cotyledons (seed leaves),
which are storage organs developed by the embryo. Arabidopsis embryos have two

Fig. 7.1 Life cycle of Arabidopsis. In
flowering plants, egg cells are contained
separately in ovules inside the carpels
Fertilization of an egg cell by a male nucleus
from a pollen grain takes place inside the
ovary. The egg then develops into an embryo
contained within the ovule coat, forming a
seed. Arabidopsis is a dicotyledon, and the
mature embryo has two wing-like cotyledons
(storage organs) at the apical (shoot) end of
the main axis—the hypocotyl—which contains
a shoot meristem at one end and a root
meristem at the other. Following germination
the seedling develops into a plant with roots
a stem, leaves, and flowers. The photograph
shows five mature Arabidopsis plants
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cotyledons, and thus belong to the large group of plants known as di
(dicots for short). The other large group of flowering plants is the mono
(monocots), which have embryos with one cotyledon; monocots typically I

narrow leaves and include many important staple crops, such as wheat, rice
maize. Agriculturally important dicots include potato, tomato, sugar beet, and
other vegetables.

shoot emerges above ground it starts to photosynthesize and forms the first true leave
at the shoot apex. About 4 days after germination the seedling is a self-supp«

plant. Flower buds are usually visible on the young plant 3-4 weeks after germ
and will open within a week. Under ideal conditions, the complete Arabidopsis
cycle thus takes about 6-8 weeks (see Fig. 7.1).

Embryonic development

Fig. 7.2 An individual flower of result is a mature, dormant embryo enclosed in a seed awaiting germination. Dur
Arabidopsis. Scale bar = 1 mm. ing embryogenesis, the shoot-root polarity of the plant body, w
the apical-basal axis, is established, and the shoot and root meristems are formed

Plants also possess radial symmetry, as seen in the concentric a

provide a fate map (see Section 7.2)

7.2 Plant embryos develop through several distinct stages

Arabidopsis belongs to the angiosperms, or flowering plants, one of the two ma
groups of seed-bearing plants; the other is the gymnosperms, or conifers

course of embryonic development in angiosperms is out i
mal zygote, the fertilized plant egg cell undergoes repeated cell divisions, cell growt}
and differentiation to form a multicellular embryo. The first division of the zyg

at right angles to the long axis, dividing it into amapical cell ar L
establishing an initial polarity that is carried over into the apical-basal polarity
embryo and into the apical-basal axis of the plant. In many species, the first zyg
division is unequal, with the basal cell larger than the apical cell. The basa

divides to give rise to the suspensor, which may be several cells long (see Box 7A

This attaches the embryo to maternal tissue and is a source of nutrients
cell divides vertically to form a two-celled proembryo, which will give rise t

of the embryo. In some species, the basal cell contributes little to the further
ment of the embryo, but in others, such as Arabidopsis, the topmost suspensor
recruited into the embryo, where it is known as the hypophysis, and contributes 1
the embryonic root meristem and root cap

The next two divisions produce an eight-cell octant-stage embryo, which deve

into a globular-stage embryo of around 32 cells (Fig. 7.3). The embryo elongates a
the cotyledons start to develop as wing-like structures at one end, wi

onic root forms at the other. This stage is known as the heart stage. Two groups
undifferentiated cells capable of continued division are located at eact

axis; these are known as the apical meristems. The meristem lying

ledons gives rise to the shoot, while the one at the opposite end of the
the end of the embryonic root, will drive root growth at germination. The reg

between the embryonic root and the future shoot will become the seedling sten
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Box 7A Angiosperm embryogenesis

In flowering plants (angiosperms), the egg cell is contained within an ovule inside the
ovary in the flower (right inset in the bottom panel). At fertilization, a pollen grain depos-
ited on the surface of the stigma puts out a pollen tube, down which two male gametes
migrate into the ovule. One male gamete fertilizes the egg cell while the other combines
with another cell inside the ovule to form a specialized nutritive tissue, the endosperm,
which surrounds, and provides the food source for, the developing embryo.

The small annual weed Capsella bursa-pastoris (shepherd's purse) is a typical dicoty-
ledon. The first, asymmetric, cleavage divides the zygote transversely into an apical and
a basal cell (bottom panel). The basal cell then divides several times to form a single row
of cells—the suspensor—which, in many angiosperm embryos, takes no further part in
embryonic development, but may have an absorptive function; in Capsella, however, it
contributes to the root meristem. Most of the embryo is derived from the apical cell. This
undergoes a series of stereotyped divisions, in which a precise pattern of cleavages in
different planes gives rise to the heart-shaped embryonic stage typical of dicotyledons.
This develops into a mature embryo that consists of a cylindrical body with a meristem at
either end, and two cotyledons.

The early embryo becomes differentiated along the radial axis into three main tissues—
the outer epidermis, the prospective vascular tissue, which runs through the center of
the main axis and cotyledons, and the ground tissue (prospective cortex) that surrounds it.

The ovule containing the embryo matures into a seed (left inset in the bottom panel), which remains dormant until suitable
external conditions trigger germination and growth of the seedling. A typical dicotyledon seedling (top right panel) comprises the
shoot apical meristem, two cotyledons, the trunk of the seedling (the hypocotyl), and the root apical meristem. The seedling may
be thought of as the phylotypic stage of flowering plants. The seedling body plan is simple. One axis—the apical-basal axis—defines
the main polarity of the plant. The shoot forms at the apical pole and the root at the basal pole. The shoot meristem is, therefore.
referred to in the seedling and adult plant simply as the apical meristem. A plant stem also has a radial axis, which is evident in the
radial symmetry in the hypocotyl and is continued in the root and shoot. In the center is the vascular tissue, which is surrounded
by cortex, and an outer covering of epidermis. At later stages, structures such as leaves and other organs have a dorso-ventral axis
running from the upper surface to the lower surface.
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260 Chapter 7 Plant development

Fig. 7.3 Arabidopsis embryonic
development. Light micrographs (Nomarski
optics) of cleared wild-type seeds of

A. thaliana. The cotyledons can already be
seen at the heart stage. The embryo proper
is attached to the seed coat through a
filamentous suspensor. Scale bar = 20 pm.
Photographs courtesy of D. Meinke, from
Meinke, D.W.: 1994.

hypocotyl. Almost all above ground adult plant structures are derived from the apical
meristems. The main exception is radial growth in the stem, which is most evident
in woody plants, and which is produced by the cambium, a ring of secondary mer-
istematic tissue in the stem. After the embryo is mature, the apical meristems remain
quiescent until germination.

Seedling structures can be traced back to groups of cells in the early embryo o0
provide a fate map (Fig. 7.4). In Arabidopsis, patterns of cleavage up to the 16-cell
stage are highly reproducible, and even at the octant stage it is possible to make a fate
map for the major regions of the seedling along the apical-basal axis. The upper tier
of cells gives rise to the cotyledons and the shoot meristem, the next tier is the origin
of the hypocotyl, and the bottom tier together with the region of the suspensor where
it joins the embryo will give rise to the root (see Section 7.3). At the heart stage, the
fate map is clear.

The radial pattern in the embryo comprises three concentric rings of tissue: the
outer epidermis, the ground tissue (cortex and endodermis), and the vascular tissue
at the center. This radial axis appears first at the octant stage, when adaxial (central)
and abaxial (peripheral) regions become established. Subsequently, periclinal divi-
sions, in which the plane of division is parallel to the outer surface, give rise to the
different rings of tissue, dhd anticlinal divisions, in which the plane of cell division is
at right angles to the outer surface, increase the number of cells in each ring of tissue
(Fig. 7.5). At the 16-cell stage the epidermal layer, or dermatogen, is established.

It is not known to what extent the fate of cells is determined at this stage or
whether their fate is dependent on the early pattern of asymmetric cell divisions. It
seems that cell lineage is not crucial, as mutations have been discovered that show
that cell division can be uncoupled from pattern formation. The fass mutation in
Arabidopsis disrupts the regular pattern of cell division by causing cells to divide in
random orientation, and produces a much fatter and shorter seedling than normal
But although the fass seedling is misshapen, it has roots, shoots, and even eventu-
ally flowers in the correct places and the correct pattern of tissues along the radial
axis is maintained.

7.3 Gradients of the signal molecule auxin establish the embryonic
apical-basal axis

The small, organic molecule auxin (indoleacetic acid or IAA) is one of the most
important and ubiquitous chemical signals in plant development and plant growth. &t
causes changes in gene expression by promoting the ubiquitination and degradation



of transcriptional repressors known as Aux/IAA proteins. In the absence of auxin,
these bind to proteins called auxin-response factors (ARFs) to block the transcrip-
tion of so-called auxin-responsive genes. Auxin-stimulated degradation of Aux/IAA
proteins frees the auxin-response factors, which can then activate, or in some cases
repress, these genes (Fig. 7.6). Auxin-responsive genes include genes involved in the
regulation of cell division and cell expansion, as well as genes involved in specifying
cell fate. In some cases auxin appears to be acting as a classical morphogen, forming
a concentration gradient and specifying different fates according to a cell’s position
along the gradient.

The earliest known function of auxin in Arabidopsis is in the very first stage of
embryogenesis, where it establishes the apical-basal axis. Immediately after the first
division of the zygote, auxin is actively transported from the basal cell into the apical
cell, where it accumulates. It is transported out of the basal cell by the auxin-efflux
protein PIN?7, which is localized in the apical plasma membrane of the basal cell. The
auxin is required to specify the apical cell, which gives rise to all the apical embryonic
structures such as shoot apical meristem and cotyledons. Through the subsequent cell
divisions, transport of auxin continues up through the suspensor cells and into the

Embryonic development 261

Fig. 7.4 Fate map of the Arabidopsis
embryo. The stereotyped pattern of cell
division in dicotyledon embryos means that
at the globular stage it is already possible
to map the three regions that will give rise
to the cotyledons (dark green) and shoot
meristem (red), the hypocoty! (yellow). and
the root meristem (purple) in the seedling
After Scheres, B, et ol 1994

Fig. 7.5 Periclinal and anticlinal -
divisions. Periclinal cell divisions are paraliel
to the organ surface, whereas anticlinal
divisions are at right angles to the surface
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Fig. 7.6 Auxin signaling pathway. In the
absence of auxin, AUX/IAA proteins bind

to and repress the activity of transcription
factors in the AUXIN RESPONSE FACTOR
(ARF) family, which bind TGTCTC-containing
DNA sequence elements in the promoters
of auxin-responsive genes. Auxin targets
the ubiquitin ligase complex SCF/TIR1

to the AUX/IAA protein, causing it to be
ubiquitinated (Ub). This modification targets
AUX/IAA for degradation and thus lifts the
repression of the auxin-responsive gene,
which can then be transcribed.

Adapted from Chapman, €. and Estelle, M.:
2009.

. wm . production of auxin

auxin efflux mediated by:
= PIN1 —» PIN¢ —> PIN7

cell at the base of the developing embryo until the globular-stage embryo of about
32 cells. The apical cells of the embryo then start to produce auxin, and the direction
of auxin transport is suddenly reversed. PIN7 proteins in the suspensor cells move to
the basal faces of the cells. Other PIN genes are activated, and the concerted actions
of the PIN proteins cause auxin from the apical region to be transported into the basal
region of the globular embryo, from which will develop the hypocotyl, root meristem,
and embryonic root (Fig. 7.7).

Expression of the homeobox genes WOX2 and WOX8 in the asymmetrically dividing
zygote seems to be essential for the formation of the embryonic auxin gradient. Both
genes are expressed in the zygote, but after division, WOX2 expression is restricted to
the apical cell and its descendants whereas WOXS is expressed only in the basal cell
lineage. Expression of WOX8 appears to be required for the continued expression of
WOX2 and for the establishment of an auxin gradient, most probably by effects of the
WOX proteins on expression of the PIN proteins that direct auxin transport.

The importance of auxin in specifying the basal region of the embryo is illustrated
by the effects of mutations in the cellular machinery for auxin transport or auxin
response. The gene MONOPTEROS (MP), for example, encodes one of the auxin-
response factors, ARF5. Embryos mutant for MP lack the hypocotyl and the root
meristem, and abnormal cell divisions are observed in the regions of the octant-stage
embryo that would normally give rise to these structures.

An early step in axis formation in the embryo is the specification of cells as potential
shoot or root. The mutation topless-1 causes a dramatic switching of cell fate, trans-
forming the whole of the apical region into a second root region and abolishing
development of cotyledons and shoot meristem. The normal function of the TOPLESS
protein is to repress expression of root-promoting genes in the top half of the early
embryo. It does this by acting as a transcriptional co-repressor, forming a complex
together with Aux/IAA proteins and the auxin-response factors they regulate.

The topless-1 mutation is temperature-sensitive, and so can be made to act at dif-
ferent times during development by simply changing the temperature at which the
embryos are grown. Such manipulations show that the apical region can be respeci-
fied as root between the globular and heart stage, even after it has begun 1o show
molecular signs of developing cotyledons and shoot meristem. This suggests that
even though apical cell fate is normally specified by this stage of embryonic develop-
ment, the decision is not irreversible.

Mutations in the gene SHOOT MERISTEMLESS (STM) completely block the for-
mation of the shoot apical meristem, but have no effect on the root meristem or
other parts of the embryo. STM encodes a transcription factor that is also required
to maintain cells in the pluripotent state in the adult shoot meristem. The pattern of
STM expression develops gradually, which is also typical of several other genes that
characterize the shoot apical meristem. Expression is first detected in the globular
stage in one or two cells and only later in the central region between the two cotyle-
dons (Fig. 7.8).

Fig. 7.7 The role of auxin in patterning the early embryo. Left panel: auxin produced in the
original basal cell accumulates in the two-celled proembryo (green) through transport in the
basal to apical direction mediated by the protein PIN7, which is located in the apical membranes
of the basal and suspensor cells (purple arrows). Another PIN protein, PIN1, transports auxin
between the two cells of the proembryo (red arrows). Cell division distributes auxin into the
developing embryo. Right panel: at the globular stage, free auxin starts to be produced at the
apical pole and the direction of auxin transport is reversed. PIN7 becomes localized in basal
membranes of the suspensor cells and the proteins PIN1 and PIN4 (orange arrows) transport
auxin from the apical region into the most basal cell of the embryo, known as the hypophysis,
where it accumulates.



7.4 Plant somatic cells can give rise to embryos and seedlings

As gardeners well know, plants have amazing powers of regeneration. A complete,
new plant can develop from a small piece of stem or root, or even from the cut edge
of a leaf. This reflects an important difference between the developmental potential
of plant and animal cells. In animals, with few exceptions, cell determination and
differentiation are irreversible. By contrast, many somatic plant cells remain toti-
potent. Cells from roots, leaves, stems, and even, for some species, a single, iso-
lated protoplast—a cell from which the cell wall has been removed by enzymatic
treatment—can be grown in culture and induced by treatment with the appropriate
growth hormones to give rise to a new plant (Fig. 7.9). Plant cells proliferating in
culture can give rise to cell clusters that pass through a stage resembling normal
embryonic development, although the pattern of cell divisions are not the same.
These ‘embryoids’ can then develop into seedlings. Plant cells can also form callus,
an apparently disorganized mass of cells, and the callus can form new shoot or root
meristems, and therefore new shoots and roots. The ability of plants to regenerate
from somatic cells means that transgenic plants can be easily generated using the
plant pathogenic bacterium Agrobacterium tumefaciens as the carrier of the gene to
be transferred (Box 7B, p. 264).

The ability of single somatic cells to give rise to whole plants has two important
implications for plant development. The first is that maternal determinants may be
of little or no importance in plant embryogenesis, as it is unlikely that every somatic
cell would still be carrying such determinants. Second, it suggests that many cells in
the adult plant body are not fully determined with respect to their fate, but remain
totipotent. Of course, this totipotency seems only to be expressed under special condi-
tions, but it is, nevertheless, quite unlike the behavior of animal cells. It is as if such
plant cells have no long-term developmental memory, or that such memory is easily
reset.

Fig. 7.8 Section through a late heart-stage
Arabidopsis embryo showing expression of
mmmnmn’:
the STM RNA (stained red) is expressed

in cells located between the cotyledons.
Scale bar = 25 ym.
Photograph courtesy of K. Barton. From
Long, J.A. and Barton, K.B.: 1998.
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Fig. 7.9 Cultured somatic cells from a mature plant can form an The callus cells are then separated and grown in liquid culture, again
embryo and regenerate a new plant. The illustration shows the containing the appropriate growth hormones. In suspension culture,
generation of a plant from single cells. If a small piece of tissue from some of the callus cells divide to form small cell clusters. These cell

a plant stem or leaf is placed on a solid agar medium containing the clusters can resemble the globular stage of a dicotyledon embryo. and
appropriate nutrients and growth hormones, the cells will start to with further culture on solid medium, develop through the heart-
divide to form a disorganized mass of cells known as a callus. shaped and later stages to regenerate a complete new plant.
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Box 78 Transgenic plants

One of the most common ways of generating transgenic plants
containing new and modified genes is through infection of plant
tissue in culture with the bacterium Agrobacterium tumefaciens,
the causal agent of crown gall tumors. Agrobacterium is a natu-
ral genetic engineer. It contains a plasmid—the Ti plasmid—that
contains the genes required for the transformation and prolifera-
tion of infected cells to form a callus. During infection, a portion
of this plasmid—the T-DNA (shown in red below)—is transferred
into the genome of the plant cell, where it becomes stably

integrated. Genes experimentally inserted into the T-DNA will
therefore also be transferred into the plant cell chromosomes.
Ti plasmids, modified so that they do not cause tumors but still
retain the ability to transfer T-DNA, are widely used as vectors
for gene transfer in dicotyledonous plants. The genetically modi-
fied plant cells of the callus can then be grown into a complete
new transgenic plant that carries the introduced gene in all its
cells and can transmit it to the next generation.

* Leaf discs removed and placed in culture medium

Summary

Early embryonic development in many plants is characterized by asymmetric cell divi-
sion of the zygote, which specifies apical and basal regions. Embryonic development
in flowering plants establishes the shoot and root meristems from which the adult
plant develops. Auxin gradients are involved in specifying the apical-basal axis of the
Arabidopsis embryo. One major difference between plants and animals is that, in culture,
a single somatic plant cell can develop through an embryo-like stage and regenerate a
complete new plant, indicating that some differentiated plant cells retain totipotency.

(Summary: early development in flowering plants

n

.

first asymmetric cell division and auxin signaling in embryo establishes apical-basal axis

embryonic cell fate is determined by position

shoot and root meristems of seedling give rise to all adult plant structures

J




Meristems

In plants, most of the adult structures are derived from just two regions of the embryo,
the embryonic shoot and root meristems, which are maintained after germination. The
embryonic shoot meristem, for example, becomes the shoot apical meristem of the
growing plant, giving rise to all the stems, leaves, and flowers. As the shoot grows,
lateral outgrowths from the meristem give rise to leaves and to side shoots. In flower-
ing shoots, the vegetative meristem becomes converted into one capable of producing
floral meristems that make flowers, not leaves. In Arabidopsis, for example, the shoot
apical meristem changes from a vegetative meristem that makes leaves around it in a
spiral pattern to an inflorescence meristem that then produces floral meristems, and
thus flowers, around it in a spiral pattern. The first stages of future organs are known
as primordia (singular primordium). Each primordium consists of a small number
of founder cells that produce the new structure by cell division and cell enlargement,
accompanied by differentiation.

There is usually a time delay between the initiation of two successive leaves in a
shoot apical meristem, and this results in a plant shoot being composed of repeated
modules. Each module consists of an internode (the cells produced by the meristem
between successive leaf initiations), a node and its associated leaf, and an axillary
bud (Fig. 7.10). The axillary bud itself contains a meristem, known as the lateral
shoot meristem, which forms at the base of the leaf, and can produce a side shoot
when the inhibitory influence of the main shoot tip is removed. Root growth is not so
obviously modular, but similar considerations apply, as new lateral meristems initi-
ated behind the root apical meristem give rise to lateral roots.

Shoot apical meristems and root apical meristems operate on the same principles,
but there are some significant differences between them. We will use the shoot apical
meristem to illustrate the basic principles of meristem structure and properties, and
then discuss roots. .

7.5 A meristem contains a small, central zone of self-renewing stem cells

Shoot apical meristems are rarely more than 250 pm in diameter in angiosperms
and contain a few hundred relatively small, undifferentiated cells that are capable
of cell division. Most of the cell divisions in normal plant development occur within
meristems, or soon after a cell leaves a meristem, and much of a plant’s growth
in size is due to cell elongation and enlargement. Cells leave the periphery of the
meristem to form organs such as leaves or flowers, and are replaced from a small
central zone of slowly dividing, self-renewing stem cells or initials at the tip of the
meristem (Fig. 7.11). In Arabidopsis this zone comprises around 12 to 20 cells. Initials
behave in the same way as animal stem cells (see Chapter 10). They can divide to
give one daughter that remains a stem cell and one that loses the stem-cell property.
This daughter cell continues to divide and its descendants are displaced towards the
peripheral zone of the meristem, where they become founder cells for a new organ
or internode, leave the meristem, and differentiate. A very small number of long-term
stem cells at the meristem center may persist for the whole life of the plant.
Meristem stem cells are maintained in the self-renewing state by cells underly-
ing the central zone that form the organizing center. As we shall see, it is the

Fig. 7.11 Organization of the Arabidopsis shoot meristem. A longitudinal section is shown.
The meristem has three main layers, L1, L2, and an inner layer, as indicated by the yellow
lines, and is divided functionally into a central zone (red), a rib zone (yellow), and a peripheral
zone (blue). The stem cells or initials lie in the central zone, while the peripheral zone contains
proliferating cells that will give rise to leaves and side shoots. The rib zone gives rise to the
central tissues of the plant stem.

Fig. 7.10 Piant shoots grow in 3 modular
fashion. The shoot apical meristem produces
a repeated basic structural module. The
vegetative shoot module typically consists of
internode, node, leaf, and axillary bud (from
which a side branch may develop). Successive
modules are shown here in different shades
of green. As the plant grows, the internodes
behind the meristem lengthen and the leaves
expand.

After Alberts, B. et ol> 2002.
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microenvironment maintained by the organizing center that gives stem cells their
identity.

The undetermined state of meristem stem cells is confirmed by the fact that mer-
istems are capable of regulation. If, for example, a seedling shoot meristem is divided
into two or four parts by vertical incision, each part becomes reorganized into a
complete meristem, which gives rise to a normal shoot. Provided some subpopula-
tion of organizing center cells plus overlying stem cells is present, a normal meristem
will regenerate. If a shoot apical meristem is completely removed, no new apical
meristem form, but the incipient meristem at the base of the leaf is now able 10
develop and form a new side shoot. In the presence of the original meristem, this
prospective meristem remains inactive, as active meristems inhibit the development
of other meristems nearby—as a result of auxin transport from the shoot apex, among
other factors. This regulative behavior is in line with cell-cell interactions being a
major determinant of cell fate in the meristem.

7.6 The size of the stem-cell area in the meristem is kept constant by a
feedback loop to the organizing center

Numerous genes that control the behavior of the cells in the meristem are known. The
gene STM, which is involved in specifying the shoot meristem in the development of
the Arabidopsis embryo (see Section 7.3) is, for example, expressed throughout adult
shoot meristems but is suppressed as soon as cells become part of an organ primor-
dium. Its role seems to be to maintain meristematic cells in an undifferentiated state,
as loss of STM function results in all the meristem cells being incorporated into organ
primordia. In contrast, mutations in the Arabidopsis CLAVATA (CLV) genes increase
the size of the meristem as a result of an increase in the number of stem cells. Nor-
mally, despite the continual exit of cells from the stem-cell pool, the number of stem
cells in a meristem is kept roughly the same throughout a plant’s life, by division of
the remaining stem cells. The role of the CLV genes in regulating stem-cell numbers
is understood in some detail, and involves feedback between the stem cells and the
organizing center that underlies them.

In Arabidopsis, cells of the organizing center express a homeobox transcription
factor, WUSCHEL (WUS). This is required to produce a signal (as vet unknown) that
gives the overlying cells their stem-cell identity. Mutations in WUS result in termina-
tion of the shoot meristem and cessation of growth as a result of the loss of stem
cells, while its overexpression increases stem-cell numbers. The stem cells express
CLAVATA3 (CLV3), which encodes a secreted protein that acts indirectly to repress
WUS. This feedback loop could control WUS activity in the organizing center and sup-
press WUS activation in neighboring cells, thus limiting the extent of WUS expression
(Fig. 7.12, top panel). In turn, this would regulate the extent of the stem-cell zone

Fig. 7.12 Regulation of the stem-cell population in a shoot meristem. Intercellular signals
control the position and size of the stem-cell population in the Arabidopsis shoot meristem. Top
panel: the organizing center (purple) expresses the transcription factor WUS, which induces the
production of an as yet unknown intercellular signal (red arrow) that maintains the overlying
stem cells (orange). The stem cells express and secrete the signal protein CLAVATAS (CLV3:
orange dots), which moves laterally and downwards and indirectly represses transcription of
the WUS gene in the surrounding cells, acting through its cell-surface receptor proteins CLV1
and CLV2. CLV3 thus limits the extent of the area specified as stem cells. The descendants

of the stem cells are continuously displaced into the peripheral zone of the meristem (pale
yellow), where they are recruited into leaf primordia. Bottom panel: the negative-feedback loop
whereby WUS expression is restricted by CLV3. Expression of WUS in the organizing center

is responsible for the production of an unknown signal that induces the expression of CLV3.
CLV3 in turn signals through CLV1/2 to suppress the expression of WUS.

Adapted from Brand, U., et al.: 2000.
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above the organizing center. If stem-cell numbers temporarily fall, for example, less
CLV3 is produced and WUS activity increases, with a consequent increase in stem-cell
numbers. More CLV3 is then produced and limits the extent of WUS activity. Other
CLAVATA proteins are involved in the feedback loop (Fig. 7.12, bottom panel).

Meristems can be induced elsewhere in the plant by the misexpression of genes
involved in specifying stem-cell identity, yet another indication that stem-cell iden-
tity is conferred by cell-cell interactions and not by an embryonically specified cell
lineage.

7.7 The fate of cells from different meristem layers can be changed by
changing their position

Other evidence that the fate of a meristematic cell is determined by its position in the
meristem, and thus the intercellular signals it is exposed to, comes from observing the
fates of cells in the different meristem layers. As well as being organized into central
and peripheral zones, the apical meristem of a dicotyledon, such as Arabidopsis, is
composed of three distinct layers of cells (Fig. 7.13). The outermost layer, L1, is just
one cell thick. Layer L2, just beneath LI, is also one cell thick. In both L1 and L2,
cell divisions are anticlinal—that is, the new wall is in a plane perpendicular to the

Fig. 7.13 Apical meristem of

Arabidopsis. Top panels: scanning electron
micrographs showing the organization of the
meristem at the young vegetative apex of
Arabidopsis. The plant is 3 clovotal mutant,
which has a broadened apex that allows for
a clearer visualization of the leaf prmordia
(L) and the meristem (M). Scale bar = 10 pm
Bottom panel: diagram of a vertical section
through the apex of a shoot. The three-
layered structure of the meristem is apparent
in the most apical region. In layer 1 (L1)

and layer 2 (L2). the plane of cell division

is anticlinal that is, at night angies to the
surface of the shoot. Cells in layer 3 (L3,

the corpus) can divide in any plane. A leaf
primordium is shown forming at one side of
the meristem

Photographs courtesy of M. Griffiths.
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Fig. 7.14 A periclinal meristem chimera
composed of cells of two different
genotypes. In L1 the cells are diploid
whereas the cells of L2 are tetraploid-that
is, they have double the normal chromosome
number—and are larger and easily recognized.
After Steeves, TA., et al.: 1989.

Fig. 7.15 Tobacco plant mericlinal
chimera. This plant has grown from an
embryonic shoot meristem in which an
albino mutation has occurred in a cell of the
L2 layer. The affected area occupies about a
third of the total circumference of the shoot,
suggesting that there are three apical initial
cells in the embryonic shoot meristem.

Photograph courtesy of S. Poethig.

layer—thus maintaining the two-layer organization. The innermost layer is L3, in
which the cells can divide in any plane. L1 and L2 are often known as the tunica, and
L3 as the corpus.

To find which tissues each layer can give rise to, the fates of cells in the different
layers can be followed by marking one layer with a distinguishable mutation, such as
a change in pigmentation or a polyploid nucleus. When a complete layer is genetically
different from the others in this way, the organism is known as a periclinal chimera
(Fig. 7.14) and the fate of cells from this layer can be traced. As we saw in relation to
animal embryos, chimeras are organisms composed of cells of two different genotypes
(see Section 3.9). Plant chimeras can be made by inducing mutation in the apical
meristem of a seed or shoot tip by X-irradiation, or by treatment with chemicals such
as colchicine that induce polyploidy.

Layer L1 gives rise to the epidermis that covers all structures produced by the shoot,
while L2 and L3 both contribute to cortex and vascular structures. Leaves and flowers
are produced mostly from L2; L3 contributes mainly to the stem. Although the three
layers maintain their identity in the central region of the meristem over long periods
of growth, cells in either L1 or L2 occasionally divide periclinally; new cell walls are
formed parallel to the surface of the meristem, and thus one of the new cells invades
an adjacent layer. This migrant cell now develops according to its new position, show-
ing that cell fate is not necessarily determined by the meristem layer in which the
cell originated, and that intercellular signaling is involved in specifying or changing
its fate in its new position. The anticlinal pattern of cell division in L2 becomes dis-
rupted when leaf primordia start to form, when the cells divide periclinally, as well
as anticlinally.

The transcription factor Knotted-1 in maize is homologous to Arabidopsis STM and,
like STM, it is expressed throughout the shoot meristem to keep cells in an undifferen-
tiated state. It is one example of a transcription factor that moves directly from cell to
cell. The KNOTTED-1 gene is expressed in all layers except L1, but the protein is also
found in L1, suggesting that it can move between cells, perhaps via plasmodesmata.
In Knotted-1 gain-of-function mutants, in which the gene is misexpressed in leaves,
Knotted-1 protein fused to green fluorescent protein has also been observed to move
from the inner layers of the leaf to the epidermis, but not in the opposite direction.

7.8 A fate map for the embryonic shoot meristem can be deduced using
clonal analysis

Much of our knowledge about the general properties of meristems outlined in previous
sections comes from studies some decades ago that determined how the embryonic
shoot apical meristem is related to the development of a plant over its whole lifetime.
What was the fate of individual ‘embryonic initials’, as the stem cells were known
at the time? Did particular regions in the embryonic meristem give rise to particular
parts of the adult plant? Individual initials can be marked by mutagenesis of seeds by
X-irradiation or transposon activation, to give cells with a different color from the rest
of the plant, for example. If the marked meristem cell and its immediate progeny pop-
ulate only part of one layer of the meristem (in contrast to a periclinal chimera), then
this area will give rise to visible sectors of marked cells in stems and organs as the
plant grows; this type of chimera is known as a mericlinal chimera (Fig. 7.15). The
fate of individually marked initials in mericlinal chimeras can be determined using
clonal analysis in a manner similar to its use in Drosophila (see Box 2E, p. 73).

In maize, the marked sectors usually start at the base of an internode and extend
apically, terminating within a leaf. Some sectors include just a single internode and
leaf, representing the progeny of an embryonic initial that is lost from the meristem
before the generation of the next leaf primordium. Others, on the other hand, extend
through numerous internodes, showing that some embryonic initials remain in the
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meristem for a long time, contributing to a succession of nodes and internodes. In
sunflowers, marked clones have been observed to extend through several internodes
up into the flower, showing that a single initial can contribute to both leaves and
flowers.

From the analysis of hundreds of mericlinal chimeras, fate maps of the embryonic
shoot meristems of several species were constructed, which shed light on the proper-
ties of the shoot meristem and how it behaves during normal development. These fate
maps are probabilistic because it was not possible to know the location of the marked
cell in the embryonic meristem, which is inaccessible inside the seed.

The probabilistic fate map for the maize embryonic shoot apical meristem indicates
that the three most apical cells in L1 give rise to the male inflorescence (the tassel and
spike; Fig. 7.16). The remainder of the maize meristem can be divided into five tiers
of cells that produce internodes and leaves, and which form overlapping concentric
domains on the fate map. The outermost domain contributes to the earliest internode-
leaf modules, while the inner domains give rise to internodes and leaves successively
higher up the stem. A fate map has been similarly constructed for the embryonic
shoot apical meristem of Arabidopsis (Fig. 7.17). Most of the Arabidopsis embryonic
meristem gives rise to the first six leaves, whereas the remainder of the shoot, includ-
ing all the flowerheads, is derived from a very small number of embryonic cells at
the center of the meristem. Unlike maize, the number of leaves in Arabidopsis is not
fixed—growth is said to be indeterminate. There is no relation between particular

Longitudinal section through
embryonic shoot meristem

Fig. 7.16 Probabilistic fate map of the shoot apical meristem in

the mature maize embryo. In maize, the primordia of the first six
leaves are already present in the mature embryo and are excluded from
the analysis. At the time the cells were marked, the meristem contained
about 335 cells, which will give rise to 12 more leaves, the female
inflorescences, and the terminal male inflorescence (the tassel and
spike). A longitudinal section through the embryonic apical dome-the
shoot meristem—is shown on the left. Clonal analysis shows that it can
be divided into six vertically stacked domains, each comprising a set of
initials that can give rise to a particular part of the plant. The number of
initials in layers L1 and L2 of each domain at the embryonic stage can
be estimated from the final extent of the corresponding marked sectors

in the mature plant (see text). The fate of each domain, as estimated
from the collective resuits of clonal analysis of many different plants. is
shown on the right. Domain 6, comprising the three most apical L1 cells
of the meristem, will give rise to the terminal male inflorescence. The
fate of cells in the other domains is less circumscribed. Domain 5, for
example, which consists of around eight L1 cells surrounding domain 6
and the underlying four or so L2 cells, can contribute to nodes 16-18
domain 4 to nodes 14-18; and domain 3 to nodes 12-15. The female
inflorescences, which develop in the leaf axils, are derived from the
corresponding domains.

After McDaniel, CN. et al.: 1988.
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L2 layer of meristem

Fig. 7.17 Probabilistic fate map of

the embryonic shoot meristem of
Arabidopsis. The L2 layer of the meristem
is depicted as if flattened out and viewed
from above. The numbers indicate the leaf,
as shown on the plant below, to which each
group of meristem cells contributes, and
indicate the sequence in which the leaves are
formed. The inflorescence shoot (i) is derived
from a small number of cells in the center of
the layer.

After Irish, V.E.: 1991.

cell lineages and particular structures, which indicates that position in the meristem is
crucial in determining cell fate. One exception is that germ cells always arise from L2.
The L2 layer is a clone, and so there is, in the case of germ cells, a relation between
fate and a particular cell lineage.

The conclusions from the clonal analysis experiments are that the initials that con-
tribute to a particular structure are simply those that happen to be in the appropriate
region of the meristem at the time; they have not been prespecified in the embryo as,
say, flower or leaf.

7.9 Meristem development is dependent on signals from other parts of
the plant

To what extent does the behavior of a meristem depend on other parts of the plant? It
seems to have some autonomy, because if a meristem is isolated from adjacent tissues
by excision it will continue to develop, although often at a much slower rate. Excised
shoot apical meristems of a variety of plants can be grown in culture, where they will
develop into shoots complete with leaves if the growth hormones auxin and cytokinin
are added. The behavior of the meristem in situ, however, is influenced in more subtle
ways by interactions with the rest of the plant. -

As we saw earlier, the apical meristem of maize gives rise to a succession of nodes,
and terminates in the male flower. The number of nodes before flowering is usually
between 16 and 22. This number is not controlled by the meristem alone, however.
Evidence comes from culturing shoot tips consisting of the apical meristem and one
or two leaf primordia. Meristems taken from plants that have already formed as many
as 10 nodes still develop into normal maize plants with the full number of nodes.
The isolated maize meristem has no memory of the number of nodes it has already
formed, and repeats the process from the beginning. The meristem itself is therefore
not determined in the embryo with respect to the number of nodes it will form. In
the plant, control over the number of nodes that are formed must therefore involve
signals from the rest of the plant to the meristem, finally directing the meristem to
terminate node formation and form a tassel.

7.10 Gene activity patterns the proximo-distal and adaxial-abaxial axes of
leaves developing from the shoot meristem

Leaves develop from groups of founder cells within the peripheral zone of the shoot
apical meristem. The first indication of leaf initiation in the meristem is usually a swell-
ing of a region to the side of the apex, which forms the leaf primordium (Fig. 7.18).
This small protrusion is the result of increased localized cell multiplication and altered
patterns of cell division. It also reflects changes in polarized cell expansion.

Two new axes that relate to the future leaf are established in a leaf primordium.
These are the proximo-distal axis (leaf base to leaf tip) and the adaxial-abaxial
axis (upper surface to lower surface, sometimes called dorsal to ventral). The latter
is termed adaxial-abaxial as it is related to the radial axis of the shoot. The upper
surface of the leaf derives from cells near the center of this axis (adaxial), while the
lower surface derives from more peripheral cells (abaxial). The two leaf surfaces
carry out different functions and have different structures, with the top surface being
specialized for light capture and photosynthesis. In Arabidopsis, flattening of the leaf
along the adaxial-abaxial axis occurs after leaf primordia begin developing, but in
monocots like maize the leaf is flattened as it emerges. The establishment of adaxial-
abaxial polarity is likely to make use of positional information along the radial axis
of the meristem.

Arabidopsis leaf primordia emerge from the shoot meristem with distinct programs
of development in the adaxial and abaxial halves. This asymmetry can be seen from
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the beginning, as the leaf primordium has a crescent shape in cross-section, with a
convex outer (abaxial) side and a concave inner (adaxial) surface (see Fig. 7.18). Dif-
ferent genes are expressed in the future adaxial and abaxial sides. For example, the
Arabidopsis gene FILAMENTOUS FLOWER (FIL) is normally expressed in the abaxial
side of the leaf primordium, and specifies an abaxial cell fate. Its ectopic expression
throughout the leaf primordium can cause all cells to adopt an abaxial cell fate, and
the leaf develops as an arrested cylindrical structure.

The specification of adaxial cell fate in Arabidopsis involves the genes PHABULOSA
(PHAB), PHAVOLUTA (PHAV), and REVOLUTA (REV). These encode transcription
factors and are initially expressed in the shoot meristem and in the adaxial side of
the primordium. Loss-of-function mutations in these genes result in radially sym-
metrical leaves with only abaxial cell types characteristic of the underside of the leaf.
A microRNA (see Box 6B, p. 228) is involved in the restriction of PHAB, PHAV, and
REV expression to the adaxial side, targeting and destroying their mRNAs on the
abaxial side and thus limiting their activity to the adaxial side.

It has been suggested that, in normal plants, the interaction between adaxial and
abaxial initial cells at the boundary between them initiates lateral growth, result-
ing in the formation of the leaf blade and the flattening of the leaf. The impor-
tance of boundaries in controlling pattern and form has already been seen in the
parasegments of Drosophila (see Section 2.24) and further examples will be found
in Chapter 11.

Development along the leaf proximo-distal axis also appears to be under genetic
control. Like other grasses, a maize leaf primordium is composed of prospective leaf-
sheath tissue proximal to the stem and prospective leaf-blade tissue distally. Muta-
tions in certain genes result in distal cells taking on more proximal identities; for
example, making sheath in place of blade. Similar proximo-distal shifts in pattern
occur in Arabidopsis as a result of mutation. Positional identity along the proximo-
distal axis may reflect the developmental age of the cells, distal cells adopting a differ-
ent fate from proximal cells because they mature later.

Fig. 7.18 Leaf phyllotaxis. In shoots where
single leaves are arranged spirally up the

in 2 mathematically regular pattern in the
sides of the apical dome, just outside the
promeristem region. A new leaf primordium
is formed slightly above and at a fixed

radial angle from the previous leaf, often
generating a helical arrangement of primordia
visible at the apex. Top panel: lateral views of
the shoot apex. Bottom panel: view looking
down on cross-sections through the apex
near the tip, at successive stages from the
top panel.

After Poethig. R.S.. et ol: 1985 (top ponel)
and Sachs, T: 1994 (bottom panei)



Fig. 7.19 Leaf primordia may be
positioned by lateral inhibition or by
competition. Leaf primordia on a fern shoot
tip form in a regular order in positions 1 to 4.
Primordia appear to form as far as possible
from existing primordia, so 2 forms almost
opposite 1. Normally, 4 will develop between
1 and 2, but if 1 is excised, 4 forms much
further away from 2. This result can be
interpreted either by the removal of lateral
inhibition by primordium 1 or by the removal
of the competitive effect of 1 for some
primordium-inducing factor such as auxin.

7.11 The regular arrangement of leaves on a stem is generated by regulated
auxin transport

As the shoot grows, leaves are generated within the meristem at regular intervals and
with a particular spacing. Leaves are arranged along a shoot in a variety of ways in
different plants, and the particular arrangement, known as phyllotaxy or phyllotaxis,
is reflected in the arrangement of leaf primordia in the meristem. Leaves can occur
singly at each node, in pairs, or in whorls of three or more. A common arrangement
is the positioning of single leaves spirally up the stem, which can sometimes form a
striking helical pattern in the shoot apex.

In plants in which leaves are borne spirally, a new leaf primordium forms at the
center of the first available space outside the central region of the meristem and
above the previous primordium (see Fig. 7.18). This pattern suggests a mechanism
for leaf arrangement based on lateral inhibition (see Section 1.16), in which each
leaf primordium inhibits the formation of a new leaf within a given distance. In this
model, inhibitory signals emanating from recently initiated primordia prevent leaves
from forming close to each other. There is some experimental evidence for this. In
ferns, leaf primordia are widely spaced, allowing experimental microsurgical interfer-
ence. Destruction of the site of the next primordium to be formed results in a shift
toward that site by the future primordium, whose position is closest to it (Fig. 7.19).
Recent studies indicate, however, that it is competition rather than inhibition that is
responsible.

As we have seen in the determination of apical-basal polarity in the embryo, auxin
is transported out of cells with the help of proteins such as PIN1 (see Section 7.3). In
the shoot, auxin produced in the shoot tip below the meristem is transported upwards
into the meristem, through the epidermis and the outermost meristem layer. The
direction of auxin flow in the shoot apex is controlled by PIN1 and follows a simple
rule: the side of the cell on which PIN1 is found is the side nearest the neighbor cell
with the highest auxin concentration. Thus auxin transport is always towards a region
of higher concentration. A high concentration of auxin is a primordium activator, and
initially, auxin is pumped towards a new primordium that is developing at a site of
high auxin concentration. This, however, depletes a zone of cells around the primor-
dium of auxin, such that cells nearer the center of the meristem now have more auxin
than the cells adaxial to the new primordium. This activates a feedback mechanism
that causes PIN1 to move to the other side of these cells, and auxin now flows out
of the new primordium towards the meristem, creating a new spot of high auxin
concentration in the meristem farthest away from any new primordium (Fig. 7.20).

excision of region of leaf primordium 1
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Fig. 7.20 Auxin-dependent mechanism

of phyliotaxis in Arabidopsis. Auxin is
transported through PIN proteins towards
areas of high auxin concentration (dark
green), at which an organ primordium will
form. Celis around the developing primordium
become depleted of auxin (light green), which
causes the polarity of the PIN proteins to
reverse so that auxin then flows away from
the primordium. The red arrows indicate the
direction of PIN polarity. It is proposed that
this pattern of auxin circulation could set

up the regular pattern of leaf and flower
formation from meristems.
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This leads to auxin peaks occurring sequentially, at the regular positions later occu-
pied by new leaves.

7.12 Root tissues are produced from Arabidopsis root apical meristems by a
highly stereotyped pattern of cell divisions

The organization of tissues in the Arabidopsis root tip is shown in Fig. 7.21. The
radial pattern comprises single layers of epidermal, cortical, endodermal, and peri-
cycle cells, with vascular tissue in the center (protophloem and protoxylem). Root
apical meristems resemble shoot apical meristems in many ways and give rise to the
root in a similar manner to shoot generation. But there are some important differences
between the root and shoot meristems. The shoot meristem is at the extreme tip of
the shoot, whereas the root meristem is covered by a root cap (which is itself derived
from one of the layers of the meristem); also, there is no obvious segmental arrange-
ment at the root tip resembling the node-internode-leaf module.

The root is set up early (see Section 7.2) and a well-organized embryonic root can
be identified in the late heart-stage embryo (Fig. 7.22). An antagonistic interaction
between auxin and cytokinin controls the establishment of the root stem-cell niche.
Clonal analysis has shown that the seedling root meristem can be traced back to a set
of embryonic initials that arise from a single tier of cells in the heart-stage embryo.

As in the shoot meristem, a root meristem is composed of an organizing center,
called the quiescent center in roots, in which the cells divide only very rarely, and
which is surrounded by stem-cell-like initials that give rise to the root tissue (see
Fig. 7.22). The quiescent center is essential for meristem function. When parts of the
meristem are removed by microsurgery, it can regenerate, but regeneration is always
preceded by the formation of a new quiescent center. Laser destruction of individual
quiescent-center cells shows that, as in the shoot meristem, a key function of the
quiescent center is to maintain the immediately adjacent initials in the stem-cell state
and prevent them from differentiating.

Each initial undergoes a stereotyped pattern of cell divisions to give rise to a
number of columns, or files, of cells in the growing root (see Fig. 7.21); each file of
cells in the root thus has its origin in a single initial. Some initials give rise to both
endodermis and cortex, whereas others give rise to both epidermis and the root cap.
Before it leaves the meristem, therefore, the undifferentiated progeny of an endo-
dermis/cortex initial, for example, will divide asymmetrically to give one daughter
that produces cortex and one that produces endodermis. The gene SCARECROW is
necessary to confer this asymmetry on the dividing cell, and mutations in this gene
give roots with no distinct endodermis or cortex but with a tissue layer with charac-
teristics of both.

The normal pattern of cell divisions is not obligatory, however. As discussed ear-
lier, fass mutants, which have disrupted cell divisions, still have relatively normal

i
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Fig. 7.21 The structure of the root tip in Arabidopsis. Roots have a radial organization. In
the center of the growing root tip is the future vascular tissue (protoxylem and protophloem).
This is surrounded by further tissue layers.
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Fig. 7.22 Fate map of root regions in

the heart-stage Arabidopsis embryo. The
root grows by the division of a set of initial
cells. The root meristem comes from a small
number of cells in the heart-shaped embryo.
Each tissue in the root is derived from the
division of a particular initial cell. At the
center of the root meristem is a quiescent
center, which does not divide.

After Scheres, B, et al.: 1994.
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patterning in the root. In addition, laser ablation of individual meristem cells does not
lead to an abnormal root. The remaining initials undergo new patterns of cell divi-
sion that replace the progeny of the cells that have been destroyed. Such observations
show that, as in the shoot meristem, the fate of cells in the developing root meristem
depends on their recognition of positional signals and not on their lineage.

As we saw in Section 7.3, auxin gradients play a major role in patterning the embryo
and specifying the root region, and mutations that affect auxin localization lead to
root defects. At the globular stage of embryonic development, the auxin-transport pro-
tein PIN1 is localized in cells in the future root region and the highest level of auxin
is found adjacent to where the quiescent center will develop.

The role of auxin in root development continues into the adult plant. Auxin in
the root is transported out of cells via the PIN proteins, and enters adjacent cells.
Cells with raised auxin levels transport auxin better, probably due to an increase
in the number of PIN proteins in the membrane as auxin prevents their endocy-
tosis and recycling, and so there is a positive feedback loop that raises the local
concentration.

Auxin plays a key role in patterning the growing root. Modeling of auxin movement,
using the known distribution of PIN proteins in the membranes of different cell types,
has shown that PIN-directed flow can explain the formation and maintenance of a
stable auxin maximum at the quiescent center. Auxin is transported down the central
vascular tissue of the root tip, forming a concentration maximum at the quiescent
center, and then outwards and upwards through the outer layers of the root tip, form-
ing gradients along both the basal-apical axis and laterally in the root. This modeling
successfully simulates the effects of such auxin gradients on pattern formation, cel-
lular differentiation and root growth in real time.

An idea of how the auxin gradients might be translated into effects on cell fate and
cell behavior is provided by the graded distribution of the four PLETHORA-family
transcription factors in the root. These transcription factors are required for proper
root development and are expressed in a graded manner along the apical-basal axis,
with expression maxima for all at the quiescent center—the region of maximum auxin
concentration. Here they are essential for stem-cell maintenance and function. Lower
concentrations of PLETHORA proteins correspond to the meristem region, where cells
are proliferating, while even lower concentrations appear to be necessary for exit from
the meristem and cell differentiation in the elongation zone. Although not yet proven
experimentally, PLETHORA gene expression could provide a graded read-out of the
auxin gradient that helps direct root patterning.
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Other influences on root patterning are the interplay between auxin and the hor-
mone cytokinin. Cytokinin helps regulate root meristem size and set the position
of the transition zone—where cells stop dividing and start elongating and differen-
tiating—by repressing both auxin transport and cellular responses to auxin in this
region.

Auxin is also involved in the ability of plants to regenerate from a small piece of
stem. In general, roots form from the end of the stem that was originally closest to the
root, whereas shoots tend to develop from dormant buds at the end that was near-
est to the shoot. This polarized regeneration is related to vascular differentiation and
to the polarized transport of auxin. Transport of auxin from its source in the shoot tip
toward the root leads to an accumulation of auxin at the ‘root’ end of the stem cutting,
where it induces the formation of roots. One hypothesis suggests that polarity is both
induced and expressed by the oriented flow of auxin.

One of the best examples of developmentally important transcription factor move-
ment from one cell to another is found in roots. As noted earlier, expression of the
gene SCARECROW is required for root cells to adopt an endodermal fate. This expres-
sion requires the transcriptional activator SHORT-ROOT (SHR). SHR is, however, not
synthesized in the prospective endodermal cells, but in the adjacent cells on the
inner side. SHR protein is transported from these cells outwards into the prospec-
tive endodermis, and this movement appears to be regulated and not simply due to
diffusion.

7.13 Root hairs are specified by a combination of positional information and
lateral inhibition

Root hairs are formed from epidermal cells at regular intervals around the root, and
this regularity is thought to be achieved by a combination of responses to positional
information and lateral inhibition by the movement of transcription factors between
cells. Files of cells that will make root hairs alternate with files of non-hair-producing
cells on the surface of the developing root. The importance of position is shown by
the fact that if an epidermal cell overlies a junction between two cortical cells it forms
a root hair, whereas if it contacts just one cortical cell it does not (Fig. 7.23). And if
a cell changes its position in relation to the cortex, its fate will also change, from a
potential hair-forming cell to a non-hair-forming cell and vice versa. Most cell divi-
sions in the future epidermis are horizontal, increasing the number of cells per file,
but occasionally a vertical anticlinal division occurs, pushing one of the daughter cells
into an adjacent file. The daughter cell then assumes a fate corresponding to its new
position in relation to the adjacent cortical cells.

The positional cues, as yet unknown, are thought to be detected by the epider-
mal cells through the SCRAMBLED protein, which is a receptor-like protein kinase.
SCRAMBLED activity influences the activity of a network of transcription factors that
control cell fate. Two groups of transcription factors have been identified by mutation
experiments, one group promoting a root-hair fate and one suppressing it. A key tran-
scription factor that seems to be regulated by SCRAMBLED activity is WEREWOLF,
whose expression is suppressed in presumptive hair-forming cells, presumably in
response to the positional signal. As well as promoting an atrichoblast fate, however,
WEREWOLF is also required for the expression of transcription factors (CAPRICE,
TRYPTYCHON, and ENHANCER OF TRYPTYCHON) that are needed to specify hair
cells. After positional signaling, these proteins will only be produced in the presump-
tive atrichoblasts, but they are thought to move laterally into the adjacent epidermal
cells and promote these cells’ differentiation as trichoblasts by inhibiting genes that
would otherwise give an atrichoblast fate.

pencyce

Fig. 7.23 Organization of cell types in the
root epidermis. The epidermis is composed
of two types of cells: trichoblasts (T). which
will form root hairs, and atrichoblasts (A}
which will not. Trichoblasts overlie the
junction between two cortical cells and
atrichoblasts are located over the outer
tangential wall of cortical cells.

After Dolan, L, Scheres, B 1998
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Fig. 7.24 Scanning electron micrograph of
an Arabidopsis inflorescence meristem.

The central inflorescence meristem (shoot
apical meristem, SAM) is surrounded by a
series of floral meristems (FM) of varying
developmental ages. The inflorescence
meristem grows indeterminately, with cell
divisions providing new cells for the stem
below, and new floral meristems on its flanks.
The floral meristems (or floral primordia) arise
one at a time in a spiral pattern. The most
mature of the developing flowers is on the
right (FM1), showing the initiation of sepal
primordia surrounding a still-undifferentiated
floral meristem. Eventually such a floral
meristem will also form petal, stamen, and
carpel primordia.

Photograph from Meyerowitz, EM, et al.: 1991.

Summary

Meristems are the growing points of a plant. The apical meristems, found at the tips
of shoots and roots, give rise to all the plant organs—roots, stem, leaves, and flowers.
They consist of small groups of a few hundred undifferentiated cells that are capable
of repeated division. The center of the meristem is occupied by self-renewing stem
cells, which replace the cells that are lost from the meristem when organs are formed.
The fate of a cell in the shoot meristem depends upon its position in the meristem and
interactions with its neighbors, as when a cell is displaced from one layer to another it
adopts the fate of its new layer. Meristems can also regulate when parts are removed,
in line with cell-cell interactions determining cell fate. Fate maps of embryonic shoot
meristems show that they can be divided into domains, each of which normally con-
tributes to the tissues of a particular region of the plant, but the fate of the embry-
onic initials is not fixed. The shoot meristem gives rise to leaves in species-specific
patterns—phyllotaxy—which seem best accounted for by regulated transport of auxin.
Lateral inhibition is involved in the regular spacing of hairs on root and leaf surfaces.
In the root meristem, the cells are organized rather differently from those in the shoot
meristem, and there is a much more stereotyped pattern of cell division. A set of initial
cells maintains root structure by dividing along different planes.

(Summary: meristems give rise to all adult tissues

Shoot meristem Root meristem

stereotyped division of initials
along different planes

cell fate is determined by position

shoot meristem gives rise to stem internodes, 3
leaves, and flowers root meristem gives riseto |
{} all root structures

arrangement of leaves on stem may be due
to an auxin-based mechanism at shoot apex

i o

Flower development and control of flowering

Flowers contain the reproductive cells of higher plants and develop from the shoot
meristem. In most plants, the transition from a vegetative shoot meristem to a floral
meristem that produces a flower is largely, or absolutely, under environmental con-
trol, with daylength and temperature being important determining factors. In a plant
such as Arabidopsis, in which each flowering shoot produces multiple flowers, the
vegetative shoot meristem first becomes converted into an inflorescence meristem,
which then forms floral meristems, each of which develops completely into a single
flower (Fig. 7.24). Floral meristems are thus determinate, unlike the indeterminate
shoot apical meristem. Flowers, with their arrangement of floral organs (sepals, pet-
als, stamens, and carpels), are rather complex structures, and it is a major challenge
to understand how they arise from the floral meristem.

The conversion of a vegetative shoot meristem into one that makes flowers involves
the induction of so-called meristem identity genes. A key regulator of floral induc-
tion in Arabidopsis is the meristem identity gene LEAFY (LFY); a related gene in
Antirrhinum is FLORICAULA (FLO). How environmental signals, such as daylength,
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Fig. 7.25 Structure of an Arabidopsis flower. Arabidopsis flowers are radially symmetrical
and have an outer ring of four identical green sepals, enclosing four identical white petals, carpel
within which is a ring of six stamens, with two carpels in the center. Bottom: floral diagram

of the Arabidopsis flower representing a cross-section taken in the plane indicated in the top

diagram. This is a conventional representation of the arrangement of the parts of the flower, )I
showing the number of flower parts in each whorl and their arrangement relative to each other. ;.

er Coen, E.S, etal.: 1991. J
Aft ’

influence floral induction is discussed later. We will first consider the mechanisms that
pattern the flower, in particular those that specify the identity of the floral organs.

7.14 Homeotic genes control organ identity in the flower

The individual parts of a flower each develop from a floral organ primordium pro-
duced by the floral meristem. Unlike leaf primordia, which are all identical, the floral
organ primordia must each be given a correct identity and be patterned according to
it. An Arabidopsis flower has four concentric whorls of structures (Fig. 7.25), which
reflect the arrangement of the floral organ primordia in the meristem. The sepals
(whorl 1) arise from the outermost ring of meristem tissue, and the petals (whorl 2)
from a ring of tissue lying immediately inside it. An inner ring of tissue gives rise
to the male reproductive organs—the stamens (whorl 3). The female reproductive
organs—the carpels (whorl 4)—develop from the center of the meristem. In a floral
meristem of Arabidopsis, there are 16 separate primordia, giving rise to a flower
with four sepals, four petals, six stamens and a pistil made up of two carpels (see
Fig. 7.25).

The primordia arise at specific positions within the meristem, where they develop
into their characteristic structures. After the emergence of the primordia in Antir-
rhinum, cell lineages become restricted to particular whorls, rather like the lineage
restriction to compartments in Drosophila (see Section 2.23). Lineage restriction
occurs at the time when the pentagonal symmetry of the flower becomes visible and
genes that give the different floral organs their identity are expressed. The lineage
compartments within the floral meristem appear to be delineated by narrow bands of
non-dividing cells.

Like the homeotic selector genes that specify segment identity in Drosophila, muta-
tions in floral identity genes cause homeotic mutations in which one type of flower X
part is replaced by another. In the Arabidopsis mutant apetala2, for example, the
sepals are replaced by carpels and the petals by stamens; in the pistillata mutant,
petals are replaced by sepals and stamens by carpels. These mutations identified the
floral organ identity genes, and have enabled their mode of action to be determined.

Homeotic floral mutations in Arabidopsis fall into three classes, each of which
affects the organs of two adjacent whorls (Fig. 7.26). The first class of mutations, of

Fig. 7.26 Homeotic floral mutations in
Arabidopsis. Left panel an agpetolol mutant
has whorls of carpeis and stamens in place of
sepals and petals. Center panel an apetoio3
mutant has two whorls of sepals and two of
carpels. Right panel: ogomous mutants have a
whorl of petals and sepals in place of stamens
and carpels. Transformations of whoris are
shown inset, and can be compared 10 the wild-
type arrangement, as shown in Fig. 7 .25
Photographs from Meyerowitz. EM. et ol
1991 (left ponel), ond Bowmon, L. et ol
1989 (center panel)
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Fig. 7.27 The three overlapping regions
of the Arabidopsis floral meristem that
have been identified by the homeotic floral
identity mutations. Region A corresponds to
whorls 1 and 2, B to whorls 2 and 3, and C to
whorls 3 and 4.

Fig. 7.28 Expression of APETALA3 and
AGAMOUS during flower development. In
situ hybridization shows that AGAMOUS is
expressed in the central whorls (left panel),
whereas APETALA3 is expressed in the outer
whorls that give rise to petals and stamens
(right panel).

which apetala2 is an example, affect whorls 1 and 2, giving carpels instead of sepals
in whorl 1, and stamens instead of petals in whorl 2. The phenotype of the flower,
going from the outside to the center, is therefore carpel, stamen, stamen, carpel
The second class of homeotic floral mutations affects whorls 2 and 3. In this class,
apetala3 and pistillata give sepals instead of petals in whorl 2 and carpels instead of
stamens in whorl 3, with a phenotype sepal, sepal, carpel, carpel. The third class of
mutations affects whorls 3 and 4, and gives petals instead of stamens in whorl 3 and
sepals or variable structures in whorl 4. The mutant agamous, which belongs to this
class, has an extra set of sepals and petals in the center instead of the reproductive

organs.
These mutant phenotypes can be accounted for by an elegant model in which over
lapping patterns of gene activity specify floral organ identity (Fig. 7.27) in a manner

highly reminiscent of the way in which Drosophila homeotic genes specify segment
identity along the insect’s body. In detail, however, there are many differences, and
quite different genes are involved. In this instance, plants and animals have, perhaps
not surprisingly, independently evolved a similar approach to patterning a multicel
lular structure, but have recruited different proteins to carry it out.

In essence, the floral meristem is divided by the expression patterns of the homeotic
genes into three concentric overlapping regions, A, B, and C, which partition the
meristem into four non-overlapping regions corresponding to the four whorls. Each
of the A, B, and C regions corresponds to the zone of action of one class of homeotic
genes and the particular combinations of A, B, and C functions give each whorl a
unique identity and so specify organ identity. Of the genes mentioned in

APETALAI (AP1) and APETALAZ2 (AP2) are A-function genes, APETALA3 (AP3) and
PISTILLATA (P1) are B-function genes, and AGAMOUS (AG) is a C-function gene
The expression of AP3 and AG in the developing flower is shown in Fig. 7.28. All the

a MADS-box transcription factor, MEF2, is involved in muscle differentiation
mals. The original simple model for specifying floral organ identity is prese
more detail in Box 7C. Since the model was first proposed, more has become known
about the activities and functions of the genes identified by the homeotic muta

tions, more genes controlling flower development have been discovered, and more
‘functions’ added.

One question that arose when the original floral organ identity model was investigated
experimentally was why the ABC genes only showed their homeotic properties in the
floral meristem and did not convert leaves into floral organs when artificially over
expressed in vegetative meristems, as might be expected for homeotic genes of this
type. The answer came with the discovery of the SEPALLATA (SEP) genes, which also
encode MADS-box proteins. These genes are required for the B and C functions and
are only active in floral meristems. The SEP proteins are thought to combine with B
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Fig. 7.29 Current status of the ABC model of floral organ identity. The regulatory genes
LEAFY, WUSCHEL (WUS), and UNUSUAL FLORAL ORGANS (UFO) are expressed in specific
domains in the floral meristem, which, together with repression of APETALAL by AGAMOUS,
results in the pattern of ABC functions. ABC proteins and the co-factor SEP proteins assemble
into complexes that specify the different organ identities.

Adapted from Lohmann, J.U, Weigel, D.: 2002

Floral meristem

and C gene products to form active gene-regulatory complexes. A current view of the
mechanism of specifying floral organ identity is shown in Fig. 7.29.

There is a better understanding of the functions and patterning of the floral homeotic
genes than when the ABC model was first proposed. The MADS-box homeotic A-class
gene AP1 has been found to have a dual role: it acts early with other genes to specify
general floral meristem identity and only later contributes to A function. It is induced
by the meristem identity gene LFY, which is expressed throughout the meristem, and
AP1 is actively inhibited in the central regions of floral meristems by AGAMOUS. The
expression of the A-function gene APETALA2 (AP2) is translationally repressed by
a microRNA, keeping the AP2 protein at a low level. APETALA3 and PISTILLATAI
are thought to be activated as a result of a meristem identity gene called UNUSUAL
FLORAL ORGANS (UFO), which is expressed in the meristem in a pattern similar
to that of B-function genes (see Fig. 7.29). UFO encodes a component of ubiquitin
ligase, and is thought to exert its effects on flower development by targeting specific
proteins for degradation. As we saw in animals, in relation to the control of f-catenin
degradation (see Chapters 4 and 6), regulated degradation of proteins can be a power-
ful developmental mechanism. In the center of the floral meristem, the expression of
AGAMOUS is partly controlled by WUS, which as we have seen earlier, is expressed in
the organizing center of the vegetative shoot meristem and continues to be expressed
in floral meristems.

Another group of genes that help pattern the floral organ primordia are genes
that control cell division. The gene SUPERMAN is one example, controlling cell
proliferation in stamen and carpel primordia, and in ovules. Plants with a muta-
tion in this gene have stamens instead of carpels in the fourth whorl. SUPERMAN
is expressed in the third whorl, and maintains the boundary between the third and
fourth whorls.

Despite the enormous variation in the flowers of different species, the mechanisms
underlying flower development seem to be very similar. For example, there are strik-
ing similarities between the genes controlling flower development of Arabidopsis and
Antirrhinum, despite the quite different final morphology of the snapdragon flower.
In developing Arabidopsis flowers, the patterns of activity of the corresponding genes
fit well with the cell-lineage restriction to whorls seen in Antirrhinum.

7.15 The Antirrhinum flower is patterned dorso-ventrally as well as radially

Like Arabidopsis flowers, those of Antirrhinum consist of four whorls, but unlike
Arabidopsis, they have five sepals, five petals, four stamens, and two united carpels
(Fig. 7.30, left). Floral homeotic mutations similar to those in Arabidopsis occur in
Antirrhinum, and floral organ identity is specified in the same way. Several of the
Antirrhinum homeotic genes have extensive homology with those of Arabidopsis, the
MADS box in particular being well conserved.

An extra element of patterning is required in the Antirrhinum flower, which has
a bilateral symmetry imposed on the basic radial pattern common to all flowers. In
whorl 2, the upper two petal lobes have a shape quite distinct from the lower three,
giving the flower its characteristic snapdragon appearance. In whorl 3, the uppermost
stamen is absent, as its development is aborted early on. The Antirrhinum flower
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Box 7C The basic model for the patterning of the Arabidopsis flower

apetala2 mutant oagamous mutant
’ ==
(] (]
®::0 ()
%o N\
. ~”’
Expression of functions Expression of functions
in homeotic mutant in homeotic mutant
RS g R M

The floral meristem is divided into three overlapping regions, A, B, and C, each region
corresponding to a class of homeotic mutations, as shown in Fig. 7.26 (see text).
Three regulatory functions—a, b, and c—operate in regions A, B, and C, respectively, as
shown in the panels above. In the wild-type flower (top left panel), it is assumed that
ais expressed in whorls 1 and 2, bin 2 and 3, and c in whorls 3 and 4. In addition,
a function inhibits ¢ function in whorls 1 and 2 and ¢ function inhibits a function in
whorls 3 and 4-that is, a and ¢ functions are mutually exclusive. a alone specifies
sepals, a and b together specify petals, b and c stamens, and c alone carpels.

The homeotic mutations eliminate the functions of g, b, or ¢, and alter the regions
within the meristem where the various functions are expressed. Mutations in g, such
as apetala2 (see center top panel), result in an absence of function o, and ¢ spreads
throughout the meristem, resulting in the half-flower pattern of carpel, stamen, sta-
men, carpel. Mutations in b, such as apetala3 (see Fig. 7.26), result in only a func-
tioning in whorls 1 and 2, and c in whorls 3 and 4, giving sepal, sepal, carpel, carpel.
Mutations in ¢ genes (such as agamous), result in @ activity in all whorls, giving the
phenotype sepal, petal, petal, sepal (see top right panel).

All the floral homeotic mutants discovered so far in Arabidopsis can be quite sat-
isfactorily accounted for by this model (although there are small variations in gene
numbers and expression patterns in other species that allow mutant phenotypes
not seen in Arabidopsis), and particular genes can be assigned to each controlling
function. Function a corresponds to the activity of genes such as APETALAZ, b to
APETALA3 and PISTILLATA, and ¢ to AGAMOUS. The model also accounts for the phe-
notype of double mutants, such as apetala2 with apetala3, and apetala3 with pistil-
lata, as shown in the panels on the right.

This system emphasizes the similarity in function between the homeotic genes
in animals and those controlling organ identity in flowers, although the genes them-
selves are completely different. The functional similarity with the Hox complex of
Drosophila is further illustrated by the role of the CURLY LEAF gene of Arabidopsis,
which is necessary for the stable maintenance of homeotic gene activity. CURLY
LEAF s related to the Polycomb family of genes in Drosophila and is similarly required
for stable repression of homeotic genes.
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therefore has a distinct dorso-ventral axis. Another group of homeotic genes, differ-
ent from those that govern floral organ identity, appear to act in this dorso-ventral
patterning. For example, mutations in the gene CYCLOIDEA, which is expressed in
the dorsal region, abolish dorso-ventral polarity and produce flowers that are more
radially symmetrical (Fig. 7.30, right).

7.16 The internal meristem layer can specify floral meristem patterning

Although all three layers of a floral meristem (Fig. 7.31) are involved in organo-
genesis, the contribution of cells from each layer to a particular structure may be
variable. Cells from one layer can become part of another layer without disrupting
normal morphology, suggesting that a cell’s position in the meristem is the main
determinant of its future behavior. Some insight into positional signaling and pat-
terning in the floral meristem can be obtained by making periclinal chimeras (see
Section 7.7) from cells that have different genotypes and that give rise to different
types of flower. From such chimeras, one can find out whether the cells develop
autonomously according to their own genotype, or whether their behavior is con-
trolled by signals from other cells.

As well as being produced by mutation, chimeras can also be generated by graft-
ing between two plants of different genotypes. A new shoot meristem can form at
the junction of the graft, and sometimes contains cells from both genotypes. Such
chimeras can be made between wild-type tomato plants and tomato plants carrying
the mutation fasciated, in which the flower has an increased number of floral organs
per whorl. This phenotype is also found in chimeras in which only layer L3 contains
fasciated cells (Fig. 7.32). The increased number of floral organs is associated with
an overall increase in the size of the floral meristem, and in the chimeric plants this
cannot be achieved unless the fasciated cells of layer L3 induce the wild-type L1
cells to divide more frequently than normal. The mechanism of intercellular signal-
ing between L3 and L1 is not yet known. In Antirrhinum, the abnormal expression
of FLORICAULA in only one meristem layer can result in flower development. These
results illustrate the importance of signaling between layers in flower development.

7.17 The transition of a shoot meristem to a floral meristem is under
environmental and genetic control

Flowering plants first grow vegetatively, during which time the apical meristem gener-
ates leaves. Then, triggered by environmental signals such as increasing daylength,

Fig. 7.30 Mutations in CYCLOIDEA make
the Antirrhinum flower symmetrical. In the
wild-type flower (left) the petal pattemn is
different along the dorso-ventral axis. In the
mutant (right) the flower is symmetrical. All
the petals are like the most ventral one in the
wild type and are folded back

Photograph courtesy of E. Coen. from Coen,
ES.etal: 1991

Fig. 7.31 Floral meristem. The meristem is
composed of layers L1, L2, and L3. The inner
core cells are derived from L3. The sepal
primordia are just beginning to develop
After Drews, GN. et ol 1989

’Vl!'

Fig. 7.32 Floral organ number in chimeras
of wild-type and fascioted tomato

plants. In the fascioted mutant there are
more organs in the flower than in wild-type
plants. In chimeras in which only layer L3 of
the floral meristem contains foscioted mutant
cells, the number of organs per flower is still
increased, showing that L3 can control cell
behavior in the outer layers of the meristem
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Fig. 7.33 Flowering can be controlled by daylength and LEAFY expression. As shown in
the top panels, when wild-type Arabidopsis is grown under long-day conditions (left), few
lateral shoots are formed before the apical shoot meristem begins to form floral meristems.
When grown under short-day conditions, flowering is delayed and there are in consequence
more lateral shoots. The gene LEAFY is normally expressed only in inflorescence and floral
meristems, but if it is expressed throughout the plant (bottom panels), all shoot meristems
produced are converted to floral meristems in both daylengths.

the plant switches to a reproductive phase and from then on the apical meristem
gives rise only to flowers. There are two types of transition from vegetative growth
to flowering. In the determinate type, the inflorescence meristem becomes a terminal
flower, whereas in the indeterminate type the inflorescence meristem gives rise 1o
a number of floral meristems. Arabidopsis is of the indeterminate type (Fig. 7.33).
A primary response to floral inductive signals in Arabidopsis is the expression of floral
meristem identity genes such as LEAFY and the dual-function API (see Section 7.13),
which are necessary and sufficient for this transition. LEAFY potentially activates AP
throughout the meristem while also activating AGAMOUS in the center of the flower.
AGAMOUS then represses the expression of API in the center, helping to restrict its
floral organ identity function to region A (see Fig. 7.27). Mutations in floral meristem
identity genes partly transform flowers into shoots. In a leafy mutant, which lacks
LEAFY function, the flowers are transformed into spirally arranged sepal-like organs
along the stem, whereas expression of LEAFY throughout a plant is sufficient to con-
fer a floral fate on lateral shoot meristems and they develop as flowers (Fig. 7.33,
bottom panels).

In Arabidopsis, flowering is promoted by increasing daylength, which predicts the
end of winter and the onset of spring and summer (see Fig. 7.33). This behavior is
called photoperiodism. In some strains, flowering is also accelerated after the plamt
has been exposed to a long period of cold temperature, a cue that winter has passed.
This phenomenon is known as vernalization. Grafting experiments have shown that
daylength is sensed not by the shoot meristem itself, but by the leaves. When the
period of continuous light reaches a certain length, a diffusible flower-inducing sig-
nal is produced that is transmitted through the phloem to the shoot meristem. The
pathway that triggers flowering involves the plant’s circadian clock, the internal
24-hour timer that causes many metabolic and physiological processes, including the
expression of some genes, to vary throughout the day. One of the genes regulated by
the circadian clock is CONSTANS (CO), which is a key gene in controlling the onset
of flowering and provides the link between the plant’s daylength-sensing mechanism
and production of the flowering signal. The expression of CO oscillates on a 24-hour
cycle under the control of the circadian clock, and its timing is such that the peak CO
expression occurs towards the end of the afternoon. This means that in longer days,
peak expression occurs in the light, whereas in short days, it will already be dark at
this time. In the dark, the CO protein is degraded and so the circadian control ensures
that CO only accumulates to high enough levels to trigger the flowering pathway
when light conditions are favorable (Fig. 7.34).

CO is a transcription factor that activates a gene known as FLOWERING LOCUS T
(FT), producing the FT protein, which appears to act as the flowering signal. The FT pro-
tein is thought to travel from the leaf through the phloem to the shoot apical meristem,
where it acts in a complex with the transcription factor FLOWERING LOCUS D (FD),

Fig. 7.34 The initiation of flowering is under the dual control of daylength and the
circadian clock. The transcription factor CONSTANS (CO) is required for production of the
flowering signal and is expressed in leaves under the control of the circadian clock. In short
days, expression of the CO gene peaks in the dark and the protein is rapidly degraded. In long
days, peak expression occurs in the light, and the CO protein accumulates.
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shoot apex New meristem primordium

Fig. 7.35 Signals that initiate flowering in
Arabidopsis. When the daylength becomes
longer after winter, the transcription
factor CO accumuiates in the leaf, which

in turn activates the transcription of £T in
leaf phioem cells. The FT protein travels
through the phioem to the shoot apex.
This interacts with the transcription factor
FD to form a compiex, which acts together
with the transcription factor LEAFY (whose
own expression in upreguiated in the shoot
apex by FT) to activate key floral meristem
identity genes such as AP, which convert
the vegetative meristem into one that will
produce floral meristems.

which is expressed in the meristem, to turn on the expression of genes such as API
that promote flowering (Fig. 7.35). If FT is activated in a single leaf, this is sufficient
to induce flowering. Induction of flowering also requires the downregulation of a set
of floral repressor genes such as FLOWERING LOCUS C (FLC). These suppress the
transition from a vegetative to the flowering state until the positive signals to flower
are received. FLC encodes a protein that binds to FT and suppresses its activity.
After cold exposure, for example, FLC activity is low, and the repression of FT can
be released.

Summary

Before flowering, which is triggered by environmental conditions such as daylength,
the vegetative shoot apical meristem becomes converted into an inflorescence
meristem, which either then becomes a flower or produces a series of floral mer-
istems, each of which develops into a single flower. Genes involved in the initiation
of flowering and patterning of the flower have been identified in both Arabidopsis
and Antirrhinum. Flowering is induced by daylength acting together with the plant’s
natural circadian rhythms of gene expression to turn on a gene in the leaves that
produces a flowering signal that is transported to the shoot meristem. This signal
turns on the expression of meristem identity genes that are required for the trans-
formation of the vegetative shoot meristem to an inflorescence meristem and the
formation of floral meristems from the inflorescence meristem. Homeotic floral organ
identity genes, which specify the organ types found in the flowers, have been iden-
tified from mutations that transform one flower part into another. On the basis of
these mutations, a model has been proposed in which the floral meristem is divided
into three concentric overlapping regions, in each of which certain floral identity
genes act in a combinatorial manner to specify the organ type appropriate to each
whorl. Studies with chimeric plants have shown that different meristem layers com-
municate with each other during flower development and that transcription factors
can move between cells.
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B End of chapter questions
Long answer (concept questions)

(mM flower development in Arabidopsis )

merlstemm

environmental identity
signals genes
inflorescence meristem  ====> floral meristems
& floral identity genes
three concentric overlapping regions of gene expression established

flower consisting of four concentric whorls: sepals, petals, stamens, and carpels
e >

Summary to Chapter 7

A distinctive feature of plant development is the presence of relatively rigid walls and the
absence of any cell migration. Another is that a single, isolated somatic cell from a plant
can regenerate into a complete new plant. Early embryonic development is characterized
by asymmetric cell division of the fertilized egg, which specifies the future apical and basal
regions. During early development of flowering plants, both asymmetric cell division and cell-
cell interactions are involved in patterning the body plan. During this process, the shoot and
root meristems are specified and these meristems give rise to all the organs of the plant—
stems, leaves, flowers, and roots. The shoot meristem gives rise to leaves in well-defined
positions, a process involving regulated transport of a morphogen, auxin. The shoot mer-
istem eventually becomes converted to an inflorescence meristem, which either becomes a
floral meristem (in determinate inflorescences) or gives rise to a series of floral meristems,
retaining its shoot meristem identity indefinitely (in indeterminate inflorescences). In floral
meristems, each of which develops into a flower, homeotic floral organ identity genes actin
combination to specify the floral organ types. Increasing daylength induces the synthesis of
a flowering signal in the leaves that is transported to the shoot meristem where it induces
flower formation.

7. What has the study of mericlinal chimeras revealed about cell
specification during plant embryogenesis? Are cells specified in the
embryo to form leaves and flowers, in a way analogous, for example,
to the specification of cells as dorsal mesoderm in animal embryos?

1. What features led to the adoption of Arabidopsis thaliana as the
predominant model for plant development?

2. Distinguish between the following parts of a plant: shoot, root,
node, leaf, meristem, sepal, petal, stamen, carpel.

3. What is the role of auxin before the 32-cell stage in Arabidopsis
embryogenesis? What is the mechanism by which a differential in
auxin concentrations is generated? What is the mechanism by which
auxins influence gene expression?

4. Describe the process by which transgenic plants are pro-
duced. Include the role of the Ti plasmid, and of Agrobacterium
tumefaciens.

5. What is a meristem? Describe the structure of the shoot meristem
of Arabidopsis.

6. Contrast the roles of the homeobox genes WUSCHEL (WUS) and
SHOOT MERISTEMLESS (STM) in formation and maintenance of
shoot meristems.

8. What are the terms applied to the top and bottom surfaces of
a leaf, in reference to the radial axis of the shoot? How are the
transcription factors PHAB, PHAV, and REV restricted to the wop
surface?

9. How does auxin control the positioning of leaf primordia? Include
the role of the PIN transporter and the concept of lateral inhibition
in your answer.

10. What is SHORT-ROOT? How does it come to be present in
endodermal cells? Might plasmodesmata be involved? Is there an
analogous process involving the SHOOT MERISTEMLESS ortholog
KNOTTED-1 of maize?

11. What is the nature of the homeotic mutations that can occur in
Arabidopsis? What genes are involved?

12. What is the ABC model for flower development? How does it
illustrate combinatorial control of cellular identity?
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13. The MADS-box is named for the prototypic proteins in which
it was found: MCM1 (Saccharomyces), AGAMOUS (Arabidopsis),
DEFICIENS (Antirrhinum), and SRF (Homo). What is the function
of the MADS-box in a protein? (Note that the MADS-box proteins are
not related to SMADS; see Fig. 4.33.)

14. What modification of the ABC model derived from studies of Ara-
bidopsis is required to explain flower development in Antirrhinum?

15. Through what mechanism is the photoperiod interpreted to
trigger flower development in Arabidopsis?

Multiple choice (factual recall questions)
NB There is only one right answer to each question

1. How many genes are present in humans, Drosophila mela-

nogaster, Caenorhabditis elegans, and Arabidopsis, respectively.
(Although the number for humans has not yet been presented in the
text, the number for the other organisms has been described.)

a) 19,000 - 27,000 - 14,000 - 19,000

b) 21,000 - 14,000 - 19,000 - 27,000

¢) 27,000 - 21,000 - 19,000 - 14,000

d) 14,000 - 19,000 - 21,000 - 27,000

2. Embryogenesis in plants occurs

a) in the ovule, after the seed is fertilized and shed by the plant
b) in the seed after it germinates

¢) in the seed, after the seed is fertilized

d) inside the ovule, before the seed is shed by the plant

3. Which statement is true about the totipotency of cells?
a) All animal and plant cells are totipotent.

b) In plants, many cells are totipotent, whereas in animals, only the
fertilized egg is totipotent.

¢) Mammalian embryonic stem cells are totipotent.

d) Only the stem cells of animals, and the meristem cells of plants
are totipotent.

4. One of the earliest events in Arabidopsis development is forma-

tion of the axis, in response to a gradient of 5

a) adaxial-abaxial, cytokinins

b) apical-basal, auxin

c) apical-basal, Pin proteins

d) dorsal-ventral, miRNA

5. The fate map of the Arabidopsis embryo at the heart stage indi-

cates that

a) although none of the adult structures have formed, the regions
that will give rise to the meristems, which will in turn give rise to
adult structures, can be identified

b) development in plants is so indeterminate that a true fate map
cannot be drawn

c) the primordia of the leaves, stems, and roots have already formed

d) the three germ layers that will give rise to roots, stems, and
leaves have formed

6. The agamous mutation causes the formation of
a) flowers with only petals and sepals

b) flowers with only sepals and carpels
¢) flowers with only stamens and carpels
d) plants completely lacking flowers

7. Maintenance of the shoot meristems in adult Arabidopsis plants

relies on which of the following mechanisms?

a) A homeobox transcription factor encoded by the WUSCHEL gene
is expressed in the organizing center and initiates a signal to the
overlying cells to behave as stem cells,

b) A transcription factor encoded by the SHOOT MERISTEMLESS
gene is expressed in shoot meristem cells and maintains them in
their undifferentiated state.

c) Shoot meristems cells secrete proteins encoded by the CLAVATA
family that antagonize WUSCHEL expression, thereby restricting
the size of the shoot meristems.

d) All of these are involved in specification and maintenance of
shoot meristems.

8. What is meant by the word “whorl’ in discussing floral meristems?

a) Flowers consist of four different types of organs, which occur in
concentric rings called ‘whorls.

b) The floral meristem as to rotate during flower formation, giving
the process the name ‘whorl’

¢) The flowers of Arabidopsis appear as the stem elongates in a pat-
tern called a ‘whorl.

d) The six stamens in a dicot flower like that of Arabidopsis form a
ring that is called the flower’s “whorl

9. In what way are the homeotic genes of flowering plants similar

to those of Drosophila and other animals?

a) All homeotic genes encode transcription factors of the homeobox
class.

b) Homeotic genes in both plants and animals encode transcription
factors of the MADS-box type.

¢) Mutations in the homeotic genes of flowers cause transformation
of one organ into another.

d) The homeotic genes of flowers are derived during evolution from
the same primordial genes used in animals.

10. How is the ABC model for floral identity in Arabidopsis reminis-

cent of the models for homeotic gene function derived from studies

in Drosophila?

a) In both organisms, each homeobox gene specifies the identity of
a different region of the adult.

b) In both organisms, one homeotic gene is expressed at the two
ends, a second expressed in domains more central to that of
the first, and a third expressed most centrally, thus contributing
unambiguous identities to all regions of the organism.

¢) In both organisms, it is often the combination of genes pres-
ent that is critical in unambiguously specifying structures in the
adult.

d) The key responsibility of the homeotic genes in both organisms
is the patterning of antero-posterior identity.



286 Chapter 7 Plant development

Multiple choice answer key
1:b,2:d,3:b,4:b,5:a,6:a,7:d,8:a,9: ¢, 10: c.
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