


Plant development 
• Embryonic development • Meristems • Flo er de lopm 

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 af oriented cell divisions. 
Despite this apparent in variance, 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-sur/ace 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 form , 
Plants and animals probably evolved the process of multicellular development inde-
pendently, their last common ancestor being a unicellular eukaryote ome 1,6 billion 
years ago, Plant development is, therefore, of interest not imply for it own ake and 
for its agricultural importance, By looking at the similaritie and difference between 
plant and animal development, a study of plant development can hed light on the 
way that developmental mechanisms in two groups of multicellular organi m have 
evolved independently and under different sets of developmental con traint , 

Do plants and animals use the same developmental mechanisms? A we hall ee 
n this chapter, the logic behind the spatial layouts of gene expre ion that pattern a 

developing flower is similar to that of Hox gene action in patterning the body axi in 
animals, but the genes involved are completely different. Such imilaritie bet\ een 
plant and animal development are due to the fact that the ba ic mean of regulat-
ing gene expression are the same in both, and thus similar general mechani m for 
patterning gene expression in a multicellular tissue are bound to ari e, A we hall 
ee, many of the general control mechanisms we have encountered in animal devel-

opment, such as asymmetric cell division, the respon e to po itional ignal, lateral 
nhibition, and changes in gene expression in response to extracellular ignal ,are all 

present in plants, Differences between plants and animals in the way development i 
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 wall and the 
ack of large-scale cell movements, to the fact that environment ha a much greater 
mpact on plant development than on that of animals. 

One general difference between plant and animal development is that mo t of the 
evelopment occurs not in the embryo but in the growing plant. Unlike an animal 

embryo, the mature plant embryo inside a eed is not imply a mailer version of 

control of 
d 
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the organism it will become. All the 'adult' tructure of the plant- hoo • 
stalks, leaves, and flowers-are produced after germination from localized 
of undifferentiated cells known as meri tern . lWo meri tern ar tabli ed in 
embryo: one at the tip of the root and the other at the tip of the Th 
in the adult plant, and almost a\1 the other meri tern, uch a tho.e in ...... 
leaves and flower shoots, are derived from them. Cell within meri tem can di 
repeatedly and can potentially give rise to all plant ti ue and orgall!.. This m 
that developmental patterning within meri tern to produce organ uch a ) a 
flowers continues throughout a plant's life. 

Plant and animal cells share many common internal feature' and much ba ic 
chemistry, but there are some crucial difference that have a bearing on plant d 
ment. One of the most important is that plant cell are urrounded b ' a fram 
relatively rigid cell wa\1s. There is therefore virtually no cell migration in pan, 
major changes in the shape of the developing plant cannot be achieved b the m 
ment and folding of sheets of cells. In plant development, form i larg I' en r 
by differences in rates of cell division and by divi ion in different plan .• oU 
directed enlargement of the cells. 

As in animal development, one of the main que tion in plant dl'\ elopm nt . 
cell fate is determined. Many structures in plants normally develop by t reot 
patterns of cell division, but de pile this ob ervation, which implie the impon 
of lineage, cell fate is, in many case , al 0 known to be determined b ' fa 0 

pOSition in the meristem and cell-cell signaling. The cell wall would m to im 
a barrier to the passage of large signaling molecule. uch as protei ,alth 
is very thin in some regions, such as the meristem ; but all kno n plant trae 
lar signaling molecules-such as auxins, gibberellin , cytokinin, and h'l ne-
small molecules that easily penetrate cell walls. Plant cell al .. o communica e 
each other through fine cytoplasmic channels known a pia mod mat , hich 
neighboring plant cells through the cell wall, and they rna ' be the chann 
some developmentally important gene-regulatory protein , and even mR. As. m 
directly between cells. The size of the channel varies and tho e in hoo ce 
the largest diameter. 

Another important difference between plant and animal cell I that a comp 
fertile plant can develop from a single differentiated omatic cell and n j 
a fertilized egg. This suggests that, unlike the differentiated cell of adult ani 
some differentiated cells of the adult plant may retain totipoten • Perha th 
not become fully determined in the en e that adult animal cell do, or rh 
are able to escape from the determined tate, although how thi could be adueI,-ed 
is as yet unknown. In any case, thi difference between plant and nimaJ 
trates the dangers of the whole ale application to plant development of con 
derived from animal development. everthele ,the genetic anal . i 0 d 10 
in plants is turning up in tance of genetic trategies for dev lop mental panp,cni, ... 
rather similar to those of animal . 

The small cre s·like weed Arabidopsis thaliana has become the 
genetic and developmental studie , and will provide many of the exampl 
chapter. We will begin by de cribing the main feature of it morphol :. lif 
and reproduction. 

7.1 The model plant Arobidopsis tholiono has a short life·cycle nd a sm 
diploid genome 

The equivalent of Drosophila in the tudy of plant development i the m I 
Arabidopsis thaliana, commonly called thale ere ,which i 
and developmental studies. It is a diploid (unlike many plant. hich are po 



- cotyledons 4 

Germination 

Seedling 

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 fir t 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 inflore cence, 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 line can ea ily be 
stored in large quantities in the form of seeds. The life cycle of Arabidop lS i hown 
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 
ex organs, which consist of an ovary of two carpels, which contain the 0 ules. 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 endo perm-that surround the fenil-
zed egg cells and provides the food source for embryonic development. 

Following fertilization, the embryo develops inside the ovule, taking about 2 week 
o 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 cot ledon (eed leave ), 

hich are storage organs developed by the embryo. Arabidopsis embryo have two 
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Fir. 7.Z An individual flower of 
Arabldopsls. Scale bar = 1 mm. 

cotyledon • and thu belong to the large group 0 plant 
(dicots for shon) . The other large group of flowering plan 
(monocots). which have embryo with one cotyledon; monoco typ all ' 
narrow leaves and include many imponant taple crop. . uch rh at. n • 
maize. Agriculturally imponant dicot include potato. tomato. u ar 
other vegetables. 

At germination. the hoot and root elongate and emerge from th 
shoot emerges above ground it stam to photo ynthe ize and forms the 
at the shoot apex. About 4 day after germination the eedling i a 
plant. Flower buds are u ually vi ible on the 'oung plant -4 . a 
and will open within a week. Under ideal condition . the romp 
cycle thus takes about 6-8 week (ee Fig. 7.1). 

Embryonic development 

Formation of the embryo. or embryogene i • occur 
result is a mature. dormant embryo enclo ed in a eed awaitm g rminau 
ing embryogenesis. the hoot-root polarit . of the plant bod'. hieh i 
the apical-ba al axis. is e tabli hed. and the hoot and rOOI m ri t 
Plants also possess radial ymmelJ) . a een in the concentric arra 
different tissues in a plant tern. and thi radial a i i- al t up in th 
Development of the Arabidop is embryo involve a rather invariant pan 
division (which is not the ca e in all plant embryo ) and thi enabl 
the Arabidopsis seedling to be traced back to group of cell in th 
provide a fate map (see Section 7.2). 

7.2 Plant embryos develop through several distinct sta es 

Arabidopsis belongs to the angio perm • or flowering plant one 0 

groups of seed-bearing plant ; the other i the gymno perm or coni ffi. 111 
course of embryonic development in angio perm' i outlined in So i A. Ii 
mal zygote. the fenilized plant egg cell underg r peated cell di . io • 
and differentiation to form a multicellular embryo. The I I dl . i n 0 h 
at right angles to the long axi . dividing it IDtO cell and a 
establishing an initial polarity that i carried over into th apical-ba I po 
embryo and into the apical-ba al axi of the plant. In man the 
division is unequal. with the ba al cell larger than th apical c I. Th 
divides to give rise to the u p nor. \ hich rna, be ra c 11 on ( 
This attaches the embryo to maternal ti ue and i a 
cell divides venically to form a two-celled p mb 
of the embryo. In orne pecie. the ba al cell contnbut 
ment of the embryo. but in others. uch a Arabidop • th 
recruited into the embryo. where it i knO\ n a the 
the embryonic root meri tern and root cap. 

The next two division produce an eight-cell octant- a m 
into a globular- lage embryo of around 32 cell (Fig. 7.3). The emb 
the cotyledons stan to develop a wing-like tructur at one end. 
onic root forms at the other. Thi tage i known as the he rt I 
undifferentiated cell capable of continued divi ion are located at 
axis; the e are known a the apical meri teme. The meri. em ly10 
ledon give ri e to the hoot. while the one at the op I end 0 
the end of the embryonic root. will drive root gro\ ·th at rmina 
between the embryonic root and the future hoot \\;11 becom th 



Box 7 A Angiosperm embryolenesis 

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 CopseI/o burso-postoris (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 CopseI/o. 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 t issues-
the outer epidermis, the prospective vascular t issue, which runs through the center of 
the main axis and cotyledons, and the ground t issue (prospective cortex) that surrounds It. 

The ovule containing the embryo matures into a seed (left inset in the bottom panel), which rema' s dor 
external conditions trigger germination and growth of the seedling. A typical dicotyledon seedrng (top rig pa e ) ISeS 

shoot apical meristem, two cotyledons, the trunk of the seedling (the hypocotyl). and the root apical mens e . he seed 
be thought of as the phylotypic stage of flowering plants. The seedling body plan is simple. One axis-t e aplcal-basa a IH 
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the main polarity of the plant. The shoot forms at the apical pole and the root at the basal pole. The shoo meris e is. rtH>>n>f,,,,", 
referred to in the seedling and adult plant Simply as the apical meristem. A plant stem also has a radial a IS, 
radial symmetry in the hypocotyl and is continued in the root and shoot. In the center is the vascular tiSSue. 
by cortex, and an outer covering of epidermis. At later stages. structures such as leaves and other organs 
running from the upper surface to the lower surface. 

I T.ocel ll Ocbnt II QoW., II 11<---_IIN_rt -----II <--I _T..,._---" <--I _____ ---' 
apical ceil 

fertiliztd basal cell 
egg 

basal cell 

Flower 
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fie. 7.3 Arabidapsis embryonic 
development. Light micrographs (Nomarslci 
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 
Photographs courtesy of D. Meinke, from 
Meinke, D.W.: 1994. 

hypocotyl. Almost all above ground adult plant tructure are deri t?d from the 
meristems. The main exception is radial growth in the tern. 'hich' m 
in woody plants, and which is produced by the cambium, a ring of 
istematic tissue in the stem. After the embryo i mature, the apical meri 
quiescent until germination. 

Seedling structures can be traced back to group of cell in the earl' m 
provide a fate map (Fig. 7.4). In Arabidopsis, pattern of cleava e up to th 1 
stage are highly reproducible, and even at the octant tage it i po_ ib e to a 
map for the major regions of the seedling along the apical-ba al axi The upper 
of cells gives rise to the cotyledons and the hoot meri tern. the next tier i5 th 0 
of the hypocotyl. and the bottom tier together with the region of the u 
it joins the embryo will give rise to the root ( ee Section 7.3). At the heart 
fate map is clear. 

The radial pattern in the embryo compri e three concentric rin _ of ti 
outer epidermi ,the ground tissue (corte. and endodermi ) . and the '3 cular 
at the center. This radial axis appears first at the octant ta e. when adaxial ( 
and abaxial (peripheral) region become e tabli hed . Sub equently. peridinal 
sions. in which the plane of division i parallel to the outer urface. i e - t 
different rings of tissue. a d anticlinal divi ion • in which the plane oi ceU di - -
at right angles to the outer urface. increa e the number of cell in each nng 0 • 
(Fig. 7.5). At the 16-cell stage the epidermal layer. or dermato en. i lablihed. 

It is not known to what extent the fate of cell i determined at thi5 
whether their fate is dependent on the early pattern of a 'mmetric cell di - -
seems that cell lineage is not crucial. a mutation have been di overed that 
that cell division can be uncoupled from pattern formation. The as mutati n 
Arabidopsis disrupts the regular pattern of cell divi ion b 'cau ing c 11 to .. 
random orientation. and produces a much fatter and honer eedlin than n 
But although the (ass seedling is mis hapen. it ha root. hoot. and ev n 
ally flowers in the correct places and the correct pattern of ti. ue a)o the r 
axis is maintained. 

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

The small. organic molecule auxin (indoleacetic acid or 1M) i: on 0 

important and ubiquitous chemical ignal in plant development and plant 
causes changes in gene expre ion by promoting the ubiquitination and d·,....,· ... n;It""'" 



__ ________ ___ ____ 

cotyledons 

root 
meristem 

of transcriptional repressors known as Aux/ IAA proteins. In the absence of auxin. 
these bind to proteins called auxin-re pon e factors (ARFs to block the tran crip-
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 orne ca e 
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 po ition 
along the gradient. 

The earliest known function of auxin in Arabidopsis is in the very first tage 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 PIN7. which is localized in the apical plasma membrane of the ba al 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 ub equent cell 
divisions. transport of auxin continues up through the suspen or cell and into the 

FIC. 7.4 Fate map of the Aro 
embryo. The s ereo ped Pit 
diViSion In dicotyledon 
at the globular sage ' is 
to map the three r 

meristem 
the root meriste 

FIC. 7.5 PerKI 

diVisions are at rig a 
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AUX/lAA 
degradation 

Auxin-responsive gene 

transcription 

Fig. 7.6 Auxin signaling pathway_ In the 
absence of auxin. AUXIlAA 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 SCFlTlRl 
to the AUXIlAA protein. causing it to be 
ubiquitinated (Ub). This modification targets 
AUXIIAA for degradation and thus lifts the 
repression of the auxin-responsive gene. 
which can then be transcribed. 
Adopted from Chapman. E.]. and Estelle, M.: 
2009. 

Apiul 

suspensor 
cell 

auxin response • production of auxin 
and accumulation 

auxin efflux mediated by: 
--+ PIN! PIN4 --+ PIN7 

cell at the ba e of the developing embryo until the globular- ta e em 
32 cells. The apical cells of the embryo then tan to produce auxin. and th d 
of auxin transpon is suddenly rever ed_ PI. "7 protein - in the u peru or ce 
the basal faces of the cells. Other PI gene are activated. and lh con ned 
of the PI proteins cause auxin from the apical region to be Iran poned into th 
region of the globular embryo, from which will develop the h 'poCO 'I. roo men 
and embryonic root (Fig. 7.7)_ 

Expression of the homeobox gene WOX2 and WOX in the a mm ricall' d -
zygote seems to be essential for the formation of the embryonic auxin gr 
genes are expressed in the zygote, but after divL ion, WOX2 expre 'on i 
the apical cell and its descendants whereas WOX i expre' ed onl ' in th 
lineage. Expression of WOXS appear to be required for the continued exp 
WOX2 and for the establishment of an auxin gradient. moot probabl' , ef 
wax proteins on expression of the PI protein that direct auxin 

The importance of auxin in specifying the ba aJ region of the emb :0 i iUu 
by the effects of mutations in the cellular machinery {or auxin tran pon or 
response. The gene MONOPTEROS (MP), for example, encode one of th a 
response factors. ARFS. Embryos mutant for MP lack the h}1)ocotyJ and th 
meristem. and abnormal cell division are ob erved in the region of the oaant-
embryo that would normally give ri e to the e tructure . 

An early step in axis formation in the embryo i the .pecification of cell 
shoot or root. The mutation topless-l cau e a dramatic witching of cell fat. If; 
forming the whole of the apical region into a econd root r ion and albollishing 
development of cotyledons and hoot meri tern. The normal function of th TOP 
protein is to repress expression of root-promoting gene in th top half 0 th 
embryo. It does this by acting a a tran.criptional co-repr c. formi a com 
together with Aux/ IAA protein and the auxin-repon .. e facto' they regu teo 

The topless-l mutation is temperature- enjtive. and 0 can be rna e to ct 
ferent times during development by imply changing the temperature a ell 
embryos are grown. Such manipulation how that the apical r 'on can be 
fied as root between the globular and hean tage. even after it h 
molecular signs of developing cotyledons and . hoot meri. tern. 111i 
even though apical cell fate is normally _ pecified b thi:. :ta of emb 
ment. the decision is not irreversible. 

Mutations in the gene SHOOT MERl TEMLESS ( TMj compl t I bl 
mation of the shoot apical meri tern. but have no efiect on the root m . 
other parts of the embryo. STM encodes a tran eription factor that . , a req 
to maintain cells in the pluripotent tate in the adult :hoot men t m. 111 pa t m 
STM expression develops gradually, which i al. 0 typical of er 0 her 
characterize the shoot apical men tern. Expre . ion i- fir de ected in th 
stage in one or two cell and only later in the central region bet n the t 
dons (Fig. 7.8). 

Fig. 7.7 The role of auxin in patterning the early embryo. left pa e au prod e<l1O 
original basal cell accumulates in the two-celled proembryo (green) thr transport 
basal to apical direction mediated by the protein PIN7. which s located ' the apica ",..mtw.,."""" 
of the basal and suspensor cells (purple arrows). Another PI proteill. P 1. transportS 
between the two cells of the proembryo (red arrows). Cell division dlstnbu es m 0 

developing embryo. Right panel: at the globular stage. free auxin starts 0 be prOOUCe<l • 
apical pole and the direction of auxin transport is re ersed. PI 7 becomes Ioc 
membranes of the suspensor cells and the proteins PINl and P 4 (orange a rows) 
auxin from the apical region into the most basal cell of the embryo. known as the tw,VV'Ohuc:k 

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 al 0 form callu , 
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 u ing 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 ha two important 
implications for plant development. The first is that maternal determinant may be 
of little or no importance in plant embryogenesis, as it is unlikely that every omatic 
cell would still be carrying such determinants. Second, it suggests that many cell 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 pecial condi-
tions, but it is, nevertheless, quite unlike the behavior of animal cells. It is as if uch 
plant cells have no long-term developmental memory, or that such memol] i ea ily 
reset. 

Jim 

tissue 
samplt 

fl,. 7.8 Section throu h alate "":Mt.<T.lI_ 
Arabidapsis embryo show. press 
SHOOT HERISTEHLESS (ST 
the STH R A sta"'E!d fee: 
in cells located between 
Scale bar = 2S 1.1 

Photograph courtesy a 
Long.JA and Bort 8 ' 1998 

fl,. 7.9 Cultured somatic cells from a mature plant can form an 
embryo and regenerate a new plant. The illustration shows the 
generation of a plant from single cells. If a small piece of tissue from 
a plant stem or leaf is placed on a solid agar medium containing the 
appropriate nutrients and growth hormones, the cells will start to 
divide to form a disorganized mass of cells known as a callus. shaped and later stages to regenerate a c 
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Box 7B 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 Agrobocterium tume/aciens, 
the causal agent of crown gall tumors. Agrobocterium 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 m 0 the T-o 
therefore also be transferred into the plant cell c omosomes. 
Ti plasm ids, modified so that they do not cause u s btl 
retain the ability to transfer T-D A. are 'de used as 
for gene transfer in dicotyledonous plants. The gene ca 
fied plant cells of the callus can then be grown 
new transgenic plant that carries the introd ced gene 
cells and can transmit it to the next generation. 

form; (tits conQin T ·DNA 

Summary 

Early embryonic development in many plants is characterized by asy 
sion of the zygote, which specifies apical and basa regions. Embr 
in flowering plants establishes the shoot and root meristems from 
plant develops. Auxin gradients are involved in speClfymg the apjcaH>asa a is 0 

Arobidopsis embryo. One major difference between plants and ani als IS 
a single somatic plant cell can develop through an embryo-II e stage a 
complete new plant indicating that some differentiated plant cells re a 

Summary: early development in flowering plants 

first asymmetric cell division and auxin signaling In embryo establis 

-& 
embryonic cell fate is determined by position 

-& 
shoot and root meristems of seedling give rise to a ad plant struc 



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 hoot grow , 
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 hoot 
apical meristem changes from a vegetative meristem that makes leaves around it in a 
spiral pattern to an inflorescence meri tern that then produces floral meristem , 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 leave 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 meri tern 
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 ide hoot 
when the inhibitory influence of the main shoot tip is removed. Root growth i not .0 
obviously modular, but similar considerations apply, as new lateral meri tern initi-
ated behind the root apical meristem give rise to lateral roots. 

Shoot apical meristems and root apical meristems operate on the same principle., 
but there are some significant differences between them. We will u e the hoot apical 
meristem to illustrate the basic principles of meristem structure and propenie_, and 
then discuss roots. 

7.S A meristem contains a small. central zone of self-renewing stem cells 

Shoot apical meristems are rarely more than 250 in diameter in angio perm 
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' 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 initial at the tip of the 
meristem (Fig. 7.11). In Arabidopsis this zone comprises around 12 to 20 cell. Initial 
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 propeny. 
This daughter cell continues to divide and its descendants are displaced toward the 
peripheral zone of the meristem, where they become founder cell 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 cell underly-
ing the central zone that form the organizing center . As we shall ee, it i the 

FIC. 7.11 Organization of the Arobldopsls shoot meristem. A longitudinal section is shown. 
The meristem has three main layers, Ll, 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. 

egetat 
internode. node, a and a bud ( 
which a side branch may develop). Succes 
modules are shown here 
of green. As the plan gf 
behind the mens em 
expand. 
After Alberts B. eo ' ZOOZ. 
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microenvironment maintained by the organizing center that give t m r 
identity. 

The undetermined state of meri tern tern cell i confirmed b • the f 
istems are capable of regulation. If, for example. a eedling hoot m ru t m - j 
into two or four parts by vertical incision, each part become reorganized into a 
complete meristem, which gives ri e to a normal hoot. PrO\ided om la-
tion of organizing center cells plus overlying tern cell i. pre ent. a normal m -
will regenerate. If a shoot apical meri tern i completel remo ed, no n 
meristem form, but the incipient meri tern at the ba e of the leaf - no 
develop and form a new side shoot. In the pre ence of the original m Tis 
prospective meristem remain inactive, a active meri -tern. inhibit th d el 
of other meristems nearby-a a re ult of auxin tfan port from the hoo a 
other factors. This regulative behavior is in line with cell-c U interactio 
major determinant of cell fate in the meri tern. 

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

umerous genes that control the behavior of the cell in the meri tern are 
gene STM, which is involved in specifying the hoot meri tern in th 
the Arabldopsis embryo ( ee Section 7.3) i , for example. expr . ed thro u 
shoot meristems but is suppres ed a oon a cell become pan of an organ prim -
dium. Its role seems to be to maintain meri tematic cell. in an undifierentia ed a • 
as loss of STM function result in all the meri tern cell being incorporat 
primordia. In contrast, mutations in the Arabidop -j CLA\'Jo\TA (eLV) n in 
the size of the meristem as a result of an increa e in the number of . tem ee _ 
mally, despite the continual exit of cell from the tern-cell pool. the number 0 em 
cells in a meristem is kept roughly the arne throughout a plant'. lif • by di rj • n 0 

the remaining stem cells. The role of the CLV gene in regulating t m-c Unum 
is understood in some detail, and involve feedback bet \-een the tern eel 
organizing center that underlie them. 

In A rabidopsis , cells of the organizing center expre-- a hom 
factor, WUSCHEL (WUS). Thi i required to produce a ignal (el:' 
gives the overlying cells their stem·cell identity. Mutation in WU re ul in t rmina-
tion of the shoot meristem and ce at ion of growth a a re ult of th I 
cells, while its overexpre sion increa es tem·cell numbe . Th m c 1 
CLAVATA3 (eLV3), which encodes a ecreted protein that aCL indirectI' to rep 
WUS. This feedback loop could control WUS activity in the organizirt 
press WUS activation in neighboring cell ,thu limiting the e.: tent of 
(Fig. 7.12, top panel). In turn, thi would regulate the e. tent of the _ t m-ceU zo 

fiC. 7.1Z Regulation of the stem·cell population in a shoot meristem. erce 
control the position and size of the stem·cell population In the Arabldopsis shoo meris 
panel: the organizing center (purple) expresses the transcnp Ion fac or S 
production of an as yet unknown intercellular signal (red arrow) tha malOta' s 
stem cells (orange). The stem cells express and secrete the signal pro eIO CLAVATA3 CI: 3 
orange dots), which moves laterally and downwards and ndirect represses transcri 0 
the WUS gene in the surrounding cells. acting through its cell-surface recep or pro'em C 
and CLV2. CLV3 thus limits the extent of the area specified as stem eel s The desce 
of the stem cells are contlOuously displaced into the perphera zone 0 the mens 
yellow), where they are recruited into leaf primordia. Bottom pane the negatM!"#eedtl.ad: 
whereby WUS expression IS restricted by CLV3. Expression of S the orga 'zlIlg cen 
is responsible for the production of an un nown signal that nduces the expresSIon 0 C 
CLV3 in turn signals through CLV1I2 to suppress the expression of Wl/S 
Adapted from Brand. U .• et 01. 2000. 



above the organizing center. If stem-cell numbers temporarily fall, for example, Ie 
CLV3 is produced and WUS activity increa es, with a con equent increa e in tern-cell 
numbers. More CLV3 is then produced and limits the extent of WU 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 mi expre ion of gene 
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 pecified 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 it po ition in the 
meristem, and thus the intercellular signals it is exposed to, comes from ob erving 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, i 
composed of three distinct layers of cells (Fig. 7.13). The outermo t layer, Ll. i ju t 
one cell thick. Layer U, just beneath Ll. is also one cell thick. In both Ll and U. 
cell divisions are anticlinal-that is, the new wall is in a plane perpendicular to the 

leaf primordium 

I 
corpus tr anticlinal divisions 

: of tuniu 
: 11 and II 

u 
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FIt. 7.13 Apica me(ste 0 
Arabidapsis. Top PC! 



268 Chapter 7 Plant development 

Fie. 7.14 A periclinal meristem chimera 
composed of cells of two different 
genotypes. In Ll 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. T.A.. et 01.: 1989. 

Fie. 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 0/ S. Poethig. 

layer-thus maintaining the two-layer organiL1tion. The innermo t 
which the cells can divide in any plane. L 1 and 12 are olten knO\\ n a .. tb tunica. 
L3 as the corpus. 

To find which tissues each layer can give ri e to. the fate -
layers can be followed by marking one layer with a di tinguihable mutation. 
a change in pigmentation or a polyploid nucleu . When a complete la} r ' 
different from the others in thi way, the organi m i known a. a peri Ii 
(Fig. 7.14) and the fate of cells from thi layer can be traced. A in re 
animal embryos, chimeras are organism compo ed of cell of t\ 0 diff rent 
(see Section 3.9). Plant chimeras can be made by inducing mutation in I 
meristem of a seed or shoot tip by X-irradiation, or by treatment 'th ch mical 
as colchicine that induce polyploidy. 

Layer Ll gives rise to the epidermis that covers all tructure produced 
while 12 and L3 both contribute to conex and va cular tructure . Lea 
are produced mostly from 12; L3 contribute mainl' to the '. tern. Altho 
layers maintain their identity in the central region of the meri tern over 10 
of growth, cells in either Ll or 12 occa ionally divide periciJnall ; nev; cell all 
formed parallel to the surface of the meri tern, and thu one 01 the 11<; in 
an adjacent layer. This migrant cell now develop according to il. new po ilion. 
ing that cell fate is not nece sarily determined by the meri.tem la r in hi 
cell Originated, and that intercellular ignaling i involved in 'pedf -08 or cha 
its fate in its new position. The anticlinal pattern of cell divi ion in 12 be<:onJe5 
rupted when leaf primordia stan to form , when the cell divide periclinal 
as anticlinally. 

The transcription factor Knotted-l in maize i homologou' to Arobido 
like STM, it is expre sed throughout the hoot meri tern to keep celL in an un 
tiated state. It is one example of a tran cription factor that mo\ directl • from c 
cell. The KNaITED-I gene i expre ed in all layers except Lt, but th pro n I 

found in Ll, suggesting that it can move between cell, perhap_ via p 
In Knotted-l gain-of-function mutant, in which the gene i. mi pre 
Knotted-l protein fused to green fluore cent protein ha aLo been 0 
from the inner layers of the leaf to the epidermi', but not in th op 

7.8 A fate map for the embryonic shoot meristem can b d duced using 
elona analysis 

Much of our knowledge about the general propenie of meri term outlined m pn'\ ' 

sections comes from studie orne decade ago that determined ho tb 
shoot apical meristem is related to the development of a plant over it ho Ii 
What was the fate of individual 'embryonic initial " a the tern ceiL 
at the time? Did panicular regions in the embryonic meri. tern '\e ru to p.uti 
pans of the adult plant? Individual initial can be mar ed b mut en . 0 

X-irradiation or transpo on activation, to give cell with a di,ferent color from tb 
of the plant, for example. If the marked meri tern cell and it. immediat p 
ulate only pan of one layer of the meri tern (in contra t to a periclinal chim a). 
this area will give ri e to vi ible ectors of marked cell in 'tern and 0 
plant grows; this type of chimera i known a a mericlinal chim r IF". 7.1 -). 
fate of individually marked initial in mericlinal chimera. can be 
clonal analysis in a manner imilar to it u e in Dro 'ophila ( 50 _E. p. 7 ). 

In maize, the marked ector usually tan at the ba.e of an int mod an 
apically, terminating within a leaf. orne ector include ju t a' e in m 
leaf, repre enting the progeny of an embryonic initial thaI i 10_1 from tb m 
before the generation of the next leaf primordium. Others. on lh otb r hand. 
through numerou internode, howing that orne initial m 



meristem for a long time, contributing to a succession of node and internode. In 
sunflowers, marked clones have been observed to extend through everal mternode 
up into the flower, showing that a single initial can contribute to both leave 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. The e 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 mdicate 
that the three most apical cells in LI give rise to the male inflore cence (the ta el 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 succe ively 
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 cell at 
the center of the meristem. Unlike maize, the number of leaves in Arabidop i i not 
fixed-growth is said to be indeterminate. There is no relation between particular 
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Fir. 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 Ll and L2 of each domain at the embryonic stage can 
be estimated from the final extent of the corresponding marked sectors 

inflorescences, w ich develop n he lea a 
corresponding domains 
After McDanieL eN. et a ' 1988 
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Fit. 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 sma" number of cells in the center of 
the layer. 
After Irish. \I.E.: 1991. 

cell lineages and particular structure , which indicate. that po lIion in th m . m 
crucial in determining cell fate. One exception i that germ cell al\\a • ari from 1.2 . 
The L2 layer is a clone, and 0 there is, in the ca e of germ cell , a rela 'on 
fate and a particular cell lineage. 

The conclusions from the clonal analysis experiment are that the mitial tha con· 
tribute to a particular structure are simply tho e that happen to be in the ap ro 
region of the meristem at the time; they have not been prespeci ed in the em 
say, flower or leaf. 

7.9 Meristem development is dependent on signals from other parts 0 
the plant 

To what extent does the behavior of a meri tern depend on other pam 0 

seems to have some autonomy, because if a meri tern i i olated from ad ' 
by excision it will continue to develop, although often at a much 10 er rate. Ex . 
shoot apical meristems of a variety of plant can be grown in culture. 'h re th • 
develop into shoots complete with leave if the growth hormon auxin and cyt 
are added. The behavior of the meristem in situ, however, i influenced m m re 
ways by interactions with the rest of the plant. ' . 

the plant, control over the number of node that are formed mu: th refo 
signals from the rest of the plant to the meri tern, finally directing the m 
terminate node formation and form a ta el. 

7.10 Gene activity patterns the proximo·distal and ada 
leaves developing from the shoot merlstem 

Leaves develop from groups of founder cell within the zon 
apical meristem. The first indication of leaf initiation in the meri -tern i: u ·uall a 
ing of a region to the side of the apex, which form the leaf prim rdium (Fi . - .1 
This small protrusion is the result of increa ed localized cell multiplication an 
patterns of cell division. It al 0 reflect change in polarized cell pansion. 

l\vo new axes that relate to the future leaf are establi hed in a a pnm 

to 

These are the proximo-di tal axi (leaf ba e to leaf tip) and the daxi 1 __ ............. 
axis (upper surface to lower surface, ometime called do . al to ntra\). Th 
is termed adaxial-abaxial as it is related to the radial a:<.i of the hoo . Th u 
surface of the leaf derives from cells near the center of thi' a. i (adaxial), hit 
lower surface derives from more peripheral cell (abaxial) . The t 0 lea 
carry out different functions and have different tructure:, with the lOP . urf 
specialized for light capture and photo ynthe i . In Arabldop . ,flattenin of th I 
along the adaxial-abaxial axis occur after leaf primordia begin d 0 i bu 
monocots like maize the leaf is flattened a it emerge . The e. tabli hment 0 
abaxial polarity is likely to make u e of po itional information along th r: 
of the meristem. 

Arabidopsis leaf primordia emerge from the 
of development in the adaxial and abaxial halves. Thi a. 'mmeU) can 
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the beginning, as the leaf primordium has a crescent shape in cross- ection, 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 side . For example, the 
Arabidopsis gene FlLAMENWUS FLOWER (F1L) is normally expres ed in the abaxial 
side of the leaf primordium, and specifies an abaxial cell fate. Its ectopic expre ion 
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 gene PHABULO A 
(PHAB), PHAVOLUTA (PHAV) , and REVOLUTA (REV) . These encode tran cription 
factors and are initially expressed in the shoot meristem and in the adaxial ide of 
the primordium. Loss-of-function mutations in these genes result in radially ym-
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 mR As 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 grO\ th, re ult-
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 een 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 compo ed of pro pective leaf-
sheath tissue proximal to the stem and prospective leaf-blade ti ue distally. Muta-
tions in certain genes result in distal cells taking on more proximal identitie : for 
example, making sheath in place of blade. Similar proximo·di tal hift 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 cell adopting a differ-
ent fate from proximal cells because they mature later. 

Fie. 7.18 Leaf phyllotaxls 
single eaves are arranged spera 
stem. the eaf primordla arne 

near the tip. a succes 
top panel. 

pan 
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After Poethig. R.S et 0 '1985 ..... 11 ...... "" ... 

and Sachs. T.: 1994 (00 panel). 
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Fie. 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 b 
aux n transport 

As the shoot grows, leaves are generated within the merL tern at regular interval 
with a particular spacing. Leaves are arranged along a hoot in a vari • 0 

different plants, and the particular arrangement, known a phyUotax), or ph. 
is reflected in the arrangement of leaf primordia in the meri.tem. Lea\ can occur 
singly at each node, in pairs, or in whorl of three or more. A common arr'an:gerneJllt 
is the positioning of single leaves pirally up the tern, which can om im . form 
striking helical pattern in the shoot apex. 

In plants in which leaves are borne pirally, a new leaf primordium form: a th 
center of the first available space out ide the central region of the m ri em and 
above the previous primordium ( ee Fig. 7.1 ). Thl patte'll ugg a meehan- m 
for leaf arrangement based on lateral inhibition (ee 1.16). in 'ruth 
leaf primordium inhibits the formation of a new leaf wIthm a given eli ane In 
model, inhibitory signals emanating from recently initiated primordia pre\ nt I 
from forming close to each other. There i orne experimental evident for thi • In 
ferns, leaf primordia are widely spaced, allowing experimental micro ur 'cal int er-
ence. Destruction of the site of the next primordium to be formed r ul in a _ -
toward that site by the future primordium, who e po ition i clo 51 to it (Fi . 1.19). 
Recent studies indicate, however, that it i competition rather than inhibition tha i 

with the highest auxin concentration. Thu auxin tran. port L alwa 
of higher concentration. A high concentration of auxin i a primordium aai\a 0 • 
initially, auxin is pumped towards a ne\ primordium that i. dt"\'eloping t a 
high auxin concentration. This, however, deplete a zone of cell around the prim r· 
dium of auxin, such that cells nearer the center of the meri tern no have m re n 
than the cells adaxial to the new primordium. Thi activates a feed m hanis 
that causes PI 1 to move to the other ide of the e cell:. and auxin no f1 
of the new primordium towards the meri tern. creating a ne' po of h n 
concentration in the meristem farthe t away from an . new primordium (Fi . I . 0). 

fiJ
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• high auxin 
• Iowauxin 

This leads to auxin peaks occurring sequentially, at the regular positions later occu-
pied by new leaves. 

7.12 Root tissues are produced from Arobidopsis 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, conical, endoderrnal, 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 difference 
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-Ieaf 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 et 
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 quie cent 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 ti ue ( ee 
Fig. 7.22). The quiescent center is essential for meristem function. When part of the 
meristem are removed by microsurgery, it can regenerate, but regeneration is alway 
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 ri e 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 i 
necessary to confer this asymmetry on the dividing cell, and mutation in thi 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 discus ed ear-
lier, fass mutants, which have disrupted cell divisions, still have relatively normal 

fIC.7.Z1 The structure of the root tip in Arobidopsis. 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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Fir. 7.22 Fate map of root regions in 
the heart-stage Arobidopsis 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 01.: 1994. 

patterning in the root. In addition. la er ablation of individual meristem cell5 d n 
lead to an abnormal root. The remaining initial undergo ne\\ p.1tterru of II n-
sion that replace the progeny of the cells that have been destro ·ed. uch 0 
show that. as in the shoot meristem. the fate of cell in the developing roo m 
depends on their recognition of positional signal and not on their lin 

As we saw in Section 7.3. auxin gradient playa major role in pauemin 
and specifying the root region. and mutation that afiect au. on l0C4lizati n 
root defects. At the globular stage of embryonic development. the auxin-trans n p 
tein PINl is localized in cells in the future root region and the hi h I el of a 'n 
is found adjacent to where the quie cent center will develop. 

The role of auxin in root development continue: into the adult plant. Auxin in 
the root is transported out of cells via the PI. protein .• and enters adja ent c I 
Cells with raised auxin levels transport auxin better. probably du to an in 
in the number of PI proteins in the membrane a au. in prevent th ir en 
tosis and recycling. and so there i a po itive feedback loop that rai th local 
concentration. 

Auxin plays a key role in patterning the growing root .• 10deling of auxin m""""""M1t 
using the known distribution of PI protein in the membrane:; of different 
has shown that PI -directed flow can explain the formation and maintenance 0 a 
stable auxin maximum at the quie cent center. Au in i tran poned do n th cenual 
vascular tissue of the root tip. forming a concentration maximum at the qui n 
center. and then outwards and upward through the outer laye of the root tip. nn-
ing gradients along both the ba aI-apical axi and laterall . in the root. Thi m 
successfully simulates the effect of uch auxin gradient' on pauem forma ' n. 
lular differentiation and root growth in real time. 

An idea of how the auxin gradients might be tran.lated into effect5 on cell f e 
cell behavior is provided by the graded di tribution of the four PLETHO -f 
transcription factors in the root. The e tran cription factors are required 
root development and are expres ed in a graded manner along the api 1-
with expression maxima for all at the quie cent center-the region of maximum 
concentration. Here they are e ential for tern-cell maintenance and function . 
concentrations of PLETHORA protein corre pond to the meri::tem region. h 
are proliferating. while even lower concentration appear to be nec 
the meristem and cell differentiation in the elongation zone. Althou h n 
experimentally. PLETHORA gene expre ion could provide a raded re 
auxin gradient that help direct root patterning. 



Other influences on root patterning are the interplay between auxin and the hor-
mone cytokinin. Cytokinin helps regulate root meristem size and set the po ition 
of the transition zone-where cells stop dividing and start elongating and differen-
tiating-by repressing both auxin transport and cellular re pon es to auxin in thi 
region. 

Auxin is also involved in the ability of plants to regenerate from a mall piece of 
stem. In general, roots form from the end of the stem that was originally clo e t to the 
root, whereas shoots tend to develop from dormant buds at the end that wa near-
est to the shoot. This polarized regeneration is related to vascular differentiation and 
to the polarized transport of auxin. ltansport of auxin from its source in the hoot 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 i 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, expre sion of the 
gene SCARECROW is required for root cells to adopt an endodermal fate. Thi expre-
sion requires the transcriptional activator SHORT-ROOT (SHR). SHR is, however, not 
synthesized in the prospective endodermal cells, but in the adjacent cell on the 
inner side. SHR protein is transported from these cells outwards into the pro pec-
tive endodermis, and this movement appears to be regulated and not imply 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 respon es to po itional 
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 hO\ n b ' 
the fact that if an epidermal cell overlies a junction between two cortical cell it form 
a root hair, whereas if it contacts just one cortical cell it doe not (Fig. 7.23). And ii 
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 ver a. Mo t cell divi-
sions in the future epidermis are horizontal, increasing the number of cell per file, 
but occasionally a vertical anticlinal division occurs, pushing one of the daughter cell 
into an adjacent file. The daughter cell then assumes a fate corre ponding to it 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 kina e. 
SCRAMBLED activity influences the activity of a network of tran cription factors that 
control cell fate. 1\vo groups of transcription factors have been identified by mutation 
experiments, one group promoting a root-hair fate and one suppre sing it . A key tran-
scription factor that seems to be regulated by SCRAMBLED activity i WEREWOLF. 
whose expression is suppressed in presumptive hair-forming cells, pre umably in 
response to the positional signa\. As well as promoting an atrichobla t fate, however. 
WEREWOLF is also required for the expression of transcription factors (CAPRICE. 
TRYPTYCHON, and E HA CER OF TRYPTYCHO ) that are needed to pecif ' hair 
cells. After positional signaling, these proteins will only be produced in the pre 'ump-
tive atrichoblasts. but they are thought to move laterally into the adjacent epidermal 
cells and promote these cells' differentiation as trichobla t by inhibiting gene that 
would otherwise give an atrichoblast fate. 
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fiC. 7.Z4 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. 
Photogroph from Meyerowitz. E.M. et 01.: 1991. 

Summary 

Meristems are the growing points of a plan 
of shoots and roots. give rise to all the plant organs-foots. ste eaves a 
They consist of small groups of a few hundred undifferentiated cells a e 
of repeated division. The center of the meristem is occupied by se -rene 
cells. which replace the cells that are lost from the menstem 

Lateral inhibition is involved in the regular spacing of ha rs on roo and ea s 
In the root meristem. the cells are organized rather dl ere try rom those 
meristem. and there is a much more stereotyped pattern of ce d 'VIS 
cells maintains root structure by dividing along different planes 

Summary: meristems give rise to all adult tissues 

Shoot meristem 

cell fate is determined by position 

shoot meristem gives rise to stem internodes. 
leaves. and flowers 

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

Flower development and control of flo erin 

Root meristem 

Flowers contain the reproductive cell of higher plant and d el p rom th 

vegetative shoot meri tern fir t become convened into an inflor c 
which then forms floral meri tern • each of which develop comp I in 0 
flower (Fig. 7.24). Floral meri tern are thu determinate. unh e the in 
shoot apical meristem. Flower, with their arran ement of floral organ 
als, tamens. and carpel ). are rather complex tructure. and it is a rna 
to understand how the ari e from the floral meri tern . 

The conver ion of a vegetative hoO! meri tern into one that 
the induction of o-called meri tern identity en . A key r 
tion in ArabidopslS i the meri tern identity gene LEAFY (LFY); Ii 

Antirrhinum i FLORICAULA (FLO)_ How environmental na. u h 
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fiC. 7.25 Structure of an Arabidopsis flower. Arobidopsis flowers are radially symmetrical 
and have an outer ring of four identical green sepals, enclosing four identical white petals, 
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 
showing the number of flower parts in each whorl and their arrangement relative to each other 
After [oen. E.S., et 0/.: 1991. 

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

7.14 Homeotic genes (ontrol organ ident ty 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 structure (Fig. 7.25)' which 
reflect the arrangement of the floral organ primordia in the meri tern . The epal 
(whorl 1) arise from the outermost ring of meristem tissue. and the petal (whorl 2) 
from a ring of tissue lying immediately inside it. An inner ring of tissue give ri e 
to the male reproductive organs-the stamens (whorl 3) . The female reproductive 
organs-the carpels (whorl 4)-develop from the center of the meri tern . 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 carpel (ee 
Fig. 7.25). 

The primordia arise at specific positions within the meristem, where the' develop 
into their characteristic structures. After the emergence of the primordia in Antlr-
rrunum, cell lineages become restricted to particular whorls, rather like the linea e 
restriction to compartments in Drosophila (see Section 2.23). Lineage re'triction 
occurs at the time when the pentagonal symmetry of the flower become vi ible and 
genes that give the different floral organs their identity are expre ed. The lineage 
compartments within the floral meristem appear to be delineated by narro\ band of 
non-dividing cells. 

Like the homeotic selector genes that specify egment identity in Dro ophila, muta-
tions in floral identity genes cause homeotic mutations in which one type of flower 
part is replaced by another. In the Arabidopsis mutant apecala2, for example. the 
sepals are replaced by carpels and the petals by stamens; in the piscillaca mutant. 
petals are replaced by sepals and stamens by carpels. The e mutation identified the 
floral organ identity genes, and have enabled their mode of action to be determined. 

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

. . . 
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Fie. 7.Z7 The three overlapping regions 
of the Arobidopsis floral meristem that 
have been identified by the homeotic flo ral 
identity mutations. Region A corresponds to 
whorls 1 and 2, B to whorls 2 and 3, and ( to 
whorls 3 and 4. 

Fie. 7.Z8 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 \ horl 1 and 2, girln carpel in t d 0 

in whorl 1, and stamen in tead of petal in whorl 2 . The ph not rpe 0 

going from the outside to the center, i therefore carpel. tam n. am n. 
The second class of homeotic floral mutation affect \'hor! 2 and . In thl 
apetala3 and pistillata give epals in tead of petal in \ 'horl 2 and carpel I 

stamens in whorl 3, with a phenotype epal, epal. carpel, carpel. 111 third c 
mutations affects whorls 3 and 4. and give petal in tead of tam n in h rl 
sepals or variable structure in whorl 4. The mutant agamous, hich 10 
class, has an extra set of epals and petal in the center in tea of th r p 

about the activities and function of the gene identi led b th hom 
tions, more genes controlling flower development have been di co 
'functions' added. 
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Fl •• 7.Z9 Current status of the ABC model of floral organ identity. The regulatory genes 
LEAFY. WUSCHEL (WU5), and UNUSUAL FLORAL ORGANS (UFO) are expressed in specific 
domains in the floral meristem, which, together with repression of APfTALAl 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. 
Adopted from Lohmann. j.U., Weigel, D.: 2002 

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-cia 
gene API has been found to have a dual role: it acts early with other gene to peeify 
general floral meristem identity and only later contributes to A function. It is mduced 
by the meristem identity gene LFY, which is expressed throughout the meristem, and 
API is actively inhibited in the central regions of floral meristems by AGAMOUS. The 
expression of the A-function gene APETALA2 (AP2) is translationally repre ed by 
a microRNA, keeping the AP2 protein at a low level. APETALA3 and PISTILLATA 1 
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 imilar 
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 pecific 
proteins for degradation. As we saw in animals, in relation to the control of i}-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 expre ion of 
AGAMOUS is partly controlled by WUS, which as we have seen earlier, i expre ed in 
the organizing center of the vegetative shoot meristem and continues to be expre ed 
in floral meristems. 

Another group of genes that help pattern the floral organ primordia are gene 
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. SUPERMA ' 
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 mechani m 
underlying flower development seem to be very similar. For example. there are trik-
ing similarities between the genes controlling flower development of Arabidop is and 
Antirrhinum, despite the quite different final morphology of the snapdragon flower. 
In developing Arabidopsis flowers, the patterns of activity of the corre ponding 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 carpel 
(Fig. 7.30, left). Floral homeotic mutations similar to tho e in ArabldopS1S occur in 
Antirrhinum, and floral organ identity is specified in the same everal of the 
Antirrhinum homeotic genes have extensive homology with those of Arabidop is. the 
MADS box in particular being well conserved. 

An extra element of patterning is required in the Antirrhinum flower, which ha 
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 uppermo 't 
stamen is absent, as its development is aborted early on. The Antirrhinum flower 
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Box 7 The basic model for the patterning of the Arobidopsis flower 

W1k1typt tlpffalG1 mutJnt • •• ) . : . e ::.: e 
stamen (5t) • :J ••• 
carpel (Ca) • Expression of wild-type Expression of functions 

gene functions in homeoti< mutant 

Function 

1)1[] I[] I[] Whorl { 
234432 1234432 

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-o, 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 
a is expressed in whorls 1 and 2, b in 2 and 3, and c in whorls 3 and 4 In addition, 
a function inhibits c function in whorls 1 and 2 and c function inhibits a function in 
whorls 3 and 4-that is, a and c functions are mutually exclusive. a alone specifies 
sepals, a and b together specify petals, band c stamens, and c alone carpels. 

The homeotic mutations eliminate the functions of a, b, or c, and alter the regions 
within the meristem where the various functions are expressed. Mutations in a, such 
as apetala2 (see center top panel), result in an absence of function a, and c spreads 
throughout the meristem, resulting in the half-flower pattern of carpet 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 c genes (such as agamous), result in a 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 APETALA2 b to 
APETALA3 and PISTILLATA and c 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 0/ Arabidopsis. 
which is necessary for the stable maintenance of homeotic gene activity. CURLY 
LEAF is related to the Palycomb family of genes in Drasaphila and is similarly required 
for stable repression of homeotic genes. 

..,.as 

2 3 4 4 3 2 
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therefore has a distinct dorso-ventral axis. Another group of homeotic gene , differ-
ent from those that govern floral organ identity, appear to act in thi dorso-ventral 
patterning. For example, mutations in the gene CYCLOIDEA, which i expre ed in 
the dorsal region, abolish dorso-ventral polarity and produce flower 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 tructure may be 
variable. Cells from one layer can become part of another layer without di rupting 
normal morphology, suggesting that a cell 's position in the meri tern i the main 
determinant of its future behavior. Some insight into po itional ignaling and pat-
terning in the floral meristem can be obtained by making peric1inal chimera (ee 
Section 7.7) from cells that have different genotype and that give ri e to different 
types of flower. From such chimeras, one can find out whether the cell develop 
autonomously according to their own genotype, or whether their behavior i con-
trolled by signals from other cells. 

As well as being produced by mutation, chimeras ciln al 0 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 cell from both genotype uch 
chimeras can be made between wild-type tomato plant and tomato plant carrying 
the mutation fasciated, in which the flower has an increa ed number of floral organ 
per whorl. This phenotype is also found in chimeras in which only layer L3 contain 
fasciated cells (Fig. 7.32). The increased number of floral organ i a ociated with 
an overall increase in the size of the floral meristem, and in the chimeric plant thi 
cannot be achieved unless the fasciated cells of layer L3 induce the \ ild-type Ll 
cells to divide more frequently than normal. The mechani m of intercellular ignal-
ing between L3 and Ll is not yet known. In Antirrhinum, the abnormal expre ion 
of FLORICAULA in only one meristem layer can re ult in flower development. The e 
results illustrate the importance of signaling between layer 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 meri tern gener-
ates leaves. Then, triggered by environmental signal uch a increa ing davlen th, 

Photogro courtesy 0 

ES. et 01.: 1991 . 
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co protein accumulates 

fll. 7.33 Flowering can be controlled by daylength and LEAFY expression. As 
the top panels. when wild-type Arabidopsis is grown under long-day Candl IonS C e 
lateral shoots are formed before the apical shoot menstem begins to form ora mer 
When grown under short-day conditions. flowering IS delayed and t ere are n consequence 
more lateral shoots. The gene LEAFY is normally expressed only In inflorescence and flofa 
meristems. but if it is expressed throughout the plant (bottom panels), all shoo mer s ems 
produced are converted to floral meristems in both daylengths. 

the plant switches to a reproductive pha e and from then on the apical m 
gives rise only to flowers. There are two types of tran ition from v ali 
to flowering. In the determinate type. the inflore cence meri tern become a t 
flower. whereas in the indeterminate type the inflore cence meri tem - ri 
a number of floral meristems. Arabidopsis is of the indeterminate type CFl _ i 
A primary response to floral inductive signals in Arabidop is i the e pr 
meristem identity genes such as LEAFY and the dual-function API (. 
which are necessary and sufficient for this tran ition. LEAFY potenuall acti at 
throughout the meristem while al 0 activating AGAMOU In the cent rot 
AGAMOUS then represses the expre sion of API in the center. helping to tri I 
floral organ identity function to region A (see Fig. 7.27). Mutation in floral m ri 
identity genes partly transform flowers into shoot. In a lea mutant, hich 
LEAFY function. the flowers are transformed into pirally arran ed pal-Ii 
along the stem, whereas expression of LEAFY throughout a plant i uf loenl to co -
fer a floral fate on lateral shoot meristems and they develop a flo\ e 
bottom panels) . 

In Arabidopsis. flowering is promoted by increa ing daylength. which p • 
end of winter and the onset of spring and ummer ( ee Fig. .33)_ Thi beha 
called photoperiodi m. In some strains. flowering i al 0 accelerated aft r 
has been exposed to a long period of cold temperature, a cue that winter has 
This phenomenon is known as vernalization. Grafting experiment ha 
daylength is sensed not by the shoot meri tern it elf, but b . the lea 
period of continuous light reaches a certain length, a diffu ible flo r-indu' 
nal is produced that is transmitted through the phloem to the hoot m ri t m. TIl 
pathway that triggers flowering involve the plant' circadian cJ ,th int 
24-hour timer that causes many metabolic and phy iological proc ., inc\u i 
expression of some genes, to vary throughout the day. One of the gen 
the circadian clock is CONSTA S (CO). which i a ke. gene in controlling th 
of flowering and provides the link between the plant' daylength- en n m ham 
and production of the flowering signal. The expre ion of CO 0 ciliate on a 2 -h 
cycle under the control of the circadian clock, and it timing i uch tha th CD 
expression occurs towards the end of the afternoon. Thi mean that in 10 
peak expression occurs in the light. wherea in hon da ,it will alread ' 
this time. In the dark. the CO protein is degraded and 0 the circadian COnlro n 
that CO only accumulates to high enough level to trigger the flo ring pa h 
when light conditions are favorable (Fig. 7.34). 

CO is a transcription factor that activate a gene known as fLOWERl 
(rn. producing the IT protein. which appears to act as the flowerin . naI. TIl 
tein is thought to travel from the leaf through the phloem to the hoot ap. aJ m .. nOPrn 

where it acts in a complex with the tran cription fador FLOWER!. 'C LOCU 

fll. 7.34 The initiation of flowering is under the dual control of daylength and e 
circadian clock. The transcription factor CONSTA 5 (CO) is required for prod 
flowering signal and is expressed in leaves under the control of the CIrCadian c\oc short 
days. expression of the CO gene peaks in the dar and the protein is raptd degraded 
days. peak expression occurs in the light. and t e CO protein ace mu a es 
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which is expressed in the meristem. to turn on the expression of gene such as API 
that promote flowering (Fig. 7.35). If IT is activated in a single leaf. this is ufficient 
to induce flowering. Induction of flowering also requires the downregulation of a et 
of floral repressor genes such as FLOWERING LOCUS C (FLC). The e uppre s the 
transition from a vegetative to the flowering state until the positive ignals to flower 
are received. FLC encodes a protein that binds to FT and suppres e it activity. 
After cold exposure. for example. FLC activity is low. and the repre ion 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 day length 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 celis. 
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• End of chapter questions 

long answer (concept questions) 

Summary: flower development in Arobidopsis 

vegetative meristem 
environmental 

signals V 
inflorescence meristem 

meristem 
identity 
genes ====c> floral meristems 

f\oralldent ty genes 

three concentric overlapping regions of gene e pression established 

flower consisting of four concentric whorls: sepals, petals, stamem, nd 

Summary to Chapter 7 

A distinctive feature of plant development is the presence of relatively ngid a s and 
absence of any cell migration. Another is that a single, isolated somatic cell rom a 
can regenerate into a complete new plant. Early embryonic developmen is Charactenzed 
by asymmetric cell division of the fertilized egg, which speCifies the future ap ca a.'ld baSa 
regions. During early development of flowering plants. both asymmetr c ce I dl sac 
cell interactions are involved in patterning the body plan. During this process. he shoo 
root meristems are specified and these meristems give rise to all the orga s of he pia 
stems, leaves, flowers, and roots. The shoot meristem gives rise to eaves 'n -de ned 
positions. a process involving regulated transport of a morphogen. au . The shOo 
istem eventually becomes converted to an inflorescence meristem. ch el her becomes a 
floral meristem (in determinate inflorescences) or gives rise to a series of al merlste • 
retaining its shoot meristem identity indefinitely (in indeterminate n 
meristems, each of which develops into a flower, home otic floral organ iden i y genes 
combination to specify the floral organ types. Increasing daylength Induces the sunttwwlc 
a flowering signal in the leaves that is transported to the shoot meristem 
flower formation. 

1. What features led to the adoption of Arabidopsis thaliana as the 
predominant model for plant development? 8. What are the term. applied to the top and bo tom 

a leaf, in reference to the radial axL of th h 1 H 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 Agrobactenum 
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. 

tran cription factors PHAB. PHAV, and REV 
urface? 

in your an wef. 

10. What i SHORT-Roan Ho \' d _ i t com to 

11. What i the nature of thl' homl'Otic mutatio 
Arabidop is? What gene: are involved? 

12. What i the ABC model for flo 'er de\'elopment 
illu trate combinatorial control of cellular id ntit ' 
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13. The MADS-box is named for the prototypic proteins in which 
it was found : MCMl (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 Am-
biclopsis 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 
c) 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 
c) 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. 
c) 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 __ . 

a) adaxial-abaxial. cytokinins 

b) apical-basal. auxin 

c) apical-basal. Pin proteins 
d) dorsal-ventral. miR A 

5. The fate map of the Arabiclopsis embryo at the heart stage ind i-
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 ri e to 
adult structures. can be identified 

6. The agamous mutation cau, _ the formation 
a) flowers with only petals and ac. 
b) flowers with only epal and carpeL 
c) flowers with only tamen and carpel 
d) plants completely lacking flowers 

7. Maintenance of the hoot meri em in adult Arab 
relies on which of the follo\ ing mechani.sIJl5l 
a) A homeobox tran cription factor encoded 

is expre ed in the organizing center and iru 
overlying cell to behave a tern eel . 

b) A tran cription faClor encoded by th 
gene is expres ed in hoot meri em cl'll 
their undifferentiated tate, 

c) 

d) All of the e are involved in "V""-",,,",,LOVU 

shoot meristem , 

8. What i meant by the y; rd 'wh rI ' in dj'iscussiItg 

a) Flowers con i t of four difterent t opes of 0 
concentric ring called 'whorls: 

b) The floral meri tern a to rotat during n 
the praces the name ' whorl : 

c) The flowers of Arablclop is appear 
tern called a 'whorl: 

d) The ix tamen in a dicot flow r 
ring that i called the flo er' , 

9. In what way are the homeotic 
to tho e of DrosophIla and other anI 
a) All homeotic gen encod 

c1as , 
b) Homeotic gene' in 

factors of the MADS-
c) Mutation in the homl 

of one organ into another. 
d) The homeotic genes of 'eJS are d du 

the arne primordial gen u ed in an' 

cent of the model for homeotic 
in Drosophila? 
a) In both organi 'm • each hom 

a different region of the adult . 

b) development in plants is so indeterminate that a true fate map c) 
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 roOlS. tern . and 
leaves have formed 

d) The respon ibili of lh 
i the patterning of antero-

a 



286 Chapter 7 Plant development 

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