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Organ Formation at the Vegetative Shoot Meristem

Steven E. Clark!

Department of Biology, University of Michigan, Ann Arbor, Michigan 48109-1048

OVERVIEW

In higher plants, organ formation is critical for generating the
vegetative portion of the plant. Above-ground organ forma-
tion occurs at a collection of stem cells termed the shoot
meristem (SM), which is established during embryogenesis.
How the SM functions as a site of continuous organ forma-
tion is a central question for plant developmental biology.
This is not only because all above-ground organs are initi-
ated by the SM but also because their position and identity
are established there.

The SM retains the capability to form organs through two
fundamental processes (Figure 1). The first function of the
SM is to maintain a pool of undifferentiated cells. Without
undifferentiated cells to draw upon, new organ initiation
would not be possible. The second process is to direct ap-
propriately positioned undifferentiated cells toward organ
formation and eventual differentiation. Although the struc-
ture of meristems is variable across the plant kingdom, all
complex multicellular plants regulate the balance between
an undifferentiated and differentiated fate at their respective
meristems. Thus, unraveling the mechanisms by which
model plants such as Arabidopsis regulate meristem devel-
opment is expected to have implications for a wide variety
of plant species.

The SM has been the focus of many studies over the past
several decades. These studies have investigated the diver-
sity, morphology, histology, cell division patterns, and cell
lineages of the SM. Because this work has been sum-
marized in detail elsewhere (Steeves and Sussex, 1989;
Lyndon, 1990, 1994), this review focuses on recent advances
in understanding the genetic control of organ formation at
the SM.

MERISTEM STRUCTURE

The SM can be divided conceptually into several regions
(Figure 1C). The distinctions between the inner two regions,
the central zone (CZ) and the peripheral zone (PZ), are
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based on classic experiments on angiosperms (Figure 1B;
Steeves and Sussex, 1989; Lyndon, 1990). The CZ is lo-
cated at the very center of the meristem and is character-
ized by a lower rate of cell division. It is surrounded by the
PZ, which is characterized by a more rapid rate of cell divi-
sion. Additional histological differences between the CZ and
PZ have been observed in some species. During vegetative
development in Arabidopsis, the SM is ~11 cells across in
the epidermal layer. An analysis of cell division rates at the
vegetative SM indicates that the PZ is approximately four
cells across, whereas the CZ is two to three cells across
(C.Y. Hung and S.E. Clark, unpublished results).

For the purposes of this review, the CZ is considered to
be equivalent to the pool of undifferentiated cells of the SM,
whereas the PZ is considered to be equivalent to the region
in which cells are incorporated into organ primordia, al-
though there is no direct evidence for this interpretation of
the CZ/PZ distinction.

Surrounding the PZ and outside the meristem proper is a
region | have termed the organ zone (OZ; Figure 1C). Organ
primordia (leaf or flower) become morphologically distinct in
the OZ. All three of these regions overlie the rib meristem
(RM), which is postulated to give rise to the vasculature and
interior stem structures (Steeves and Sussex, 1989).

In addition to these zonal distinctions, the SM in most an-
giosperms is also composed of clonally distinct horizontal
cell layers. The layers are divided into the tunica, in which cell
divisions are strictly anticlinal, and the corpus, in which cell
divisions occur in a variety of orientations. In Arabidopsis,
the tunica is composed of the L1 epidermal cell layer and
the underlying L2 layer. The corpus, or L3, lies beneath the
tunica layers. The cell layering is generally retained in organ
primordia. In the leaf, for example, the epidermis is derived
mainly from the L1, the mesophyll from the L2, and the vas-
cular tissue from the L3 (Satina et al., 1940; Tinley-Basset,
1986; see also Poethig, 1997, in this issue). s

These clonally isolated cell populations have been ex-
ploited experimentally in the generation of periclinal chime-
ras, in which the SM and the resulting organs have cell
layers of differing genotypes. This technique allows re-
searchers to assess the role that each cell layer plays in a
given developmental process (Marcotrigiano and Bernatzky,
1995; see also Poethig, 1997, in this issue). The implication
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that cell signaling may direct the coordinated development
of clonally distinct cell populations is discussed below.

MERISTEM FUNCTION

The SM is a very dynamic structure, constantly undergoing
growth, cell division, and organ formation. Thus, although
meristem structure is maintained at a near-constant level
throughout the vegetative growth of a plant, the position and
developmental fate of cells derived from the SM change
over time. For example, cells in the CZ give rise to the cells
of the CZ and PZ; cells that occupy the PZ are later found in
the OZ.

A single, undifferentiated CZ cell is shown in Figure 2A
(box). This cell is considered to be “undifferentiated” based
on a number of criteria. First, undifferentiated cells are mor-
phologically distinct from differentiated cells in that they are
small (~5 pwm across), densely cytoplasmic, and lack large
vacuoles. CZ cells also exhibit remarkable developmental
potential—cells derived from the CZ are capable of develop-
ing into trichomes, guard cells, petal epidermis, pollen, and
all of the other cell types found above ground.

Other cells that are morphologically similar to CZ cells do
not exhibit the same developmental range. For example, the
cells of a leaf primordium only develop into leaf cell types
under normal conditions. A corollary to this observation is
that undifferentiated cells would be predicted not to express

developmental regulators that would direct them toward a
specific developmental fate. Although this has yet to be
demonstrated for genes regulating leaf development, the
expression of flower-specific regulators, such as LEAFY
(Weigel et al., 1992) and APETALAT (Mandel et al., 1992), is
not observed in the CZ of the inflorescence SM. Moreover,
the ectopic expression of these genes in CZ cells results in
the development of the SM into floral organs, with the sub-
sequent loss of organ-forming ability. Thus, one would pre-
dict that genes directing leaf identity during vegetative
development would not be expressed in the CZ.

As the SM continues to propagate itself, some of the
progeny of the undifferentiated cell shown in Figure 2A be-
come part of the PZ (Figure 2B). As these cells reach the PZ
(circles), they must make a transition from their undifferenti-
ated state in the CZ toward a more specified state in which
they can become incorporated into organ primordia. This
transition presumably involves the expression of specific de-
velopmental regulators and leads ultimately to complete cel-
lular differentiation.

The trigger for the transition is presumably provided by
positional information. Indeed, the location of organ forma-
tion has long been postulated to be regulated by positional
information provided by the most recently formed organ pri-
mordia (Snow and Snow, 1931; Richards, 1948; Wardlaw,
1949). Perhaps the same signal provides the positional in-
formation for cell differentiation as well. However, cell fate in
the PZ is not uniform. Some cells may act as nucleating cen-
ters for a primordium, whereas others may be recruited to
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Figure 1. The Vegetative SM.

(A) Scanning electron micrograph of a 10-day-old wild-type SM. The locations of the SM, leaf primordia (LP), and stipules (st) are indicated.

(B) Functional regions of the SM.

(C) Morphological divisions in the SM. A slowly dividing CZ, a more rapidly dividing PZ, and OZ of primordial growth are all depicted lying above

the RM.



Figure 2. Dynamics of Shoot Meristem Development.

(A) A single undifferentiated cell (box) in the CZ. All of the cells in (B)
and (C) are derived from this cell.

(B) Growth leads to progeny cells on the flanks (circles), where or-
gan anlagen are organized.

(C) Cells that formerly resided in the PZ divide as the organ primor-
dium grows (closed circles).

form the abaxial/adaxial and lateral sides of the primordium.
Still others fall between the primordia and presumably go on
to form the internodes between organs. So, although all of
the cells are undergoing a developmental switch from an un-
differentiated state, the type of developmental change may
vary greatly, as would the pattern of gene expression and
the rate of cell division.

Recent analysis of sectored (chimeric) Arabidopsis flow-
ers indicates that the earliest flower anlagen may be com-
posed of four cells in a square (Bossinger and Smyth, 1996).
As organ anlagen are organized from a small number of cells
in the PZ, they are presumably established as asymmetric
units with abaxial/adaxial, lateral, and proximal/distal distinc-
tions. This can be inferred from the observation that primor-
dia growth occurs in an asymmetric fashion. Leaf primordia
in the OZ, for example, rapidly form crescent-shaped pri-
mordia whose outward growth is also asymmetric. Direc-
tional growth, not cell division, appears to drive this
asymmetry (Lyndon, 1990). One particularly enlightening ex-
periment analyzed the growth of vy-irradiated wheat seed-
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lings. Despite the lack of cell division in these seedlings, leaf
primordia formed in the correct position and assumed the
correct shape (Foard, 1971).

DEVELOPMENTAL GENETICS

Over the past several years, a number of mutations that dis-
rupt specific aspects of the SM have been described, sug-
gesting that the corresponding genes play important roles in
meristem development. Two of these genes appear to affect
SM initiation only, two genes are required for both SM initia-
tion and maintenance, and three genes affect SM mainte-
nance only (Table 1). The discussion below focuses on the
processes of SM maintenance and function by describing
these genes and the phenotypes of the mutants. After dis-
cussing several of the key players, the striking genetic inter-
actions that have been observed between them are described.
These experiments provide insights into the relationships
between the respective gene products, although there re-
main several competing models for the actions of these
genes. The process of SM formation during embryogenesis
is addressed elsewhere in this issue (Kerstetter and Hake,
1997; Laux and Jirgens, 1997, in this issue).

SHOOT MERISTEMLESS

Mutations in two genes result in the specific failure of Arabi-
dopsis plants to form and maintain a SM. One of these
genes, SHOOT MERISTEMLESS (STM), was initially charac-
terized from a single mutant allele, stm-7, that now appears
to represent a null allele (Barton and Poethig, 1993). Em-
bryogenesis in plants homozygous for stm-71 is normal in
that the cotyledons, hypocotyl, root, and root meristem de-
velop properly, but the mature embryos lack a SM (Figures
3A and 3B). The cells that normally comprise the wild-type
embryonic SM are largely absent from stm-7 embryos, and
those cells that are present at the base of the cotyledons

Table 1. Genes Regulating Meristem Development in Arabidopsis

Required for Meristem

Gene Initiation  Maintenance  Encodes

ZWILLE Yes No Unknown

PINHEAD  Yes No Unknown

ST™M Yes Yes Transcription factor
wus Yes Yes Unknown

CLV1 No Yes Putative receptor kinase
CLv2 No Yes Unknown

CLV3 No Yes Unknown
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Figure 3. Comparison of SM Development in Wild-Type and Mutant Arabidopsis Plants.

The left panels represent the SM at initiation. For wild-type and civ plants, this would be the apical SM or any lateral SM. For stm-2 and wus
plants, this would be any adventitious SM. The right panels represent the SM after further growth.

{A) Wild type.

(B) Strong stm mutant (stm-1).

(C) Weak stm mutant (stm-2).

(D) wus mutant.

(E) clv (civ1 or civ3) mutant.



(where the SM is normally found) lack features characteristic
of meristematic cells.

In a small percentage of stm-71 plants, growth occurs
above the junction of the cotyledon vascular elements, giv-
ing rise to leaves. However, these leaves are not initiated in
the organized manner characteristic of leaves formed by a
meristem. Over time, these “rescued” stm-1 plants continue
to generate leaves slowly, but the leaves are generally initi-
ated singly in the axils of existing leaves. Nevertheless, the
fact that stm-1 plants can initiate leaves in the absence of
identifiable shoot meristems raises interesting possibilities.
Perhaps organ formation can occur in the absence of a SM,
or perhaps the initiated leaf represents the sole product of a
SM that was entirely committed to the formation of a single
organ. Regardless, stm-1 plants retain a limited ability to
form organs.

Further analyses have demonstrated that STM is not only
required for initiation of the SM in the embryo but also for
maintaining the ability of the SM to form organs during post-
embryonic growth. The isolation of the STM gene (Long et al.,
1996) provided the first evidence for this expanded role. The
predicted product of the STM gene is a member of the KNOT-
TED class of homeodomain proteins (Kerstetter et al., 1994;
see below) and is therefore a putative transcription factor.
STM expression is first observed in one or two cells of glob-
ular stage embryos, before the visible presence of a SM (Long
et al.,, 1996). As embryo development proceeds, STM ex-
pression expands to include the entire embryonic SM when
it becomes morphologically recognizable as such. Later,
during vegetative development, STM is expressed continu-
ally in a central region of the SM that is larger than the CZ.

Additional evidence for a postembryonic role for STM has
come from analyses of two weak stm alleles (Clark et al,,
1996; Endrizzi et al., 1996). Mutants carrying these stm al-
leles also lack a fully functional embryonic SM. However, a
small number of cells with meristematic features are present
in the appropriate position at the apical pole of the embryo.
These cells could represent an incomplete embryonic SM or
the initiation of an adventitious meristem before embryonic
arrest. In seedlings carrying the weak stm alleles, leaves are
visible as early as 6 days after germination. Although growth
stops after the formation of two to three leaves, new mer-
istems are formed in the axils of the existing leaves. After the
initiation of two to several leaves, the SM is apparently
“used up” in the generation of organs (i.e., organ formation
occurs at the summit of the meristem, across the CZ; Figure
3C). Interestingly, the organs that form at the apex of the SM
of weak stm alleles are often fused together or are mosaic in
structure, as if the organ primordia had overlapped when
they were initiated.

The analyses of stm mutants indicate that STM is required
to specify the SM cells of the embryo and to maintain undif-
ferentiated cells at the center of the SM. The size of this pool
of undifferentiated cells in the SM is increased through cell
divisions and decreased through the commitment of cells to
organ primordia. Thus, STM likely regulates one or both of
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these processes. For example, STM could be required to
promote cell division in the CZ. If so, stm mutants would fail
to replenish cells committed to organ formation and the CZ
would quickly be consumed. Another possibility is that STM
acts to maintain the cells of the CZ in an undifferentiated
state. Under this model, differentiation would occur across
both the CZ and PZ in stm mutants.

WUSCHEL

The phenotype of plants homozygous for mutations in the
WUSCHEL (WUS) gene appears to be superficially similar to
that of weak stm plants (Laux et al., 1996). Like stm mutants,
wus mutants lack a functional embryonic SM. However, wus
seedlings do develop two delayed leaves, although the ori-
gin of these leaves is unclear. Later, adventitious meristems,
which are capable of forming two to several leaves before
ceasing growth, are initiated. Repeated rounds of meristem
termination followed by adventitious meristem formation
lead to the development of a bushy plant very similar in ap-
pearance to plants carrying weak stm alleles.

However, a critical difference between wus and weak stm
mutants is that whereas the CZ of weak stm meristems is
consumed during organ formation, the centers of wus mer-
istems retain a flat apex long after they cease to grow (Figure
3D). The flat region is as large as or larger than a SM but does
not function as one. Moreover, the cells in this flattened region
are slightly larger and more vacuolated than meristematic
cells but still much smaller than differentiated cells. Perhaps
as a result of the flat apex, wus plants do not develop the
overlapping, mosaic structures that are present at the apex
of plants carrying weak stm alleles. Nevertheless, adventi-
tious meristems can form on the flat apex of wus plants.

Because the reason for meristem termination in wus mu-
tants is unclear, interpreting the role WUS plays in meristem
development is rather more complicated than it is for STM.
The two wus alleles that have been identified exhibit similar
phenotypes, but given the lack of a full allelic series, it is un-
clear if these represent null alleles. Perhaps WUS functions
to establish the CZ/PZ distinctions within the SM. Thus, in
the absence of WUS activity, the genes regulating CZ and
PZ function would not be activated and the apical cells
would neither proliferate nor differentiate. If wus does in-
deed function to establish the CZ/PZ distinctions, the ability
of wus “promeristems” to initiate organs is quite remarkable
because it suggests that organ formation can occur without
the complete specification of the meristem.

CLAVATA

The phenotype of plants with mutations at the CLAVATAT
(CLV1) locus is essentially the opposite of that of stm or wus
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plants (Leyser and Furner, 1992; Clark et al., 1993). As early
as the mature embryo stage, the clvi SM is significantly
larger than the wild type (Running et al., 1995), and as civ?
plants develop, their SMs continue to enlarge compared
with those of wild-type plants (Figure 3E), becoming up to
1000-fold larger (by volume) at later stages of development.
The enlargement is the result of the progressive accumula-
tion of undifferentiated cells, which displace organ formation
(i.e., the PZ) farther and farther from the apex.

Mutations at a distinct locus, CLV3, exhibit defects identi-
cal to clv1 mutants (Clark et al., 1995). Moreover, civ1 civ3
double mutants have phenotypes identical to strong clvT or
clv3 single mutants, suggesting that these genes function in
the same pathway. In addition, c/iv3 alleles dominantly en-
hance recessive and weakly semidominant c/v7 alleles. Mu-
tations in a third locus, CLV2, also give rise to phenotypes
similar to clv? and clv3 mutants (Koornneef et ‘al., 1983), but
preliminary data indicate that CLV2 may play a role some-
what independent from those of CLV7 and CLV3 (J. Kayes
and S.E. Clark, unpublished data).

Because the size of the stem cell population at the SM is
affected by two processes—cell division and cell differentia-
tion—there are two possible models explaining the role of
the CLV (i.e., CLV1 and CLV3) loci in regulating meristem
size. First, the CLV genes may restrict the rate of cell divi-
sion in the CZ. This model would predict that in clv mutants,
CZ cells would divide faster than those in the wild type,
leading to their accumulation. Alternatively, CLV could pro-
mote the transition of cells entering the PZ from an undiffer-
entiated state toward a differentiated state. According to
this hypothesis, cells reaching the PZ in clv mutants would
often remain undifferentiated, effectively enlarging the CZ.

The recent isolation of the CLV1 gene indicates that it ap-
pears to code for a protein with an extracellular domain,
which is composed predominantly of leucine-rich repeats,
and an intracellular protein kinase domain (Clark et al.,
1997). CLLV1 could therefore act as a receptor kinase to relay
positional information to specific cells of the SM. The CLV1
mRNA expression pattern is quite specific. In the SM, CLV
is expressed in a central region (larger than the CZ), but only
in the L3 layer. Thus, the accumulation of undifferentiated
cells in the L1 and L2 layers of clv1 mutants must be the re-
sult of aberrant or missing signals from the L3 layer. Incor-
porating the molecular data into the above models for CLV
function, CLV1 may perceive either PZ positional informa-
tion to direct differentiation or CZ positional information to
limit proliferation.

Related Roles for STM, WUS, and CLV in Inflorescence
and Flower Development

One would expect that genes regulating the fundamental
process of lateral organ formation would regulate all sites of
lateral organ formation. This would include the vegetative
SM, the inflorescence SM, and the fiower meristem (FM).

The inflorescence meristem in many plants (e.g., Arabidop-
sis) is a continuation of the vegetative SM. In fact, there is lit-
tle evidence that the inflorescence SM in Arabidopsis
functions differently from the vegetative SM. Although the
organs initiated by the inflorescence meristem (i.e, cauline
leaves and flowers) differ from the leaves initiated by the
vegetative SM, the types of organs initiated do not neces-
sarily represent an intrinsic property of the SM itself but may
instead reflect differential signaling from more mature por-
tions of the plant. By contrast to Arabidopsis, distinct differ-
ences are observed between organ initiation at the
vegetative SM and at the inflorescence SM in some species.
A common difference is the pattern in which organs are initi-
ated (i.e., the phyllotaxy; see Kerstetter and Hake, 1997;
Poethig, 1997, in this issue), although this differential phyllo-
taxy has been postulated to result from differences in the
relative sizes of leaf and flower primordia (Lyndon, 1990).
The FM, on the other hand, has long been thought to be a
modified SM (Goethe, 1790). Evidence from FM identity and
flower organ identity genes, such as LEAFY and APETALAT,
supports this idea. These genes convert a SM into a FM
when ectopically expressed in the shoot and convert a FM
into a SM when mutated (Mande! and Yanofsky, 1995; Weigel
and Nilsson, 1995).

The defects associated with the vegetative SM for sim,
wus, and clv mutants are also observed in any inflorescence
SMs or FMs that these plants develop. Moreover, the SM
termination observed in stm and wus mutants also occurs in
an identical fashion at any inflorescence SMs that form. In
weak stm mutants, the inflorescences terminate in partially
fused flowers reminiscent of those forming on terminal
flower mutant plants, in which the SM is converted to a floral
fate (Shannon and Meeks-Wagner, 1991; Alvarez et al,,
1992). wus inflorescences occasionally initiate a small num-
ber of flowers before terminating in a flat apex. By contrast,
the SM in clv mutants continues to enlarge throughout infio-
rescence SM development.

The flowers of weak stm plants develop a nearly normal
number of sepals in their outer whorl but lack most of the in-
ner-whorl stamens and carpels, presumably because of the
premature termination of the FM. As in the SM, the terminal
organs of weak stm flowers are often fused or mosaic. wus
flowers also specifically lack the inner-whorl. stamens and
carpels (most flowers develop one central stamen), and
these organs are not fused or mosaic. At the earliest stage
of floral organ initiation (i.e., sepal initiation), the c/lv FM can
be twice as large as the wild-type FM. As flower develop-
ment proceeds, the clv FM continues to proliferate, giving
rise to a large mass of undifferentiated cells at its center.
Thus, clv? mutations result in the overproliferation of undif-
ferentiated cells in the FM.

The fact that these genes appear to function at all sites of
lateral organ formation in Arabidopsis suggests that they
control fundamental processes that occur at the vegetative
and inflorescence SM as well as at the FM. However, there
must certainly be specific modifiers of these processes be-



cause there are clear differences between organ formation
at the SM and the FM. Most obviously, whereas organs at
the SM are initiated in a spiral phyllotaxy, flower organs are
initiated in whorls. More fundamentally, Arabidopsis SMs
are indeterminate, whereas FMs are determinate. Observa-
tions of the root meristem in these mutants support the
specificity of these genes for sites of lateral organ formation.
The root meristem does not initiate lateral organs (see
Schiefelbein et al., 1997, in this issue), and no defects in root
meristem development have been observed in stm, wus, or
clv mutants.

Genetic Interactions

Genetic interactions among the mutations described above
provide insights into possible hierarchies of gene action. The
first interactions described were those between the wus and
clvl mutations (Laux et al.,, 1996). Plants mutant for both
wus and the strong clv1-4 allele are indistinguishable from
wus single mutants. This epistatic interaction suggests two
possible models: WUS could function upstream of CLV17 to
establish the CZ/PZ distinction upon which CLV7 acts. Al-
ternatively, WUS could act downstream of CLV7 such that
the primary function of CLV1 is to inactivate WUS. If the lat-
ter model is correct, and if CLV1 functions to activate a sig-
nal transduction pathway, then a key target for the CLV1
signal would be the WUS gene product.

Analysis of clv and stm interactions, by contrast, has re-
vealed a competitive relationship (Clark et al., 1996). stm
mutations provide a partial, dominant suppression of the
meristem overproliferation seen in clv mutants. Thus, the in-
hibition of meristems in stm plants requires full CLV activity.
stm also dominantly suppresses the semidominant pheno-
type of the civ1-1 allele. Conversely, clv mutations domi-
nantly suppress the phenotype of stm-7 homozygous
plants, indicating that the meristem overproliferation seen in
clv plants requires full STM activity. Furthermore, clv stm
double mutants show a phenotype intermediate between
the two mutants: SMs often enlarge compared with those of
the wild type, but they always terminate prematurely. Thus,
the clv stm double mutant plants have dramatically lost the
ability to maintain the constant meristem size seen in wild-
type plants throughout development, suggesting that mer-
istem size is maintained in part through balancing STM and
CLV activities. Nevertheless, clv stm plants are able to gen-
erate meristems and initiate organs, indicating that other
genes are capable of fulfilling these roles in the absence of
both CLV and STM.

One explanation for the balanced, competitive relation-
ship between CLV and STM is that these genes competi-
tively regulate a common downstream target. STM could act
on the promoter of this gene, and CLV-mediated signal
transduction could activate a transcription factor that acts
antagonistically to STM. The function of the common target
would depend on the role that CLV and STM play in mer-
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istem development. If CLV and STM control proliferation of
CZ cells, then this target could be a regulator of cell division.
By contrast, if CLV and STM regulate the state of differentia-
tion, then the common target could either lock cells in an
undifferentiated state or promote differentiation. The bal-
anced relationship between CLV and STM suggests that
they function in an analogous, albeit competitive, manner. In
other words, if CLV regulates cell proliferation, then STM
should also regulate cell proliferation. Thus, a definitive
identification of a role for CLV would strongly implicate the
role of STM and vice versa.

Finally, c/v mutations are unable to restore the formation
of an embryonic SM in stm mutants. This suggests that the
formation of the embryonic SM requires STM in a CLV-inde-
pendent manner. Genes such as PINHEAD and ZWILLE,
which, when mutated, cause SM defects that are embryo
specific (Jurgens et al., 1994; McConnell and Barton, 1995),
may be involved in this embryo-specific developmental
pathway. This possibility is addressed in more detail in the
review by Laux and Jirgens (1997, in this issue).

THE ROLE OF CELL SIGNALING IN ORGAN FORMATION

Several features of organ formation suggest a critical role for
cell signaling. First, undifferentiated cells in the CZ give rise
to cells with a variety of fates: undifferentiated cells, cells of
organ anlagen, cells of organ primordia, and differentiated
cells. Thus, cell lineage cannot be the deciding factor in de-
termining cell fate. The tunica and corpus layers remain
clonally distinct, yet they are precisely coordinated in the
formation of an organ primordium, also indicating the need
for cell signaling for the normal functioning of the SM (see
Poethig, 1997, in this issue). In addition, organ primordia
must function in a coordinated manner so as to maintain
their asymmetry.

Among the most impressive of several lines of evidence
that directly or indirectly support this idea are experiments
using chimeric plants to demonstrate the influence of one
cell layer on ancther (Tinley-Basset, 1986; Marcotrigiano
and Bernatzky, 1995). A recent example is the use of differ-
ent tomato lines to generate periclinal chimeras. In these ex-
periments, a normal tomato cultivar was combined with the
tomato fas mutant, which leads to enlarged SMs reminis-
cent of those of Arabidopsis c/v mutants (Szymkowiak and
Sussex, 1992). Evidence from a number of chimeric combi-
nations suggests that the L3 layer is critical in determining
meristem size. In other words, a plant with a fas L3 layer and
wild-type L1 and L2 layers develops an enlarged meristem.
This is of particular interest given that CLV1 is expressed
predominantly in the L3 layer of the Arabidopsis SM (Clark
et al., 1997).

The identity and expression of CLV7 provide additional in-
dications of the role of cell signaling in meristem develop-
ment. If CLV1 functions as a receptor kinase, then it
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presumably detects positional information provided in the
form of a ligand. Furthermore, CLV1 is only expressed in the
L3 layer of the SM, despite the fact that the clv1 mutation af-
fects all layers of the SM.

Evidence of a novel type of cell signaling at the SM was
provided after the cloning of KNOTTED1 (KN1) from maize
and the analysis of its expression patterns (Vollbrecht et
al., 1991; Jackson et al., 1994; Smith et al., 1996; see also
Kerstetter and Hake, 1997; McLean et al., 1997, in this
issue). KN1 was isolated after the identification of domi-
nant, gain-of-function alleles that resulted in ectopic gene
expression in leaf veins and additional cell proliferation
in these organs. Subsequent experiments have suggested
that KN1 plays a role in maintaining shoot identity (Sinha
et al., 1993). The fact that STM is closely related to KN1 and
that the corresponding genes are expressed in a similar
pattern raises the possibility that KN1 and STM play related
roles in meristem development. Recent experiments also
raise the possibility that the KN1 protein is transported
between cells of the meristem, providing a possible novel
mechanism for cell signaling (Lucas et al., 1995; see also
Kerstetter and Hake, 1997; McLean et al., 1997, in this issue).

PERSPECTIVES

The genetic approach toward the analysis of SM structure
and function in Arabidopsis has provided a solid starting
point for understanding the process of organ formation and
cell differentiation in plants. Work from several laboratories
has identified three classes of genes that regulate meristem
function: STM, WUS, and CLV. STM and CLV act in a bal-
anced competitive manner to maintain the structure of the
SM as it continually undergoes proliferation and organogen-
esis. WUS may establish or interpret positional informational
within the SM to distinguish the CZ and PZ subdomains.
Many questions regarding the functions of these genes
remain. Do CLV and STM regulate proliferation or differenti-
ation? Does WUS act upstream or downstream of CLV?
What is the nature of the flat apex in wus mutants? The re-
cent cloning of two of these genes, STM and CLV7, will pro-
vide useful tools for addressing these questions. For
example, if WUS acts upstream of STM/CLV, then CLV1
should not be expressed in the flat apexes of wus mutants.
The cloning of STM and CLV1 has confirmed that many
other genes are likely to be involved in regulating meristem
development. Based on their deduced amino acid se-
guences, STM is likely to be localized to the nucleus,
whereas CLV1 may function at the plasma membrane. Thus,
it seems certain that a number of other factors regulate STM
expression or activity and activate CLV71 or relay its signal.
That only a limited number of genes specifically affecting
meristem development have been identified to date sug-
gests either that genetic screens have not reached satura-
tion or that many of the other regulatory genes are redundantly

encoded or are involved in a number of other processes,
thereby obscuring their roles in meristem development. For
example, genes with pleiotropic mutant defects, such as
REVOLUTA (Talbert et al., 1995), FOREVER YOUNG (Callos
et al., 1994), FASCIATA1, and FASCIATA2 (Leyser and Furner,
1992), may encode proteins that function in meristem
regulation.

Arabidopsis is not the only source of SM mutants. Indeed,
complementary approaches are being used in a humber of
other plant species. Meristem mutants with clv-like pheno-
types have been identified in tobacco (White, 1916) and to-
mato (Mertens and Burdick, 1954; Szymkowiak and Sussex,
1992), among many others, and the no apical meristem mu-
tant of petunia lacks an embryonic shoot meristem (Souer et
al., 1996). Moreover, STM was isolated as a homolog of the
maize KN71 gene, which is thought to play a similar role in
meristem development based on overexpression pheno-
types (see above).

Concurrent work on meristem development in multiple
plant species has several advantages. For example, certain
meristem regulatory genes may be more easily identified
and/or studied in species other than Arabidopsis. Moreover,
any features of meristem development that are shared by
distantly related species may represent fundamental as-
pects of SM function. Furthermore, differences in overall
morphology between species are due in large part to differ-
ences in developmental patterning at the SM. Hence, under-
standing how the regulation of meristem structure and function
differs in morphologically distinct plant species may shed
light on the evolution of morphological features.
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