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INTRODUCTION

A plant lateral organ, defined here as either a leaf or a leaf-
like organ of the shoot or flower, arises from a group of ini-
tial cells within the flanks of the shoot apical meristem (SAM)
or floral meristem. For example, the tobacco leaf is formed
from a group of ~100 initial cells in all three histogenic lay-
ers of the SAM (Poethig and Sussex, 1985). Lateral organ
initial cells follow fates that are very different from the more
central SAM or neighboring cells that will form tissues of the
shoot or floral axis. They change their patterns of expansion
and division and elaborate new axes of growth—away from
the SAM and laterally. As a lateral organ matures, cell divi-
sion ceases and cells differentiate. The mature leaf typically
consists of several million cells and ~20 different cell types.
However, it shows a characteristic shape, size and pattern
of tissues. For example, the Antirrhinum leaf, which is typi-
cal of many species, shows a patterned arrangement of tis-
sues that is particularly apparent along the dorsiventral
(adaxial-abaxial) organ axis and in the distribution of veins.
Patterning is also seen in the nonrandom distribution of epi-
dermal cell types, including trichomes and stomatal guard
cells (Figure 1).

Two contrasting mechanisms are commonly invoked to
explain such patterned growth and cell identity: either that it
is an intrinsic function of initial cells, in which case daughter
cells must inherit information about their identities from their
parents; or that cells sense their position and respond to it,
which implies that fate specification involves cell-cell signaling.

The fate of a cell in a developing lateral organ involves a
characteristic pattern of growth and division and finally, dif-
ferentiation of its progeny into specific cell types. If inherited
cell identity has a role in this process, we would expect cells
that share a common ancestry to follow similar fates. Such a
relationship between cell lineage and fate is inherent in
some aspects of lateral organ development. For example,
the majority of cell divisions in a developing leaf lamina in-
volve the formation of new anticlinal cell walls (i.e., parallel
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to the dorsiventral axis). Therefore, daughter cells are likely
to remain within the same cell layer and to differentiate as
cells of the same type (e.g., as palisade mesophyll; Figure
1). Restricted orientation of division could therefore provide
the basis for heritable cell identity within a layer. It also
raises the possibility that cell identity might itself affect cell
division patterns, maintaining the clonal distinction of lay-
ers and effectively creating developmental compartments
within which cells inherit identity as they proliferate. Similar
lineage restrictions may create different developmental
compartments earlier in lateral organ development. They
occur, for example, between the initials of Antirrhinum floral
organs at about the same time that each begins to express
the unique combination of homeotic genes that specifies its
identity (Vincent et al., 1995). Therefore, cells that have been
specified as initials of one floral organ type (e.g., petal) are
likely to remain within the developing primordium of that
organ.

Lineage, however, is clearly incapable of explaining all as-
pects of lateral organ development. Early experiments with
periclinal chimeras, in which the clonally distinct layers of
the SAM were marked genetically, allowed the origins of
cells in the mature leaf to be identified (Stewart and Derman,
1975). This revealed that a single tissue layer within the leaf
is derived from multiple cells of the early leaf primordium. In
the case of the leaf mesophyll layers, these initials usually
involve two distinct cell lineages (the L2 and L3 layers of the
SAM; Figure 2), suggesting that cell-cell interactions are in-
volved in specifying their fate as mesophyll initials. Similarly,
rare periclinal division within the L1 layer of a leaf consisting
of a wild-type outer layer (L1) overlying an L2 carrying a
chlorophyll mutation (Figure 2) displaces a wild-type daugh-
ter cell into the underlying mutant L2. The displaced cell
shows the growth and division appropriate to its new inter-
nal position, ultimately giving rise to a clone of green cells
with mesophyll identity rather than the epidermal identity
expected from its ancestry (e.g., Stewart and Derman, 1975;
Figure 2B). This implies that interactions between cells can
override lineage in controlling cell fate.

While these and many other observations reveal the im-
portance of cell-cell signals in re-specifying the fate of dis-
placed cells, they do not preclude the involvement of
inherited cell identity in cells that are not displaced. For
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Figure 1. Growth and Patterning of a Dicot Leaf.

(A) Leaves are initiated in opposite pairs from the periphery of the
Antirrhinum shoot apical meristem (SAM). Progressively older pri-
mordia are denoted (P1-P4). The leaves begin to flatten by lateral
growth soon after primordium initiation. Trichomes (leaf hairs) are
formed from the adaxial leaf surface in a nonrandom arrangement.
(B) The mature Antirrhinum leaf has undergone considerable growth
along it proximal-distal axis and shows a characteristic pattern of veins.
(C) A transverse section through its blade shows an asymmetric ar-
rangement of cell types along the adaxial-abaxial axis. e, epidermis;
pm, palisade mesophyll; sm, spongy mesophyll; st, stoma.

(D) In the abaxial leaf epidermis, stomata show a nonrandom ar-
rangement and are separated by at least one jigsaw piece-shaped
pavement cell.

example, lineage might have a significant role in maintaining
cell identity but can be over-ridden to prevent occasionally
displaced cells retaining inappropriate identities. In contrast,
a purely signaling-based mechanism would involve each
daughter cell defaulting to a developmental ground state
and having to reinterpret its identity de novo after each
normal cell division. Re-specification of displaced cells also
has a major experimental consequence in largely preventing
the use of cell displacement to test effects of lineage-depen-
dent fate. More telling, though experimentally more difficult
tests would involve following the fates of cells isolated from
sources of signals or defective in signal sensing.

One exception to the general observation that displaced
cells assume fates appropriate to their new positions has
been provided by the tangled? (tan1) mutant of maize. tant
mutants are affected in the polarity and timing of cell divi-
sions (Smith et al., 1996). Aberrant divisions in the single
layer of bundle-sheath (bs) cells surrounding each leaf vein
can displace cells into the surrounding mesophyll cells, and
the displaced cells retain bs identity rather than assuming
mesophyll fate (Jankovsky et al., 2001). These divisions oc-
cur after expression of C4 photosynthetic enzymes charac-
teristic of bs cells and after normal bs cells have ceased
division. It is therefore possible that bs cells are displaced
after the re-specification mechanism is able to operate. Nor-
mal bs cells are more closely related to each other and to
other vein cells than they are to mesophyll (Langdale et al.,
1989), raising the possibility that lineage has a role in their
specification.

A further and more specialized case of lineage-deter-
mined fate involves daughter cells that assume two different
fates in response to the intrinsic asymmetry of their parental
cell or of the process of DNA replication or mitosis that gives
rise to them. Asymmetric cell fate is found in several as-
pects of lateral organ development, including the divisions
that give rise to stomatal initials and less-specialized epider-
mal cells, discussed below.

A number of mechanisms might account for inheritance of
the same or different cell identities. DNA methylation status
or chromatin modification have been proposed to represent
the inherited factor in transmission of stable states of gene
expression or of asymmetric daughter cell fates in fission
yeast (e.g., Dalgaard and Klar, 2001). Preliminary analyses
of genes required for these processes in plants, including
the Chromatin Assembly Factor-like proteins encoded by
Arabidopsis FASCIATA genes (Kaya et al., 2001), hint at
roles in maintaining stable states of regulatory gene expres-
sion (reviewed by Finnegan and Kovac, 2000; Habu et al.,
2001). An alternate explanation for lineage-dependent iden-
tity is that it involves inheritance of intracellular molecules
or extracellular factors associated with the cell wall. Such

Figure 2. Cell Lineage in a Periclinal Chimera.

This shoot apical meristem of this Abutilon x hybridum cultivar has a
mutant sub-epidermal layer (L2) that is unable to produce chloro-
phyll.

In the mature leaf (A), the contribution of cells derived from the L2
(yellow) and from the (L3) is variable. Compare, for example, the out-
line of the yellow-green boundary in the two halves of the leaf. Al-
though many boundaries between L2- and L3-derived cells
correspond to veins, others pass through groups of cells that have
assumed the same mesophyll fate, regardless of their ancestry (ar-
rowhead in [B]). The wild-type L1 layer mostly gives rise to the epi-
dermis, which does not synthesize chlorophyll, except in guard
cells. Rare periclinal division, however, can displace an L1 cell inter-
nally, where it gives rise to mesophyll cells appropriate to this inter-
nal position (arrowhead in [C]).



inheritance of cell wall components is implicated in the
maintainence of fate during early development of the brown
alga Fucus (Berger et al., 1994), but has yet to be demon-
strated for higher plants. Inheritance of intracellular mole-
cules is implicated in asymmetric cell fate in the maize leaf
epidermis. Here, a subsidiary cell adjacent to a stomatal
guard cell and a larger epidermal cell are formed by asym-
metric division of a precursor cell. The location of an internal
patch of actin in the precursor cell correlates with subsidiary
cell fate, even in mutants with defects in orientation of cell
divisions. Similarly, mutations that disrupt formation of the
patch also disrupt asymmetric division and fate (Gallagher
and Smith, 2000).

While ability of position to override effects of cell lineage
largely obscures any role of inherited cell identity, there is
overwhelming evidence for cell-cell interactions in re-speci-
fying displaced cell fate. Cell-cell interactions also appear
likely to operate routinely in other aspects of lateral organ
development, including organ initial specification within the
SAM. The development of plant lateral organs, particularly
leaves, is also highly plastic and responds to environmental
cues. For example, the frequency of stomata is influenced
by the availability of water, light, and CO, (e.g., Woodward
and Kelly, 1995), and therefore environmental signals must
be integrated with intrinsic developmental processes.

Cell-cell interactions in animal development can be
broadly classified according to the distances over which the
signals act. Morphogens, which are involved in specifying
major axes of asymmetry, such as the body and appendage
axes of Drosophila, lie at one extreme (Vincent and Briscoe,
2001). These are secreted proteins or transcription factors
that form concentration gradients extending over many cells
(or nuclei in the embryo). Cells respond according to the
concentration of morphogen they experience, effectively
converting a gradient into discontinuous domains of gene
expression and cell identity. At the other extreme, signaling
may involve interactions only between adjacent cells. In
Drosophila neurogenesis, for example, the membrane-
bound ligand Delta binds its receptor, Notch, at the surface
of adjacent cells to prevent their assuming the same iden-
tity—a case of lateral inhibition (Artavanis-Tsakonas et al.,
1995).

Here we compare three aspects of plant lateral organ de-
velopment in which cell-cell interactions occur over different
distances: (1) specification of lateral organ fate at the shoot
apex, (2) asymmetry within lateral organs, and (3) stomatal
cell fate in the leaf epidermis. We do not consider several
equally important and well-studied aspects of lateral organ
development that are also likely to involve signaling, notably
leaf venation (which has been reviewed recently by Dengler
and Kang, 2001) and control of trichome fate in the lateral
organ epidermis, which in Arabidopsis appears partly ho-
mologous to specification of hair cells and non-hair cells in
the root epidermis (reviewed by Schiefelbein, 2000). Despite
the need to invoke cell-cell interactions in all these pro-
cesses, the mechanisms of interaction remain poorly under-
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stood, perhaps because redundancy, lethality, or sheer
complexity has hindered identification of the relevant genes
by mutation. An alternate explanation is that plants employ
less-conventional mechanisms than the ligand-receptor sig-
naling prevalent in animals, which makes them harder to
identify genetically. We consider one potential alternative,
physical force, in the context of lateral organ fate specifica-
tion.

Specification of Lateral Organ Fate at the SAM

Lateral organ initiation occurs at regular positions in the pe-
riphery of the meristem in a pattern termed phyllotaxy.
When each node has one organ, and those at adjacent
nodes are opposite, as in maize, the phyllotaxy is termed
distichous or alternate. Spiral phyllotaxy also involves a sin-
gle organ at each node, but with organs at adjacent nodes
typically offset by ~137°. Organs therefore occur in one or
more spirals along the shoot axis, as in Arabidopsis vegeta-
tive and inflorescence shoots, and the spiral can be either
left- or right-handed. Two opposite organs at each node
that are offset by 90° from those at adjacent nodes is usually
termed decussate, and the term whorled is often used for
more than two organs at each node, as in the flowers of
many species.

One way to address the question of how lateral organ and
non-lateral organ fates are specified at the shoot apex is
through analysis of genes involved early in lateral organ de-
velopment. Lateral organ initials within the Arabidopsis SAM
are marked by expression of a number of genes that control
early stages of lateral organ development including AIN-
TEGUMENTA (ANT; Elliott et al., 1996; Klucher et al., 1996),
LEAFY (LFY; Blazquez et al., 1997) and ASYMMETRIC
LEAVEST (AST; Byrne et al., 2000), and members of the YABBY
family (Sawa et al., 1999; Siegfried et al., 1999). They are
also characterized by lack of expression of the knotted1-like
homeobox (knox) gene, SHOOT MERISTEMLESS (STM),
which is found throughout the remainder of the SAM (Long
et al., 1996). Patterned expression of these genes therefore
predicts lateral organ fate from at least one plastochron be-
fore morphological signs of primordium initiation. (Plasto-
chron is used here to denote the time between initiation of
successive primordia.) In the case of the Arabidopsis PIN-
HEAD/ZWILLE gene, expression in basal vascular initials is
proposed to reflect the positions at which the next five pri-
mordia will initiate (Lynn et al., 1999), suggesting that leaf
primordium identity may respond to a genetic prepattern
acting several plastochrons before primordium formation,
when leaf initials become clonally distinct (Poethig and
Sussex, 1985).

Although analysis of genes acting early in lateral organs
has suggested when leaf fate might first be specified, it has
revealed little of the underlying mechanisms of specification.
STM, for example, is needed to repress AS7 expression in
the SAM and, although AST is not required for lateral organ



S280 The Plant Cell

formation, its ectopic expression leads to SAM cells of stm
mutants assuming lateral organ-like fates (Byrne et al,
2000). Repression of AS7 by STM can therefore be consid-
ered part of the mechanism responsible for elaborating lat-
eral organ and non-lateral organ fates in shoots, but does
not identify the underlying prepattern to which STM expres-
sion responds.

An additional category of genes overlaps in expression
with STM in cells that will form non-lateral organ cells of the
shoot axis. These include the Arabidopsis CUP-SHAPED
COTYLEDONT1 and 2 (CUCT1 and 2) that encode members of
the NAC family of potential transcriptional regulators (Aida
et al., 1997; Takada et al., 2001). CUC7 and CUC2 are pro-
posed to limit growth of non-lateral organ regions because
cucl cuc2 double mutants can form united organs. Simi-
larly, loss of activity of a related Petunia gene, NO APICAL
MERISTEM, leads to initiation of additional, ectopic organs
in flowers (Souer et al., 1996). Limited epistasis experiments
suggest that CUC activity promotes STM expression (Aida
et al., 1999; Takada et al., 2001). Because stm mutants have
partially united cotyledons similar to those of cuc? cuc2 mu-
tants, CUC genes might act partly via STM to repress lateral
organ fate and growth. Analysis of CUC gene function has
therefore revealed a potentially earlier step in elaboration of
lateral organ and non-lateral organ fates, although it has not
revealed the prepattern regulating CUC gene expression.

The nature of the prepattern that determines lateral organ
and non-lateral organ fates has long fascinated biologists
and mathematicians. Early observations of phyllotactic pat-
terns recognized that primordia tend to initiate in the great-
est space available in the periphery of the SAM at positions
most distant from existing primordia and the SAM apex.
Further, spontaneous or induced changes in the position of
one primordium could be maintained in subsequent devel-
opment, for example as a shift in the handedness of spiral
phyllotaxy. Such observations suggested that existing pri-
mordia are able to determine the position at which lateral or-
gans subsequently form. Surgical and pharmacological
experiments conducted early in the last century further sup-
ported this view and led to the field theory, which proposed
that the central zone (cz) of the meristem and pre-existing
primordia produce a diffusible inhibitory signal (Schoute,
1913; Wardlaw, 1949). In this early example of a lateral inhi-
bition model, new primordia arise in the greatest space be-
cause this corresponds to the position of least inhibition. An
alteration in meristem size without a corresponding change
in primordium size is therefore predicted to alter the pattern
of leaf initiation, as is seen in a number of mutants that have
enlarged meristems, including the Arabidopsis clavata and
fasciata mutants (Leyser and Furner, 1992; Clarke et al.,
1993) and the maize abphyl1 (abph1) mutant (Greyson et al.,
1978). In abph1 plants, an enlarged meristem produces a
decussate pattern of leaves, but subsequent reversion to
normal meristem size results in a distichous phyllotaxy be-
ing re-established (Greyson et al., 1978; Jackson and Hake,
1999). Similarly, reducing the size of lateral organ primordia

allows more organs to form from a meristem of the same
size, as seen in the whorled arrangement of reduced, nee-
dle-like leaves in Antirrhinum phan mutants (Waites and
Hudson, 1995).

The inhibitory field model can be most conveniently ex-
plained in terms of a single hypothetical inhibitor, originating
from existing lateral organs and the cz of the meristem.
More recent evidence, however, suggests that lateral organ
fate involves at least two specification steps, and therefore,
involvement of a single inhibitor is likely to be an oversimpli-
fication. Historically, the cz was recognized as a histologi-
cally distinct region with lower cell division rates than the
surrounding peripheral zone, from which lateral organs ini-
tiate (Lyndon, 1998). More recently, the cz has been
equated with a population of naive stem cells that, in Arabi-
dopsis, express the signaling ligand CLAVATA3 (CLV3).
While the equivalence of these different definitions of cz
identity awaits testing, one obvious feature of the cz is that no
lateral organs are formed from it. In Arabidopsis, the size of
the cz is regulated by the CLV signaling pathway (Nakajima
and Benfey, 2002). CLV signaling, involving perception of
the CLV3 ligand from the cz by the more widely expressed
CLV1-CLV2 receptor, limits expression of the stem cell-pro-
moting transcription factor WUSCHEL (WUS) to more basal
and internal cells of the SAM (Brand et al., 2000). WUS, in
turn, acts to promote more apical CLV3 expression via an
additional, unknown signaling pathway (Schoof et al., 2000).
These interactions are therefore sufficient to explain the
control of the cz size. If the cz is considered to be the region
of the SAM from which lateral organs are not produced,
then these interactions can also account for the signaling
proposed to inhibit organ formation at the apex of the SAM.
How this signaling might regulate genes involved more di-
rectly in lateral organ fate is, however, currently unknown.

One candidate for a second signal involved in phyllotaxy
is the phytohormone, auxin. It is synthesized at the shoot
apex and actively transported between cells. When polar
auxin transport (PAT) is inhibited chemically, phyllotactic
patterns are altered or lateral organs and floral meristems
fail to initiate, resulting in a pin-like inflorescence axis
(Okada et al., 1991; Reinhardt et al., 2000). Several Arabi-
dopsis mutants mimic these effects, including pin-formed1
(pin1; Okada et al., 1991), pinoid (pid; Bennett et al., 1995),
and monopterous (mp; Berleth and Jurgens, 1993; Przemeck
et al., 1996), which are all implicated in auxin transport or re-
sponses to auxin signaling.

PINT encodes an auxin efflux carrier that is expressed in
developing primordia and vascular tissue (Gélweiler et al.,
1998; Vernoux et al., 2000). The failure of pin7 mutants to
form primordia can therefore be interpreted as a need to ei-
ther remove auxin from lateral organ initials or to accumu-
late auxin, depending on whether the hormone inhibits or
promotes primordium formation. Alternatively, differences in
auxin concentrations between lateral organ and non-lateral
organ initials, rather than absolute auxin levels, might affect
organ formation. Several lines of evidence support the role



of auxin as a lateral organ promoter. First, the pin1 mutant
phenotype can be rescued by exogenous auxin (Reinhardt
et al., 2000). Local application of auxin can also induce pri-
mordium formation at the point of application in wild-type
tomato and in wild-type or pin7 mutant Arabidopsis. The
size of primordia was further found to be proportional to the
amount of auxin applied. Locally applied auxin is, however,
unable to induce primordia from the cz, suggesting that
auxin signaling acts in lateral organ formation independently
of the CLV-WUS interaction. Loss of PID protein kinase ac-
tivity results in an inflorescence phenotype similar to pin
(Bennett et al., 1995). PID has been interpreted as a nega-
tive regulator of auxin responses (e.g., its overexpression
renders plants less sensitive to auxin and reduces expres-
sion of auxin-induced genes; Christensen et al., 2000). Be-
cause PID is expressed in lateral organ primordia, loss of
primordia in pid mutants would be inconsistent with a role
for auxin in promoting lateral organ formation. Other experi-
ments, however, have suggested that PID promotes auxin
responses, more consistent with PID expression in lateral
organs mediating their formation in response to auxin
(Benjamins et al., 2001).

Current evidence therefore favors a model in which exist-
ing primordia accumulate auxin and prevent neighboring
cells from forming lateral organ primordia by depleting their
auxin concentration, as originally proposed by Sachs (see
Sachs, 1991). Higher auxin concentrations at more distant
positions should therefore allow primordium formation (and
perhaps promote increased auxin accumulation).

Recent investigations have also addressed the relation-
ship between auxin signaling and the expression of genes
involved early in lateral organ development. Although both
pin and pid mutants fail to initiate lateral organ primordia
and floral meristems in the inflorescence, they show pat-
terned expression of UNUSUAL FLORAL ORGANS, LFY,
and ANT that marks the differences between lateral organs
or floral meristems and the apical inflorescence meristem
(Christensen et al., 2000; Vernoux et al., 2000). These obser-
vations suggest that auxin signaling is required for lateral or-
gan outgrowth but not for the earlier step of organ fate
specification. Other studies have shown that lateral organ
fate is necessary for the promotion of the activity of the api-
cal meristem (e.g., Waites et al., 1998). This is consistent
with pin1 and pid mutants, which retain a functional SAM,
presumably as a result of continued specification of lateral
organ fate.

Analysis of the PAT mutant pin1 has suggested a more
fundamental role for auxin signaling in lateral organ fate
specification. It showed that LFY promoter activity, charac-
teristic of lateral organs, occurred in concentric rings around
the periphery of the pin1 meristem (Vernoux et al., 2000).
This observation is consistent with a model for phyllotaxy in-
volving two signaling processes. One, which does not in-
volve PAT, defines evenly spaced rings of cells that are
competent to assume lateral organ fate. And a second,
auxin-dependent mechanism partitions each ring into lateral
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organ and non-lateral organ initials. Such multistep models
for phyllotaxy have been proposed previously (e.g., Loiseau,
1969) and are supported by the observation of unpartitioned
primordia in an Antirrhinum mutant (Carpenter et al., 1995).

Although phyllotaxy can be explained by the action of sig-
nals (e.g., auxin, CLV3, and at least one additional molecule
that promotes CLV3 expression) an alternative, but not nec-
essarily exclusive, mechanism has been proposed to involve
physical forces. Green et al. (1996) described the meristem
as a growing surface (the L1 and L2 layers, or tunica) that is
constrained at its margins and supported by an elastic foun-
dation (the L3, or corpus). If the surface has an inherent
wavelength, it will tend to deform with this periodicity into a
regular series of bumps and hollows, which Green et al.
(1996) proposed would represent lateral organ primordia
and the creases between them. Zones of inhibition in this
model can be viewed as the reluctance of the tunica to bend
sharply close to where it has already bent to form an exist-
ing primordium. Deformation would therefore represent the
prepattern to which expression of lateral organ- and mer-
istem-specific genes respond. Modelling has shown that
such a process is theoretically capable of accounting for
many aspects of phyllotaxy, including its propagation and
self-adjustment after perturbation (Green, 1996). Although
such a biophysical mechanism is unlikely to require the ac-
tion of specific genes, and is difficult to test genetically, sev-
eral investigations have provided supporting evidence. The
sunflower inflorescence (capitulum) is formed from a large,
flat meristem that initiates primordia in multiple spirals. Each
primordium then gives rise to a bract subtending a flower.
Experimental compression of the developing capitulum
caused the formation of ridges running along phyllotactic
spirals, rather than distinct primordia, and these developed
into extended (united) bracts that lacked flowers (Hernandez
and Green, 1993). Therefore, physical force could both al-
ter phyllotaxy in a predictable way and change primordium
fate.

The protein expansin promotes cell expansion by loosen-
ing cell walls. In some species, isoforms of expansin appear
to be upregulated in lateral organ primordia, consistent with
roles in primordium initiation and growth (Fleming et al.,
1997; Reinhardt et al., 1998). When expansin gene ex-
pression was induced in the tobacco apex at a position
representing initials of the next-but-one primordium, the
primordium initiated prematurely and caused reversal of the
phyllotactic spiral. Because the resulting leaf developed
normally, loosening of the cell wall was proposed to be suf-
ficient to activate all subsequent steps in leaf development
(Pien et al., 2001). Earlier experiments, in which outgrowth
was induced by application of expansin protein to the SAM,
led to outgrowths with only limited leaf-like characteristics
(Fleming et al., 1997), presumably because the protein was
unable to affect more internal cells. The effects of altered
expansin activity provide support for Green’s model, in
which distortion of the meristem is causal in lateral organ
fate. However, expansin was unable to induce primordium
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formation in positions at which organs would not usually
form, suggesting that lateral organ initials are specified be-
fore primordium outgrowth, and that expansin merely
causes precocious outgrowth of existing initials. Comparing
the effects of expansin with expression of genes that act as
early markers for lateral organ and non-lateral organ fates,
as well as inducing expansin activity in auxin mutants,
should help to resolve this question.

A further level of organization within the apex that might
be relevant to fate specification is the arrangement of plas-
modesmatal connections that potentially allow communica-
tion between cells. Plasmodesmata interconnect symplastic
fields that may include cells from the same or different line-
ages. They are also able to regulate the passage of poten-
tial signaling molecules, including developmentally important
transcription factors or their RNA precursors (e.g., KNOTTED1;
Lucas et al., 1995; Haywood et al., 2002), and may be
involved in determining the polarity of movement. For
example, the Antirrhinum MADS-domain transcription fac-
tor DEFICIENS can move outwards to the L1 but not in-
wards from it (Perbal et al., 1996). Studies of the birch and
Arabidopsis meristems reveal that symplastic fields predict
some aspects of meristem fate and are highly dynamic
(Rinne and van der Schoot, 1998; Gisel et al., 1999).
Whether symplastic signaling is important in maintaining
fate within a field or for specifying different fates remains to
be determined.

SPECIFICATION OF POLARITY IN LATERAL ORGANS

Elaboration of Dorsiventral Asymmetry

Most lateral organs are considered dorsiventral because
they are flattened perpendicular to their adaxial-abaxial (or
dorsiventral) axis, along which they also show an asymmet-
ric distribution of cell types. The flattened shape of leaves or
petals has obvious functional significance, providing a large
area and arrangement of cell types specialized for photo-
synthesis or attraction of pollinators. Because lateral organs
form in the periphery of apical meristems, their dorsiventral
axis corresponds to a radial axis of the meristem (i.e., their
adaxial surface is formed toward the center of the mer-
istem). A connection between dorsiventrality of lateral or-
gans and polarity of the meristem was suggested by early
surgical experiments (Sussex, 1955; Snow and Snow, 1959;
Hanawa, 1961). When an incision or impermeable barrier was
inserted adaxial to a group of leaf initials, the resulting pri-
mordium was needle-like and consisted only of abaxial
cells. This suggested (i) that signals originating from the
center of the SAM are required for adaxial fate, (i) that abax-
ial fate occurs in the absence of adaxial, and (jii) that adaxial
fate is required for lateral growth of the leaf. Primordia iso-
lated at a later stage of development were able to develop
normally, implying that they no longer needed signals from

outside the leaf to maintain their dorsiventral asymmetry.
Subsequent analysis of the Antirrhinum phantastica (phan)
gene, which is required for adaxial cell identity, suggested
that interaction between organ cells with adaxial and abaxial
identities was responsible for the lateral growth that flat-
tened the organ (Waites and Hudson, 1995). Because phan
functions redundantly with cold-sensitive factors, its role in
promoting adaxial organ fate could be separated by temper-
ature treatment from an additional function in promoting pri-
mordium formation. Temperature shift experiments were
unable to separate these two roles in time, suggesting that
dorsiventral organ asymmetry is specified before primor-
dium initiation, consistent with the involvement of a signal-
ing mechanism in the SAM (Waites et al., 1998).

Recent analysis in Arabidopsis has provided support for
the involvement of an adaxial morphogen within the SAM
leading directly to asymmetric gene expression within
lateral organ primordia. This involved the identification of a
small gene family, encoding likely transcription factors with
homeodomain, bZIP, and START motifs that promote adax-
ial cell types in Arabidopsis lateral organs. These show simi-
lar expression patterns in the SAM and lateral organ initials
and become restricted to an adaxial domain about the time
of primordium initiation. Gain-of-function mutations in two
members, PHABULOSA (PHB) and PHAVOLUTA (PHV), cause
dose-dependent adaxialisation of organs, which at their
most extreme develop only adaxial cell types and fail to
grow laterally (McConnell and Barton, 1998; McConnell et
al., 2001). Independent gain-of-function mutations involve
mis-sense mutations that alter the START domain, a motif
that is implicated in binding sterol lipid ligands in a number
of functionally diverse proteins (McConnell et al., 2001). This
suggests that PHB and PHV proteins are activated by a lipid
ligand that is present only in adaxial cells. (An alternative in-
terpretation is that they are repressed by an abaxial ligand.)
The gain-of-function mutations are proposed to cause
ligand-independent activity in cells positioned more abaxi-
ally, resulting in ectopic adaxial fates.

Because the domains of PHB and PHV RNA expression
extend abaxially in gain-of-function mutants, the activated
proteins are likely to promote accumulation of their own
RNA (McConnell et al., 2001). PHB and PHV show graded
RNA accumulation in lateral organ primordia, with the
highest levels adaxially. This therefore suggests a dorsiven-
tral gradient of protein activity resulting from a gradient of
the activating sterol ligand. PHB and PHV expression also
extends from lateral organ primordia and initials to the cen-
ter of the SAM, suggesting that the ligand is also present in
the SAM. It is attractive to speculate that this ligand corre-
sponds to the signaling molecule predicted from the surgi-
cal experiments, which is produced centrally in the apex,
forms a concentration gradient toward the periphery, and
specifies adaxial organ fate in a concentration-dependent
manner (i.e., is @ morphogen). This raises a number of excit-
ing questions about the identity of the ligand or ligands of
PHB and PHV and whether they can move between cells.



The ability of PHB and PHV to promote their own expression
might also provide the basis for the leaf primordium to main-
tain cell identity without further signals from the SAM, con-
sistent with the ability of isolated primordia to complete
normal development.

PHB and PHV act to restrict expression of two families of
regulatory genes involved in abaxial cell fate specification,
the KANADIs and YABBYs, which are initially expressed
throughout lateral organ initials and become restricted to
the abaxial domain about the time that PHB and PHV are lo-
calized to adaxial cells (Eshed et al., 1999, 2001; Sawa et al.,
1999; Siegfried et al., 1999; Kerstetter et al., 2001). Ectopic
adaxial expression of KANADI (KAN) genes causes adaxial
cells to assume abaxial fates, suggesting that much of the
role of PHB and PHV in promoting adaxial fate might result
from repression of KAN. Expression of all three gene fami-
lies, however, overlaps in lateral organ initials within the
SAM, suggesting that other factors, specific to organ pri-
mordia, are required for the activation of PHB/PHV or re-
pression of KAN.

Interaction between primordium cells with adaxial and
abaxial identities is proposed to be necessary for lateral
growth of the leaf (Waites and Hudson, 1995). The time at
which genes promoting adaxial or abaxial fate become re-
stricted to their respective domains broadly corresponds
with the changes in patterns of cell division that accompany
the start of leaf blade growth (Sawa et al., 1999; Siegfried et al.,
1999; Eshed et al., 2001; Kerstetter et al., 2001; McConnell et
al., 2001). Early divisions are highest in two lateral domains
of the primordium, termed blastozones, that probably act as
lamina initials. Expression of organ polarity genes persists in
the growing organ, suggesting that adaxial-abaxial interac-
tion might be required for oriented cell divisions until
relatively late in development. While there is increasing evi-
dence to support the role of adaxial-abaxial interaction in
controlling lateral organ growth, the signaling mechanisms
remain unknown. The leaf lamina, however, is formed from
as few as four layers of cells along its dorsiventral axis, and
therefore the proposed interactions between dorsal and
ventral cells need control cell division over only two cell di-
ameters.

Elaboration of Proximal-Distal Asymmetry in
Lateral Organs

The dorsiventral organ axis typically shows an asymmetric
distribution of tissues but undergoes little growth. In leaves,
more growth typically occurs along the proximal-distal (P-D)
axis (representing the base to tip of the mature leaf). How-
ever, limited P-D asymmetry of tissues in dicot leaves hin-
ders testing of the developmental relevance of this axis and
the mechanisms that might be involved in its specification
and elaboration. Monocot leaves, in contrast, often show
obvious P-D patterning. The maize leaf consists of a proxi-
mal sheath and distal blade with ligule and auricle structures
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between. Disruptions to this pattern result from ectopic ex-
pression of Class | knox genes that are normally restricted to
cells of the SAM and internode initials. Although such gain-
of-function phenotypes are inherently difficult to interpret,
one explanation for the effect of ectopic knox gene expres-
sion is that it alters the developmental age of cells, allowing
them to respond to a P-D prepattern in a way that is inap-
propriate for their position (Freeling, 1992). The basis for the
prepattern, however, remains elusive.

The dicot gynoecium, in contrast to the dicot leaf, shows
marked asymmetry of tissues along its P-D axis, which of-
ten also represents its predominant axis of growth. The Ara-
bidopsis gynoecium is a complex organ—it has a pollen-
receptive stigma distally, followed by the style, ovary, and a
short internode (gynophore) separating it from the pedicel at
its proximal end. The ovary consists of two lateral valves
and is divided into two locules by a septum that is formed
by postgenital fusion of outgrowths from the ovary walls.
This distinct arrangement of cell types has allowed identifi-
cation of mutations that disrupt P-D patterning of the gyno-
ecium.

Disruptions to the arrangement of gynoecium tissues oc-
cur in mutants defective in auxin transport and perception
(e.g., pin1, pid, and mp) or following application of inhibitors of
PAT (Bennett et al., 1995; Przemeck et al., 1996; Nemhauser et
al., 2000). This has lead to the proposal that auxin acts as a
morphogen in carpel development. In this model, auxin is
produced distally and is actively transported proximally
forming a concentration gradient to which cells respond;
stigma and style, valve, and gynophore identities are pro-
moted by high, medium, and low auxin concentrations, re-
spectively (Figure 3). The apical boundaries between style
and valve initials and the basal boundary between valve and
internode therefore represent the points at which two differ-
ent threshold concentrations are reached within the gradi-
ent. PAT inhibitors shift both of these boundaries distally
(i.e., cells adopt more basal fates than normally appropriate
for their positions) but also reduce the spacing between
boundaries, so that the gynoecium shows an increase in
stigma/style and gynophore identities at the expense of
ovary (Nemhauser et al., 2000). This is consistent with PAT
inhibitors causing a steeper auxin concentration gradient.

The effect of PAT inhibitors is similar in several respects
to that of Arabidopsis ettin (ett) mutations. Decreasing activ-
ity in a series of eft mutants leads to progressive replace-
ment of proximal valve tissue with tissue resembling both
abaxial style and gynophore and tissues between the valves of
the ovary with adaxial style tissue (Sessions and Zambryski,
1995; Sessions, 1997). The most severe ett mutants lack all
valve tissue and form only a style-like structure. Application
of PAT inhibitors to weak ett mutants causes a more severe
mutant phenotype, suggesting that ETT perceives the auxin
concentration gradient (Nemhauser et al., 2000). Changes to
ETT activity (mutations) alter the threshold levels that give
rise to boundaries (Figure 4).

Consistent with this view is the finding that ETT encodes a
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Figure 3. Development of the Arabidopsis Gynoecium.

The gynoecium primordium is depicted as a cylinder in which the
apical boundary (a) separates the stigma/style (blue) from the ovary
valve (green), and the basal boundary (b) separates valve from gyno-
phore (yellow). Auxin is produced apically and transported basally,
forming a concentration gradient within the developing gynoecium
(red arrow). The predicted effects of reduced polar auxin transport
and ETT activity on the concentration gradient and positioning of
boundaries are shown above the resulting gynoecium phenotypes.
Dashed lines in ett mutant primordia indicate boundaries that are
disrupted through a loss of ETT activity. When polar auxin transport
(PAT) is inhibited, the apical and basal boundaries are shifted api-
cally and the distance separating them reduced. The effects on gy-
noecium development are proposed to reflect a steeper morphogen
gradient. Gynoecia of weak ett mutants display similar characteris-
tics, which are suggested to involve both boundaries moving toward
each other because sensitivity to auxin has been altered. Application
of PAT inhibitor to the weak ett mutant causes a further reduction in
valve region. This, together with the disrupted boundaries, results in
a loss of valve identity and a phenotype that is similar to strong
ett mutants. Strong ett mutants are not affected by PAT inhibitors.
(Figure adapted from Nemhauser et al., 2000).

member of the auxin response factor family of transcrip-
tional regulators that show auxin-dependent binding to
auxin response promoter elements (Sessions et al., 1997;
Kepinsky and Leyser, 2002). Therefore, the ETT protein
could potentially act to transduce an auxin concentration
gradient into patterned gene expression (Sessions, 1997;
Nemhauser et al., 2000). ETT activity, however, appears un-
likely to set the apical and basal boundaries in response to
auxin, because its domain of RNA expression corresponds
to the region between the boundaries and is unaffected by
auxin treatment (Nemhauser et al., 2000).

Further doubt about the proposed role of ETT has been
raised by the finding that it represses the basic helix-loop-
helix transcription factor gene, SPATULA (SPT; Heisler
et al., 2001). SPT is expressed distally, outside the ETT do-
main, and promotes development of distal gynoecium struc-
ture (spt mutant gynoecia have reduced stigmatic tissues
and lack internal distal cell types; Alvarez and Smyth, 1998,
1999). This repression might involve direct binding of ETT
protein to auxin response promoter elements in the SPT
promoter. Mis-expression of SPT can account for most of the
carpel defects of ett mutants, including the aberrant positions

of the apical and basal boundaries, because these are restored
in spt ett double mutants (Alvarez and Smyth, 1998; Heisler et
al., 2001). Thus, it appears that the effects of ett mutants on the
carpel boundaries result indirectly from SPT expression and
not from an inability to respond to an auxin gradient. This
could be tested further by examining the effects of PAT inhib-
itors on boundary placement in ett spt mutant gynoecia.

CONTROL OF STOMATAL CELL FATE

Stomata are pores formed between a pair of specialized
epidermal guard cells that allow gas exchange to be regu-
lated. Arabidopsis is typical of many dicots in which the
guard cells of one stoma are separated from others by at
least one less-specialized epidermal pavement cell (e.g.,
Figure 1D; Kagan et al., 1992; Korn, 1993). The pair of guard
cells is formed by symmetric division of a guard mother cell
(GMC). The GMC results from asymmetric divisions of a
meristemoid or meristemoid mother cell (MMC; Figure 4). A
number of mechanisms have been proposed to explain the
pattern of stomatal and non-stomatal cells in the epidermis.
At one extreme, an invariant pattern of cell divisions is pro-
posed to result in each GMC being completely surrounded by
non-GMCs derived from the same lineage (Figure 4; Larkin et
al., 1996). Such a pattern could be an intrinsic property of
the MMC and need not involve communication between
cells. This view has received support from the observation
that the boundaries of clones marked early in development
rarely pass between guard cells and their neighboring pave-
ment cells, consistent with the surrounding cells and GMC
arising from the same lineage (Larkin et al., 1997; Serna and
Fenoll, 2000). Alternatively, spacing might involve cell-cell
interactions that prevent cells close to MMCs, meristemoids,
or GMCs from assuming similar fates (a lateral inhibition
model) or that influence cell division polarity.

Such questions were addressed by carefully analyzing the

Figure 4. The Stereotypic Division Model for Stomatal Spacing.

A meristemoid mother cell (MMC) divides asymmetrically to form a
smaller meristemoid (M). The meristemoid then undergoes three
rounds of asymmetric cell divisions, in which the larger daugh-
ters assume fates as less-specialized pavement cells (PC). The mer-
istemoid then becomes a guard mother cell (GMC) that divides
symmetrically to form two guard cells surrounding a central pore.
This pattern of division would result in each stoma being surrounded
by at least one pavement cell derived from the same meristemoid.
(Redrawn from Geisler et al., 2000).



origins of epidermal cells through daily observations of
Arabidopsis leaves or cotyledons (Geisler et al., 2000). This
study revealed that the cell divisions giving rise to a GMC
were far from stereotypic (as in Figure 4) and involved a vari-
able number of meristemoid divisions. The majority of guard
cell pairs therefore had at least one adjacent pavement cell
that was derived from a different MMC, so purely lineage-
based mechanisms were unable to explain stomatal spac-
ing. MMCs could form adjacent to existing guard cells or
their precursors (MMCs, meristemoids, and GMCs), al-
though they did so less frequently and never formed from a
cell adjacent to two existing guard cell precursors. This sug-
gested that cell-cell interactions were involved in specifica-
tion of MMC fate but that these interactions were insufficient
to account for spacing of all stomata. While MMCs located
next to each other showed random orientation of cell divi-
sion, those adjacent to existing meristemoids, GMCs, or
guard cells always divided to form a new satellite meriste-
moid opposite the existing guard cell precursor. This asym-
metric division did not appear to reflect an inherited cellular
polarity, because it could occur in cells derived from a lin-
eage different from that of the guard cell precursor. This
again suggested the involvement of signaling, rather than
cell intrinsic polarity. Because three quarters of stomata
arose from satellite meristemoids, such oriented cell division
constituted a major spacing mechanism. When adjacent
meristemoids were formed, they very rarely gave rise to ad-
jacent stomata, either because they were separated by an
oriented division or because one of them assumed pave-
ment cell fate. Adjacent meristemoids are derived from dif-
ferent lineages, implying the involvement of cell-cell
interaction in these processes.

Several important aspects of stomatal patterning can
therefore be explained by signaling that acts within one cell
diameter of guard cell precursors to inhibit cell fate and ori-
ent cell divisions (although it does not rule out a role for in-
herited asymmetry in some cells). This mechanism is also
compatible with the effects of environmental and develop-
mental cues that alter the frequency of stomata (Gray et al.,
2000; Berardini et al., 2001; Brownlee, 2001), and it will be
interesting to determine which spacing mechanisms these
cues affect (e.g., MMC frequency, the number of meriste-
moid divisions, etc). Because MMC fate involves lateral inhi-
bition, it can also explain the relative insensitivity of stomatal
frequency to differences in organ size.

All these aspects of stomatal spacing are affected by
loss-of-function mutations in the Arabidopsis TOO MANY
MOUTHS (TMM) gene (Yang and Sack, 1995). tmm mutants
show several defects consistent with compromised signal-
ing; for example, they form MMCs adjacent to existing sto-
matal lineages, and the divisions that form satellite
meristemoids are oriented randomly (Geisler et al., 2000).
This suggests that TMM is involved in signaling and that a
common TMM-dependent signaling process may be in-
volved in all the mechanisms contributing to stomatal spac-
ing. The role of TMM and other genes with related
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phenotypes (Yang and Sack, 1995), should cast more light
on this process.

CONCLUSIONS

We have considered several aspects of plant lateral organ
development that appear to be dependent on cell-cell sig-
naling, although the signaling mechanisms involved are
largely obscure. Auxin, sterol lipids, and physical forces
have been invoked as signals acting over distances of sev-
eral cells and even acting as morphogens in specifying dif-
ferent fates according to concentration. The involvement of
auxin (which can have pleiotropic effects) and of physical
force (which is unlikely to depend directly on gene activity) is
difficult to test genetically. Other signaling mechanisms,
however, lend themselves to genetic characterisation. Iden-
tification of PHB-like transcription factors provides a poten-
tial route to identifying their activating ligands and so testing
the roles of the ligands in cell-cell signaling. In the case of
stomatal cell placement, much of the observed patterning
can be explained by signals acting between adjacent cells,
for example, a mechanism analogous to Delta-Notch signal-
ing in Drosophila. Further insights into the identity of these
signals may come when the genes altered in the stomatal
spacing mutants have been identified. Perhaps the stron-
gest evidence for the nature of a cell-cell signaling mecha-
nism is provided by the CLV pathway, in which the secreted
CLV3 peptide probably acts as a ligand for the CLV1 recep-
tor kinase. The Arabidopsis genome contains numerous
CLV3-like genes and potential CLV1-like receptors (Cock
and McCormick, 2001), raising the possibility that homolo-
gous signaling mechanisms operate in many aspects of
plant development.
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NOTE ADDED IN PROOF

A recently published paper by Kessler et al. (2002) shows that cell
identity in a maize leaf may be specified through lineage, as cells
displaced from the L1 to the L2 layer in leaves of the xc/T mutant re-
tain their L1 identity.

Kessler, S., Seiki, S., and Sinha, N. (2002). Xc/1 causes delayed
oblique periclinal cell divisions in developing maize leaves, leading
to cellular differentiation by lineage instead of position. Develop-
ment 129, 1859-1869.



