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Abstract Gas exchange between plants and the atmosphere takes place through stom-
ata (singular, stoma), which are microscopic valves on the plant epidermis composed of
paired guard cells. Stomatal differentiation involves a series of asymmetric divisions of
precursor cells followed by a single symmetric cell division that produces terminally dif-
ferentiated guard cell pairs. Stomatal development emerged as a model system to study
how environmental- and cell-cell signals translate into site/orientation of asymmetric
cell division and cell-type differentiation. This chapter focuses on cell-state transition
events leading to guard cell differentiation in the model plant Arabidopsis, and cell-cell
signaling mechanisms controlling stomatal patterning. Understanding how cell-cycle reg-
ulators influence stomatal patterning and differentiation will advance our knowledge of
cell division control in plant development.

1
Introduction

The evolution of land plants relied on the acquisition of mechanisms that
protected themselves from the dry atmosphere and harmful UV rays, while
allowing gas exchange for photosynthesis; and transpiration for stimulating
water movement from the soil to aboveground tissues. The innovation of
two distinct cell types on the plant epidermis was critical for solving this
challenge. Epidermal pavement cells are tightly-sealed interlocking cells with
thick cuticle layers. Stomata act as turgor-driven valves that allow gas ex-
change and transpiration. It is therefore not surprising that evolutionary
biologists believe that the emergence of stomata predates the evolution of
leaves, flowers, or even vasculature (Edwards et al. 1998). A stoma consists
of a microscopic pore surrounded by a pair of guard cells, which open and
close upon sensing environmental signals, such as drought, light, and CO2
concentrations. Given the importance of stomatal function for plant growth
and survival, significant research has been done on physiological and molecu-
lar bases of stomatal opening/closure as well as their eco-physiological and
environmental consequences (Assmann and Shimazaki 1999; Schroeder et al.
2001, 2001; Hetherington and Woodward 2003).

For developmental biology, stomata serve as a superb system to under-
stand cell-cell signaling, cell division, stem cell differentiation, cell polarity,
and cellular morphogenesis in plants. The steps leading to the differentiation
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of guard cells are uniquely coupled with specific types of cell divisions, the
reiterative asymmetric division of precursor stem cells and a single symmet-
ric division that generates a pair of guard cells. The simplicity and tractable
nature of the leaf epidermis makes the study of stomatal development tech-
nically amenable (Nadeau and Sack 2002; Bergmann et al. 2004). Recent
advances in model plant molecular genetics have begun to unravel how ge-
netic and environmental signals act in controlling stomatal patterning. In this
chapter, I will introduce the cellular processes of stomatal development with
emphasis on the model plant Arabidopsis, and provide the latest updates on
emerging cell-cell signaling mechanisms specifying the correct spacing and
differentiation of stomata. Potential interactions of cell-cell signaling with
intrinsic developmental regulators as well as environmental cues will be ex-
plored. Finally, future prospects on integrating cell cycle regulators in the
context of stomatal patterning will be presented.

2
Stomatal Development in Arabidopsis

Arabidopsis stomata are typically found in complexes with three subsidiary
cells, one being distinctly smaller than the others, surrounding a pair of
guard cells (Esau 1977; Zhao and Sack 1999; Serna and Fenoll 2000; Nadeau
and Sack 2002). These are characteristic “anisocytic” stomatal complexes
and are generated through stereotypical cell division patterns (Esau 1977).
Stomatal development initiates post-embryonically when populations of pro-
todermal cells, termed meristemoid mother cells (MMC), enter into asym-
metric division (Nadeau and Sack 2002). This initial asymmetric division
generates two daughter cells with distinct fates. The larger daughter cell
differentiates into an epidermal pavement cell. In contrast, the smaller daugh-
ter cell, termed a meristemoid, possesses stem-cell like characteristics, as
it continues to divide asymmetrically to renew itself over several rounds
of divisions (Nadeau and Sack 2002). Typically, meristemoids reiterate 3
rounds of asymmetric division. The repeated asymmetric division of meris-
temoids will be hereafter referred to as amplifying asymmetric division,
as each division increases the number of cells, which we termed stomatal-
lineage ground cells (SLGC), larger daughter cells that function as subsidiary
cells (Shpak et al. 2005). SLGCs are also referred to as “subsidiary cells”
or “pavement cells” in literature. The meristemoid then differentiates into
a round guard mother cell (GMC), which divides symmetrically once to
generate a pair of guard cells (Nadeau and Sack 2002). This results in an
anisocytic complex with three clonally-related subsidiary cells (Berger and
Altmann 2000; Serna et al. 2002). However, the number of asymmetric di-
visions as well as the clonal relationship among cells constituting the stom-
atal complex is plastic and variable. For example, a detailed clonal analysis
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of stomatal complexes in the adaxial epidermis of Arabidopsis Ler acces-
sion by Serna et al. (2002) revealed that, while the vast majority (87%)
of anisocytic stomatal complexes derived from single precursor cells, the
rest were of polyclonal origins. Geisler et al. (2000) reported that the num-
ber of asymmetric divisions in the Columbia accession varies from zero to
three. This plastic nature of stomatal ontogeny reflects a dynamic intrin-
sic developmental program that integrates external cues for adaptation and
survival. In fact, environmental factors, such as humidity and CO2 concentra-
tions, are known to affect stomatal density and patterning (Gray et al. 2000;
Lake et al. 2002).

Fig. 1 Stomatal development in Arabidopsis. A Cartoon showing the key steps of stomatal
differentiation. Undifferentiated cells in the protoderm can undergo either proliferative
division to form pavement cells or asymmetric division to initiate stomatal develop-
ment. Stage I: a subset of protodermal cells, a meristemoid mother cell (MMC) divides
asymmetrically and forms a self-renewing meristemoid that reiterate a few rounds of
asymmetric division. Stage II: the meristemoid then differentiates into a round, guard
mother cell (GMC). Stage III: the GMC undergoes a single symmetric division. Stage IV:
a pair of immature guard cells achieves final morphogenesis to form a functional stoma.
The amplifying asymmetric division of meristemoids generates surrounding stomatal-
lineage ground cells (SLGCs) that provide water and ions for stomatal opening and
closure. B A polarity of asymmetric division during satellite meristemoid formation. The
secondary asymmetric division occurs away from the existing stoma, thereby assuring
that two stomata are separated by at least one cell apart (1-cell spacing rule). Modified
from Torii (2006)
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The entire process of stomatal patterning and differentiation in Arabidop-
sis can be divided into the following four critical stages (Fig. 1A). Stage I
initiates the entry into the stomatal-lineage via emergence of MMCs (Stage
I-a) and commitment to reiterative asymmetric division (Stage I-b). Stage II
represents the differentiation of meristemoids into GMCs associated with the
loss of potential for asymmetric division. Stage III includes the acquisition
of symmetric division potential in GMCs, and finally Stage IV, or guard cell
morphogenesis, concludes the process of stomatal development (Fig. 1A).

Occasionally, SLGCs initiate asymmetric division and produce satellite
meristemoids (Fig. 1B). This secondary asymmetric division occurs in a non-
random fashon away from the existing stoma (Yang and Sack 1995; Geisler
et al. 2000, 2003; Nadeau and Sack 2002). As a consequence, stomata are sep-

Fig. 2 Stomatal patterning mutants. Shown are the DIC (differential interference contrast)
microscopy images of the abaxial rosette leaf epidermis of: A wild type; B tmm; C sdd1;
D yoda; E erecta erl1 erl2; F flp-1; G flp-7; and H fama. Images are taken under the same
magnification. A scale bar = 20 µm
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arated by at least one cell (known as the “one-cell spacing rule”) (Fig. 1B,
Fig. 2) (Nadeau and Sack 2002). Proper spacing is critical for physiological
functions of stomata, because guard cells must exchange water and ions (e.g.
K+ and Cl–) with surrounding subsidiary cells in order to open and close
(Assmann and Shimazaki 1999; Schroeder et al. 2001, 2001; Hetherington and
Woodward 2003). The observed, “one-cell spacing rule” indicates that the
newly forming meristemoid “knows” the location of pre-existing stoma and
avoids stomatal cluster formation by orienting the site of secondary asymmet-
ric division. This suggests the presence of cell–cell communication.

In the following sections, I will describe the cytological events during
stomatal differentiation and emerging roles of key regulatory genes of stom-
atal patterning.

3
Stage I-a: Entry Into Asymmetric Division

3.1
Regulation of Orientation and Frequency of Asymmetric Division

Thus far, no molecular markers have been reported for MMC identity. The
earliest cytological event that clearly distinguishes the MMC is the polariza-
tion of the cytoskeleton, which predicts the site of asymmetric division (Lucas
et al. 2005).

The orientation and frequency of the initial asymmetric divisions and
cell-cell interaction among the daughter cells determine the proper density
and spacing of stomata. Genes implicated in signal transduction play im-
portant roles in stomatal patterning. They include TOO MANY MOUTHS
(TMM), STOMATAL DENSITY AND DISTRIBUTION1 (SDD1), YODA (YDA),
and three ERECTA-family genes, ERECTA (ER), ERECTA-LIKE1 (ERL1), and
ERL2 (Table 1) (Berger and Altmann 2000; Nadeau and Sack 2002; Bergmann
et al. 2004; Shpak et al. 2005). Loss-of-function mutations in these genes
confer clustered stomata, thus violating the “1-cell spacing rule” (Fig. 2).
However, phenotypes of these mutants are not identical, suggesting that their
relationships are not simply linear.

TMM encodes a receptor-like protein with an extracellular leucine-rich re-
peat (LRR-RLP), which likely acts as a receptor for a positional cue that spec-
ifies the site of asymmetric division (Nadeau and Sack 2002). The phenotypes
of tmm mutant plants are organ-dependent and complex: the cotyledons and
leaves produce clustered stomata (Fig. 2B); the stems produce no stomata; and
pedicels exhibit a gradient of no stomata to stomatal clusters (Yang and Sack
1995; Geisler et al. 1998). This complex phenotype implies that TMM triggers
contrasting developmental events in a dosage-dependent manner and that
each organ requires a different dosage of TMM. Perhaps, TMM potentiates
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Table 1 Arabidopsis genes regulating stomatal development

Gene name AGI Gene Product (putative) Refs.
number

1: Genes regulating asymmetric division and stomatal patterning

ERECTA (ER) a,b At2g26330 LRR-receptor-like kinase (Shpak et al. 2005)
ERECTA-LIKE1 (ERL1) a,bAt5g62230 LRR-receptor-like kinase (Shpak et al. 2005)
ERECTA-LIKE2 (ERL2) a At5g07180 LRR-receptor-like kinase (Shpak et al. 2005)
STOMATAL DENSITY At1g04110 subtilicin-like (Berger & Altmann 2000;
AND DISTRIBUTION1 proteinase von Groll et al. 2002)
(SDD1) a

TOO MANY MOUTHS At1g80080 LRR-receptor protein (Yang and Sack 1995;
(TMM) a Nadeau and Sack 2002)
YODA (YDA) a At1g63700 MAPkinase kinase (Bergmann et al. 2004)

kinase

2: Genes regulating guard cell differentiation

FAMA a A3g24140 bHLH protein (Bergmann et al. 2004)
FOUR LIPS (FLP) a At1g14350 R2R3 Myb protein (Lei et al. 2005)
MYB88 b At2g02820 R2R3 Myb protein (Lei et al. 2005)

3: Genes regulating guard cell cytokinesis/morphogenesis

CYCLIN-DEPENDENT At3g54180 cyclin-dependent kinase (Boudolf et al. 2004)
KINASE B1;1 (CDKB1;1)
CYTOKINESIS NA NA (not cloned) (Yang et al. 1999)
DEFECTIVE1 (CYD1)
KEULE c At1g12360 Sec1 protein (Sollner et al. 2002)
STOMATAL At1g49040 DENN-WD40 protein (Fabel et al. 2003)
CYTOKINESIS
DEFECTIVE1 (SCD1) c

4: Genes mediating environmental control of stomatal density

HIGH CARBON At2g46720 Long-chain fatty acid (Gray et al. 2000)
DIOXIDE (HIC) biosynthesis

Notes: Genes are in alphabetical orders
a Photographic images provided in Fig. 2
b Phenotypes largely redundant. Combination of double (or triple) mutations

among closely related paralogs revealed synergistic interactions
c Weak- or temperature sensitive alleles show guard cell cytokinesis defects.

The defects in severe alleles are pleiotropic

the entry into the stomatal pathway at lower concentrations (e.g. in MMC),
but at high concentration (e.g. in meristemoids) TMM ensures guard cell dif-
ferentiation, while inhibiting its neighboring cells from further asymmetric
division.

SDD1 encodes a subtilicin-like putative extracytoplasmic protease (Berger
and Altmann 2000). In animals, this protease family is known to process pep-
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tidic ligands to a mature form (Cui et al. 1998). The sdd1 mutant exhibits
high stomatal density but with few stomatal clusters (Fig. 2C). This implies
that SDD1 may primarily regulate the frequency of initial asymmetric divi-
sion with lesser effects on specifying the orientation in relation to existing
stoma.

YDA encodes a putative mitogen activated protein kinase kinase kinase
(MAPKKK), a cytoplasmic protein kinase acting at the entry point of MAPK
cascades (Bergmann et al. 2004). In plants, animal, and fungi, MAPK cascades
integrate and amplify signals transmitted from the upstream cell-surface re-
ceptors and activate downstream gene expression in the nucleus to regulate
cellular processes. (Serger and Krebs 1995). Unlike tmm and sdd1, the yda
mutation is highly pleiotropic. yda was first reported as a mutation defective
in the initial asymmetric division of zygote with disrupted embryo pattern-
ing (Lukowitz et al. 2004). In addition, yda plants show severe dwarfism,
disrupted floral patterning, and male and female sterility (Lukowitz et al.
2004). The epidermis of yda leaves produces high-density stomatal clusters
(Bergmann et al. 2004). This phenotype is much more severe than in tmm
and sdd1 (Fig. 2D). YDA may act as an on-off switch to repress initial entry
into stomatal development when a cell receives a signal from its neighbors,
while TMM and SDD1 translate the signal gradient. Consistently, the overly-
active form of YDA (YDA∆NB) severely inhibits the onset of initial asymmet-
ric divisions, resulting in the epidermis consisting solely of pavement cells
(Bergmann et al. 2004).

Unexpectedly, the ERECTA-family genes were recently shown to play a role
in stomatal patterning. ERECTA is a well-known gene regulating plant archi-
tecture, in which loss-of-function mutation confers a characteristic compact
inflorescence with short pedicels and blunt fruits (Torii et al. 1996). ERECTA
encodes an LRR receptor-like kinase (LRR-RLK), a prevalent family of RLKs
that play important roles in developmental, steroid-hormone signal transduc-
tion, and defense against pathogens (Torii et al. 1996, 2004; Becraft 2002).
ERECTA and its two paralogous genes, ERL1 and ERL2, interact in a synergis-
tic manner in regulating stomatal patterning (Shpak et al. 2005). The erecta
erl1 erl2 triple loss-of-function mutations confer severe dwarfism, disrupted
floral patterning, male- and female sterility, and a high-density stomatal
clustering phenotype (Fig. 2E) (Shpak et al. 2004, 2005). Overall, these phe-
notypes highly resemble those of the yda single mutant, suggesting that the
YDA MAPK cascade may function downstream of ERECTA-family RLKs in
multiple developmental processes.

3.2
Genetic Interactions and Hierarchy of Signal Transduction

Studies of genetic interactions are now illuminating possible cell-cell signal
transduction mechanisms regulating stomatal patterning. The overexpres-
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sion of SDD1 inhibited the initial asymmetric division and reduced stomatal
density (von Groll et al. 2002). However, the effect was reversed by the tmm
mutation, thus placing TMM downstream of SDD1 (von Groll et al. 2002). The
simplest interpretation of these results is that the excessive production of ma-
ture ligands by overexpression of SDD1 overly inhibited entry into stomatal
development via the TMM receptor.

YDA most likely acts downstream of the SDD1-TMM pathway. A single
copy of YDA∆NB, which by itself does not completely inhibit the entry into
stomatal development, was able to suppress the stomatal cluster phenotype
of sdd1 and tmm (Bergmann et al. 2004). This indicates that a slight increase
in YDA activity was able to resume a normal level of signal transduction in
the absence of SDD1 or TMM. Perhaps, signals mediated via TMM are trans-
mitted to the YDA-MAPK cascades to suppress neighboring cells to enter the
stomatal-lineage.

TMM does not possess any cytoplasmic stretch (Nadeau and Sack 2002). In
fact, the TMM protein molecule ends with a 23 amino-acid-long membrane-
spanning region, suggesting that the C-terminal end of TMM does not extend
from the plasma membrane to the cytoplasm. In addition, the C-terminus of
TMM possesses a GPI (glycosylphosphatidylinositol)-anchor motif, suggest-
ing that TMM may be anchored to the membrane surface (Nadeau and Sack
2002). Such structural features make TMM unlikely to transmit signals by it-
self, and it is reasonable to speculate that TMM forms a receptor complex
with a partner molecule that possesses a cytoplasmic effector domain. Sci-
entists predicted that the partner of TMM would be an LRR-RLK, in light
of other systems such as CLAVATA (CLV) in shoot apical meristem develop-
ment, whereby CLV1 LRR-RLK is thought to form a receptor dimer with CLV2
LRR-RLP (Clark et al. 1997; Jeong et al. 1999).

The three ERECTA-family LRR-RLKs are attractive candidates of the TMM
partner. The genetic interaction of TMM and ERECTA-family by Shpak et al.
(2005) suggest that TMM may restrict the inhibitory action of ERECTA-
family RLKs on the initial entry into asymmetric division. This was evident
from their interactions in the stems. The tmm stems give rise to no stomata,
while the erecta erl1 erl2 stems form high-density stomatal clusters (Nadeau
and Sack 2002; Shpak et al. 2005). The epistatic relationship of TMM and
ERECTA-family genes in the stem epidermis exhibited stoiochiometric dy-
namics: While TMM is epistatic to each one of the ERECTA-family genes,
three ERECTA-family genes together are epistatic to TMM. Removing TMM
and two out of three ERECTA-family genes resumed nearly wild-type stom-
atal phenotype (Shpak et al. 2005). It is exciting to speculate that TMM
modulates the activity of ERECTA-family RLKs via direct association. How-
ever, in cotyledons and leaves, both tmm and erecta-family triple mutants
display stomatal clusters. Do they act cooperatively in these organs while
acting antagonistically in the stems? Establishing the molecular bases of re-
ceptor interactions and identifying their ligands is critical for elucidating the
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complex action of TMM and ERECTA-family receptors. By analogy to known
LRR-RLPs and LRR-RLKs, the ligands for TMM/ERECTA-family receptors are
most likely small peptides.

4
Stage I-b and II: Amplifying Asymmetric Division
and Differentiation of Meristemoids

The amplifying asymmetric division of a meristemoid occurs in an inward
spiral. Serna et al. (2002) documented that the division angle of meriste-
moids in the Ler adaxial leaf epidermis is exactly 60 degrees with little
deviation. Therefore, a newly formed, triangular-shaped meristemoid likely
re-establishes its polarity away from the polar end of the previous asymmet-
ric division. This implies the presence of a chemical gradient and a cellular
system to translate gradient to determine the site of cytokinesis. Lucas et al.
(2006) reported that it is common to have two adjacent meristemoids in
wild-type epidermis, given that the initial entry asymmetric division occurs
randomly. However, two adjacent meristemoids always divide away from each
other to avoid further contact. Such polarity is disrupted in the tmm mu-
tant, indicating that TMM functions in perceiving the positional cues during
amplifying asymmetric division.

Flexible numbers of amplifying asymmetric division allows developmen-
tal plasticity to adjust stomatal density in response to environmental changes.
Furthermore, it provides a way to “correct” erroneous division to avoid
clustered stomata. The number of amplifying asymmetric divisions may be
regulated by ERECTA-LIKE (ERL) genes. The pedicel epidermis of erl1 erl2
double mutants gave rise to stomatal complexes with reduced number of
SLGC (stomatal lineage ground cells), implying that the meristemoids com-
pleted reduced rounds of asymmetric division and precociously differentiated
into GMCs.

ERECTA-family regulates the binary decision of daughter cells of an asym-
metric division to adopt stomata vs. SLGC fates. Consistently, the epidermis
of erecta single mutant produced occasional patches of 2–3 cells that appear
to have undergone asymmetric division but failed to differentiate into guard
cells. Expression of stomatal-lineage markers, TMM::GUS and ERL1::GUS in
these groups of cells supports the hypothesis that both daughter cells be-
came SLGCs. The tmm mutation greatly enhanced this “patches of cells with
no stomata” phenotype. (Shpak et al. 2005). Indeed, the tmm erecta dou-
ble mutations completely eliminated stomata from cauline-leaf and carpel
epidermis, leaving numerous small cells that likely underwent asymmetric
division and then became SLGC without accompanying guard cells. (Shpak
et al. 2005). In both cases, termination of stomatal fate is likely due to mis-
regulation of ERL1, which becomes overly inhibitory in repressing GMC
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differentiation. Consistent with this hypothesis, the additional erl1 mutation
reversed the no-stomata phenotype of tmm erecta. Whether TMM regulates
ERL1 via direct association awaits further biochemical analysis.

A positive regulator of differentiation of a meristemoid has not yet been
identified. If such a gene exists, then the loss-of-function mutation may ex-
tend the lifespan of meristemoids’ stem cell-like activity, and consequently
mutant plants should exhibit excessive rounds of amplifying asymmetric di-
vision. If a default pathway of a meristemoid is to adopt pavement cell fate,
then the mutant plants lacking the positive regulator may form two pave-
ment cells after entry into asymmetric division, just like those observed in the
tmm erecta double mutant background (Shpak et al. 2005). Further isolation
of such mutants and molecular cloning of causal genes will help us elucidate
the molecular mechanisms of stem cell differentiation in the plant epidermis.

5
Stage VI: GMC Division – Intrinsic Regulation by Transcriptional Factors

Once the meristemoid commits to becoming a GMC, it loses its potential for
asymmetric division. GMC differentiation is evident from its changes in cel-
lular morphology. The triangular meristemoid cell expands and become oval
in shape with characteristic, end wall thickening (Lucas et al. 2006). The GMC
achieves, precisely, a single symmetric division. This reflects the fundamen-
tal importance of having a pair of guard cells for proper stomatal function.
Therefore, mechanisms must be present to ensure exactly one symmetric di-
vision occurs. Two genes, FOUR LIPS (FLP) and FAMA, prevent excessive
(more than one) symmetric division of the GMC (Bergmann et al. 2004; Lai
et al. 2005)

The flp-1 mutant was initially isolated from the phenotype of paired stom-
ata, which gives four aligned guard cells (Fig. 2F) (Lai et al. 2005). While ad-
jacent stomata are arranged randomly in stomatal patterning mutants (tmm,
sdd1, erecta-family, and yoda), paired stomata in flp are in parallel due to
their origin from a single GMC. In the severe allele flp-7, the GMC under-
goes reiterative symmetric divisions, which result in formation of a row of
“caterpillar-like” guard cell clusters (Fig. 2G). FLP encodes an atypical R2R3-
type Myb protein, which most likely functions as DNA-binding transcription
factor (Lai et al. 2005). Therefore, an attractive hypothesis is that FLP sup-
presses expression of positive regulators of cell cycle progression promoting
GMC division. Interestingly, both weak- (flp-1, flp-2) and severe alleles (flp-7)
are predicted to produce truncated proteins with incomplete Myb domains,
with weaker alleles producing shorter fragments than the severe one (Lai et al.
2005). This apparent discrepancy between the severity of phenotypes and im-
pacts on protein structure implies a dominant-negative activity of flp-7 gene
products, which may interfere with redundant components. Consistent with
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this idea, the T-DNA inserted knockout alleles of flp display weak phenotypes
(Lai et al. 2005).

The paralogous Myb gene, MYB88, is most likely the redundant fac-
tor. MYB88 shares high sequence identity (91% amino-acid identity in the
MYB domain, 71% overall) and exhibits similar expression pattern with FLP
(Lai et al. 2005). Interestingly, while complete loss-of-function mutations in
MYB88 failed to confer any visible phenotype, they dramatically enhanced the
size of “caterpillar-like” guard cell stacks in the flp mutant (Lai et al. 2005).
Moreover, introduction of an extra genomic copy of MYB88 with its own pro-
moter rescued the flp phenotype. The combined dosage of FLP/MYB88 may
be critical for guard cell differentiation.

FAMA was identified from transcriptional profiling as a gene upregu-
lated in yoda (in which the epidermis is predominantly stomata) com-
pared to YDA∆NB (in which the epidermis is predominantly pavement cells)
(Bergmann et al. 2004). The loss-of-function fama phenotype highly resem-
bles that of flp, suggesting that FAMA and FLP function in the same step
of GMC differentiation. However, unlike flp, the abnormal “caterpillar-like”
clusters in fama never form mature guard cells, suggesting that FAMA sup-
presses GMC division but in addition promotes the guard cell differentiation
program (Fig. 2H). FAMA encodes a bHLH (basic-Helix Loop Helix) protein
and most likely acts as a DNA- binding transcription factor.

The molecular identity of FLP and FAMA as Myb and bHLH transcription
factors highlights an intriguing link to underlying mechanisms of epider-
mal cell-type differentiation in leaves and roots. Differentiation of trichomes
and root hairs requires orchestrated actions of Myb transcriptional activa-
tors, which associate with bHLH proteins (Schiefelbein 2000, 2003). It would
be therefore of special interest to address whether FLP and FAMA physically
associate with each other and constitute a transcriptional regulatory complex.

6
Stage IV: Guard Cell Morphogenesis

The final stage of stomatal differentiation involves guard cell morphogenesis,
a step leading to the formation of paired guard cells. After a symmetric di-
vision of the GMC, the new cell wall forms along the side of division, which
develops a pore. The guard cells adopt a characteristic microtubule and mi-
crofibril organization (Hepler and Palevitz 1974). Defective cytokinesis leads
to abnormal guard cell morphology. The cytokinesis defective1 (cyd1) mu-
tant forms abnormal guard cells with various degrees of cytokinesis defects:
∼ 20% form a single, large round cell lacking any ventral wall or pore, ∼ 10%
have incomplete wall with pore, and ∼ 5% form a single round guard cell
with partial cell wall protrusions (Yang et al. 1999). These abnormal cells
are either single- or bi-nucleated, each correlating with the extent of cytoki-



354 K.U. Torii

netic defects (Yang et al. 1999). The molecular identity of CYD1 is not known.
The temperature-sensitive stomatal cytokinesis-defective1-1 (scd1-1) mutant
exhibits abnormal guard cells similar to the cyd1 mutant (Falbel et al. 2003).
SCD1 encodes a protein with two domains (DENN domain and WD-40 re-
peats), and these structural features imply a possible role for SCD1 in vesicle
trafficking during cell-plate formation. Consistently, the null alleles of scd1
exhibit pleiotropic defects in cytokinesis and polar cell expansion. There-
fore, abnormal guard cell morphology may be a sensitive indicator of general
cytokinesis defects, which can be exploited to recover weak alleles of key reg-
ulatory genes for cytokinesis. Consistently, the weak alleles of KNOLLE and
KEULE, two genes initially isolated as regulators of embryogenesis, display
abnormal stomatal morphology (Sollner et al. 2002). KNOLLE and KEULE
encode syntaxin and Sec1, respectively, two physically-interacting proteins
required for vesicle fusions at the nascent cell plate (Lukowitz et al. 1996;
Waizenegger et al. 2000). In addition to cytokinesis, the cell cycle defects may
confer abnormal guard cells (see below).

7
Cell Cycle Regulation in Stomatal Patterning

Stomatal patterning and differentiation is tightly coupled with specific types
of cell division: the initial asymmetric division of MMCs, the amplifying
asymmetric division of meristemoids, and a single symmetric division of
GMCs. In addition, genome replication is strictly controlled during stom-
atal development, as guard cells remain at 2C (diploid) unlike the rest of
epidermal cells that undergo endoreduplication (Melaragno et al. 1993). The
obvious questions are whether specific cell cycle regulators control distinct
cell division types during stomatal development and, if so, whether forcing
cell cycle switches can invoke/suppress stomatal development. Studies suggest
that cell cycle regulators may influence stomatal patterning, but they do not
impinge on stomatal differentiation.

The promoter of the Arabidopsis CTD1 gene, which encodes a subunit of
the DNA-replication licensing complex together with AtCDC6, is highly ac-
tive in stomatal-lineage cells (Castellano Mdel et al. 2004). The AtCTD1::GUS
promoter activity resembles that of TMM and ERL1, with highest activity in
meristemoids and GMCs, and moderate activity in SLGCs (Castellano Mdel
et al. 2004). Overexpression of AtCDT1 and AtCDC6 slightly increased the
numbers of stomata, but it did not lead to formation of adjacent stomata.
These results suggest that the DNA-replication licensing complex may pro-
mote stomatal asymmetric division and that forcing G1-to-S phase transition
may slightly increase the MMC specification. However, this is not sufficient to
overcome negative regulation by cell–cell signaling components encoded by
SDD1, TMM, YODA, and ERECTA-family genes.



Stomatal Patterning and Guard Cell Differentiation 355

Arabidopsis B-type cyclin-dependent kinase gene CDKB1,1 is also ex-
pressed in stomatal-lineage cells with high expression in meristemoids,
GMCs, and in guard cells (Boudolf et al. 2004). Overexpression of a dominant-
negative form of CDKB1,1 led to a significant reduction in SLGCs due to
reduced amplifying asymmetric division. Intriguingly, the mature stomata
in the dominant-negative transgenic plants exhibited aberrant morphology,
with unicellular round or kidney-shaped single guard cells without a pore
(Boudolf et al. 2004). These unicellular stomata have a nuclear content of 4C,
indicating that they are arrested in the G2 phase. Therefore, inhibition of
CDKB1,1 prevents division of both meristemoids and GMCs without interfer-
ing with the guard cell differentiation program.

How stomatal developmental regulatory genes influence cell cycle machin-
ery is an open question. At least four members of stomatal cell-cell signal
transduction, YDA and three ERECTA-family RLKs, are required for cell pro-
liferation during normal plant growth, as both yda and erecta erl1 erl2 triple
mutant plants are severely dwarfed with reduced cell numbers (Lukowitz et al.
2004; Shpak et al. 2004). Conversely, the overly-active YDA∆NB plants show
excessive stem elongation due to increased cell numbers (McAbee and Torii,
unpublished). How do YDA and three ERECTA-family RLKs promote cell pro-
liferation while suppressing entry into the stomatal lineage? RT-PCR analysis
of erecta erl1 erl2 triple mutant plants by Shpak et al. (2004) did not reveal
any increase in mRNA levels of G1-cyclins that are known to promote auxin-
mediated organ growth (Mizukami and Fischer 2000; Hu et al. 2003). It is
possible that cell proliferation is modulated by a mechanism other than G1-
cyclin expression. Better understanding of the exact cell cycle defects in these
mutants may link cell cycle regulation and stomatal patterning.

8
Environmental Control of Stomatal Patterning

Plants sense environmental changes and adjust stomatal density accordingly.
Numerous environmental factors, including light, humidity, drought, ozone,
and atmospheric CO2 concentrations affect stomatal density and/or stomatal
index (Holroyd et al. 2002). Among these factors, CO2 concentrations and
stomatal density show an inverse correlation in a wide variety of plant species
(Holroyd et al. 2002). How do plants integrate environmental signals to mod-
ulate intrinsic stomatal developmental programs? Identification of the HIGH
CARBON DIOXIDE (HIC) gene by Gray et al. (2000) brought new insight into
this important question. The Arabidopsis hic mutant has no apparent pheno-
type in ambient conditions. However, the hic mutant is greatly increased in
stomatal density (approx. 40% increase) under the elevated CO2 concentra-
tion (Gray et al. 2000). HIC encodes a putative 3-keto acyl Co-A synthase, an
enzyme regulating synthesis of very-long-chain fatty acids (VLCFA), which
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constitute epicuticular wax. HIC is expressed specifically in developing guard
cells (but not in the meristemoid or GMC).

Consistent with the role of HIC in epicuticular wax biosynthesis, mutations
in two additional epicuticular wax biosynthesis genes, CER1 and CER6, con-
fer significant increases in stomatal density even in the ambient CO2 levels
(Gray et al. 2000; Holroyd et al. 2002). Unlike HIC, CER1 and CER6 affect wax
composition in the entire epidermis, including pavement cells (Aarts et al.
1995; Fiebig et al. 2000). One scenario is that the altered composition in the
guard cell extracellular matrix changes the concentration gradient of a dif-
fusible inhibitor of stomatal development to neighboring cells. Under high
CO2 concentrations, altering wax composition only in the guard cells (but not
the entire epidermis) is sufficient to trigger excess stomatal formation. Ob-
viously, identifying the elusive diffusible signal is the key for understanding
environmental control of stomatal patterning.

9
Future Perspectives

Recent years have seen a dramatic advancement in our understanding of
molecular mechanisms of stomatal patterning and differentiation. The iden-
tification of SDD1, TMM, YODA, and ERECTA-family genes now allows us to
investigate the biochemical basis of stomatal cell-cell signaling. Establishing
molecular interactions among these signaling molecules is the obvious next
step. It would be particularly interesting to see whether TMM and ERECTA-
family RLKs form receptor heterodimers. However, several key regulatory
molecules are still missing. For example, we do not know the identity of lig-
ands or downstream MAPK components for stomatal patterning. Likewise,
nothing is known about the positive regulators, which specify meristemoid
identity as well as differentiation of meristemoids to GMCs. In animals, con-
trol of asymmetric division and cell-type differentiation is controlled by the
orchestrated actions of cell-cell signaling, cell division programs, and tran-
scription factors that drive the fate decision. Some key transcription factors
for stomatal differentiation may have yet to be discovered. An integrated ap-
proach, taking advantage of modern “omics” as well as classical forward- and
reverse genetics, may lead to a breakthrough in filling the gap in our know-
ledge of the molecular bases of stomatal development.

Updates: Since the original book chapter was submitted, four signifi-
cant publications have appeared. Wang et al. (2007) identified two MAPKs
(AtMPK3 and AtMPK6) and two upstream MAPKKs (AtMKK4/AtMKK5) as
redundant negative regulators of stomatal differentiation. Both biochemical
and genetic data indicate that these kinases act downstream of YODA. In-
terestingly, AtMPK3/6 and AtMKK4/5 are known to regulate environmental-
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and biotic (pathogen) stress. Findings by Wang et al. (2007) provide tantaliz-
ing evidence that both developmental and stress-induced signaling pathways
converge at the downstream MAPK cascades.

Second, a trio of genes directing three key steps of stomatal differentia-
tion was identified (MacAlister et al. 2007; Ohashi-Ito and Bergmann, 2006;
Pillitteri et al. 2007). Loss-of-function mutations in the gene SPEECHLESS
(SPCH) confer an epidermis solely made of pavement cells, thus lacking any
stomatal lineage cells. Loss-of-function mutations in MUTE lead to exces-
sive asymmetric division of the meristemoids that fail to differentiate into
GMC. Both SPCH and MUTE encode basic helix-loop-helix (bHLH) proteins
closely-related with each other as well as with FAMA. Therefore, stomatal dif-
ferentiation is directed by sequential actions of the three “key switch” bHLH
genes: SPCH at initiation (from MMCs to meristemoids), MUTE at precursor
differentiation (from meristemoids to GMCs), and FAMA at terminal differ-
entiation of guard cells (from GMCs to guard cells). The findings highlight an
intriguing parallel between stomatal cell-type differentiation and muscle- and
neuron cell-type differentiation in animals.
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