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Abstract The stoma is a micro valve found on aerial
plant organs that promotes gas exchange between the
atmosphere and the plant body. Each stoma is formed by a
strict cell lineage during the early stages of leaf develop-
ment. Molecular genetics research using the model plant
Arabidopsis has revealed the genes involved in stomatal
differentiation. Cysteine-rich secretory peptides of the
EPIDERMAL PATTERNING FACTOR-LIKE (EPFL)
family play crucial roles as extracellular signaling factors.
Stomatal development is orchestrated by the positive factor
STOMAGEN/EPFLY and the negative factors EPF1, EPF2,
and CHALLAH/EPFL6 in combination with multiple
receptors. EPF1 and EPF2 are produced in the stomatal
lineage cells of the epidermis, whereas STOMAGEN and
CHALLAH are derived from the inner tissues. These
findings highlight the complex cell-to-cell and intertissue
communications that regulate stomatal development. To
optimize gas exchange, particularly the balance between
the uptake of carbon dioxide (CO,) and loss of water,
plants control stomatal activity in response to environ-
mental conditions. The CO, level and light intensity
influence stomatal density. Plants sense environmental cues
in mature leaves and adjust the stomatal density of newly
forming leaves, indicating the involvement of long-dis-
tance systemic signaling. This review summarizes recent
research progress in the peptide signaling of stomatal
development and discusses the evolutionary model of the
signaling machinery.
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Introduction

The stoma, a micro valve found on aerial plant organs, is
responsible for gas exchange. It takes in carbon dioxide
(CO,) from the air and transpires moisture from the
plant body. A stoma consists of a pair of guard cells, each
having a lip-like shape and a pore between them.
“Stoma” (plural: stomata) is derived from the Greek term
meaning “mouth.” Although individual stomatal pores are
extremely small, for example ~25 um in Arabidopsis,
stomatal gas exchange in the aggregate affects global
water and carbon cycles [1]. Stomata allow CO, uptake to
provide a photosynthetic substrate necessary for plant
growth. However, water from the plant body can be lost
through the stomata. Therefore, the regulation of stomatal
function is extremely important to plant survival. Plants
use two types of stomatal regulation systems to adapt to
environmental conditions. One is a rapid-response system,
which involves the opening and closing of the stomata.
Various internal and environmental factors, such as
abscisic acid, Ca”, CO,, and blue light, are involved in
this mechanism [2, 3]. The other system is a longer-term
response, which involves the regulation of the number or
density of stomata [4, 5]. The number of stomata that
develop on new budding leaves can be modulated in
response to environmental signals, but the control of such
stomatal development is not fully understood.

During the past 10 years, molecular genetics research
using the model plant Arabidopsis has revealed the
genes involved in stomatal development [6, 7] (Table 1).
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Table 1 Extracellular signaling regulators of stomatal development in Arabidopsis

Gene (symbol) AGI code Protein Function  Reference
Signaling peptides
EPIDERMAL PATTERNING FACTOR 1 (EPFI) At2g20875  Secretory peptide Negative  [26]
EPIDERMAL PATTERNING FACTOR 2 (EPF2) Atlg34245  Secretory peptide Negative  [27, 28]
CHALLAH (CHAL/EPFL6) At2g30370  Secretory peptide Negative  [38]
STOMAGEN (STOMAGEN/EPFL9) At4g12970  Secretory peptide Positive [34-36]
Signaling receptors
ERECTA (ER) At2g26330  Leucine-rich repeat receptor-like kinase Negative  [31]
ERECTA LIKE 1 (ERLI) At5g62230  Leucine-rich repeat receptor-like kinase Negative  [31]
ERECTA LIKE 2 (ERL2) At5g07180  Leucine-rich repeat receptor-like kinase Negative  [31]
TOO MANY MOUTHS (TMM) At1g80080  Leucine-rich repeat receptor-like protein ~ Negative  [29, 30]
Protease
STOMATAL DENSITY AND DISTRIBUTION 1 (SDD1)  Atlg04110  Subtilisin-like protease Negative  [32, 33]

A series of studies has elucidated the presence of cell-to-
cell communication that regulates stomatal differentiation
[8]. It is believed that if stomata form adjacent to each
other, they cannot function efficiently [9]. To differentiate
stomata at appropriate densities and patterns, peptide
signaling sorts cells into those that will become stomata
and those that will become pavement cells. Once extra-
cellular signaling is recognized by cell surface receptors,
the mitogen-activated protein kinase (MAPK) cascade
within the cell becomes activated, thereby regulating the
transcription factors that promote stomatal development
[10, 11]. In this review, we summarize recent research
progress involving peptide signaling and environmental
responses to stomatal development.

Stomatal development in the model plant Arabidopsis
thaliana

Each stoma is formed from a protodermal cell, which is an
undifferentiated epidermal cell, through a strict cell lineage
in the very early stages of leaf development [9, 12] (Fig. 1).
First, the protodermal cell differentiates into a meristemoid
mother cell (MMC), and then it undergoes asymmetric
division to generate a small, triangular meristemoid and a
larger sister cell. This asymmetric division is called an entry
division because it is the first division necessary to enter the
stomatal lineage. The meristemoid has properties similar to
those of a stem cell, and it undergoes asymmetric division
up to three times to generate daughter cells. These steps are
collectively referred to as an amplifying division because
they amplify stomatal lineage cells. The meristemoid then
differentiates into a round-shaped guard mother cell
(GMC). The GMC undergoes symmetric division to gen-
erate a pair of guard cells (GCs), which constitute a stoma.
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The sister cell of a meristemoid cell is a stomatal lineage
ground cell (SLGC). The SLGC undergoes an asymmetric
division called a spacing division to generate a satellite
meristemoid, which does not contact a pre-existing stoma.
For this reason, a stoma is not directly adjacent to other
stomata. This is known as the “one cell spacing rule.” In the
early stages of differentiation, almost all cells are stomatal
lineage cells. As development progresses, it is believed that
most cells fall out of the stomatal lineage and become
pavement cells.

Progression of the cell lineage of stomata is regulated by
two classes of basic Helix-loop-Helix (bHLH) transcription
factors [13, 14]. One class contains three paralogous pro-
teins, SPEECHLESS (SPCH), MUTE, and FAMA, each of
which regulates a distinct step of stomatal development
(Fig. 1). SPCH functions in the first step of stomatal
development by regulating the differentiation of protoder-
mal cells [15]. The epidermis of the spch mutant has no
stoma but is occupied by pavement cells. Similarly, the
mute mutant has no stoma but contains aborted meristem-
oids that are formed by excessive amplifying divisions
[16]. Therefore, MUTE limits the frequency of asymmetric
division and promotes the differentiation of meristemoids
to GMCs. The third factor, FAMA, works in the final step
of stomatal formation [17]. In the fama mutant, stacks of
immature GCs exist that are formed by excessive division
of the GMC, instead of forming stomata. The roles of
FAMA involve carrying out one symmetric division of the
GMC and establishing GC identity. The level of these
bHLH proteins is strictly regulated at a distinct step of the
stomatal lineage, allowing them to perform their functions.
The second class of bHLH proteins contains SCREAM/
ICE1 (SCRM) and SCRM2. A gain-of-function allele of
the SCRM gene, scrm-D, results in an epidermis that is full
of stomata [18]. SCRM and SCRM2 genes are expressed
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Fig. 1 Stomatal development and cell-to-cell signaling in the Ara-
bidopsis leaf. During leaf development, the protodermal cell
differentiates into either a guard cell (GC) or a pavement cell. Three
paralogous bHLH transcription factors, SPEECHLESS (SPCH),
MUTE, and FAMA, regulate the progression of the stomatal lineage
sequentially. SPCH regulates the differentiation of protodermal cells
to meristemoid mother cells (MMCs). Subsequently, entry division
begins to produce stomatal lineage ground cells (SLGCs) and a
meristemoid (M), which is differentiated into the guard mother cell
(GMC) by MUTE. FAMA regulates the symmetric division of GMC

throughout the stomatal lineage, and their gene products
influence stomatal development by forming heterodimers
with SPCH, MUTE, or FAMA.

An MAPK cascade is known to be involved in the
signal transduction of stomatal development. A signaling
module consisting of YODA (YDA, a MAPK kinase
kinase), MKK4/5/7/9 (MAPK kinases), and MPK3/6
(MAPKSs) negatively regulates both MMC-to-meristemoid
and meristemoid-to-GMC transitions during stomatal
development [10, 19, 20]. The phosphorylation status of
SPCH in MMC is regulated by the MAPK cascade [11].
In contrast, a module consisting of YDA and MKK7/9
positively regulates the GMC-to-GC transition [20]. The
substrates of the MAPK cascades in meristemoids and
GMCs are not known. MAPK cascades have been shown
to mediate abiotic and biotic stress responses in plants
[21, 22]. It is possible that the MAPK cascade integrates
the developmental and environmental signals during sto-
matal development.

Negative feedback of stomatal development
within the epidermis

In recent years, it was discovered that peptide hormones
play an important role in plant morphogenesis [23, 24], and
this has become an active area of plant research. The cell-
to-cell signaling factors that function during stomatal
development are cysteine-rich secretory peptides that

to produce GCs (i.e., a stoma). Stomatal development is regulated by
cell-to-cell communication through signaling peptides including
stomagen, EPF1, and EPF2. Stomagen, which is derived from
internal tissues, positively regulates stomatal development at several
steps as indicated. EPF2 is produced mainly in the MMC to inhibit the
differentiation of protodermal cells into an MMC, whereas EPF1 is
produced mainly in the GMC to inhibit the differentiation of the M
into a GMC. EPF1 also regulates the direction of the spacing division
to produce the satellite meristemoid (SM)

belong to the EPIDERMAL PATTERNING FACTOR-
LIKE (EPFL) family [8, 25] (Fig. 2). EPF1 [26] and EPF2
[27, 28] have been identified as negative factors of stomatal
development (Fig. 1). Stomatal densities are elevated in
mutants that have defects in these peptides. Although the
amino acid sequences of EPF1 and EPF2 are similar, these
peptides exhibit distinct functions in stomatal develop-
ment: EPF2 regulates the differentiation of the protodermal
cell to the MMC, whereas EPF1 regulates the direction of
the spacing division that generates satellite meristemoids.
Consistent with their functions, EPF2 and EPF1 genes
have their own temporal and spatial expression patterns in
the stomatal lineage: EPF2 gene is expressed in MMCs and
early meristemoids, whereas EPF] gene is expressed in
GMCs and young GCs. Differentiation steps to generate
MMCs and GMCs are suppressed by overexpressing EPF1
and EPF2, respectively [27]. It is likely that the secreted
peptides repress the differentiation of adjacent cells by
negative feedback.

Putative receptors for the signaling peptides are the
receptor-like membrane protein TOO MANY MOUTHS
(TMM) [29, 30] and the ERECTA family (ERf) of recep-
tor-like kinases [31]. These receptors contain leucine-rich-
repeat motifs in their extracellular domains. The ERf is
composed of three members, ERECTA, ERL1, and ERL2,
each of which has distinct but overlapping functions in
stomatal development. TMM and ERf are thought to
associate with each other in the plasma membrane.
Because TMM lacks the cytosolic kinase domain,
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Fig. 2 The EPFL family of A 1 27 57 102
signaling peptides in
Arabidopsis. a Schematic STOMAGEN SP NTPP Mature domain
illustration of the domain
structure of STOMAGEN/ 20 aa
EPFL9, which is composed of
the signal peptide (SP), the
N-terminal propeptide (NTPP), B
and the mature domain. Amino Foo T TTTTTTTmTmT T ":
acid positions are indicated CC C C C cC
. EPF1 AGSRLPDC-SHACGSC~SPCRLVMVSFVCAS ~ == == mmmmmm e VEEAETCP === === e MAYKCMCNNKSYPVP -
above the structure. b Amino EPF2 TGSSLPDC-SYACGAC-SPCKRVMISFECS - mm oo mmmm e e VAESCS———==mmmmn VIYRCTCRGRYYHVPSRA
acid sequence alignment of EPFL7 SGSSIPDC-SNACGPC-KPCKLVVISSTCS = - ASEACP --LVYKCLCKGKYYHVPSLT
putative mature domains of the EPFL4 PGSSPPTC-RSKCGKC-QPCKPVHVPIQ - ~=PGLSMPLEYYP- e e e EAWRCKCGNKLFMP - -~
EPFL family. Identical amino EPFL5 PGSVPPMC-RLKCGKC-EPCKAVHVPIQ = ~PGLIMPLEYYPmm—mmmm e EAWRCKCGNKLFMP -~
i amly. ! CHALLAH LGSSPPRC-SSKCGRC-TPCKPVHVPVP - = mmmm e mmmmm e PGTPVTAEYYP- - e mmmm EAWRCKCGNKLYMP -~
acid residues are shaded in blue. EPFL1 LGSTPPSC-HNRCNNC-HPCMAIQVPTLPTRSRFTRVNPFSGGFVRPPSSLTTVLDQYSN-————— YKPMGWKCHCNGHFYNP————
Conserved cysteine residues EPFL2 IGSRPPRCERVRCRSC-GHCEAIQVPTNPQTKLHSPLTTSS ~— =~~~ SSSSETIHLDYTRGDDSTNYKPMSWKCKCGNS IYNP— -~
(C) are shaded in red. Three EPFL3 IGSKPPSC-EKKCYGC-EPCEATQFPTI === === m e mm e mmmm SSIPHLSPHYAN-—m—-— YQPEGWRCHCP————PP————
- ; : EPFLS MGSEPPVC-ATKCRNC-KPCLPYLFDIR - ~GAHDDDDDSEP - =~ YYPVKWICRCRDRVFEP -~~~
disulfide bridges of stomagen Stomagen IGSTAPTCTYNECRGCRYKCRAEQVPV = ~-GNDPINSAYH—==———mm e e YRCVCHR-——= == ===
are indicated by solid lines. The
putative pairs of additional
cysteine residues are linked by a c 53 EPF1 (At2g20875)
dotted line. Sequences are a9 EPF2 (At1g34245)

aligned by Clustal W.

¢ Phylogenetic tree of the EPFL

family. Bootstrap values for

1,000 replications are indicated

on each node. The phylogenetic 92

tree is constructed by a 92
neighbor-joining method using

the alignment in b with MEGA

version 4 software [49] 28

43
51
28

0.1

extracellular peptide signaling is transmitted into the cell
by the kinase domain of the ERf. TMM may support ERf
activity. The number of stomata on the leaf epidermis is
increased in mutants defective in TMM and ERf receptors,
indicating that they are also negative regulators.

A subtilisin-like protease, STOMATAL DENSITY
AND DISTRIBUTION 1 (SDD1), is also known as a
negative regulator of stomatal development. The sddl
mutant increases stomatal density and forms stomatal
clusters [32, 33]. SDDI1 is believed to proteolytically pro-
cess certain negative signaling factors, such as EPF1 and
EPF2. However, overexpression of each gene of EPF] and
EPF?2 in the sddl background reduced stomatal densities as
in wild-type plants, suggesting that function of these sig-
naling peptides is independent of SDD1 [26, 27]. It is
possible that negative signaling receptors (TMM and ERf)
are modulated by SDD1. Another possibility is that SDD1
exerts a negative effect on stomatal development by
degrading the positive regulator, stomagen, as shown
below.
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CHALJ/EPFL6 (At2930370)
EPFL4 (At4g14723)
EPFLS5 (At3g22820)
EPFLS (At1g80133)
EPFL1 (At5g10310)
EPFL3 (AB499312)

EPFL2 (At4g37810)
Stomagen/EPFL9
(Atdg12970)

Peptide signaling from the inside to regulate stomatal
development in the epidermis

In contrast to the factors above, STOMAGEN/EPFL9 has
recently been identified as a positive signaling factor for
stomatal development [34-36]. The mature form of STO-
MAGEN, defined as stomagen, is the C-terminal 45-amino-
acid peptide with three intramolecular disulfide bonds
(Fig. 2). In spite of their opposing functions, STOMAGEN
and EPFs belong to the same peptide family and have the
same conserved cysteine residues. Overexpression of the
STOMAGEN gene increases the number of stomata, and
suppression of the STOMAGEN gene decreases the number
of stomata. Treatment of Arabidopsis seedlings with
chemically synthesized stomagen can also induce the for-
mation of stomata. It has been revealed that the positive
signaling factor STOMAGEN also requires the negative
receptor TMM [35, 36]. This observation supports an
“agonist—antagonist” hypothesis in which the positive
peptide, STOMAGEN, and negative peptides, EPFs, act
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antagonistically on the same receptor(s) during the process
of stomatal development (Fig. 3). It has been shown that,
during angiogenesis in animals, the two highly homologous
molecules angiopoietin (ANG) 1 and ANG 2 bind antag-
onistically to the receptor Tie2, causing opposite actions
[37]. Signals acting antagonistically on the same receptor
have not been found in plants. For this reason, the control
of stomatal development with STOMAGEN and EPFs may
constitute a new regulatory system model in plants.

The STOMAGEN gene is expressed in the internal tissue
of plants but not in the epidermis where stomata are formed
[35, 36]. This means that the internal tissues regulate sto-
matal development in the epidermis through stomagen.
What is the physiological advantage of this intertissue
regulation? It has been shown that plants alter stomatal
density to adapt to environmental changes. Although neg-
ative feedback regulation can stabilize a certain stomatal
density in the epidermis as described above, it cannot
modulate stomatal density in response to environmental
changes. An intertissue regulation can modulate it inde-
pendently of epidermal cell conditions. The intertissue
regulation by stomagen might play a role in adjusting
stomatal density in response to environmental changes.

Recently, a member of the EPF peptide family CHAL-
LAH (CHAL/EPFL6) was also found to be produced in
internal tissues [38]. Overexpression of CHAL has a neg-
ative effect on stomatal development that is similar to the
effects of EPF1 and EPF2. CHAL function depends on the
receptor-like kinase (ERf), but not on the receptor-like
membrane protein (TMM). CHAL gene is expressed

Stomagen

|

MAPK cascade
TFs Stomatal
i development

Fig. 3 A model of the peptide signaling system during stomatal
development. Stomatal development is promoted by transcription
factors (TFs) in the absence of peptide signaling and MAPK cascade.
ERf and TMM form the negative receptor complex at the plasma
membrane. The negative signaling peptide EPFs and the positive
signaling peptide stomagen interact competitively with the receptor
complex. The kinase domain of ERf transmits negative signals to the
MAPK cascade, which represses the function of TFs. The molecular
function of the negative factor SDD1 is unknown

mainly in the hypocotyl and stem but not in the leaf or
cotyledon, suggesting that CHAL is involved in the organ-
specific regulation of stomatal development.

Environmental response of stomatal development

To optimize gas exchange, particularly the balance
between the uptake of CO, and loss of water, plants reg-
ulate stomatal activity in response to environmental
changes. Two kinds of stomatal regulation are recognized:
stomatal movement (opening and closing) and stomatal
density. The mechanism of stomatal movement has been
well studied [2, 3]. However, the molecular mechanisms
underlying stomatal density in response to environmental
conditions are poorly understood. Plants can modulate the
number of stomata on newly developing leaves in response
to environmental changes [4, 5] (Fig. 4). It has been
reported that stomatal density has decreased in various
types of plants as CO, concentration in the air has
increased since the Industrial Revolution [39]. In fact, the
stomatal densities of many plant species, including Ara-
bidopsis, have decreased in response to the increased CO,
concentration [40]. Another environmental factor that
influences stomatal development is light. Stomatal density
is increased by strong light irradiation [41]. Recently, it
was revealed that red light is responsible for an increase in
stomatal density. Moreover, genetic analysis has indicated
that the red-light photoreceptor phytochrome B and its
downstream transcription factor PHYTOCHROME
INTERACTING FACTOR 4 (PIF4) are involved in signal
transduction [42].

An Arabidopsis mutant has been identified that causes
defects in the response of stomatal density to CO,. The
high carbon dioxide (hic) mutant exhibits increased

1. Environmental cues
Light Co,
intensity concentration

i T W

P 1A

l‘ ‘-n \\

3 %
vv

4. Regulation of stomatal density

Leaf primordium

3. Systemic signaling

2. Signal perception

Fig. 4 Systemic signaling for stomatal development in response to
environmental conditions. The mature leaf perceives environmental
cues, such as light intensity or CO, level, to generate an unknown
systemic signal (X). The systemic signal migrates to the leaf
primordium, which alters stomatal density on the developing leaf
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stomatal density when grown in elevated levels of CO,
[43]. The HIC gene encodes the 3-ketoacyl-CoA synthase
involved in the elongation process of very long chain fatty
acids in wax biosynthesis. Because the HIC gene is
expressed specifically in stomata, it is suggested that a
failure of density regulation is caused by the alteration of
the stomatal permeability of a diffusible signal that regu-
lates stomatal development. Where do plants sense CO, for
stomatal development? One possible site that perceives
CO, is the stoma, although mesophyll cell is a main site
that assimilates CO, for photosynthesis. A double-mutant
plant in the f-carbonic anhydrases SCAl and fCA4 has
impaired CO,-regulated stomatal movement and has
increased stomatal density [44]. Specific expression of the
carbonic anhydrase gene in the stomata results in the
complement of mutant phenotypes, suggesting that CO,
sensing for stomatal development occurs in the stomata.
Systemic signaling has been suggested to be involved in
the regulation of stomatal density; plants sense CO, con-
centration or light intensity in mature leaves and regulate
stomatal density on the newly forming leaves [45-47]
(Fig. 4). Thus it is possible that plants sense CO, at sto-
mata of mature leaves to regulate the stomatal densities of
newly forming leaves. However, the factor(s) required for
systemic signaling are not fully resolved.

Evolutionary model of the signaling machinery
and future perspectives

A rigorous cell lineage of stomatal development is com-
prised of several steps, each of which is regulated by cell-
to-cell communication. As described above, understanding
of the genes involved in stomatal development has
increased. Many homologous genes, including signaling
peptides, receptors, and transcription factors, are involved
in each step, and each gene has a unique function. Based on
this fact, an evolutionary model of the signaling machinery
can be drawn. First, when a plant initially gains a stoma,
stomatal development is comprised of a single step with
negative signaling (Fig. 5a). For more sophisticated regu-
lation, plants utilize a positive peptide, such as stomagen
(Fig. 5b). It is assumed that STOMAGEN evolved from the
negative peptide factors through gene duplication and then
alteration of function. Although orthologs of STOMAGEN
are present in a fern (Selaginella moellendorffii), none have
been found in mosses [36].

The evolutionary transition of plants from aquatic to
terrestrial environments presented a number of challenges.
One adaption to terrestrial conditions was gaining the
ability to adjust stomatal density. It is possible that by
duplication and modification of the simple lateral inhibi-
tion module with its positive and negative signals, plants
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Fig. 5 An evolutionary model of the signaling machinery of stomatal
development. a A possible ancestral signaling system in stomatal
development. Stomatal development is promoted by the transcription
factor (TF). The negative signaling peptide (NP) is perceived by the
cell-surface receptor complex (RC), which represses the function of
the TF. b Duplication of the signaling peptide. The positive signaling
peptide (PP) may be generated by gene duplication of NP and
subsequent conversion of negative activity to positive activity. The PP
may bind competitively to the RC, but it loses signal transmission
activity. ¢ Duplication of the signaling system resulting in multiple
steps of stomatal development. Each of the regulatory factors, NP,
RC, and TF, is duplicated and subsequently acquires a distinct
function. Stomagen is the only known PP so far

evolved a stomatal developmental system with multiple
regulatory modules able to more finely adjust the density
and pattern of stomata in response to their environment
(Fig. 5¢). FAMA is considered the most basic transcrip-
tion factor that establishes the identity of a guard cell.
The moss Physcomitrella patens, one of the oldest ter-
restrial plants with stomata, has two FAMA-like genes,
although neither SPCH gene nor MUTE gene was dis-
covered in the moss genome [48]. Genome analyses of
various plants would enable us to trace the changes in
stomatal regulator genes and to determine how stomatal
development has evolved. Further research is also
required to elucidate how stomatal regulators are con-
trolled during environmental responses to optimize gas
exchange.
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