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Abstract

Plant leaves consist of three layers, including epidermis, mesophyll and vascular tissues. Their development is meticulously
orchestrated. Stomata are the specified structures on the epidermis for uptake of carbon dioxide (CO,) while release of water
vapour and oxygen (O,), and thus play essential roles in regulation of plant photosynthesis and water use efficiency. To
function efficiently, stomatal formation must coordinate with the development of other epidermal cell types, such as pave-
ment cell and trichome, and tissues of other layers, such as mesophyll and leaf vein. This review summarizes the regulation
of stomatal development in three dimensions (3D). In the epidermis, specific stomatal transcription factors determine cell
fate transitions and also activate a ligand-receptor- MITOGEN-ACTIVATED PROTEIN KINASE (MAPK) signaling for
ensuring proper stomatal density and patterning. This forms the core regulation network of stomatal development, which
integrates various environmental cues and phytohormone signals to modulate stomatal production. Under the epidermis,
mesophyll, endodermis of hypocotyl and inflorescence stem, and veins in grasses secrete mobile signals to influence stoma-
tal formation in the epidermis. In addition, long-distance signals which may include phytohormones, RNAs, peptides and
proteins originated from other plant organs modulate stomatal development, enabling plants to systematically adapt to the
ever changing environment.

Key message
Understanding the molecular regulation of stomatal development from a three-dimensionalperspective.
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Introduction

Plant leaves develop from primordia which consist of three
distinct cell layers that give rise to the epidermis, meso-
phyll, and vascular tissues (Becraft 1999). The epidermis
contains three main cell types including jigsaw-puzzle-
shaped pavement cells, trichomes and stomata which are
adjustable valves consisting of a pair of guard cells (GCs)
flanking a pore. Stomata are essential for regulation of plant
photosynthesis and water use efficiency, since their open-
ing and closure driven by cell turgor are central for uptake
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of CO, while release of water vapour and O,. The stomata
of most plants are formed by a pair of kidney-shaped GCs
(Fig. 1A). By contrast, grasses produce a pair of dumbbell-
shaped GCs flanked by dome-shaped or triangular-shaped
lateral subsidiary cells (SCs) which enable more rapid sto-
matal movement in response to intrinsic and extrinsic sig-
nals (Fig. 1B). In the dicot plant Arabidopsis and tomato,
stomata are composed of a pair of kidney-shaped GCs and
distributed on the leaf epidermis randomly (Fig. 1A). They
are produced from a subset of protodermal cells which gain
the meristemoid mother cell (MMC) fate and then initiate
the stomatal development through undergoing asymmetric
cell division, producing a meristemoid cell (M) and a sto-
matal lineage ground cell (SLGC). The M can self renew
by asymmetric cell divisions, which produce more SLGCs,
and then differentiates into a guard mother cell (GMC). The
GMC undergoes symmetric cell division, producing paired
GCs. The SLGCs usually differentiate into pavement cells,
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Fig.1 Stomata in the leaf epidermis of Arabidopsis thaliana and
grasses. A Arabidopsis stomata are composed of paired, kidney-
shaped GCs. They are scattered in the epidermis. B Grass stomata are
composed of paired, dumbbell-shaped GCs flanked by dome-shaped
or triangular-shaped lateral subsidiary cells. They are formed in cell
files adjacent to veins. C Developmental trajectory of Arabidopsis
stomata. Multiple, dispersed protodermal cells on the leaf obtained
the MMC fate (light orange). MMC undergoes asymmetric cell divi-
sion, producing a small M (orange) and a large SLGC. The M can
self-renew and finally differentiates into GMC (yellow). GMC divides
symmetrically once, producing paired GCs (green). The SLGCs can

but the newly formed SLGCs can also undergo asymmetric
division away from preexisting stomata or stomatal precur-
sors to produce meristemoid cells which finally differentiate
into stomata, resulting in two adjacent stomata are spaced
by at least of one none-stomatal cell (Fig. 1C) (Bergmann
and Sack 2007; Lau and Bergmann 2012; Pillitteri and Torii
2012; Pillitteri and Dong 2013; Han and Torii 2016; Ortega
et al. 2019).

In grasses, including Brachypodium, barley, wheat, rice and
maize, stomata are differentiated toward leaf tip with the same
orientation in specific files arranged parallelly on both sides
of the leaf vein (Fig. 1B). Stomatal cell files are established
with unknown mechanisms early in the leaf base and cells
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either differentiate into pavement cells or initiate stomatal develop-
ment away from pre-existing stomata or stomatal precursors, mak-
ing stomatal development obeys the one-cell-spacing rule. D Devel-
opmental trajectory of grass stomata. Certain cell files flanking leaf
veins gain the fate of stomatal file (light orange). Cells within sto-
matal file divide asymmetrically, producing early GMCs (orange)
toward leaf tip. Late GMCs (yellow) induce SMCs (light blue) to
divide asymmetrically, producing SCs (blue) toward GMC. Then,
late GMCs divide symmetrically once to produce paired GCs (green),
finally forming the four-celled stomatal complex

within them undergo asymmetric cell divisions to produce
early GMCs toward leaf tip. Then, GMCs mature and induce
their lateral subsidiary mother cells (SMCs) to divide asym-
metrically, producing subsidiary cells (SCs). After recruitment
of SCs, GMC:s divide symmetrically to produce a pair of GCs
(Fig. 1D) (McKown and Bergmann 2020; Nunes et al. 2020).
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Epidermis originated signals regulate
stomatal development

In Arabidopsis, the successive MMC-M-GMC-GC cell
fate specifications are determined by three closely related
basic helix—loop—helix (bHLH) transcription factors,
SPEECHLESS (SPCH), MUTE and FAMA, respectively.
They form heterodimer with two paralogous bHLH-leu-
cine zipper transcription factors SCREAM (SCRM)/ICE1
(inducer of CBF expression 1) and SCRM?2 and recruit
RNA polymerase II (Pol II) complex to promote stoma-
tal cell fate transitions (Zhou and Lau 2021; Han et al.
2021; Ohashi-Ito and Bergmann 2006; MacAlister et al.
2007; Pillitteri et al. 2007; Kanaoka et al. 2008; Chen et al.
2016a, 2021). The MYB transcription factor FOUR LIPS
(FLP) is also proved to interact with SCRM and function
redundantly with MUTE and FAMA in the differentiation
of GMC and GC, respectively (Lai et al. 2005; Lee et al.
2014; Li et al. 2023) (Fig. 2A). Stomatal cell-fate transi-
tion and cell cycle progression are closely connected, and
several specific cell cycle components have been found to
play key roles in the process, such as CDKB1 (B-type Cyc-
lin-Dependent Kinase 1), CDKA (A-type CDK), CYCA2
(A-type cyclin 2), CYCD3 (D-type cyclin 3), CYCD7
(D-type cyclin 7), SMR4 (STAMESE RELATED 4) and
CYCDS;1 (D-type cyclin 5;1) (Vanneste et al. 2011; Yang
et al. 2014b, 2019; Boudolf et al. 2004; Han et al. 2018a,
2022; Weimer et al. 2018). In addition, stomatal transcrip-
tome and chromatin accessibility are greatly changed dur-
ing stomatal lineage progression (Adrian et al. 2015; Lee
et al. 2019; Kim et al. 2022; Wallner et al. 2024; Liu et al.
2020). For a more comprehensive overview of the differ-
ences in stomatal cell identities and the linkage between
stomatal development and cell cycle, readers may refer to
the recent excellent reviews (Han and Torii 2019; Smit and
Bergmann 2023).

SPCH is the most early regulator of stomatal develop-
ment and acts as a molecular switch to initiate the sto-
matal lineage (Horst et al. 2015). SPCH activates the
expression of itself and SCRMs, and then partners with
SCRMs to further activate the expression of themselves,
thus constituting a positive feedback loop for promoting
the specification of stomatal-lineage fate (Lau et al. 2014;
Horst et al. 2015). Concurrently, SPCH also activates the
expression of EPIDERMAL PATTERNING FACTOR-
LIKE (EPFL) peptide EPF2, leucine-rich repeat recep-
tor-like protein TOO MANY MOUTHS (TMM) and the
ERECTA (ER) family (ERf) of receptor-like kinases (Lau
et al. 2014; Horst et al. 2015). EPF2 is co-expressed with
SPCH in MMCs and early meristemoid cells and perceived
by a receptor complex consisting of TMM, ERf and the
SOMATIC EMBRYOGENESIS RECEPTOR KINASEs

(SERKSs). Genetic analysis indicated that EPF2 is mainly
detected by ER, which activates a MAPK signal trans-
duction cascade consisting of YODA (YDA)/MAPKKK,
four MAPKKs (MKK4/5/7/9) and two MAPKs (MPK3/6).
Activated MPK3/6 then phosphorylates SPCH-SCRMs,
leading to the degradation of SPCH-SCRMs and thus inhi-
bition of SPCH-SCRMs activity (Nadeau and Sack 2002;
Shpak et al. 2005; Hara et al. 2009; Hunt and Gray 2009;
Lee et al. 2012; Bergmann et al. 2004; Gray and Heth-
erington 2004; Wang et al. 2007; Lampard et al. 2008,
2009). Therefore, EPF2-TMM-ERf-MAPK cascade con-
stitutes an autocrine negative feedback loop for repression
of stomatal lineage initiation (Fig. 2A).

Another small secreted peptide EPF1, which is specifi-
cally expressed in late M, GMC and immature GC, is mainly
recognized by ERf receptor ER-like 1 (ERL1) which is a
direct target of MUTE and co-expressed with MUTE in late
M and GMC (Hara et al. 2007; Lee et al. 2012). MUTE
upregulates ERLIexpression while EPF1-ERL1 suppress
the activity of MUTE through the YDA MAPK cascade in
turn, thus constituting a autocrine negative feedback loop
for determination of GMC fate (Qi et al. 2017). Both EPF2
and EPFI are also paracrine factors perceived by TMM-
ERf-SERKSs receptors expressed in the neighboring SLGC
to repress stomatal formation. In addition, the peptide
CLAVATA3/ESR-RELATED 9/10 (CLE9/10) which is
also expressed in stomatal lineage cells is detected by the
receptor HAESA-LIKE 1 (HSL1) which recruits SERKSs as
co-receptors to negatively regulate stomatal development by
destabilizing SPCH (Qian et al. 2018) (Fig. 2A).

Plant hormones and environmental cues function on the
epidermis to influence stomatal development by modulat-
ing the activity of stomatal signaling components (Chen
2023; Chen et al. 2020; Han et al. 2021; Le et al. 2014a,
b) (Fig. 2A). The concentration of the auxin is dynami-
cally changed during stomatal development and a decrease
in auxin level in meristemoid cells is required for acquisi-
tion of GMC fate (Le et al. 2014a, b). Auxin also nega-
tively regulates stomatal development by inhibiting AUXIN
RESISTANT3 (AXR3) /IAA17 which is an auxin signaling
repressor that promotes stomatal formation upstream of the
YDA MAPK cascade (Balcerowicz et al. 2014). Cytokinin
(CK) can induce the expression of SPCH and manipulation
of CK levels affects epidermal cell division activity and sto-
matal production. The direct targets of SPCH also include
ARABIDOPSIS RESPONSE REGULATOR 16 (ARRI16), a
type-A ARR that negatively regulates CK response, and
CLEY/10, a stomatal lineage cell expressed small peptide
that can repress type-A ARRs. ARR16/17 and CLE9/10
function counteractively to influence the CK sensitivity in
meristemoid cells and SLGCs, thus determining the prolif-
erative ability of these cells combined with SPCH activity
(Vaten et al. 2018).
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Abscisic acid (ABA) which accumulates during drought
is sensed by its receptors including protein phosphatases
type 2C (PP2Cs) and three SNF1-related protein kinases
(SnRK2s), resulting in relieving the suppression of the
SnRK2s by PP2C (Cutler et al. 2010). SnRK?2s are present
in the stomatal precursors and the ABA-activated SnRK2s
then directly phosphorylate SPCH, leading to SPCH degra-
dation and thus inhibiting stomatal production (Yang et al.
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2022). Brassinosteroid (BR) regulates stomatal development
by inactivation of BR INSENSITIVE2 (BIN2), a key nega-
tive regulator of BR signaling. BIN2 phosphorylates SPCH
in the nucleus, triggering SPCH degradation (Gudesblat
et al. 2012). BIN2 also activates YDA-MAPK cascade by
phosphorylating YDA and MKK4 (Kim et al. 2012; Khan
et al. 2013). In addition, BIN2 phosphorylates POLAR
which functions as a scaffold that localizes polarly in the
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«Fig.2 Molecular regulation of stomatal development in the epi-
dermis of Arabidopsis thaliana and grasses. A In Arabidopsis, the
successive MMC-M-GMC-GC cell fate specifications are deter-
mined by transcription factors, SPCH-SCRM, MUTE-SCRM-FLP
and FAMA-SCRM-FLP, which form complex with Pol II. Upstream
of these transcription factors is the YDA-MKK4/5/7/9-MPK3/6
cascade which is repressed by the receptor complexes TMM-ERf-
SERKSs, which recognizes EPFL peptides, and HSL1-SERKSs, which
recognizes CLE9/10 peptides. This constitutes the central signal-
ing network of stomatal development, which integrates various plant
hormone signals and environmental stimulus. The phytohormone
signals and environmental cues integrated by the YDA-MAPK cas-
cade influence each step of stomatal development, and they are not
redundantly shown in the figure. The question mark indicates uni-
dentified upstream signals mediated by YDA-MKK?7/9-MPK3/6 that
promote GMC differentiation. B Key transcription factors regulating
grass stomatal cell fate transitions. OsSPCHs, OsSCRMs, OsSHRs,
OsSCRs, BASPCHs or BdSCRM functions in establishing the fate of
stomatal file. OsSPCHs, OsSCRMs, BASPCHs or BdSCRM functions
in initiating the asymmetric cell divisions within stomatal file, pro-
ducing early GMCs. OsMUTE, ZmMUTE, BAMUTE or BdFAMA pro-
motes the differentiation of early GMCs into late GMCs, and initiates
the asymmetric cell divisions of SMCs to produce SCs. OsFAMA,
OsFLP, BdASCRM?2 or BAdFAMA promotes early GCs to differentiate
into mature GCs. The question mark indicates unidentified regulators
determining GMC to GC fate transition

cell periphery and directs stomatal asymmetric cell divi-
sion, leading to the stabilization of POLAR at the plasma
membrane and subsequent polarized co-localization of BIN2
with POLAR. This thereby attenuates nuclear BIN2 medi-
ated SPCH instability, thus promoting stomatal asymmetric
cell division (Houbaert et al. 2018; Guo et al. 2021). Jas-
monate represses stomatal production and its signaling func-
tions upstream of stomatal key transcription factors (Han
et al. 2018b).

Light signals promote stomatal formation by inhibiting its
key signaling component RING E3 ubiquitin ligase CON-
STITUTIVE PHOTOMORPHOGENIC 1 (COP1) which
functions genetically upstream of YDA (Kang et al. 2009)
and represses stomatal development through directly stimu-
lating the degradation of SCRM in the dark (Lee et al. 2017).
In addition, red light can induce the expression of GATA
factors of the B-subfamily (B-GATA) transcription factors
which directly promotes SPCH expression, thus positively
regulating stomatal development (Klermund et al. 2016).
Carbon dioxide (CO,) represses stomatal formation pri-
marily by inducing the expression of CO2 RESPONSIVE
SECRETED PROTEASE (CRSP) which promotes the
maturation of EPF2 (Engineer et al. 2014). The heat-stress
induces the accumulation of PHYTOCHROME-INTER-
ACTING FACTOR 4 (PIF4) which directly repress SPCH
expression and also enhances the activity of HEAT SHOCK
PROTEINS 90 (HSP90s) which interacts with YDA and
promotes the YDA MAPK cascade mediated phosphoryla-
tion and degredation of SPCH, thereby inhibiting stomatal
production by suppressing SPCH at both transcriptional and

translational level (Lau et al. 2018; Samakovli et al. 2020).
Osmotic stress down-regulates SPCH protein level through
the YDA MAPK cascade, resulting in reduced stomatal den-
sity (Kumari et al. 2014). Sucrose induces the accumulation
of KIN10, one a-catalytic subunit of a central energy-sensor
kinase SnRK1, in the nucleus of stomatal precursors, where
KIN10 stabilizes SPCH by phosphorylation (Han et al.
2020). Therefore, sucrose promotes stomatal initiation. The
molecules hydrogen peroxide (H,0,), nitric oxide (NO),
carbon monoxide (CO) and hydrogen sulfide (H,S) have
also been found to be involved in stomatal development.
H,0, is enriched in meristemoids and promotes stomatal
development by inducing the nuclear localization of KIN10
(Shi et al. 2022). NO restricts GMC division by modulat-
ing the accumulation of aminocyclopropane-1-carboxylic
acid (ACC), a ethylene precursor promoting the symmetric
division of GMCs (Zhou et al. 2023; Yin et al. 2019). CO
positively regulates stomatal formation by inhibiting EPF2
expression while H,S functions downstream of jasmonate
signaling and upstream of SPCH to repress stomatal initia-
tion (Weng et al. 2022; Deng et al. 2020).

It has been found that MicroRNAs (miRNAs) are
involved in stomatal development and stomatal lineage cells
express a large number of miRNAs (Kutter et al. 2007; Yang
et al. 2014a; Zhu et al. 2020). However, their targets remain
largely unknown. Stomatal pores are also main gates of plant
for resisting pathogen invasion. Pathogens can release effec-
tors to influence stomatal development for facilitating their
invasion. For example, the pathogen Pseudomonas syringae
releases the effector HopA1l which specifically inactivates
MPK3/6, resulting in stomatal clustering (Kim et al. 2012;
Zhang et al. 2007). The pathogen P. syringae pv. tomato
(Pst), as well, releases two effector proteins, AvrPto and
AvrPtoB, which disrupts the stomatal receptor SERKSs, lead-
ing to defective stomatal development (Meng et al. 2015).

Compared with Arabidopsis, stomatal complexes in
grasses are more sophisticated in composition and forma-
tion and very little is known about the mechanisms under-
lying their development. It has been found that some key
stomatal regulators have conserved functions and some also
obtained expanded roles. OsSPCHs, OsSCRMs, OsSHRs,
OsSCRs, BdSPCHs or BASCRM functions in establishing
the fate of stomatal file. OsSPCHs, OsSCRMs, BASPCHs
or BASCRM initiates the asymmetric cell divisions within
stomatal file, producing early GMCs (Raissig et al. 2016;
Wu et al. 2019). OsMUTE/ZmMUTE determines the GMC
fate in rice or maize (Wang et al. 2019; Wu et al. 2019).
Moreover, OsMUTE/ZmMUTE/BAMUTE which is spe-
cifically expressed in GMCs can move into lateral SMCs
to induce SCs formation (Wang et al. 2019; Raissig et al.
2017). BAFAMA/OsFAMA and BASCRM?2 are found to con-
trol the GC specification in Brachypodium or rice (McK-
own et al. 2023; Liu et al. 2009; Wu et al. 2019). BAFAMA
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also functions redundantly with BAMUTE to promote GMC
fate in Brachypodium (McKown et al. 2023). Addition-
ally, OsFLP is involved in GC development (Wu et al. 2019;
Zhang et al. 2022). It has been reported that BdYDA pro-
motes correct stomatal spacing patterns and that the homo-
logues of EPF1/2 and STOMAGEN in rice, barely, wheat
and Brachypodium are involved in stomatal development (Lu
et al. 2019; Jangra et al. 2021; Caine et al. 2019; Hughes
et al. 2017; Abrash et al. 2018). However, whether they func-
tion via the mechanism similar to that of their Arabidopsis
homologues is unknown.

Mesophyll originated signals regulate
stomatal development

STOMAGEN, also named EPFLOY, is a small peptide
secreted by mesophyll cells and positively regulates stoma-
tal development on the epidermis (Hunt et al. 2010; Kondo
et al. 2010; Sugano et al. 2010). STOMAGEN competes
with EPF2 for binding the ER-TMM receptors, which does
not activate the downstream YDA MAPK cascade (Lee
et al. 2015; Jewaria et al. 2013). Therefore, STOMAGEN
promotes stomatal production by preventing the inhibitory

Fig.3 Shoot mesophyll and
endodermis secrete regulators
into epidermis for modulat-

ing stomatal development in
Arabidopsis thaliana. The
endodermis of hypocotyl and
inflorescence stem secretes the
peptide EPFL6 into the epider-
mis, which represses stomatal
development mainly by activat-
ing ERf receptors. This process
is dampened by the receptor
TMM. The mesophyll secretes
the peptide STOMAGEN into
the epidermis, which promotes
stomatal production by elimi-
nating the suppression effects
of EPF2. The mesophyll also
secretes the transcription factor
AN3 to promote the epidermal

Y1)

cell division. Both STOMA- light
GEN and AN3 respond to light A /
signals. The question mark ‘TJ e
indicates unidentified regula- P
tors secreted by mesophyll to E
regulate stomatal development
in the epidermis
STOMAGEN
AN3
?
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effects of EPF2. To date, there is no other mesophyll cells
secreted peptide like STOMAGEN has been identified, and
STOMAGEN acts as a central mobile signaling molecule
for integrating light and auxin signals in mesophyll to
modulate stomatal development on the epidermis (Fig. 2A
and Fig. 3). Light irradiation increases the accumulation
of the bZIP transcription factor ELONGATED HYPOCO-
TYL 5 (HYS), a central light signal regulator promoting
plant photomorphogenesis, by inactivation of COP1 which
mediates HYS ubiquitination and degradation. HY5 can
directly bind to the promoter of STOMAGEN and promote
the expression of STOMAGEN (Wang et al. 2021). There-
fore, light signals also promote stomatal formation by
triggering HYS mediated activation of STOMAGEN tran-
scription in mesophyll cells. In contrast, the expression
of STOMAGEN is directly repressed by auxin response
factor 5 (ARF5)/MONOPTEROS (MP), a key transcrip-
tion factor of auxin signaling. Auxin binds to its receptors
and subsequent triggers the ubiquitination and degradation
of AUXIN/INDOLE-3-ACETIC ACID (AUX/IAAs) pro-
teins, relieving the suppression of ARF5 by AUX/IAAs.
Thus, auxin can also inhibit stomatal development by acti-
vating ARFS5 in the mesophyll (Zhang et al. 2014).
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Transcription factor ANGUSTIFOLIA3 (AN3) is another
factor that enables mesophyll cells to modulate stomatal
production on the epidermis (Fig. 3). AN3 is expressed in
mesophyll cells but its protein AN3 moves into epidermal
cells where it promotes stomatal production by directly
inhibiting the expression of YDA (Kawade et al. 2013; Meng
and Yao 2015). The expression of AN3 and the accumula-
tion of AN3 protein are induced by light, and AN3 directly
represses COPlexpression (Meng et al. 2018), suggesting
that AN3 is also a key point linking light signaling to sto-
matal development.

Endodermis originated signals regulate
stomatal development in hypocotyls
and stem

Mutations in the receptor TMM not only cause excess clus-
tered stomata in leaves, but also confer the elimination of
stomata from hypocotyls and stems (Yang and Sack 1995;
Bhave et al. 2009), highlighting tissue specific regulation
of stomatal development. Through a genetic screen of sup-
pressors that could produce stomata in tmm background,
the challah-1 (chal-1) mutation was identified (Abrash and
Bergmann 2010). CHAL encodes EPFL6 and is specifi-
cally expressed in the endodermis of hypocotyls and inflo-
rescence stem (Abrash and Bergmann 2010; Uchida et al.
2012). EPFL6 is secreted into epidermal cells to inhibit
stomatal development by activating ERf receptors (Fig. 2A
and Fig. 3). TMM dampens EPFL6 signaling (Abrash and
Bergmann 2010; Abrash et al. 2011). Therefore, EPFL6 can
also integrate both developmental and environmental cues
in the inner tissues to modulate stomatal production on the
epidermis.

Vein originated signals regulate stomatal
development

Vein originated signals have long been hypothesized to
be responsible for coordination of stomatal development
with vein development, because, in grasses, stomata are
not produced on the epidermis above veins but formed in
cell files adjacent to veins. Vein may secrete an inhibitory
signal to the epidermis overlying it or secrete an inductive
signal to epidermal cell files that normally produce sto-
mata (Hernandez et al. 1999). The SHORTROOT (SHR)
protein which moves across cell layers in root is a possible
candidate mediating layer communication between vein
and epidermis (Fig. 4). In Arabidopsis, SHR moves from
root stele into endodermis where it functions together with
SCARECROW (SCR) to determine endodermis formation

Fig.4 Vein may secrete signals to regulate stomatal development
in grasses. Vein originated signals have long been proposed to be
responsible for coordination of stomatal development with vein
development and the grass SHR protein is a candidate that may
move from vein into epidermis. The question mark indicates possible
known or unknown regulators secreted by vein to regulate stomatal
development in the epidermis

(Nakajima et al. 2001). In maize, ZmSHR moves at least
eight cell layers from root endodermis into the cortex,
controlling the formation of multi cortical layers (Ortiz-
Ramirez et al. 2021). In the legume Medicago truncatula,
MtSHR moves from hairy root stele into endodermis, cor-
tex and even epidermis, regulating cortical cell division
for nodulation (Dong et al. 2021). Interestingly, OsSHR
is specifically expressed in leaf vasculature and its muta-
tion greatly represses stomatal production (Wu et al. 2019;
Liu et al. 2023; Schuler et al. 2018). In addition, OsSCR
is specifically expressed in stomatal lineage cells and its
mutation also sharply decreased stomatal density (Kamiya
et al. 2003; Wu et al. 2019; Hughes and Langdale 2022).
Moreover, over-expressing OsSHR or ZmSHR] in rice pro-
duces extra stomatal files in more distant positions from
the vein (Schuler et al. 2018; Liu et al. 2023). To date,
it is not known whether SHR protein can move between
grass leaf tissue layers, however, two possible mechanisms
by which SHR regulates stomatal development in grasses
have been proposed according to above findings. Firstly,
grass SHR may move from vein into epidermis where it
interacts with grass SCR to control stomatal development.
Secondly, grass SHR may activate the expression of cer-
tain mobile factors such as small secreted peptides in veins
to inhibit stomatal file formation on the epidermis imme-
diately above it or induce stomatal file formation on the
epidermis adjacent it (Schuler et al. 2018).
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Long-distance signaling mediates stomatal
development

Long-distance signaling between different plant organs ena-
bles plants to systematically adapt to the ever changing envi-
ronment (Luo et al. 2022). For example, plant shoot, which
uses light energy and CO, for photosynthesis to obtain the
energy required for plant growth and development, and plant
root, which absorbs water and mineral nutrients from the
soil, communicate broadly through long-distance signaling,
facilitating plants to finally achieve overall coordination and
better survival (Yang and Liu 2020). A number of mobile
signals, mainly including phytohormones, RNAs, peptides
and proteins, have been shown to move in vascular system
which can permit proteins with a molecular weight that does
not exceed 67 kDa to pass through (Stadler et al. 2005; Kita-
gawa et al. 2023; Song et al. 2021). They regulate several
plant processes such as flowering, nodulation, stomatal clo-
sure, branching, pathogen responses, potato tuber formation
and root development (Ryan and Pearce 2003; Yoo et al.
2004; Hilleary and Gilroy 2018; Lough and Lucas 2006;
Oka-Kira and Kawaguchi 2006; Corbesier et al. 2007; Oka-
moto et al. 2016; Tsikou et al. 2018; Navarro et al. 2011).

It has been found that preexisting leaves can sense envi-
ronmental cues, such as high light intensity and high CO,
concentrations, and generate long-distance signals to influ-
ence stomatal development in young leaves (Miyazawa et al.
2006). However, these long-distance signals remain elusive.
It has been reported that light enhances the accumulation
of HY5 which moves from mesophyll to root through the
vascular system to regulate the elongation of the root system
(van Gelderen et al. 2018; Chen et al. 2016b), suggesting
that HYS may act as a long-distance signal promoting sto-
matal development (Fig. 5). Other possible long-distance
signals induced by light are STOMAGEN and AN3 which
have been shown to move from mesophyll to epidermis to
promote stomatal production (Kawade et al. 2013; Sugano
et al. 2010). High CO, concentrations induce CRSP medi-
ated EPF2 maturation (Hara et al. 2009; Hunt and Gray
2009; Engineer et al. 2014), suggesting that CRSP and EPF2
may be candidates of long-distance signals inhibiting stoma-
tal development> (Fig. 5). In addition, plants root can absorb
phytohormones such as auxin, CK, BR, ABA and Jasmonate
that are added in the Murashige and Skoog medium and
transmit them to leaf epidermis to regulate stomatal forma-
tion (Le et al. 2014a, b; Zhang et al. 2014; Vaten et al. 2018;
Gudesblat et al. 2012; Kim et al. 2012; Han et al. 2018b;
Yang et al. 2022), indicating that these phytohormones may
also act as long-distance signals (Fig. 5). Recently, glucose
has been proved to be sensed in mature leaves to modulate
stomatal development within young leaves through long-
distance signaling (Bao et al. 2023) (Fig. 5).
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Fig.5 The old leaves or the root system may generate long-distance
signals transmitted by vascular system for regulating stomatal devel-
opment in young leaves, facilitating plant to systematically adapt to
the ever changing environment. The possible long-distance signals
include the glucose, transcription factors (e.g. HYS and AN3), pep-
tides (e.g. EPFs and CLEs), phytohormones (e.g. auxin, CK, BR,
ABA and Jasmonate), and microRNAs. The question mark indicates
possible known or unknown long-distance signals regulating stomatal
development

Evidence is accumulating that long-distance movement of
CLE small peptides plays an essential role in plant intercel-
lular communication and abiotic stress response (Song et al.
2021). Water shortage induces the secretion of small peptide
CLE25 by the root vascular tissue. CLE25 moves from the
root to the leaf through the vascular system, and is further
recognized by its receptors BARELYANY MERISTEM1
(BAM1) and BAM3, finally leading to the increase of ABA
accumulation in leaves and thus stomatal closure (Takahashi
et al. 2018). Interestingly, CLE25 can inhibit stomatal pre-
cursor MMC formation (Qian et al. 2018), suggesting that
CLE2S5 is also a long-distance signal mediating stomatal
development (Fig. 5). Other CLE small peptides including
CLEY9/10, CLE11, CLE12, CLE13, CLE14, CLES, CLE45,
CLE20, CLE26 and CLE2 can also repress MMC formation
(Qian et al. 2018), suggesting that they are also possible
candidates for long-distance signals involved in stoamtal
production (Fig. 5).
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Conclusion and perspectives

Stomatal development is tightly coordinated with the
development of other plant tissues and organs. Increasing
discoveries reveal the presence of stomatal regulators that
can move within the epidermal layer or across tissue layers
and organs, thus now making us began to understand sto-
matal development in 3D. The cell-cell communications
within epidermis ensure the proper stomatal patterning,
density and stomatal complex formation. However, in most
cases, the exact regulatory mechanisms of those possible
cell-cell communications remain unclear. For example,
the small peptides EPF2 and EPF1 perceived by TMM-
ERf-SERKS receptors mediate communications between
stomatal lineage cells by acting as both autocrine and
paracrine factors, however, how they contribute to estab-
lish asymmetric daughter cell fates is largely unknown,
although it has been reported that BREAKING OF ASYM-
METRY IN THE STOMATALLINEAGE (BASL), which
is essential for the intrinsic polarity of meristemoid
cells and asymmetric daughter cell fates, is improperly
polarized in SLGCs in the absence of EPF1 (Dong et al.
2009). The small peptides CLE9 and CLE10 perceived by
HSL1-SERKSs receptors function parallelly with EPFs in
repressing SPCH activity through YDA MAPK cascade,
however, it is unknown about their concrete roles in stoma-
tal cell-cell communications. To date, almost all studies
focused the local roles of plant hormones and environmen-
tal cues in stomatal patterning and differentiation. It has
not been proved clearly that plant hormones function as a
long-distance signal and that which molecules could act
as a long-distance signal for integrating the environmental
stimulus from other organs to affect stomatal development.
In grasses, close communication and coordination between
the stomatal file, which produces paired GCs, and its bilat-
eral cell files, which produce SCs, are crucial for the final
formation of four-celled stomatal complex. To date, the
mobile transcription factor MUTE is the only molecular
proved to function in this process. The receptor-like pro-
teins pangloss 1 (PAN1) and PAN2 which exhibit a polar-
ized localization in SMCs at sites of GMC contact have
long been proposed to recognize GMC-derived ligands for
promoting asymmetric division of SMC, however, this is
still an intriguing hypothesis to pursue.

The cell-cell communications between cell layers coor-
dinate stomatal development with the differentiation of
leaf mesophyll, vein and stem cortex for gas exchange and
photosynthesis, and the cell-cell communications through
long-distance signaling facilitate stomatal development
to systematically response to the ever changing environ-
ment. However, compared with stomatal signals originated
within the epidermis, few stomatal signals originated from

the internal tissues and long distances have been identi-
fied with the exception of EPFL6, STOMAGEN and AN3.
Whether grass SHR could move from vein to epidermis to
modulate stomatal development, and whether transcrip-
tion factors (e.g. HY5 and AN3), peptides (e.g. EPFs and
CLEs), phytohormones (e.g. auxin, CK, BR, ABA and
Jasmonate), and microRNAs could act as long-distance
stomatal signals remain to be seen. With the advent of new
technology, such as single-cell RNA sequencing and spa-
tial transcriptomics, more and more spatiotemporal com-
munications between cells can be visualized at high reso-
lution, which will facilitate a deeper understanding about
the regulation of stomatal development in 3D. Through
manipulation of this 3D network of stomatal development,
the stomatal density and patterns can be adjusted for creat-
ing “water-saver” crops in a predicted warmer future with-
out sufficient water for agriculture.
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