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Abstract

The Arabidopsis stomatal lineage is a microcosm of development; it undergoes selection of 

precursor cells, asymmetric and stem cell-like divisions, cell commitment and finally, acquisition 

of terminal cell fates. Recent transcriptomic approaches revealed major shifts in gene expression 

accompanying each fate transition, and mechanistic analysis of key bHLH transcription factors, 

along with mathematical modeling, has begun to unravel how these major shifts are coordinated. 

In addition, stomatal initiation is proving to be a tractable model for defining the genetic and 

epigenetic basis of stable cell identities and for understanding the integration of environmental 

responses into developmental programs.

Life on land requires plants to balance acquisition of carbon from the atmosphere with loss 

of water from internal tissues. More than four hundred million years ago, plants solved this 

problem by generating stomata in their aerial organs; stomata are small epidermal pores 

surrounded by guard cells that open and close in response to homeostatic cues and signals 

from the environment. Today, stomata are present and essential in nearly all land plants, but 

their structure and distribution display clade-specific patterns and often require multi-step 

developmental programs. Because of their essential nature, but flexible pattern, stomata are 

a useful model for understanding a myriad of developmental processes including 

asymmetric and stem-cell like divisions, cell fate acquisition (and its connection to gene 

regulation and epigenetics), cell-cell communication, and responses to hormones and 

environmental cues. A mechanistic understanding of stomatal development has arisen 

primarily from studies in the dicot Arabidopsis thaliana, and this review will focus on this 

species, but recent work in Maize has shed light on how cell polarity is established in a 

multicellular context [1*] and careful morphological assessments in diverse species suggest 

ways in which control over the orientation of early divisions in the stomatal lineage lead to 

different leaf patterns [2,3].

Stomatal development in Arabidopsis thaliana proceeds through a stereotyped sequence of 

cell divisions and cell fate transitions in the epidermis (Figure 1). Stomatal lineage cell types 

can be defined morphologically and by expression of fate markers, the latter used with great 
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success in combination with extended time-lapse imaging to define the trajectory of 

individual cells [4–7]. Such studies, along with classical lineage tracing, show that in the 

young leaf, a subset of protodermal cells in the epidermis, known as meristemoid mother 

cells, will divide asymmetrically to produce a small, usually triangular, meristemoid and a 

larger daughter cell known as an SLGC (stomatal lineage ground cell). The SLGC may 

differentiate directly into a pavement cell, or divide asymmetrically to generate a satellite 

meristemoid. Each meristemoid continues to divide asymmetrically, typically twice more, 

before it undergoes a fate and morphological transition into a round guard mother cell 

(GMC). The GMC is the first committed stage in the stomatal lineage; until they become 

GMCs, cells are developmentally plastic and may take on other epidermal fates. GMCs will 

divide a final time, symmetrically, to produce the two guard cells (GCs) of a stoma. 

Divisions of the meristemoid and SLGC are oriented through cell-cell communication to 

ensure that that two stomata do not form in direct contact with one another.

Each stage in the stomatal lineage requires precise transcriptional control over cell identity 

and behavior. Five basic helix-loop-helix (bHLH) transcription factors lie at the core of this 

regulation. Stomatal initiation and subsequent meristemoid self-renewal requires the first of 

these factors, SPEECHLESS (SPCH). SPCH RNA is broadly expressed in the young leaf, 

but SPCH protein is restricted to meristemoids and enables their continued asymmetric 

division [4,8,9]. When meristemoids exit this “SPCH” stage, they begin expressing the 

transcriptional factor MUTE and exhibit substantial changes in global gene expression 

[10,11]. MUTE is required for GMC fate, as loss of function mutants get stuck in a 

continuous self-renewing stage. When overexpressed, MUTE converts all epidermal cells 

into stomatal precursors [10]. One final transition from GMC to GC requires a symmetric 

division and is preceded by expression of FAMA [12]. FAMA is necessary for the 

acquisition of GC identity, but also for continued maintenance of this identity and this latter 

function is mediated by FAMA in conjunction with RBR (RETINOBLASTOMA 

RELATED) [13,14]. At each of their specific expression stages, SPCH, MUTE and FAMA 

act as obligate heterodimers with one of two more broadly expressed, but still stomatal 

lineage enriched, bHLHs, ICE1/SCREAM (SCRM) or SCRM2 [15]. Loss of both ICE1 and 

SCRM2 eliminates the stomatal lineage, resembling loss of SPCH, whereas stabilizing 

mutations (scrm-D) convert all epidermal cells into stomatal guard cells [15]. Because 

SPCH, MUTE and FAMA expression and activities nicely parallel the different stomatal cell 

types and transitions, we will use these factors as organizing nodes for the rest of this 

review.

Limiting stomatal lineage competence to the epidermis

True leaves develop from the shoot apical meristem where tissue layers are already 

established; the epidermis is derived from anticlinal divisions of the L1 layer, whereas the 

underlying mesophyll and vascular tissues are derived from deeper L2 and L3 layers. 

Several HOMEODOMAIN LEUCINE ZIPPER CLASS IV (HD-ZIP IV) proteins are 

required for epidermal identity beginning in the embryo and loss of two such factors; 

MERISTEM LAYER 1 (ML1) and PROTODERMAL FACTOR 2 (PDF2), results in plants 

that lack an epidermis [16]. A third HD-ZIP IV family member, HOMEODOMAIN 

GLABROUS 2 (HDG2) is expressed in meristemoids, but surprisingly, Peterson, et al. 
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(2013) found that ectopic overexpression of HDG2 (or ML1) can induce stomata to form 

within the mesophyll. Overexpression of MUTE with the same promoter, however, was not 

capable of inducing internal guard cells [15] suggesting that epidermal identity is a 

prerequisite for stomatal lineage fates; consistent with this, overexpression of ML1 and 

HDG2 leads to the appearance of a SPCHp:GUS reporter in mesophyll cells suggesting a 

transformation to the earliest stomatal lineage fate [17].

SPCH as master regulator and point of integration for various signals

SPCH promotes asymmetric divisions that initiate, amplify and space future stomata in the 

epidermis and therefore where and how often it is expressed will define stomatal pattern and 

density [8]. In addition to generating stomata, the stomatal lineage builds most of the 

epidermis, including pavement cells [18] and possibly trichomes [11]. While protodermal 

cells that do not express SPCH may divide symmetrically to produce pavement cells, the 

bulk of the epidermis is derived from cells that have expressed SPCH at some point. 

Therefore, SPCH represents the logical point for numerous signaling cascades to converge 

to regulate leaf size, stomatal patterning and stomatal density in response to a variety of 

signals (Figure 2).

Regulating the pattern of stomata: control over initiation and direction

SPCH protein has been shown to be regulated through phosphorylation by MITOGEN 

ACTIVATED PROTEIN KINASE (MAPKs), GLYCOGEN SYNTHASE 3 KINASE 

(GSK3) and CYCLIN DEPENDENT KINASE (CDK) families [19–21]. Phosphorylation by 

MPKs or the GSK3 BIN2 targets SPCH for degradation, and non-phosphorylatable forms of 

SPCH have increased expression, leading to increased entry divisions and ultimately larger 

leaves and a higher stomatal density [19,21,22]. MAPKs, GSKs and CDKs upstream of 

SPCH are broadly expressed in the leaf, so additional information is required to activate 

these kinase pathways in specific cells to produce the normal pattern of SPCH activity. This 

information comes, in part, from cell-type specific expression of receptor TOO MANY 

MOUTHs, some members of the ERECTA (ER) family of receptor kinases and ligands in 

the EPIDERMAL PATTERNING FACTOR (EPF) family. EPF2, expressed in 

meristemoids downregulates SPCH, while mesophyll expressed STOMAGEN/EPFL9 leads 

to an increase in SPCH levels [23–25]. Lee et al. (2015) demonstrated that STOMAGEN’s 

stomatal-promoting activities are mediated through the same receptors as EPF2 and, through 

an in vitro binding assay, demonstrate that EPF2 and STOMAGEN compete to bind ER, but 

only EPF2 can activate the downstream MAP kinase response [25**]; thus STOMAGEN 

functions as a competitive inhibitor of EPF2. The effect of different EPF ligands on SPCH 

expression was also tested by reconstituting the signaling pathway in mature Nicotiana 

benthamiana leaves [27]. In these assays, isolated from confounding changes in cell 

identities, both EPF1 and EPF2 when co-expressed with their receptors, could decrease 

SPCH protein levels, while STOMAGEN, when co-expressed with the same receptors 

increased SPCH protein levels [27].
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Modulating stomatal numbers:environmental influences on the early stomatal lineage

EPF family ligands provide not only spatial information about where SPCH should be 

downregulated to ensure developmental pattern, but can be used to coordinate overall 

stomatal density with the environment. In response to altered atmospheric carbon dioxide 

(CO2) levels, CO2 RESPONSE SECRETED PROTEASE (CRSP) levels change and CRSP 

cleaves the pro-peptide of EPF2 (but not EPF1 or STOMAGEN) to release the active 

peptide [27*]. Because EPF2 downregulates SPCH [27*], this elegantly links perception of 

an environmental cue--relative elevation of [CO2]--to a decrease in stomatal lineage 

initiation and stomatal density [27*]. The identification of CRSP as a specific regulator of 

EPF2 suggests that multiple environmental signals could converge on the signaling 

pathways that regulate SPCH and a spate of recent papers underscore this regulatory 

convergence: ABA (abscisic acid), previously known to induce stomatal closure, was 

recently shown to also regulate stomatal density through SPCH regulation [29], osmotic 

stress leads to reduction of leaf size in a SPCH-dependent manner [30], and STOMAGEN 

expression is activated by light, thereby providing a mechanism for the oft-observed 

increase of stomatal numbers in high light [31].

Thus far, proteins that directly regulate SPCH transcription (except SPCH itself [31*]) have 

not been identified, but other forms of gene expression regulation have been found; the locus 

has high H3K27me3 in samples from seedling tissues suggesting that chromatin marks help 

repress the locus in mature leaves [33]. In addition, in response to low humidity, DNA 

methylation at the SPCH locus increases while SPCH expression (and stomatal density) 

decrease. In a methyltransferase mutant, SPCH expression and stomatal production were 

insensitive to lowered humidity [34,35].

While much of the regulation of meristemoid activity converges on SPCH, there are other 

means to regulate divisions in these cells and the overall growth potential of the leaf may 

have a general effect on individual meristemoids. TIFY transcription factors PEAPOD 

(PPD) 1 and PPD2 [36] and their associated transcriptional repression complex [36**] 

appear to negatively regulate continued asymmetric divisions of the meristemoid, directly 

targeting CYCD3, but not SPCH expression [36**]. An effect on the initial stomatal entry 

divisions was not tested, but is intriguing to think that the PPD complex controls 

competence for asymmetric divisions of the meristemoid independent of entry divisions, 

creating another way for plants to fine tune their final leaf size and epidermal composition.

Downstream of SPCH: Major reprogramming to initiate the stomatal lineage

Due to SPCH’s key role at the start of the stomatal lineage, it is perhaps not surprising to 

learn that SPCH binds to over 8,000 sites in the genome, and thus can serve as a master 

regulator of stomatal fate [31*]. SPCH binds to roughly one third of the Arabidopsis genes, 

a number that while high, is consistent with other lineage establishing transcription factors 

such as MyoD, a master regulator of mammalian myogenesis [38]. Targets of SPCH include 

components of the pathway that regulate it including EPF2, TMM and ERL2, and genes 

encoding its own binding partners ICE1 and SCRM2. Thus SPCH truly sits at the top of the 

stomatal lineage, first determining entry of protodermal cells into the lineage, and then 

activating the genes required for downstream regulation, proper patterning, and spacing.
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SPCH targets include genes that would promote its activity (ICE1/SCRM) as well as those 

that would ultimately lead to its demise (EPFs, TMM, ERL2) indicating that both feed 

forward and feedback loops are likely important features of stomatal regulation. These 

feedback loops were recently included in a formal model by Horst et al. (2015) that 

demonstrate how such loops can account for maintaining SPCH expression only in the 

meristemoid. A key aspect of this model is that EPF2 is highly diffusible compared to 

SPCH/SCRM and this simple model was sufficient to generate an epidermis of SPCH 

expressing cells, surrounded by cells that do not express SPCH. The inclusion of 

STOMAGEN and BRASSINOSTEROID signaling as two more regulatory inputs were 

required to correctly recapitulate additional known signaling mutant phenotypes [8*]. This 

model is an important device to evaluate the contributions of different factors to pattern, but 

without biochemical data on ligand movement and receptor behavior, some questions 

remain, for example meristemoids which express the highest levels of EPF2 and its 

receptors, do not experience downregulation of SPCH; Horst et al suggest that TMM levels 

could explain this. Another possibility, however, is that a different target of SPCH, the 

polarity protein BASL, contributes to this protection. Cortical BASL is polarly localized 

such that is it always inherited by the SLGC after an asymmetric meristemoid division [39]. 

BASL interacts with the MAPKKK YODA and could act as a scaffold to segregate MAPK 

signaling into the SLGC; this would downregulate SPCH protein in this cell following the 

asymmetric cell division and form a feedback loop that ensures SPCH expression in only the 

smaller daughter cell [39*].

Transition from meristemoid to guard mother cell fate requires substantial, 

precisely controlled, transcriptional changes

Early divisions build the leaf, but formation of stomata requires a transition out of the 

proliferative, meristemoid stage. At the transition to guard mother cell (GMC) identity, the 

first step in commitment to guard cell fate, the meristemoid stops dividing asymmetrically, 

stops expressing SPCH and begins expressing MUTE [6]. This transition is accompanied by 

significant changes in gene expression as seen in several transcriptional profiling 

experiments; while two of these analyses made use of mutants to enrich for cell types [7], 

Adrian et al. (2015)** FACS-isolated cells expressing fluorescently tagged with SPCH, 

MUTE or FAMA (as well as epidermal and mature stomata markers) and performed 

microarray and RNA-seq analysis on WT cells. The single-cell type transcriptomes 

represent specific stages, but also defined genes associated with specific bHLH transcription 

factors. While the SPCH clustering genes include more cell cycle and stem cell maintenance 

genes, cells that have transitioned from the SPCH to MUTE stage show an enrichment in 

genes associated with DNA and histone methylation or other modification [11]. This 

indicates the exciting possibility that it may be possible to uncouple exit from stem-cell like 

divisions (asymmetric and uncommitted) from wholesale exit from mitotic potential as 

MUTE expressing cells undergo another round of symmetric division. The complement of 

cell cycle genes (especially CYCD isoforms) is also different between the SPCH and MUTE 

stages suggesting another mechanism underlying the switch from asymmetric to symmetric 

divisions [11].
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Does MUTE share SPCH’s role as a nexus of signaling inputs and broad outputs in the 

GMC fate? Little is know about signals or transcriptional regulators that modulate MUTE 

expression have been identified (although HDG2 can activate MUTE reporter expression in 

a transient expression system [Peterson 2015]), and surprisingly, MUTE has been shown to 

function without its DNA binding residues [6]. While the molecular details of MUTE await 

future experiments, analysis of the phenotype has led to some interesting ideas about the 

stage MUTE regulates. In the absence of MUTE, meristemoids fail to transition into GMCs 

and continue to divide asymmetrically [10]. A version of MUTE with an estrogen 

responsive promoter expressed in the normal MUTE spatial domain was used to determine 

how long mute meristemoids were competent to respond to the return of MUTE activity 

[41*]). When induced early, meristemoids were completely rescued and could progress to 

make GMCs and stomata. When induced late, the arrested meristemoids could still 

transition, but neighboring SLGCs also begin to express MUTE and differentiate into guard 

cells. This suggested that the presence of MUTE might alter the competence of its sister cell 

to become a GC; one possible explanation for this is that in GMCs, MUTE induces the 

expression of EPF1, which is secreted and prevents neighboring SLGCs from differentiating 

into GMCs. In mute, EPF1 levels would be low and so many cells would remain competent 

to express and respond to MUTE, should it be supplied later. Triviño et al. (2013)* argued 

against this hypothesis because EPF1 levels recover post MUTE induction; however, this 

EPF1 expression may be a later consequence of conversion of meristemoids and SLGCs into 

MUTE-expressing cells.

Maintenance of terminal cell identities

The final stage of stomatal differentiation is typical in that it results in stable terminal cell 

identity and the acquisition of physiological function; it is atypical in that the stomatal unit is 

made of two sister cells, so fate is tied to progression through a single symmetric division. 

These two requirements—precise cell cycle control and permanent fate, are solved in an 

elegant way by using transcription factors FAMA and FOUR LIPS (a MYB partially 

redundant with its paralog MYB88) in combination with RBR and, potentially, 

POLYCOMB REPRESSIVE COMPLEX 2 (PRC2) activity. FAMA has two distinct roles 

during guard cell development; first, FAMA activates genes that drive differentiation of the 

guard cells while simultaneously ending the GMC stage by halting the symmetric divisions 

typical of this cell [12]. A second, RBR-dependent role, enforces cell fate and prevents 

ectopic expression of early stomatal lineage genes. If the FAMA-RBR interaction is 

disrupted by point mutations in FAMA’s RBR binding site [12**] or by blocking the FAMA 

C-terminus with a YFP tag [42], then SPCH, MUTE, EPFs and other early stomatal lineage 

genes are reactivated and stomatal lineage division and fate programs are recapitulated, with 

new GCs formed within an existing GC (Figure 3). This “stoma in stoma” (SIS) phenotype 

was linked to alterations in H3K27me3 levels at the SPCH and MUTE promoters [14]. In 

wildtype plants, both SPCH and MUTE have heavy H3K27me3 in mature leaves, but in 

plants with SIS phenotypes, H3K27me3 levels are low [14]. Overexpression of CURLY 

LEAF (CLF), a histone methyltransferase of the PRC2 complex, restored high H3K27me3 

and suppressed the SIS phenotypes, suggesting the reprogramming of GCs was due to a 

failure to recruit PRC2 to stomatal lineage genes [14]. Together with previous data that 
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found RBR associated with the SPCH promoter [43], a model was proposed that FAMA 

recruits RBR (which in turn recruits PRC2 components) to repress the same promoters that 

SPCH originally activated. Consistent with this model, knocking down RBR expression in 

mature guard cells can cause them to undergo asymmetric divisions similar to those found in 

the SIS phenotype [44].

Chromatin-based mechanisms appear to reinforce cell fate at the end of the stomatal lineage, 

but their roles in earlier parts of the lineage has not been analyzed. It is possible that an 

earlier chromatin remodeling occurs when meristemoids transition to GMCs, which is then 

reinforced by FAMA-RBR in the late stage. The fact that the “reprogrammed” guard cells 

do not express any embryonic markers, or other markers associated with stages of 

development prior to the meristemoid, suggests that the meristemoid, while still 

developmentally plastic, is already restricted to the epidermal fate [12**]. This is consistent 

with a differentiation model in which stem cells become more fate restricted in a stepwise 

fashion that leads to a specific mature cell type. In the future, analysis of multiple chromatin 

modifications in individual stomatal lineage cell types will help address these open 

questions.

The accessibility of the stomatal lineage to isolation of cell types complements its 

accessibility to imaging-based studies to follow intact development over time. We predict 

that future work will develop gene regulatory networks (GRNs) for each cell stage, and 

begin to link the GRNs between stages and in response to outside perturbation. But as these 

networks expand, they are likely to still be grounded by the small number of paralogous 

transcription factors of major effect. Because these factors are conserved throughout the 

plant kingdom[45–47], analysis of transcriptional regulation in model plants may have wide-

ranging implications for optimal plant growth under changing climate conditions.
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Highlights

• Related bHLH factors are the heart of transcriptional regulation in the stomatal 

lineage

• SPEECHLESS integrates tissue and environmental inputs to modulate cell 

production

• Terminal cell fates appear to require RBR and PRC2-mediated histone 

modifications

• Transcriptional profiles of stomatal lineage cells reveal major reprogramming 

during fate transitions
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Figure 1. Overview of stomatal development in the context of the developing leaf
Leaf primordia develop from the shoot apical meristem and the epidermis is already 

specified at this time. During the initiation phase, meristemoid mother cells (MMCs) are 

created; these cells in the developing leaf will begin to express SPCH protein and divide 

asymmetrically to form meristemoids (green). The amplification stage is dominated by cell 

divisions of MMCs and meristemoids that generate the epidermis and establish proper 

stomatal patterning. In later phases of leaf development (final cell fate stage) meristemoids 

transition to guard mother cells (blue) and then to differentiated guard cells (purple) while 

other cells expand to drive the increase in leaf size. The expression patterns of key 

transcriptional regulators discussed in this review are indicated at the bottom.

Simmons and Bergmann Page 12

Curr Opin Plant Biol. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. SPCH is a nexus of regulatory inputs and developmental outputs for development of 
the leaf epidermis
Environmental signals have been shown to modulate development by increasing or 

decreasing the levels of EPF ligands, which modulate SPCH protein level through 

downstream phosphorylation cascades, or by affecting SPCH expression by DNA 

methylation at the SPCH locus. SPCH, presumably in combination with its binding partners 

ICE1/SCRM2 binds to over 8,000 targets. This massive reprogramming potential may be 

needed to create the stem-cell behavior of meristemoids and make them competent to 

respond to multiple other signals to modulate leaf size and stomatal density in response to 

the environment. After an initial pulse of SPCH activity, levels of SPCH (low or high) will 

shift the balance between differentiation and continued renewal, respectively. Solid lines 

indicate experimentally verified responses to SPCH, dotted lines indicate predicated 

responses.
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Figure 3. A model for guard cell fate stabilization
The latest-acting bHLH transcription factor in the stomatal lineage, FAMA, acts in guard 

cells to bind the promoters of early stomatal lineage genes and to recruit RBR. Based on 

known interactions between RBR and PRC2 components in other systems, this could lead to 

establishment of localized deposition of H3K27me3 marks on promoters of stomatal lineage 

genes and limits to their transcription. When the interaction between FAMA and RBR is 

disrupted (as in the FAMA-LGK mutant) FAMA does not bring RBR to the early stomatal 

lineage promoters, PRC2 is not recruited, and early stomatal lineage genes are activated 

leading to re-capitulation of the entire lineage. The MYB transcription factor FLP may also 

be involved in this complex, though no functional evidence for it (nor for PRC2) being 

required for fixing GC fate is currently available and thus this putative components of the 

model are shown in white.
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