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Stomata are microscopic valves on the plant epidermis that played a critical role in the evolution of land plants. Studies in

the model dicot Arabidopsis thaliana have identified key transcription factors and signaling pathways controlling stomatal

patterning and differentiation. Three paralogous Arabidopsis basic helix-loop-helix proteins, SPEECHLESS (SPCH), MUTE,

and FAMA, mediate sequential steps of cell-state transitions together with their heterodimeric partners SCREAM (SCRM)

and SCRM2. Cell–cell signaling components, including putative ligands, putative receptors, and mitogen-activated protein

kinase cascades, orient asymmetric cell divisions and prevent overproduction and clustering of stomata. The recent

availability of genome sequence and reverse genetics tools for model monocots and basal land plants allows for the

examination of the conservation of genes important in stomatal patterning and differentiation. Studies in grasses have

revealed that divergence of SPCH-MUTE-FAMA predates the evolutionary split of monocots and dicots and that these

proteins show conserved and novel roles in stomatal differentiation. By contrast, specific asymmetric cell divisions in

Arabidopsis and grasses require unique molecular components. Molecular phylogenetic analysis implies potential conser-

vation of signaling pathways and prototypical functions of the transcription factors specifying stomatal differentiation.

INTRODUCTION

Theevolution of stomata (Greek formouths; singular, stoma)was a

crucial adaptationoccurring some400million years ago thatmade

it possible for plants to thrive on land,which theybegan to colonize

some 450 million years ago. To survive in the dry atmosphere,

plants must protect against desiccation yet allow for the gas

exchange necessary for photosynthesis and respiration. A water-

tight epidermis with closable valves, the stomata, was the solu-

tion. Stomata are composed of paired, symmetric guard cells that

operate by changing turgor pressure, a system that forms an

effective fail-safe against dehydration, since low turgor closes

stomata. Transpiration, or water loss through stomata, promotes

upward and outward water movement in plants and cools the

plant surface via thermal dissipation. The distribution of stomata

is far from random; they are evenly distributed, an adaptation

allowing gases to reach interior tissues effectively, and they

adhere closely to the one-cell spacing rule (Sachs, 1991), which

means that stomata are always found with at least one non-

stomatal epidermal cell separating them. This one-cell spacing

rule is important for proper opening and closing of the stomatal

aperture, which requires efficient exchange of water and ions with

neighboring nonstomatal cells. Stomatal development must be

tightly controlled to accomplish these goals.

The fundamental physiological importance of stomata is un-

derscored by the observation that their evolution predates that of

flowers, leaves, roots, and even vascular systems (Freeman,

2008) (Figure 1). The fossil record indicates that the earliest

nonvascular and vascular plants, such as Cooksonia, Rhynia,

and Aglaophyton, possessed a simple architecture of bifurcated

stems with apical spore capsules (Edwards et al., 1998), very

different from modern land plants. Yet these ancient plants pos-

sessed stomata that were strikingly similar to those of extant land

plants, such as Arabidopsis thaliana (Edwards et al., 1998; Taylor

et al., 2005). In Figure 1, mature stomata and their neighboring

epidermal cellsovera largephylogeneticdistancearepresented to

demonstrate the evolutionarily ancient derivation of the stoma.

If the evolution of stomata was indeed a single vital event in

land plant evolution, what are the underlying genes and molec-

ular mechanisms that gave rise to stomata? What are the

molecular bases that explain the diversity of stomatal patterns

seen today? Recent discoveries of key genes controlling sto-

matal development in the model plant Arabidopsis now provide

molecular tools with which to tackle these questions. In this

review, we first introduceArabidopsis genes controlling stomatal

development. We further describe the evolutionary conservation

and uniqueness of stomatal development aswell as the functions

of orthologous genes in other plant species as an attempt to

promote interest and discussion among the diverse disciplines of

botany, paleobotany, and evolutionary biology.

STOMATAL DEVELOPMENT IN ARABIDOPSIS

Cell-State Transitions

Stomata in Arabidopsis develop through a process of asymmet-

ric cell division (Figure 2) that produces the anisocytic stomatal
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complexes commonly seen in Brassicaceae, in which each

stoma has one smaller and two larger neighboring cells arising

from asymmetric divisions within the stomatal lineage (Esau,

1977). First, in the protoderm, a population of cells initiates the

stomatal lineage and divides asymmetrically to form a stomatal

precursor cell called a meristemoid. The meristemoid reiterates

asymmetric divisions several times, usually from one to three,

creating sister cells called stomatal lineage ground cells

(SLGCs) of decreasing size while renewing the meristemoid

state (Figure 2). The meristemoid then differentiates into a guard

mother cell (GMC). The GMCdivides once symmetrically to form

a pair of cells that develop the thickened walls and mature

chloroplasts characteristic of stomatal guard cells (GCs).

SLGCs eventually become pavement cells but may divide

asymmetrically as well, producing a meristemoid away from

the original stoma (Figure 2). The stomatal complex may be

formed exclusively through multiple asymmetric divisions, in

which case it is clonal, or if fewer asymmetric divisions occur the

stoma may be adjacent to the lineage of another protodermal

cell (Serna et al., 2002).

Two groups of basic helix-loop-helix (bHLH) transcription

factors regulate the major cell-state transitions through stomatal

differentiation (Figure 2). The first group is encoded by the

paralogs (closely related genes arising from duplication within

a genome) SPEECHLESS (SPCH), MUTE, and FAMA, which

operate sequentially to regulate the cellular identity of each step

in the developmental process (Ohashi-Ito and Bergmann, 2006;

MacAlister et al., 2007; Pillitteri et al., 2007b). SPCH controls the

initial asymmetric division with which protodermal cells enter the

stomatal lineage; spch mutants are entirely without stomatal

lineage cells, having only puzzle piece–shaped pavement cells

interlocking over the entire shoot surface (MacAlister et al., 2007;

Pillitteri et al., 2007b). Next to act is MUTE, which governs the

meristemoid’s cessation of asymmetric divisions and its transi-

tion to GMC identity. Plants without functional MUTE also

develop no stomata, but rather than lacking the stomatal lineage

entirely they show rosette-like patterns of inwardly spiraling

meristemoid cell divisions with aborted meristemoids in the

center (MacAlister et al., 2007; Pillitteri et al., 2007b, 2008).

Lastly, FAMA appears to control the switch from the GMC to GC

Figure 1. Diversity of Stomata across Land Plant Taxa.

A phylogenetic tree of extant and extinct (†) land plants includes evolutionary traits supporting success on land. The wide diversity of stomatal

complexes among these groups is represented by epidermal tracings of P. patens ([A]; nonvascular), Selaginella kraussiana ([B]; lycophyte, vascular),

Marsilea macropoda ([C]; fern, vascular), Victoria amazonica ([D]; Nymphaeaceae, basal angiosperm), Houttuynia cordata ([E]; Piperales, magnoliid),

Oplimenus hirtellus ([F]; Poales, monocot grass), Gardenia taitensis ([G]; Gentianales, eudicot angiosperm), and Begonia rex-cultorum ‘Roberta’ ([H];

Cucurbitales, eudicot angiosperm). Stomata are colored green. Note that the stomata of Physcomitrella have a single GC, while the GCs ofOplimenus, a

grass, have a dumbbell shape. Only Houttuynia, Gardenia, and Begonia show evidence of asymmetric amplifying divisions within the stomatal lineage.

Physcomitrella is traced from a scanning electron microscopy image by L. Pillitteri.
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identity; in fama mutants, the stomatal precursors halt at the

GMC state, resulting in “caterpillars” of excessively symmetri-

cally divided cells instead ofmatureGCs from a single symmetric

division (the many “false mouths” of the Roman goddess of

rumor, Fama) (Ohashi-Ito and Bergmann, 2006).

Regulating the sequential action of the master regulators are

the second group of bHLH proteins, encoded by the broadly

expressed paralogs SCRM and SCRM2, which have partially

overlapping functions. The originally discovered gain-of-function

mutation, scrm-D, causes all epidermal cells to take on stomatal

fate, while successive loss of SCRM and SCRM2 creates phe-

notypes recapitulating spch, mute, and fama mutants (Kanaoka

et al., 2008). The bHLH proteins function through dimerization

(Massari and Murre, 2000), and SCRM and SCRM2 are capable

of interacting with SPCH, MUTE, and FAMA in vivo (Figure 2)

(Kanaoka et al., 2008). This suggests a possible mode of regu-

lation in which transiently expressed stomatal lineage–specific

bHLH proteins heterodimerize with widely expressed bHLH

partner proteins to control a developmental progression (Pillitteri

and Torii, 2007).

Other factors also act to promote stomatal development.

Formation of satellite (secondary) meristemoids is controlled by

microRNA miR824, which targets AGAMOUS-LIKE16 (AGL16)

mRNA for degradation (Kutter et al., 2007). AnAGL16mRNA that

no longer matches miR824 due to silent mutations causes

additional reentry of SLGC into the stomatal lineage, resulting

Figure 2. Stomatal Development in Arabidopsis.

(A) Schematic diagram of stomatal development. The cell states of stomatal precursors are driven by three paralogous bHLH transcription factors,

which likely dimerize with SCRM and SCRM2 as a mechanism for coordinated action. Initial specification of the stomatal cell lineage, in which a

protodermal cell becomes a meristemoid mother cell (MMC), is controlled by SPCH. Protodermal cells not entering the stomatal lineage differentiate

into pavement cells. The MMC divides asymmetrically to form a meristemoid (M) and SLGC and may reiterate similar divisions several times. MUTE

controls the cell-state transition from M to GMC, and FAMA is required for correct division of the GMC into GCs forming a functional stoma. It is

proposed that a MAP kinase signaling cascade following putative ligands EPF1 and EPF2 (EPF1 expressed in GMC, light green, and EPF2 expressed in

MMC, blue, and M, cyan) perceived by TMM and the ER family of RLKs acts to suppress stomatal identity in cells adjacent to developing stomata; new

meristemoids can differentiate at least one cell away, as shown near GMC. An image of wild-type epidermis is shown at the top right.

(B) Epidermal phenotypes of stomatal differentiation mutants. Shown are the rosette leaf epidermis of (from left) scrm scrm2, mute, fama, and scrm-D.

scrm scrm2 produces epidermis solely composed of pavement cells, a phenotype identical to that of spch as well as gain-of-function mutants in

stomatal cell–cell signaling genes. mute and fama produce epidermis with arrested stomatal precursor cells similar to scrm scrm2/+ and scrm,

respectively. scrm-D produces epidermis solely composed of stomata, a phenotype similar to loss of function in stomatal signaling genes. Images are

reproduced from Kanaoka et al. (2008).
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in more satellite meristemoids, a phenotype opposite to that of

the agl16-1 dosage reduction mutant (Kutter et al., 2007).

Loss of function in a MYB transcription factor, FOUR LIPS

(FLP), causes parallel pairs of stomata (Yang and Sack, 1995).

Its paralog, At MYB88, is partially redundant with FLP: in flp

myb88 double mutants, massive fama-like stacks of cells are

frequently formed, although some are able to differentiate

terminally into GCs (Lai et al., 2005). It is therefore likely that

FLP and MYB88 together restrict the symmetric division of

GMC, though unlike FAMA, they do not necessarily specify

terminal differentiation into the GC state. Consistent with their

redundant roles in GC differentiation, FLP and MYB88 share an

amino acid substitution that is unique among known plant

MYBs (Lai et al., 2005). The roles of FLP and MYB88 echo the

ongoing pattern in which a gene and its paralog have redundant

or related functions, which is consistent with evolution through

gene duplication.

Patterning and Signaling

A repressive cell–cell signaling pathway inArabidopsismaintains

proper stomatal patterning as defined by the one-cell spacing

rule (Figure 2A). Interactions among the partially redundant

ERECTA (ER) family of leucine-rich repeat receptor-like kinases

(LRR-RLKs) and the LRR receptor-like protein TOO MANY

MOUTHS (TMM) affect stomatal spacing and density (Shpak

et al., 2005). The function of TMM is organ dependent and

complex: in tmm mutants, leaves show clusters of stomata, but

stems develop no stomata at all despite the entry of some cells

into the stomatal lineage (Bhave et al., 2009). Similarly, the three

ER family RLKs exhibit combination-specific interactions with

TMM in specific organ types, implying that different combina-

tions of receptor complexes inhibit particular steps of stomatal

differentiation. Consistent with the receptor model, two putative

ligands of TMM and ER family RLKs, EPIDERMAL PATTERNING

FACTOR1 (EPF1) (Hara et al., 2007) and EPF2 (Hara et al., 2009;

Hunt and Gray, 2009) restrict the later and the earlier steps of

stomatal cell fate specifications, respectively (Figure 2A). The

cell–cell signals in turn appear to activate a mitogen-activated

protein (MAP) kinase signaling cascade including the MAPKKK

YODA (Bergmann et al., 2004), MPKK4/5, and MAPK MPK3/6

(Wang et al., 2007), to suppress stomatal development in neigh-

boring cells. In general, MAP kinase cascades target transcrip-

tion factors and regulate their activities via phosphorylation.

Recently, SPCH was shown to be a MAP kinase target, thus

providing amechanism by which stomatal suppression signaling

might affect stomatal cell state identity directly (Lampard et al.,

2008). Recently, additional signaling ligands have been discov-

ered: STOMAGEN/EPF-LIKE9 (EPFL9), which promotes stoma-

tal differentiation through TMM, and CHALLAH/EPFL6, which

plays a role in tissue-specific stomatal patterning (Abrash and

Bergmann, 2010; Kondo et al., 2010; Sugano et al., 2010). These

additional players highlight the roles of the EPF family of signaling

ligands in various aspects of stomatal development and may

clarify the complex actions of TMM/ER family RLKs.

STOMATAL DENSITY AND DISTRIBUTION1 (SDD1) also acts

as a negative regulator of stomatal formation (Berger and

Altmann, 2000), but although it has been shown to require

TMM for function (von Groll et al., 2002), it seems to be inde-

pendent of EPF1 (Hara et al., 2007), EPF2 (Hara et al., 2009;

Hunt and Gray, 2009), STOMAGEN/EPFL9 (Kondo et al.,

2010; Sugano et al., 2010), and CHALLAH/EPFL6 (Abrash

and Bergmann, 2010). Although SDD1 encodes a membrane-

associated subtilisin-type protease (Berger and Altmann, 2000),

it appears unlikely that it directly processes any known member

of the EPF family of stomatal ligands.

Innate Polarity

Asymmetric cell division within the stomatal lineage is highly

polar: The meristemoid divides at angles of exactly 608 from
each previous division, forming an orderly inward spiral of

SLGCs with a triangular meristemoid inside (Serna et al., 2002;

Pillitteri et al., 2007b). When spacing divisions occur, the

satellite meristemoids always divide away from any neighbor-

ing stoma to maintain the one-cell spacing rule. While cell–cell

signaling and bHLH transcription factors determining the state

of asymmetrically dividing stomatal precursors are well char-

acterized, factors directing the innate polarity that allows

spacing to emerge from the asymmetric cell division process

have remained elusive, until the recent discovery of a unique

protein, BREAKING OF ASYMMETRY IN THE STOMATAL

LINEAGE (BASL) (Dong et al., 2009). The BASL protein fused

with green fluorescent protein (GFP) is localized to the nuclei of

dividing stomatal lineage cells and also to the cell cortex

opposite the site of the most recent asymmetric division, which

appears to be BASL’s main site of activity (Dong et al., 2009)

(Figure 3). The ectopic overexpression of BASL confers abnor-

mal cell polarization. Interestingly, the loss of asymmetry in

a basl mutant resulted in adoption of the stomatal fate, as

depicted by the accumulation of a MUTE:nuclear GFP reporter

fusion protein in both daughter cells (Dong et al., 2009). This

observation implies that the asymmetric divisions in stomatal

lineage cells are necessary for specifying the fate of the SLGC,

but not the meristemoid, and a rapid cell polarization via a

BASL-mediated mechanism is required to do so. This basl

phenotype is the opposite of tmm er, where both daughter cells

of a meristemoid adopt the SLGC fate (Shpak et al., 2005).

While genetic studies suggest thatBASL operates in a separate

pathway from the TMM/ER family (Dong et al., 2009), the latter

is required for proper positioning of GFP-BASL. Understanding

the mechanism that achieves a peripheral localization of BASL

may illuminate the intersection of signaling and innate asym-

metry.

Stomatal Patterning and Differentiation in Grasses

In grasses, stomatal complexes develop from nonclonal cells

through a polarized division process (Figure 4). The cells are

organized in cell files throughout the plant, which are visible on

the macro scale as the typical parallel venation of the monocot

(Figure 1F). Spacing is maintained by the specification of non-

adjacent cell files to develop stomata, which begin with an

asymmetric division toward the leaf apex for all cells in the file.

One of the cells produced by the asymmetric division differen-

tiates directly into aGMC,which before dividing again signals the
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neighboring cells in adjacent cell files to divide asymmetrically

toward the GMC. These divisions produce subsidiary cells (SCs)

important for stomatal action (Figure 4). Subsequently, the GMC

makes a single symmetric division and differentiates two GCs in

a distinctive dumbbell shape (Gallagher and Smith, 2000). GCs

with this shape require less water to open than those with a

kidney shape (Raschke, 1979), so they may be an adaptation to

drought conditions.

The recent availability of genome sequences and reverse-

genetics tools for model monocot plants, rice (Oryza sativa) and

maize (Zea mays), allows for the examination of the conservation

of genes important in stomatal patterning and differentiation.

Grasses contain orthologs (genes in different species that

evolved fromacommonancestor) of themaster regulatory genes

ofArabidopsis stomatal differentiation, SPCH,MUTE, and FAMA

(Liu et al., 2009). Although the transcripts of the two Os SPCH

genes were detected only in coleoptiles, one of them showed a

decrease in entry into the stomatal lineage when mutated (Liu

et al., 2009). This suggests that in rice, at least one of the SPCH

genes controls initial cell lineage divisions; it may have additional

functions that are redundantwith the secondOsSPCH, inwhicha

mutation has not yet been found. OsMUTE andmaize ZmMUTE

were expressed earlier in development than their Arabidopsis

ortholog, at the time of cell file specification. Ectopic overex-

pression of Os MUTE and Zm MUTE in Arabidopsis caused

conversion of epidermal cells into stomata to varying degrees, a

phenotype similar to that of At MUTE overexpression (Liu et al.,

2009), and theywereable topartially rescue theArabidopsismute

mutant when expressed under the native Arabidopsis promoter

(Liu et al., 2009). In mutants of Os FAMA, GCs fail to differentiate

into thedumbbell shapeofwild-typeGCs, implying thatOsFAMA

controls GC fate, though there are none of the extra cell divisions

seen in Arabidopsis fama plants (Liu et al., 2009).

This series of studies provides interesting implications. First,

the SPCH-MUTE-FAMA bHLH genes diverged before the evo-

lutionary split between monocots and dicots. Second, they have

maintained their overall functions as regulators of stomatal

differentiation across these widely separated taxa. Third, the

orthologs have differences in their specific functions that reflect

the differences in the specifics of stomatal ontogeny between

dicots (Arabidopsis) andmonocots (grasses). For instance, while

both At fama and Os fama mutants fail to differentiate mature

GCs, only the At fama mutant forms characteristic tumors of

supernumerary GMC-like cells (Ohashi-Ito and Bergmann, 2006;

Liu et al., 2009). These differences could be reconciled if we

assume that, inArabidopsis, a transition from a proliferative state

to terminal differentiation of stomata requires a strong brake to

halt cell division machinery. There is no actively dividing mer-

istemoid state during stomatal differentiation in grasses; conse-

quently, Os FAMA may not have acquired (or retained) the

specific function to restrict cell division. The role of Os MUTE

earlier in development, relative to At MUTE, may also suggest

that these bHLH proteins acquired specific functions reflecting

the uniqueness of stomatal development in grasses.

Formation of stomatal complexes in grasses (Figure 4) involves

asymmetric cell divisions in subsidiary mother cells (SMCs),

members of GMC-neighboring cell files that give rise to SCs,

which have a highly specialized function as ion reserves for GC

movement. Such an asymmetric cell division outside the stoma-

tal lineage does not exist in Arabidopsis. Therefore, it is of great

interest to unravel the molecular identities of the genes control-

ling subsidiary cell division and polarity in grasses. Loss-of-

function mutations in PANGLOSS1 (PAN1) lead to aberrant

asymmetric cell division and SCpatterning (Gallagher and Smith,

2000). Recently, PAN1 was cloned and shown to encode an

atypical group III LRR-RLK without kinase activity (Cartwright

et al., 2009). It follows that PAN1might associate with other RLKs

with functional kinase domain to transmit signals. InArabidopsis,

an atypical LRR-RLK without kinase activity is known to regulate

developmental processes (Chevalier et al., 2005). Interestingly,

PAN1 protein is localized specifically at the plasmamembrane of

the SMC at the sites of contact with GMC. This is consistent with

the hypothesis that PAN1 receives GMC signals to regulate the

site of cytokinesis. Such polar localization has not been observed

for the Arabidopsis stomatal LRR receptor TMM (Nadeau and

Sack, 2002), and no member of LRR group III in Arabidopsis has

been found to affect stomatal development. Thus, PAN1’s func-

tion may highlight the unique regulation of stomatal patterning in

grasses. Maize PAN2 is required for proper subcellular localiza-

tion of PAN1 (Cartwright et al., 2009). The molecular identity of

Figure 3. Localization of BASL.

BASL acts as a molecular signal instructing stomatal lineage cells to divide away from it. BASL protein appears initially in the nuclei of meristemoid

mother cells (MMC), which differentiate from protodermal cells. The protein then localizes in a second location at the cell periphery opposite the site of

the future asymmetric division. Following that division, BASL remains at the cell periphery but fades away from the nucleus of the larger daughter cell

(SLGC), which loses stomatal lineage identity; it remains in the nucleus of the meristemoid (M), which may further asymmetrically divide. BASL is not

found in later stomatal lineage cells, such as (GMCs or GCs. However, when satellite meristemoids are formed by SLGCs that resume stomatal lineage

fate, BASL appears at the SLGC periphery next to the stomatal lineage cell, providing amechanism for maintenance of the one-cell spacing rule. (Based

on data presented in Dong et al. [2009].)
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PAN2 is not known, so we cannot speculate yet on whether this

protein and its function may be unique to grasses.

Diversity of Stomata and Stomatal Development

In extant land plant species, stomata appear on the sporophyte

shoot epidermis of nearly every lineage. Formost plants, stomata

are evenly distributed in the shoot areas where they appear, and

they adhere closely to the one-cell spacing rule (Sachs, 1991),

allowing them to open and close effectively. Therefore, the

diversity of stomata consists of variations on a theme: stomata

are spaced at least one cell apart, but the specifics differ. Classic

anatomical studies suggest that differences in stomatal pattern-

ing reflect the types, positions, and numbers of cell divisions that

give rise to the stomatal complex (Esau, 1977; Payne, 1979). In

this section, we describe stomatal development in other plant

taxa and speculate regarding their possible alterations of regu-

latory mechanisms known in Arabidopsis.

In mosses and lycophytes (Figures 1A and 1B), stomata

develop through a simple process of a single asymmetric division

followed by differentiation of aGMC, thenGCs (Payne, 1979).We

could speculate that the ancient function of SPCH-MUTE-FAMA

family proteins may be to initiate the stomatal cell lineage and

differentiate into GMC directly. In ferns, MMC in a cell file

undergo one, or sometimes two, asymmetric division toward

the leaf apex, then differentiate into GMC and GC (Apostolakos

et al., 1997) (Figure 5A). This implies cell polarity mechanisms

different from Arabidopsis.

In basal angiosperms, such as Victoria (Figure 1D), stomata

appear to arise without amplifying divisions. (For terminology and

evolution of stomatal complexes among basal angiosperms, see

Carpenter [2005].) By contrast, the magnoliid Houttuynia shows a

clear andextended inward spiral of cells around eachstoma,which

we hypothesize arise through an extended process of asymmetric

division resulting from delayed MUTE activity (Figure 5B).

Gardenia and Begonia (Figures 1G and 1H) show some of the

diversity found within eudicots, a category that also includes

Arabidopsis (Figure 2). InGardenia, it appears that most, if not all,

protodermal cells enter the stomatal lineage, implying that the

unknown mechanism by which MMCs arise operates at higher

Figure 4. Stomatal Development in Grasses.

(A) Schematic diagram of stomatal development in grasses. (1) During early epidermal development in grasses, stomatal and nonstomatal cell files are

specified, and cell division polarity is established in the stomatal cell file. This polarity will ensure that the one-cell spacing rule is maintained. (2) Os

MUTE controls a single asymmetric division toward the leaf apex in the stomatal cell file, which creates GMCs (blue). Neighboring cell files (SMC; pink

gradient) receive a signal via putative receptor PAN1 (magenta), which localizes at the area of GMC contact and polarize in preparation for division. (3)

SMCs divide asymmetrically toward PAN1 to form SCs (pink), which will act as ion reservoirs for the operation of mature stomata. (4) GMCs divide once

symmetrically to form GCs (light green). (5) Finally, GC and SC terminally differentiate, forming mature dumbbell-shaped stomata (dark green). Os FAMA

is required for the differentiation of GCs, though not their symmetric division.

(B) Leaf epidermal peel from the wild type (left) and pan1mutant maize (right). GC and SC are stained in blue and pink, respectively. Unlike the wild type,

the pan1 mutant occasionally fails to produce proper asymmetric divisions that give rise to SC, resulting in abnormal SC patterning. Images kindly

provided by Laurie Smith (University of California, San Diego).
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density than in Arabidopsis. In Begonia, small groups of stomata

are separated by pavement cells. Figure 5C shows a hypothetical

developmental process giving rise to such a stomatal complex:

Instead of dividing asymmetrically, the MMC divides symmetri-

cally oneormore timesandall daughter cells retainMMC identity.

Asymmetric division then proceeds as in Arabidopsis, allowing

the one-cell spacing rule to be maintained, and the mature

Begonia epidermis has groups of up to four stomata (Figure 5C).

Phylogenetic Perspective on Stomata Development

The recent availability of diverse land plant genomes, such as the

mossPhyscomitrella patens andmodel cropmonocot plants rice

and maize, allows for examination of the origin and conservation

of genes important in stomatal patterning and spacing. Since

stomata evolved only once in the ancestor of themosses (Raven,

2002), it is expected that plants that arose from different basal

land plant lineages, such as P. patens, would also possess some

if not all of the genes found to be essential for stomatal patterning

and differentiation in Arabidopsis. Stomata in moss form through

a single asymmetric cell division to produce a GMC, which will

divide partially or completely to produce a single GC or a pair of

GCs surrounding a pore (Payne, 1979). Congruent with this

relatively simplified developmental sequence to mature GC

formation, the moss P. patens does not have genes encoding

SPCH or MUTE. P. patens, however, has two FAMA-like genes

(Figure 6A; see Supplemental Data Set 1 online), which likely

function in moss as they do in Arabidopsis, rice, and maize: to

control the final differentiation step to GCs. Based on our SPCH-

MUTE-FAMA gene tree and taxonomic sample, it is not clear

whether therewas only a single stomatalmaster regulatory bHLH

gene in the ancestor of land plants or if SPCH and MUTE have

been subsequently lost in P. patens. It is fascinating, however, to

speculate that a single stomatal bHLH protein in early land plants

may have had a function to create stomatal-lineage cells and

immediately trigger GC differentiation. Later, as this gene dupli-

cated, its roles may have subfunctionalized and even acquired

new functions to mediate amplifying and spacing asymmetric

cell divisions. The evolution of the leaf blade (Figure 1) in vascular

plants perhaps benefited from additional mechanisms to space

stomata correctly during leaf laminar expansion, such as ampli-

fying divisions of meristemoids and recruiting cell–cell signaling

components to impinge directly on the stomatal differentiation

process. In this regard, it is interesting that At SPCH possesses

a specific MAP kinase target domain not found in At FAMA

(Lampard et al., 2008).

Land plants also share common signaling components for the

spacing of stomata. TMM, a member of the LRR-RLP family,

functions as part of a signaling complex that regulates the spacing

of stomata in Arabidopsis (Nadeau and Sack, 2002). TMM is

present in a single copy in poplar, grass, and moss genomes,

which may reflect its integral role in enforcing correct stomatal

spacing (Figure 6B; see Supplemental Data Set 2 online). In

Arabidopsis, TMM is proposed to associate with ER family recep-

tors, which are Ser/Thr kinases (Shpak et al., 2005). TMM is

specific to the stomatal lineage, whereas ER family members play

Figure 5. Developmental Hypotheses for Stomatal Complex Diversity.

(A) Stomata in the fern Marsilea appear to develop through a process lacking amplifying divisions of a meristemoid (cf. Arabidopsis in Figure 2A).

(B) Houttuynia (magnoliid) stomata are surrounded by a spiral arrangement of cells that suggests a large number of amplifying divisions.

(C) In Begonia, a eudicot, stomata arise in groups that can be explained by early division of a stomatal precursor, such as an MMC, and retention of

MMC identity by the daughter cells.
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Figure 6. Stomatal Patterning and Spacing Genes Are Conserved among Embryophytes.

(A) A gene tree of master regulatory bHLH transcription factors (SPCH, MUTE, and FAMA) in stomatal development. Amino acid sequences from bHLH

and ACT domains were aligned and the tree constructed using Bayesian and neighbor-joining methods. The Bayesian phylogram is shown. The pink,

yellow, and cyan rectangles highlight the SPCH, MUTE, and FAMA clades, respectively. Posterior probability values are indicated above the nodes, and

bootstrap values over 50 (100,000 replicates) are indicated below the nodes.

(B) A gene tree of TMM, which encodes an LRR receptor-like protein necessary for proper stomatal spacing in Arabidopsis. The entire amino acid

sequence was aligned and the tree constructed as in (A). The Bayesian phylogram is shown. The pink rectangle highlights the single copy TMM clade.

Posterior probability values are indicated above the nodes, and bootstrap values over 50 (100,000 replicates) are indicated below the nodes.

(C) Amino acid alignment of the N-terminal portion of YODA (YDA), a MAPKKK, which is essential to regulate the activity of the protein in Arabidopsis.

YDA is also required for appropriate stomatal spacing. At, Arabidopsis thaliana; Pt, Populus trichocarpa; Os, Oryza sativa; Pp, Physcomitrella patens.

See Supplemental Methods and Supplemental Table 1 online for detailed bioinformatic and phylogenetic methods and gene ID numbers.
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additional roles in various developmental processes in Arabidop-

sis (Shpak et al., 2004; Pillitteri et al., 2007a; Hord et al., 2008; van

Zanten et al., 2009, 2010). Thus, TMM may be necessary for

recognition of ligands or receptor complex activation specific to

the stomatal lineage in all land plants.

YODA is a MAPKKK thought to act downstream of TMM and is

present in multiple copies in rice and poplar and in single copy in

Arabidopsis and P. patens (Figure 6C). Although MAPKKKs com-

prise a large gene family, YODA can be identified by its unique

N-terminal Ser-rich regulatory region (see Supplemental Data

Set 3 online). Closely related MKKKs in Arabidopsis appear to be

lacking this region (see Supplemental Data Set 3 online), and if

it is deleted in YODA, the protein becomes constitutively active,

resulting in a stomata-less phenotype (Lukowitz et al., 2004).

Given the high level of sequence conservation in the region of this

protein in P. patens relative to Arabidopsis, we predict that the

N-terminal region regulates its YODA activity as well. Like ER

family RLKs, YODA regulates multiple developmental processes

in Arabidopsis in addition to stomatal patterning, such as embryo

polarity/patterning, inflorescence elongation, and flower develop-

ment (Lukowitz et al., 2004). Therefore, it would be interesting to

see whether YODA might also be an essential component in the

regulation of stomatal spacing in moss.

Although close anatomical descriptions of stomatal develop-

ment exist for many taxa, little is known of the molecular and

evolutionary basis of stomatal formation across land plants.

Valuable insights into ancestral and conserved mechanisms of

stomatal development will no doubt be gained from further

studies on basal land plants. In the moss sporophyte, stomatal

development is relatively more similar to that of grasses than that

of eudicots, in that one asymmetric division gives rise to a GMC

directly, which then divides symmetrically once to form paired

GCs (Ziegler, 1987). However, unlike grasses, there are no

subsidiary cells formed from outside the stomatal lineage. To

reach a deeper understanding of novel mechanisms responsible

for generating stomatal diversity (Figure 1), comparative studies

of closely related, yet morphologically divergent, stomatal phe-

notypes are needed.

Future Perspectives

With recent advances in understanding the molecular processes

controlling stomatal development in the model eudicot Arabi-

dopsis, alongside the completion of several genome projects in

monocot crop plants and in basal land plants, we are beginning

to find that many of the molecular mechanisms that control

stomatal development in Arabidopsis are part of an ancient

machinery. As shown by PAN1 in maize and BASL in Arabidop-

sis, some of the unique aspects of stomatal development relate

to the type and number of asymmetric cell divisions associated

with the formation of the stomatal complex. Further identification

of orthologs of stomatal regulator genes in phylogenetically and

evolutionarily important species and analysis of their develop-

mental functionsmay unravel themolecular basis of the evolution

of stomatal development.

Several exciting questions remain: For instance, how is the

stomatal lineage first established? What initiates SPCH expres-

sion, and what are the cellular dynamics that set up the entry into

asymmetric cell divisions of the stomatal lineage? When did

amplifying cell divisions come to play a key role in stomatal

development, and is that innovation correlated with specific

features of MUTE?

A second line of questions revolves around the intersection of

environmental signaling and stomatal development. Some re-

cent work is beginning to explain how light signals integrate with

the stomatal development program (Boccalandro et al., 2009;

Casson et al., 2009; Kang et al., 2009), and other work is

examining how CO2 regulates stomatal density (Gray et al.,

2000). In addition, while a direct role between temperature and

stomatal patterning has not been determined, SCRM, which is

also known as ICE1, is an important transcriptional activator of

cold response genes (Chinnusamy et al., 2003). During the

evolution of land plants, when and how did such network

connections of environmental signaling pathways to stomatal

development emerge? Clearly, we now have the molecular-

genetic tools in hand to explore the evolution of this landmark

developmental innovation.
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