
Stomatal development: from neighborly to global
communication
Dominique Bergmann
Stomata are epidermal structures that are responsible for

modulating the exchange of gases between the plant and the

environment. Stomata are formed and patterned by

asymmetric cell divisions. The number and orientation of these

asymmetric divisions is informed by plant intrinsic signals

acting locally (among epidermal cells) or at a distance (from

mature to young leaves) and by plant extrinsic factors such as

the quantity of light, water and CO2 in the atmosphere. Recent

studies have implicated a set of conserved cell surface

receptors and intracellular signaling molecules in the

perception and response to developmental cues.

Complementary studies have probed the nature of

environmental signals and how these signals are transduced

from the site of perception to the cells in the stomatal lineage.
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Introduction
Stomatal development is a paradigm for studying the

integration of genetic and environmental inputs in devel-

opmental decisions. Stomata are structures in the epider-

mis of aerial organs that function as conduits for the

exchange of carbon dioxide (CO2) and water vapor

between the plant and the atmosphere. A stoma consists

of a pore, flanked by two epidermal cells, that lies above

an airspace in the mesophyll (Figure 1a). Stomata are

separated from one another by intervening epidermal

cells, a pattern thought to be a functional requirement

for efficient gas exchange [1]. In Arabidopsis, this pattern

is referred to as the one-cell spacing rule [1]. Stomatal

density (stomata mm�2) and stomatal index (number of

stomata per total number of epidermal cells) vary with

growth conditions, whereas the spacing pattern does not.

This points to possible differences in the source of

regulatory information for each parameter. For example,
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stomatal density is highly regulated by the environment,

but spacing might be under the sole jurisdiction of

developmental genes.

Stomatal development is characterized by an orchestrated

series of asymmetric cell divisions followed by a single

symmetric division (Figure 1b). ‘Entry divisions’ initiate

the lineage by creating a small cell called a meristemoid

and a larger sister cell. The sister cell may become an

epidermal (pavement) cell or undergo an asymmetric

division later. ‘Amplifying divisions’ occur in meriste-

moids. These divisions not only regenerate the meriste-

moid but also increase the number of larger daughter cells,

and thus the total number of epidermal cells. ‘Spacing

divisions’ resemble entry divisions in their outcome but

have additional constraints because they occur in cells next

to a stoma or precursor, and because their asymmetric

division must be oriented so that the larger daughter cell

intercalates between the stoma and the new meristemoid.

The differentiation of stomatal guard cells requires that

the meristemoid transits through its amplifying divisions

and converts into a new cell type, the guard mother cell

(GMC). The GMC divides only once, and its symmetric

division creates the two guard cells of the stoma.

Three transcription factors have been identified that

control the GMC to guard cell transition [2�,3�]. No genes

that are required exclusively for entry divisions have yet

been identified, but a set of genes that encode cell surface

receptors is critical for oriented divisions and plays a role

in modulating all of the asymmetric divisions in the

stomatal lineage.

Receptors mediate cell–cell communication
in epidermal pattern
ERECTA (ER) encodes a receptor-like protein that con-

tains leucine-rich repeat (LRR) extracellular domains, a

single transmembrane domain and a cytoplasmic kinase

(a receptor-like kinase [RLK]). This protein has far-

reaching effects on plant growth, developmental pattern

and responses to biotic and abiotic stresses [4,5]. Many of

the processes that are affected by loss of ER function are

united in their requirement for cell proliferation. The

expression of an ER protein without the kinase domain

(ER-Dkinase) results in plant growth phenotypes that are

more severe than those found in er null plants, suggesting

that the truncated ER protein acts as a dominant negative,

probably by forming unproductive heterodimers with

other LRR-RLKs [6]. Good candidates to be partners

in these heterodimers are ER’s closest homologues

ERECTA-LIKE1 (ERL1) and ERL2. Both ERL1 and
www.sciencedirect.com
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Figure 1

Stomatal structure and developmental pathway. (a) Scanning electron micrograph of closed Arabidopsis stoma (arrowhead) surrounded by sepal

epidermal cells. (b) Diagram of divisions in the stomatal pathway. Young epidermal cells make entry divisions to create meristemoids (M). The

meristemoid might continue dividing (amplifying divisions) or undergo differentiation to form a guard mother cell (GMC) and, via a symmetric

division, a pair of guard cells (GCs). Spacing divisions can occur next to GCs, GMCs, or older Ms as indicated.
ERL2 can functionally substitute for ER in overall plant

growth when expressed under the control of ER regula-

tory sequences [4]. erl1 and erl2 single mutants and

erl1;erl2 double mutants are indistinguishable from wild-

type at the whole-plant level, but erl1;erl2;er triple

mutants are dwarfed and sterile [4,7��].

A closer examination of the er;erl1;erl2 mutants revealed a

striking stomatal overproliferation and spacing phenotype

in all organs that normally make stomata [7��]. The

phenotypes of the er;erl1;erl2 mutant suggest that the

three LRR-RLKs are redundantly required for stomatal

development. However, careful studies of the pheno-

types of all single and double combinations of mutated

ER family genes revealed subtle differences in each

gene’s function during asymmetric stomatal lineage divi-

sions. Only the triple mutant exhibits defects in pattern-

ing, suggesting that activity of any of the ER family

members is sufficient to orient the spacing divisions [7��].

The excitement surrounding the ER findings derives not

only from the dramatic effect of these genes on stomatal

development, but also because previous studies with the

TOO MANY MOUTHS (TMM) gene hinted at the involve-

ment of an LRR-RLK in stomatal development. TMM

encodes an LRR receptor-like protein (RLP) that lacks an

intracellular kinase domain (LRR-RLP), suggesting that

TMM participates in signal transduction through interac-

tions with an LRR-RLK partner [8].

In contrast to er phenotypes, the phenotypes of tmm
mutants are exclusively related to stomatal development.
www.sciencedirect.com
The primary mechanism for the suite of tmm1 phenotypes

appears to be a failure of neighbor cells to respond to

positional cues: tmm mutants fail to orient spacing divisions

and fail to inhibit entry divisions in cells adjacent to

multiple stomata or stomatal precursors. tmm mutant cells

also undergo fewer amplification divisions and produce a

higher percentage of stomata relative to pavement cells [9].

It is clear from the phenotypes of mutations in TMM and

ER-family members that all four of the proteins encoded

by these genes play roles in stomatal development. It is

not clear whether these proteins are part of a single

signaling complex or whether some can signal indepen-

dently. The phenotypes of loss-of-function mutations in

tmm and the er-family are similar but not identical. ER-

family proteins primarily modulate entry divisions and

amplifying divisions whereas TMM’s preeminent role is

in spacing divisions.

Combinations of tmm1 mutants with single and multiple

mutants in the ER-family result in complex stomatal

development phenotypes. Many of the published genetic

interactions between tmm and the er-family mutants are

consistent with the affected proteins being part of one

physical complex, but the phenotypes in several organs

can also be explained by TMM acting independently of

the ER family ([7��,8]; Table 1). One of the issues

confounding the interpretation of the function of these

genes is that different methods and different stages of

tissue development were examined by the groups study-

ing mutants in which TMM and the ER-family were

affected.
Current Opinion in Plant Biology 2006, 9:478–483
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Table 1

Summary of phenotypes in stomatal signaling mutants

tmm er erl1 erl2 er erl1 erl2 yoda Other

Cotyledon Increased SI,

clusters

Decreased SI Wildtype Wildtype Greatly increased

SI, large clusters

Greatly increased

SI, large clusters

Stem No stomata Wildtype Slight increase

in SI

Slight increase

in SI

Small clusters Small clusters tmm epistatic to

single er family

mutants only

Silique Decreased SD,

clusters

Some arrested Slight increase

in SI

Wildtype Greatly increased

SI, large clusters

ND er tmm double

mutants show no

differentiation of

stomata,

neomorphism

Pedicle Gradient Decreased SI Slight increase

in SI

Wildtype Greatly increased

SI

ND

TMM, YODA and the ER family have different roles in different tissues. Examples of some of these roles are summarized in the table. Each row

represents a tissue, each column a mutant phenotype. ND, no data; SD, stomatal density; SI, stomatal index.
If ER/ERL1/ERL2 and TMM do function together,

what is the physical nature of their interactions? Animal

receptor tyrosine kinases dimerize, and ligand binding

induces phosphorylation of the receptors and the activa-

tion of downstream signaling pathways. Genetic and

protein interaction studies suggest that plant LRR-RLKs

probably share some of these activities [10]. TMM and

the ER-family proteins contain paired cysteine residues

in their extracellular domains that might be responsible

for dimerization [10]. Mechanistic models that are con-

sistent with the genetic interaction data and the coin-

cident expression patterns of TMM, ERL1 and ERL2 in

stomatal lineage cells would suggest that TMM and ER-

family members interact with each other in both com-

petitive and cooperative modes [7��]. Many interaction

models can be tested by careful genetic-dosage studies

and by looking at in planta physical interactions among

the proteins. Discovering physical connections among

these four proteins will have a significant impact not

only in the field of stomatal development but in the field

of plant receptor signaling. Previous experiments with

the LRR-RLK–LRR-RLP pair encoded by the CLA-

VATA1 and CLAVATA2 proteins suggested that hetero-

dimerization activated or stabilized the complex [10].

If TMM inhibits members of the ER-family by forming

heterodimers, this will demonstrate a novel mode of
Current Opinion in Plant Biology 2006, 9:478–483
plant receptor interaction, and also provides a mechanism

by which specificity can be granted to broadly used

LRR-RLKs.

Regardless of whether the ER family and TMM form a

single signaling complex or several, loss of these pro-

teins results in the disruption of multiple downstream

cellular behaviors, including transcription, cytoskeletal

organization and targeted secretion. Intracellular signal-

ing is required to transduce signals from the cell per-

iphery to these numerous targets. A mitogen-activated

protein (MAP) kinase signaling pathway was implicated

in stomatal development by the discovery of mutations

in the MAP kinase kinase kinase (MAPKKK) gene

YODA that profoundly alter stomatal density and spa-

cing [3�]. The phenotype of the yoda mutant is similar to

that of the er;erl1;erl2 triple mutant; it includes a severe

reduction in overall plant height and internode length

and excess production of guard cells [3�,7��]. Studies of

developing cotyledons suggest that the asymmetric

divisions that are compromised in tmm and er;erl1;erl2
are also affected in yoda. Cells in the epidermis of yoda
cotyledons exhibit excessive entry divisions, fail to

orient spacing divisions and fail to prevent the division

of neighbor cells that contact two cells of the stomatal

lineage.
www.sciencedirect.com
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Constitutive activation of YODA eliminates stomata [3�].
This effect is dosage dependant and heterozygous

CA-YODA/+ plants do not have dramatically affected

stomata. However, CA-YODA can dominantly suppress

the stomatal proliferation and patterning defects of tmm1
[3�]. Suppression of tmm-1 by CA-YODA is consistent with

YODA’s acting downstream in a common signaling path-

way, but does not rule out the possibility that YODA
participates in an independent and parallel signaling

pathway in young epidermal cells. A physical or biochem-

ical connection between the YODA MAPKK kinase and

the stomatal regulators at the membrane will be needed

to rule out this second possibility. Obtaining definitive in
vivo interaction data might be challenging. Even in the

intensively studied plant defense response LRR-RLK/

MAPK pathways, it is not clear whether the LRR-RLK

directly phosphorylates and activates the MAPKKK or

whether this activation requires an intermediary protein

or protein complex [10].

Environmental influences: direct and
mediated through signals from old to new
The experimental focus on the ‘developmental’ genes

that act within the epidermis to control cell identity and

division behavior will identify many of the signaling

pathways and cell autonomous factors that are required

for stomatal development and pattern. However, signals

from underlying tissues and from the environment clearly

influence the stomatal density and index. Long-range
Figure 2

Integration of environmental and developmental signals. Cuvette studies ind

studies indicate which cells are capable of responding. The site of action of

where crosstalk between signaling pathways might occur.

www.sciencedirect.com
signals could act by modulating the activity of genes such

as TMM, YODA and members of the ER family or they

could impinge directly on the cell-cycle machinery and

other downstream targets (Figure 2).

Ecophysiologists have long noticed a correlation between

stomatal density and environmental characteristics, and

have used this correlation to estimate past global CO2

concentrations [11]. These studies tracked changes over

hundreds of years. Because plants continuously generate

organs, they might also be capable of responding to

environmental change within one lifetime. Dicotyledo-

nous plants such as Arabidopsis generate new leaves in a

tightly packed arrangement around the meristem. Entry

of protodermal cells into stomatal lineages precedes the

emergence of the leaf into the open atmosphere. There-

fore, leaves that are capable of altering their epidermal

development are not capable of accurately measuring the

surrounding environment. A cuvette system designed to

manipulate the environment around single leaves of a

plant revealed that it was the CO2 concentration around

mature leaves that determined the stomatal density of

emerging leaves [12].

If mature leaves perceive the environment, there must be

a long-range signal that transmits this information to

young leaves. Recently, several labs have used modified

cuvette systems to identify or test candidates for the

mobile signal and to describe the cellular basis of altered
icate where the environment must be perceived and developmental

developmental genes is noted in the stomatal lineage to suggest

Current Opinion in Plant Biology 2006, 9:478–483



482 Transplantation
stomatal density in response to environmental change.

Studies of maize [13�], Arabidopsis [14�], and poplar [15�]
suggest that environmental perception by old leaves and

response by new leaves are universal, but the details of

the response can vary among species. In general, elevated

CO2 levels near mature leaves increased the size of new

leaves but decreased the stomatal density of these leaves.

Shading mature leaves decreased new leaf size but also

decreased stomatal density. Shading and high CO2 con-

centrations produce the same stomatal density effect in

new leaves despite having opposite effects on carbohy-

drate production, effectively ruling out most models that

invoke photosynthetic rates or sugar production as a signal

that controls stomatal density. In poplar, the parameter

that directly correlates with stomatal density response of

new leaves is the rate at which water and CO2 pass

through stomata (i.e. stomatal conductance) [15�] of

mature leaves. Stomatal conductance is itself a measure

of multiple inputs, including light, humidity and CO2

concentration. It is not obvious how this information

would travel long distance, but it does make sense to

integrate multiple inputs in the mature leaf to transmit a

summed picture of the atmosphere to the new leaf.

The cell size and morphology of both guard and pave-

ment cells can be affected by environmental treatments,

suggesting several cellular mechanisms by which stomatal

density decreases. Possible scenarios include altered

expansion of pavement cells, altered number of entry

divisions or rounds of asymmetric proliferative divisions

in the stomatal lineage, and arrest (or transdifferentiation)

of meristemoids or GMCs. The present studies focus on

the final stomatal density, stomatal index and arrange-

ment of stomata in responding leaves. Time-course stu-

dies would allow hypotheses about which developmental

steps or genes might be targets of environmental regula-

tion. Some evidence already points to the expansion of

pavement cells and the division of stomatal lineage cells

being under independent control [13�,15�].

Crosstalk in the system: roles of ERECTA in
environmental signaling
The stomatal development and ecophysiology fields were

recently united by the discovery of ER as a major quan-

titative trait locus (QTL) underlying differences in tran-

spiration efficiency among Arabidopsis ecotypes [16��].
Transpiration efficiency is the ratio of carbon fixation

though photosynthesis to water loss through transpiration

— parameters that are tightly linked to the behavior of

stomata. Given the role of ER in stomatal development

and the implication that ER might have different partners

for different developmental processes, what is the

mechanism by which ER controls both development

and transpiration efficiency? It is possible that the ER

kinase acts with one set of partners for its stomatal

development roles and a unique set of partners in a

signaling pathway that coordinates transpiration and
Current Opinion in Plant Biology 2006, 9:478–483
photosynthesis. It is also possible that changes in the

transpiration efficiency of er mutants are an indirect

consequence of ER’s developmental roles (i.e. altered

plant morphology, leaf thickness and stomatal density).

Genetic or protein interaction screens to find ER’s part-

ners or to find downstream targets that are unique to each

process might distinguish the direct and indirect models

of ER action.

Conclusions
Signaling is required at several levels to ensure the correct

specification, pattern and function of stomata. Proteins

that are elements of canonical signal-response pathways,

ER, TMM and YODA, are essential for many aspects of

stomatal pattern, but many questions about their activ-

ities and interactions remain. Do ER, TMM and YODA

work in a concerted signaling pathway? If so, to what do

they respond and what are the ultimate downstream

targets of their activity? Do any of these proteins serve

as nodes for the integration of developmental and envir-

onmental signals?

Whole-genome and proteome approaches might hold the

greatest promise for filling gaps in the pathway of stomatal

development. For example, many more genes that are

expressed in and required for the stomatal lineage might

be identified through transcriptional profiling of cells that

are isolated at each stage of stomatal development [17],

by profiles of mutants that affect stomatal development

[3�] or through a combination of both approaches. Many

resources are available that can be used to identify the

MAP kinase components downstream of YODA [18,19],

and a recently developed protein array has already proven

to be useful in a high-throughput screen for targets of

plant MAP kinases [20�].
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