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Stomata, functionally specialized small pores on the surfaces
of leaves, regulate the flow of gases in and out of plants. The
pore is opened by an increase in osmotic pressure in the guard
cells, resulting in the uptake of water. The subsequent increase
in cell volume inflates the guard cell and culminates with the
opening of the pore. Although guard cells can be regarded
as one of the most thoroughly investigated cell types, our
knowledge of the signaling pathways which regulate guard cell
function remains fragmented. Recent research in guard cells
has led to several new hypotheses, however, it is still a matter
of debate as to whether guard cells function autonomously or
are subject to regulation by their neighboring mesophyll cells.
This review synthesizes what is known about the mechanisms
and genes critical for modulating stomatal movement. Recent
progress on the regulation of guard cell function is reviewed
here including the involvement of environmental signals such
as light, the concentration of atmospheric CO, and endogenous
plant hormones. In addition we re-evaluate the important role
of organic acids such as malate and fumarate play in guard cell
metabolism in this process.

Introduction

Stomata are formed by pairs of specialized epidermal guard cells
which are generally surrounded by subsidiary cells. They serve as
major gateways both for CO, influx from the atmosphere and tran-
spirational water loss of plants.! Due to the impermeable wax layer
on the epidermal surface, the stomatal complex, plays a major role
in controlling gas exchange between plant and the surrounding
atmosphere.? Stomata are, therefore, important regulators of the
global atmospheric environment,’ and the developmental fate of
epidermal cells to differentiate or not into a pair of mature guard
cells is also intimately linked to environmental cues.** Moreover,
environmental cues provided by the light intensity, concentration
of atmospheric carbon dioxide or endogenous plant hormonal
stimuli control stomatal aperture and development.?

Bearing the importance of guard cells in mind it is perhaps
unsurprising that considerable research effort has been expended
to better comprehend the structure, development and the
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physiology of stomata.">* Given the relative ease of the isolation of
guard cells, which gate stomata, our understanding of these cells
exceeds that of many of the other 40 cell types described thus far in
plants.”!® Although guard cells can be regarded as one of the most
thoroughly investigated cell types, our knowledge of the signaling
pathways that regulate guard cell function is still incomplete."!>!?
Despite the anatomical simplicity of the stomatal valve, there is
little consensus on how stomata sense and respond to their extrin-
sic and intrinsic environment."® One largely unresolved question
is how environmental signals such as light intensity, the concen-
tration of atmospheric CO, and endogenous plant hormones are
able to modulate basal stomatal movements and gas exchange in
accordance to prevailing environmental conditions. While it is
well known that opening responses are achieved by coordination of
light signaling, light-energy conversion, membrane ion transport,
and metabolic activity in guard cells' and current data suggest that
light and carbon dioxide play major roles in the control of stoma-

1,14

tal movement"' the exact mechanisms which underlie this strict

mechanistic control are yet to be unravelled.
Overview of Guard Cell Players and their Functions

Metabolism of guard cells continuously interacts with the envi-
ronment, sensing biotic and abiotic stimuli and signals coming
from both the atmosphere and from roots and responding with
appropriate changes in pressure turgor. By this mechanism guard
cells control stomata aperture in accordance with changes in the
plants environment, in order to preserve water and CO, assimi-
lation. Several environmental factors affect stomata opening,
including hormone, light quality and intensity, air humidity,
atmospheric CO, concentration, biotic and abiotic stresses.>!""*"
Recent research progress has revealed that the guard cell response is
co-ordinated by a complex of signal transduction networks includ-
ing input from CO,, abscisic acid (ABA) and Ca®*."'"*® The sig-
nal transduction network appears to be intermediated by kinase/
phosphatase regulation, secondary metabolites and the regulation
of ion channels."'"*® However, given their importance, some of the
principal components of the signaling pathways are described in
the following sections.

CO, Sensing and Signaling

e effects o concentration upon stomata aperture has been
The effects of CO, trat tomat ture has b
known for decades.””?! At lower atmospheric partial pressure of
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CO, higher stomata aperture is observed in attempt to keep a
minimum of CO, available in the sub-stomatal chambers and
in order to maintain carbon assimilation in the mesophyll cells
through operation of photosynthetic machinery. By contrast the
opposite response is observed at high CO, concentrations in the
intercellular spaces which lead to stomatal closure without reduc-
tions in the carbon assimilation. Recently CO -induced stomatal
closure has been studied in detail and plant mutants with affected
CO, stomatal response have been identified.**?¢

The physiological mechanism by which elevated CO, regu-
lates stomatal aperture has been extensively documented.'#?® In
brief, high atmospheric CO, concentrations activate anion chan-

nels and K* out efflux channels in guard cells,?°

and promote
chloride release from guard cells and membrane depolarization.?!
Indeed considerable experimental evidence has been accrued that
a ion Ca’* is required for CO,-induced stomatal closure.”>* It
has been reported that elevated CO, activates plasma membrane
anion channels of guard cells.” Interestingly it was found that
after a rise in CO, from 150 to 800 wmol mol”, it took a few
minutes before the apoplastic Cl increased.” The authors sug-
gested that the accumulation of an intermediate effector is nec-
essary to activate anion channels. Malate has been proposed as
such an effector that mediates between CO, and anion chan-
nel activation.’* These authors reported that changes in the CO,
concentration modify the apoplastic malate concentration and
that elevated malate enhanced the probability of opening of
anion channels by shifting their activation potentials. Although
the nature of the intermediate effector that drives anion efflux is
unresolved, its accumulation may increase with increasing CO,
concentration, which induces concentration-dependent anion
efflux and stomatal closure.

Despite the fact that the mechanism by which CO, regulates
stomatal closure is relatively well accepted, the cell types wherein
CO, is sensed is still a martter of discussion. Potentially, CO,
22,35

could be directly sensed by the guard cells*** or remotely via
communication from the mesophyll cells.”*% It is additionally
possible that both cells types could be directly involved in the
stomatal CO, response.' Nevertheless the recent study of Aratjo
and colleagues®” clearly indicate that mesophyll derived malate
plays an important role in controlling stomatal aperture.

Several attempts have recently been made to identify the pro-
teins responsible for binding CO, and thus triggering a signal
transduction pathway which could control stomatal responses.
One of these studies allowed the isolation of Arabidopsis mutants
(high leaf temperature 1; hzI-1 and htl-2) with altered stoma-
tal movements in response to CO,.” Further analyses demon-
strated that H77 is a protein kinase expressed mainly in guard
cells and suggested that it is important in the control of stomatal
movement with its function being more evident in response to
CO, than to ABA or light. A recent study demonstrated that car-
bonic anhydrases (CA) can be involved in CO, sensing without
alteration in ABA and light responses.? This study additionally
characterised a double-mutant -carbonic anhydrases 8CA1 and
RCA4 Arabidopsis plant which was affected in both stomatal
movement and density but did not display alterations in either
ABA or blue light responses.?* Moreover it was demonstrated that

1306

Plant Signaling & Behavior

RBCA-mediated stomatal movements were not linked to leaf pho-
tosynthesis. In summary this study suggests that CO,-binding
carbonic anhydrase proteins might function early in CO, signal-
ing pathway, controlling gas exchange between plants and their
surrounding atmosphere.

Elevated atmospheric CO, concentration is known to promote
activity of anion channels which mediate efflux of the osmoregu-
latory anions, Cl- and malate?, during stomatal closure.” For this
reason several efforts have recently been made to identify genes
encoding guard cell anion channels. However, only recently
the first guard cell anion channel was identified in Arabidopsis
thaliana. The gene SLACI (Slow Anion Channel Associated 1),
which encodes a protein homologue to bacterial and fungal dicar-
boxylate/malate® transporter protein, localized specifically in the
plasma membrane of guard cells was isolated.?** Recent evidence
however demonstrated by functional expression in Xenopus laevis
oocytes that guard cell-expressed Arabidopsis SLACI encodes
a weak voltage-dependent, anion-selective plasma membrane
channel rather than a malate transporter.”” Analyses of the slacl
mutants suggest that SLACI protein function as a mediator of
the CO, sensitivity and regulation of stomatal closure. Further
analysis revealed that SLACI belongs to a protein family of four
related members with the same plasma membrane localization
but different tissue specificity expression patterns.”? Additional
experiments suggest that the SLACl-protein family function is
essential to maintain organic/inorganic anion homeostasis on the
cellular level® and is required for stomatal closure in response
ABA, ozone, light/dark transitions, humidity change, calcium
ions, hydrogen peroxide and nitric oxide.?® The lack in SLACI
protein was shown to impair slow (S-type) anion channel cur-
rents that are activated by cytosolic Ca?* and ABA, but do not
affect rapid (R-type) anion channel currents or Ca?* channel
function. Taken together these results associated with the perme-
ability of S-type anion channels to malate®® suggest that SLAC1
plays an important role in the function of S-type anion channels.
Additionally three malate transporters have been recently cloned
that are responsible for cytosol to vacuole and cytosol to apoplast
224142 and their role is discussed in detail in the section
“On the role of organic acids as a component of the stomata sig-

exchange
naling cascade.”
CO, and Stomatal Development

By adjusting stomatal distribution and density plants can respond
to environmental factors such as CO, and water and light avail-
ability.”®% Thus, in addition to the control that CO, concentra-
tions have upon regulation of stomatal aperture, the mechanisms
controlling the abundance of stomatal complexes are also crucial
in determining photosynthetic performance and water use effi-
ciency. Correlation of guard cell size, stomatal density and con-
ductance with atmospheric CO, has been assessed over millions
of years** and it suggests a mechanism connecting long-term CO,
change with the ecological radiation of land plants and increasing
gas-exchange capacity of land plants over geologic time. During
their millions-of-years history, plants have been exposed to large
variations in environmental conditions that prompted genetic
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adaprtations toward mechanisms that optimize individual fitness.
Over this period, plant adaptation to CO, is apparent as periods
with high CO, favored species with few relatively large stomata
and low stomatal conductance (g), whereas periods with low
CO, (as at present) favored species with many relatively small
stomata and higher g.**

Changes in stomatal development have been observed under
high CO, atmospheric conditions, where decreases in stomatal
numbers are observed in parallel with increases in atmospheric
CO, concentration.** Particularly interesting results have been
found for the relationship between stomatal densities and atmo-
spheric CO, concentrations. It has been demonstrated that a wide
range of species show a reduction in stomatal density with CO,
enrichment and that several tree species respond to atmospheric
CO, concentrations by an alteration in stomatal density.%
Furthermore, responses of stomatal development to light inten-
sity or CO, concentration have been shown to involve signaling
from mature leaves to the developing leaves.” Molecular evi-
dences have been provided which corroborate that CO, levels are
indeed linked to stomatal development.*’ A high carbon dioxide
(HIC) gene has been isolated from Arabidopsis which represents
a negative regulator of stomatal development that is responsive
to the prevailing CO, concentration. This gene encodes a puta-
tive 3-keto acyl coenzyme A synthase, which is involved in the
synthesis of very-long-chain fatty acids.” Further studies also
performed with Arabidopsis thaliana, have revealed that stomatal
development and patterning is regulated by responsive mitogen-
activated protein kinases (MPK),”® and the stress-responsive
AtMPK3, along with AcMPK6 was shown to play a key role in
regulating stomatal development and patterning in addition to
its role in biotic and abiotic stress signaling. Interestingly, recent
evidence suggests that density and development of stomata on the
Arabidopsis thaliana leaves depend, in part, on the microRNA-
mediated regulation of Agamous-likel6 (AGL16) gene.! AGL16
is a member of the MADS box protein family, which mRNA
is targeted for sequence-specific degradation by the microRNA
miR824. Additionally several potential quantitative trait loci
have been also identified in poplar’>® and thus it seems rea-
sonable to assume that leaf traits may be robust enough to be
developed as markers for accelerated breeding programs, offering
another research approach to increase crop yield.

ABA Sensing and Signaling

ABA is involved in broad of physiological process, such as regulat-
ing seed germination and seedling growth and it is also essential
in processes that lead to plant resistance upon biotic and abiotic
stresses.”® Under drought and high salinity conditions the levels
of ABA increase in the roots which is perceived by the guard
cells where it triggers changes in ion fluxes leading to stomata
closure and inhibiting stomatal opening.****>> Altogether these
effects minimize water loss and allow plants to cope with drought
episodes.

Several efforts have been devoted to identifying ABA recep-
tors in guard cells and the findings of candidates for ABA recep-
tors have been reported. A candidate for ABA-binding protein
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(ABAR) was identified recently.’® In this study the H subunit of
Mg-chelatase (CHLH), which is a key component in both chlo-
rophyll biosynthesis and plastid-to-nucleus signaling, was shown
to bind ABA and function as a positive regulator in seed ger-
mination, post-germination growth and stomatal movement in
Arabidopsis. Further analysis revealed that ABAR/CHLH is a
ubiquitous protein, which indicates that it might be able to per-
ceive the ABA signal at the whole-plant level.>® In another study
homologs for a G-protein coupled receptors (GPCRs), known as
a conserved mechanism for the extracellular signal perception
at the plasma membrane in eukaryotic organisms,”” were found
Arabidopsis plants. It has been shown that a G-protein coupled
receptor 2 (GCR2) encoding a putative GPCR is localized in
the plasma membrane and that it interacts with the G protein
a-subunit GPA1 to mediate ABA responses. This protein recep-
tor binds ABA with high affinity at physiological concentration.’®
However, it is important to mention that the characterization of
GCR2 as a GPCR and ABA receptor is still a matter of discus-
sion.””®! More recently, other GPCR-like proteins (GTGI and
GTG2) were identified and its characterization revealed that the
GTG proteins represent a novel class of proteins with topology
similar to GPCRs but with classic GTP-binding/ GTPase activ-
ity.%? Further analysis providing biochemical and phenotypic evi-
dences suggest that GTGI and GTG2 proteins are redundantly
involved in G protein-coupled ABA signaling and are, or are parts
of, ABA receptor complexes® and their detailed characterization
will likely clarify the mechanism underlying the ABA response.
Additional studies to identify key players in ABA signaling
pathway are ongoing. It includes the type 2C protein phospha-
tases (PP2Cs) ABI1 and ABI2, that act negatively regulating ABA
responses.®® In this study, interaction partner of ABI1 and ABI2,
named as regulatory components of ABA receptor (RCARs) were
identified. RCARs proteins belong to a family with 14 members
in Arabidopsis and one of its members, RCARI, was shown to
bind ABA, to mediate ABA-dependent inactivation of ABII or
ABI2 in vitro, and to antagonize PP2C action in plants.®” Due
to the possibility that ABA receptors may be molecular and

4 chemical

functionally redundant or required for vital processes
genetic approaches have been also used to identify ABA receptors
in plants.® In this study, a synthetic growth inhibitor called pyra-
bactin that function as a selective ABA agonist and acts through
PYRABACTIN RESISTANCE 1 (PYR1), a founding member
of START protein family, called PYR/PYLs, is required for both
pyrabactin and ABA signaling in vivo. It was shown that ABA
binds to PYR1, which in turn binds to and inhibits PP2Cs pro-
tein. It is assumed that PYR/PYLs are ABA receptors functioning
at the apex of a negative regulatory pathway that controls ABA
signaling by inhibiting PP2Cs. In brief, these studies provide in
vitro evidence that perception of ABA signaling by the PYR/PYL/
RCAR proteins shuts down negative regulation of ABA signaling
by PP2Cs.!

Cross Talk between ABA and the “Clock”

Several studies reported that ABA is regulated by the circadian
clock®®” and ABA-related genes controlled by the clock have also
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been reported in references 68-70. Evidence of a feedback loop
between cADPR and the circadian oscillator suggests a mecha-
nism by which the circadian coordination of ABA-transducing
components might be involved in clock-mediated regulation
of plant responses to ABA.” The influence of the clock is not
limited to gene expression but is also evidenced in the circadian
regulation of physiological processes controlled by ABA such as
drought stress where ABA induces the closure of the stomatal
pore, and this closure was found to be gated by the clock.®®¢
Evidence of a feedback mechanism that links circadian clock
with plant responses to drought was recently provided.* In this
study, TOCI (timing of CAB expression 1), a key clock com-
ponent binds to the promoter of the ABA-related gene (ABAR/
CHLH/GUNS5) and controls its circadian expression. In agree-
ment with the importance of both ABA and its regulation by
genes related to the clock pathway it is generally assumed that the
circadian clock is able to confer an advantage to plants, but the
nature of that advantage was until recently unresolved. However,
recent reports have demonstrated the importance of circadian
transcription translation loops for regulating C assimilation and
starch metabolism for optimizing plant growth.”"”? In addition, it
seems that transported product(s) of photosynthesis, such as sug-
ars, are important inputs for regulating circadian transcription
translation loops.”” This explains why plants gain advantage
from circadian control.

Light Regulation of Stomatal Movement

Plants have evolved multiple photoreceptor systems to monitor
light quality, quantity and direction. It is well known that sto-
matal morphogenesis is controlled by genetic as well as envi-
ronmental factors and in general, an increase in light intensity
results in an increase in stomatal index and a systemic signal
from mature leaves determine the response.®”>78 Light is per-

ceived by various photoreceptors,””*® and stomatal movements

are regulated by both blue and red light." The blue-light
response of stomata appears to be strongly affected by red light,
and the underlying mechanisms in the interaction between
blue-light signaling and guard cell chloroplasts were recently
reviewed in reference 14.

It is shown that blue light-induced stomatal opening is
mediated by the blue light receptor phototropins (PHOTT and
PHOT?2) and cryptochromes (CRY1 and CRY2).%' Recent find-
ings suggest that the light control of stomatal development is
mediated through a crosstalk between the cryptochrome-phy-
tochrome-COP1 signaling system and the mitogen-activated
protein kinase signaling pathway.®? Blue light is required for
the activation of phototropins, plant-specific Ser/Thr autophos-
phorylating kinases, and the activated phototropins transmit
the signal to the plasma membrane H*-ATPase for its activa-
tion.?>® Activation of the H*-ATPase is caused by the phos-
phorylation of a Thr residue in the C terminus with subsequent
binding of a 14-3-3 protein to the Thr residue.*** Since pho-
totropins are Ser/Thr protein kinases, it might be possible that
phototropins directly phosphorylate the H*-ATPase. However,
this has been shown not to be the case since it was demonstrated
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that protein phosphatase 1 (PP1), a major member of the PPP
family of Ser/Thr protein phosphatases, mediates the signal-
ing between phototropins and H*-ATPase in guard cells.®
Therefore, ABA is likely to inhibit the signaling molecule(s),
including phototropins, PP1, H*-ATPase and other unidenti-
fied components.

It has also been suggested that the guard cell response to red
light is in part an indirect response to red-light-driven intercel-
lular CO, uptake in the mesophyll.¥” For example, it has been
shown that chloroplast-containing guard cells in albino sections
of variegated leaves do not respond to photosynthetically active
radiation, but are sensitive to blue light and CO,, bringing into
question a direct role of guard cell photosynthesis on red-light-

mediated stomatal opening in intact leaves.”

On the Role of Organic Acids as a Component
of the Stomata Signaling Cascade

The importance of organic acids such as malate and fuma-
rate on the regulation of stomatal aperture has been recently
addressed.’”%8% Nevertheless the molecular regulatory hierarchy
underlying this highly specialized cell type is as yet not fully
understood and is discussed bellow.

Malate has long been discussed as an important regulator of
stomatal opening and is thought to be an integral part of the
mechanism by which guard cells adjust their action in response to

external CO, concentrations.?*3%%

8799 Recently a plasma mem-
brane ABC malate uptake transporter was identified in guard
cells. The gene encoding the ABC transporter family member
ABCBI14 (ABC transporter B family member 14), was identified
and characterized in Arabidopsis plants.?? This study demon-
strated that AtABCB14 protein modulates the stomatal closure
on transition to higher atmospheric CO, concentration environ-
ment. High CO, levels accelerates stomatal closure in plants lack-
ing AtABCB14 protein and exogenously applied malate mimics
the high CO, levels responses in AtABCBI4 protein deficient
plants. Thus it represents a negative regulator of CO,-induced
stomatal closure in Arabidopsis plants and plays its function by
transporting malate from apoplast into guard cells elevating the
osmotic pressure. It is however clear that many other compo-
nents of the CO, signal transduction pathway still needs to be
identified.

Additional evidence for the role of organic acids in the
regulation of stomatal movement has been recently provided.
The antisense inhibition of the iron-sulphur subunit of suc-
cinate dehydrogenase (SDH) in tomato plants resulted in an
increased photosynthesis (25%) and biomass at the whole plant
level via an organic acid-mediated effect on stomatal aperture.”
Furthermore, measurement of apoplastic and protoplastic organic
acid concentrations in these transformants, and also in transfor-
mants with deficient stomatal efficiency functioning,” revealed a
negative correlation between the concentrations of fumarate and
gas exchange through the stomata. Altogether, these information
alongside that recently obtained for AZABCB?? and potentially
also SLAC1,%3® coupled with the transport of malate by the vacu-
olar aluminum-activated malate transporter (ALMT6),%* provide
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strong evidence to support that modulation of guard cell malate
and fumarate concentration can greatly influence stomatal func-
tion. It has also been shown that fumarate is present mainly in
photosynthetically active tissue, its content rises with plant age
and light intensity with the total fumarase activity remains con-
stant throughout the diurnal cycle” as well as is present in high
levels in phloem exudates® and these results are consistent with
the observation that fumarate has similar effects as malate during
stomatal closure.?> Given that malate is physiologically present in
the apoplast at higher concentrations, it would seem likely that it
exerts greater influence on stomatal aperture than fumarate does
in vivo. When considered alongside the recent identification of
transporters which import malate (or fumarate), into the guard
238 these studies thus
provide a mechanism by which these organic acids can influence

cell,? or have been assumed to export it,

stomatal function. Moreover they provide strong support of the
theory of Mott (2009) that guard cells are not autonomously
regulated and strongly support the contention of Mott and oth-
ers that the mesophyll harbors significant control over guard cell
function.®?%#

Despite the fact that these data clearly document the impor-
tance of organic acids in guard cell function, the experiments
discussed thus far do not, in their own right, rule out interaction
with other well characterized mechanisms of guard cell regulation
such as those controlled by ABA, potassium or calcium. 28959

Most plant species (except onion, which does not accumu-
late starch in guard cells) accumulate malate preferentially over
other anions. A close correlation has been obtained between
stomatal opening and malate accumulation in guard cells.?”?” It
is well known that malate can be produced through the degra-
dation of starch in guard cells under blue light." Interestingly,
the opening of stomata by blue light was severely impaired in
Arabidopsis phosphoglucomutase mutant plants, which did not
accumulate starch in guard cell chloroplasts.”” However, this
blue-light response was restored in the presence of high concen-
trations of Cl, possibly because Cl replaced malate as a necessary
counterion for K* highlighting the complexity of the mechanisms
responsible for the stomatal control.

Conclusion and Future Perspective

Stomatal opening is induced by low CO, concentrations, high
light intensity and high humidity. By contrast closing is promoted
by high CO, concentrations, darkness, drought and the plant
hormone ABA. It is evident that significant progress has been
made towards the elucidation of the cellular and molecular pro-
cesses involved in stomatal patterning and aperture. Nevertheless
it is clear that further experimentation is required to tease out the
molecular hierarchy shared between the mechanisms involved in
stomatal movement. It seems likely that the relative importance
of each regulatory mechanism will vary with circumstances;
however, a fuller understanding of this is surely required to engi-
neer sustainable increases in crop yield. Finally, it is interesting to
note that although neither malate nor fumarate exert their effects
on stomata by affecting ABA, the phytohormone could, condi-
tionally, act upstream of the organic acids, given that a recent
study in Arabidopsis revealed the SDH2-3 gene to be upregu-
lated by ABA.%® It will be important to establish the functional
significance of this observation in future studies. Further genetic,
molecular biological and biochemical analyses will be required to
identify other components of the signal transduction pathway(s)
and the corresponding effectors that are involved in the stomatal
responses in order to obtain a deeper understanding of the bio-
chemical mechanisms and the precise factors and environmental
cues underlying this phenomenon. Finally, from an applied per-
spective and since water is likely to be at premium in the coming
decades” it will be interesting to ascertain whether the increased
yield observed in SDH antisense plants can also be obtained
under conditions of supra-optimal water supply.
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