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ABSTRACT

Specialized guard cells modulate plant gas exchange through the regulation of stomatal aperture. The size
of the stomatal pore is a direct function of the volume of the guard cells. The transport of solutes across
channels in plasma membrane is a crucial process in the maintenance of guard cell water status. The
fine tuned regulation of that transport requires an integrated convergence of multiple endogenous and
exogenous signals perceived at both the cellular and the whole plant level. Gasotransmitters are novel
signaling molecules with key functions in guard cell physiology. Three gasotransmitters, nitric oxide
(NO), carbon monoxide (CO), and hydrogen sulfide (H,S) are involved in guard cell regulatory processes.
These molecules are endogenously produced by plant cells and are part of the guard cells responses to
drought stress conditions through ABA-dependent pathways. In this review, we summarize the current
knowledge of gasotransmitters as versatile molecules interacting with different components of guard
cell signaling network and propose them as players in new paradigms to study ABA-independent guard
cell responses to water deficit.

© 2012 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Among the transmitters, the gasotransmitters are an emerging
type of biological active molecules that can be grouped according

Communications between cells can be achieved through either
electrical signals or through chemical substances such as hormones
and transmitters. Hormones require receptors for the canonical
signal transduction processes. The binding of hormones to their
receptors is the essential triggering step that generates a second
wave of signals through cellular second messengers.
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to the following general criteria [1,2]:

1) they are small molecules of gas;

2) they can freely cross cell membranes;

3) their effect do not rely on receptors;

4) they are enzymatically generated and their production is regu-
lated;

5) their functions can be mimicked by exogenous application; and

6) their cellular effects may or may not be mediated by second mes-
sengers but should have specific cellular and molecular targets.
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The concept of gasotransmitters has been recently established.
Future investigations concerning the: (i) interaction between
gasotransmitters themselves; (ii) the use of common cell target
molecules by different gasotransmitters, (iii) the elucidation of the
site of production and the site of cellular action, among others, will
surely add relevant insights to understanding the relevance of this
emergent players in signal transduction in biological systems.

New discoveries could, eventually, lead to modifying the criteria
described above for classifying the gasotransmitters. For instance,
the traditional dogma says that small gases diffuse through all
membranes simply by dissolving in the lipid phase of the mem-
brane. However, recent findings in animal cells point to the fact
that gases can be transported through membranes with the help of
transporter proteins [3,4]. The water channel aquaporin-1 trans-
ports low molecular weight gases in addition to water, and it is
expressed in cells that produce or are the targets of nitric oxide
(NO) [3]. Aquaporins are also able to specifically transport other
gases such as CO, and NHj [4].

In this review we summarize the current and basic knowledge
of gasotransmitters functions in plants. We will focus our overview
on the functions of the gasotransmitters nitric oxide (NO), car-
bon monoxide (CO) and hydrogen sulfide (H,S) in the stomatal
guard cells, the specialized cells responsible of the gas exchange
between plants and the environment. Other gases such as O, and
CO, play equally critical functions in cell physiology, however, NO,
CO and H,S are thought to exert precise modulator effects con-
trolling and influencing many signaling events and intracellular
processes. Finally, we will discuss the present and future of the
studies needed to understand the functions of gasotransmitters in
guard cell signaling. In particular, we propose that gasotransmit-
ters may have a critical role in the control of plant responses to
water deficit and leaf gas exchange through the modulation of ion
channels activity and guard cell physiology in an ABA-independent
pathway.

2. Nitric oxide: synthesis and functions

Nitric oxide (NO) is a small diatomic free radical gas that freely
diffuses across biological membranes. The unpaired electron in its
2p- antibonding orbital allows NO to alternate between three dif-
ferent oxidative species, the radical (NO*), the nitrosonium cation
(NO*), and nitroxyl anion (NO~), which makes NO an extremely
reactive molecule [5].

NO was first identified in animal systems as an endothelium
derived relaxed factor (EDRF) [6]. The discovery of the biological
role of NO has been a breakthrough in the modern study of signal
transduction. Today, NO is known to function as a neurotransmitter
and regulator of immunological responses, blood pressure mus-
cle relaxation, oxygen sensing, ATP production through respiration,
among others [7,8].

Later, fascinating discoveries on NO functions in plant growth,
development and stress physiology captured the attention of plant
biologists. Since the end of eighties, NO has been found to be
involved in processes such as seed germination and dormancy,
root growth and development, regulation of cell cycle progres-
sion, plant-pathogen interaction, respiration, responses to drought
stress and many other abiotic and biotic stresses. NO acts as a
second messenger downstream of hormones in many signaling cas-
cades involving Ca2*, cGMP, MAPK, CDPK, TFs, among other cellular
regulators [9-11].

The pathways of NO synthesis in plants have been recently
reviewed in detail [12]. The different NO biosynthesis pathways in
plants can be classified as either oxidative or reductive. The enzy-
matic production of NO can be divided between a nitrate/nitrite-
(reductive) and an L-Arg-dependent (oxidative) with an about
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Fig. 1. Gasotransmitter synthesis in plants. Simplified scheme showing the precur-
sors, enzymes and products of the biosynthetic pathways leading to the generation
of the gasotransmitters nitric oxide (NO), carbon monoxide (CO) and hydrogen sul-
fide (H,S) in plants. Question mark, unknown or incompletely known intermediates
and enzymatic sources.

equal number of reports of either one or the other in guard cells
[13-16] (Fig. 1). L-Arg-dependent biosynthesis was the first path-
way proposed for NO synthesis in guard cells [17]. Almost at
the same time, nitrate reductase was reported to be the enzyme
responsible for NO biosynthesis in guard cells [ 13]. NO synthesis via
nitrate reductase has been observed both in vitro and in vivo [18,19],
and was genetically confirmed using the Arabidopsis nitrate reduc-
tase knockout mutant nia-1/nia-2. NIA mutant lines have reduced
production of endogenous NO as well as a low sensitivity to ABA
[13,14,20]. The phenotype was rescued by the addition of exoge-
nous NO [20]. However, nia mutants have dramatic changes in
aminoacid metabolism and composition with low levels of L-Arg
[21]. Therefore, conclusions from experiments performed with nia
mutants to address the NO generating system in plants should be
taken with caution.

L-Arg-dependent NO synthesis in plants is far more complex.
Animals have three characterized isoforms of NO synthase that
produces NO and citrulline from L-Arg in the presence of O,. There
is no homolog of the mammalian NO synthase in higher plants.
The only NO synthase gene found in photosynthetic organisms
was recently described in the unicellular marine microalgae Ostre-
ococcus tauri [22]. However, NO production in higher plants is
extremely sensitive to mammalian NO synthase inhibitors and to
non-hydrolysable homologs of L-arg [13,16,17].

Additionally, NO can be produced non-enzymatically from NO,
at low pH (<5.0) [23]. Even though there is no report of non-
enzymatic NO production in guard cells so far, it remains to be
explored if high concentrations of NO, and the low pH in the guard
cell vacuole could be a favorable environment for non enzymatic
production of NO.

3. Carbon monoxide: synthesis and functions

Carbon monoxide (CO) is a small diatomic gas with low water
solubility. CO is a stable non radical molecule and does not alter-
nate between different redox species [24]. CO binds to iron in its
reduced state (Fe2*), and has little biochemical reactivity with non-
iron compounds. The physiological importance of CO lays in its
ability to bind to heme proteins. CO is produced in animals by the
degradation of heme to biliverdin and CO in an enzymatic reaction
catalyzed by heme oxygenase (EC 1.14.99.3) [25]. Three isoforms
of heme oxygenase are known in animals (HO 1-3). HO-1, the only
inducible form, responds to a broad range of physical and chemical
agents [25,26].

CO emission by plants was first reported over half a century
ago [27]. CO in plants, as in animals, is synthesized via heme
oxygenase activity [28,29]. Heme oxygenase catalyses the conver-
sion of heme to biliverdin IX releasing CO and FeZ* (Fig. 1) [30].
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Arabidopsis thaliana contains one major biochemically character-
ized heme oxygenase HY1 and three additional putative heme
oxygenases (HO2, HO3 and HO4). All proteins are encoded in the
nucleus and contain chloroplast transit peptides at their N-termini
as demonstrated with green fluorescent protein reporter gene
fusions [31]. The four proteins are organized into two subfamilies:
HO1 and HO2. All members of the HO1 subfamily (HY1, HO3 and
HOA4) are active as monomeric heme oxygenases and can convert
heme to biliverdin and CO using spinach ferredoxin and ascorbate
as electron donors [30,31].

CO binds to hemoglobin heme iron forming carboxyhemoglobin
(CO-Hb) (CO has a 200 times greater affinity for heme iron than
does 0O3). CO not only competes with O, for the four binding
sites of hemoglobin, but also the partial occupation of hemoglobin
(e.g. occupancy of two binding sites with CO) inhibits the release
of O, from the remaining sites reducing hemoglobin O,-carrying
capacity and generating asphyxiation [25]. The discovery of the
endogenous production of CO by different mammalian tissues in
the 1950s was a milestone for the knowledge about the role of CO
in biological systems.

CO production in higher plants together with NO has been impli-
cated in adventitious and lateral root formation in cucumber [32],
Medicago sativa [33] and rice [34]. CO induces stomatal closure in
Vicia faba [35] and confers tolerance to heavy metals in Chlamy-
domonas reinhardtii [36].

4. Hydrogen sulfide: synthesis and functions

Hydrogen sulfide (H,S) is a small flammable colorless gas with
a characteristic odor of rotten eggs. It is soluble both in polar and
non polar solvents, although, it is solubility is 5 times greater in
lipophilic solvents thanin water[1]. H,Sis readily oxidized to sulfur
dioxide, sulfates, or elemental sulfur. This oxidation undergoes two
dissociation steps: first the ionization of a single proton to give the
hydrosulfide anion (Eq. (A)); and then a second proton dissociation
from the hydrosulfide anion to give sulfide ion (Eq. (B)). The pK, of
these two reactions are 7 and 12 for equations A and B respecitvely.
In aqueous solutions at physiological pH (pH 7.4) about one third of
the H,S exists in the undissociated form and most of the rest as the
hydrosulfide anion (HS~) [37]. The active form of H,S in biological
systems is not yet known; therefore H,S usually stands for H,S/HS .

H2S = H* + HS™ (A)
HS™ = H* + 5%~ (B)

H,S can also generate sulfhydryl radical HS®* by hydrogen
abstraction or electron transfer (Eq. (C)). HS® can react in aqueous
solutions with HS~ to form HSSH*~ [38].

HO® + HpS = H,0 + HS* (©)

H,S, similarly to NO and CO, participates in plant systems in
controlling root growth and development, and modulating many
adaptive responses to different biotic and abiotic stresses, including
the regulation of stomatal movement in response to drought stress
[39-48].

H,S in mammalian systems is mainly synthesized by two
pyridoxal-5'-phosphate (PLP)-dependent enzymes: cystathion-
ine R-synthase (CBS, EC4.2.1.22) and cystathionincey-lyase
(CSE, EC 4.4.1.1) via desulfhydration of L-cysteine (L-Cys)
[49] catalyzing the formation of H,S, pyruvate and ammo-
nia. Alternatively, both enzymes can produce H,S through
the transulfuration of L-methionine [50]. L-Cys desulfhydrase
(DES, E.C. 44.1.1) has been known for three decades in
plants (Fig. 1) [51], however the first and only desulfhy-
drase characterized to date is the Arabidopsis thaliana L-cysteine
desulfhydrase DES1 [52]. Two independent knock out mutations of

DES1, des1-1 and des1-2, decreased cysteine desulfhydrase activity
and increased cysteine content in Arabidopsis leaves [52]. Cysteine
desulfhydrase activity was reduced by 20 to 25% in the Arabidopsis
mutants suggesting that there are other endogenous H, S sources in
plants. Before the characterization of cysteine desulfhydrase DEST1,
a group of Cys degrading enzymes were suggested as being puta-
tive H,S sources in Arabidopsis, especially some members of the
AtNFS-like family [53]. These are pyridoxal phosphate-dependent
enzymes with L-Cys desulfurase activity that catalyze the break-
down of L-Cys to Ala and S [54]. Members of this protein family
are localized to mitochondria, chloroplasts and the cytosol and are
of great importance for Fe-S cluster biosynthesis, and also for the
synthesis of other cofactors such as NAD and molybdenum cofactor
[55]. HS was also reported to be produced specifically from p-Cys
in an enzymatic reaction catalyzed by a p-cysteine desulfhydrase
(EC 4.4.1.115) even if D-Cys has yet to be identified in plants. This
activity has been reported in Arabidopsis and several plant species
[53,56]. An alternative mitochondrial H,S source in plants is the
detoxification of HCN. In this reaction catalyzed by B-cyanoalanine
synthase (B-CAS; 4.4.1.9), cyanide reacts with L-Cys forming H,S
and B-cyanoalanine [57,58].

5. Gasotransmitters in guard cell signaling

About 30% of the total precipitation (32 trillion tons per year) is
vapourized by the transpiration stream of terrestrial plants through
leaf stomata [59]. The size of the stomatal pore is regulated through
changes in the volume of the guard cells driven by osmotic rear-
rangements. The regulation of stomatal aperture is a permanent
trade off between allowing CO, in for photosynthesis and limiting
water loss as water vapour, and is controlled by a complex signaling
network [59].

ABA is, by far, the most studied regulator of stomatal opening.
ABA not only induces stomatal closure and inhibits stomatal open-
ing, but also regulates the expression and/or activity of many of the
effectors in the signaling cascade. This knowledge was taken to a
new dimension with the characterization of the PYL/PYR/RCAR ABA
receptor complex [60-64].

It has been demonstrated that the exogenous addition of any of
the gasotransmitters NO, CO or H,S induces stomatal closure per
se [39,65,66]. However, all the three gasotransmitters are part of
the ABA-dependent signaling network. Even if NO biosynthesis is
induced by ABA, an increase of the production of this gasotrans-
mitter occurs independently of ABA during the transition from
day to night [67,68]. Since sequestering NO results in inhibition of
dark-induced stomatal closure [66,67], an ABA-independent gaso-
transmitter action on guard cell signaling might be postulated.

5.1. Nitric oxide

The role of NO regulating ABA-induced downstream signals
leading to stomatal closure is perhaps one of the best characterized
examples of NO function in plant responses to abiotic stresses. The
ABA-NO crosstalk driving signaling cascades leading to stomatal
closure is summarized in Fig. 2.

ABA-induced H,0, production in A. thaliana guard cells leads
to a rise of endogenous NO synthesis [14,15]. Arabidopsis atr-
bohD/F mutants lack guard cell NADPH oxidase activity resulting in
decreased ROS production and NO generation in response to extra-
cellular calmodulin. This highlights the close interaction between
NO and ROS in the guard cell signaling pathway [15]. The increase
of NO production results in: (i) a cyclic ADP ribose (cADPR)-
dependent increase of cytosolic Ca** concentration ([Ca%*]cyt) [69],
(ii) a phosphatidic acid increase derived from phospholipases
C and D activities [70] and (iii) a Ca%*-dependent activation of
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Fig. 2. Simplified schematic model showing the signaling events occurring dur-
ing ABA-dependent stomatal closure. ABA is internalized by the ABC transporter
AtABCG40. ABA promotes an increase of the cytosolic Ca?* concentration [Ca?* ey
through signaling components such as inositol-3-phosphate (IP3) and nitric oxide
(NO). Extrusion of anions through slow and rapid anion channels (S-Type and R-Type
respectively) triggers the depolarization of the plasma membrane and generation of
the gating voltage required for the extrusion of K* through the outward-rectifying
K* channels (K*ou¢). Besides, the inhibition of inward-rectifying K* channels (K*;,)
mediated by Ca?*, H,0,, NO and phosphatidic acid (PA) impairs the uptake of K*
contributing to a net loss of solutes that produces the loss of water that leads to the
closure of the stomatal pore. Signaling components: Ca2* membrane channels (Ca2*),
anion channels (A~), malate (Mal~), chloride (Cl~), multidrug resistant protein 5 as
an anion and calcium channel regulator (MRP5), cyclic GMP (cGMP), cyclic ADPR
(cADPR), calcium dependent protein kinases (CDPKs), transcription factors (TFs),
respiratory burst oxidase homologue D/F (RbohD/RbohF), phospholipase C (PLC),
phospholipase D (PLD), reactive oxygen species (ROS). Pointed arrows, activation;
blunt arrows, inhibition. Not all the interactions reported in the bibliography have
been indicated.

Cl~ efflux and inhibition of the K*;, channels activity contribut-
ing to a net loss of ions from the guard cells and stomatal closure
[69] (Fig. 2). Additionally, cGMP-regulated pathways as well as S-
nitrosylation posttranscriptional modifications are NO-dependent
events in the ABA-induced guard cell responses [69,71]. NO inhibits
stomatal opening and participates alone or downstream ABA in this
process [72,73]. As stated above and proposed in Fig. 3, gasotrans-
mitters could enter guard cells from surrounding cells by either
freely crossing cell membranes or being transported by aquapor-
ins. They could also come from the environment, and then reach
molecular targets and influence stomatal aperture through an ABA-
independent pathway.

5.2. Carbon monoxide

The biology of CO effects on guard cell signaling is still in its
infancy. The exogenous application of hematin as a CO donor, or
the application of gaseous CO to aqueous solutions induces sto-
matal closure in a dose dependent manner in Vicia faba [35,65].
Moreover, the CO-mediated regulation of stomatal closure relies on
H,0, generation in guard cells [37]. It has been proposed that, heme
oxygenase produces CO in response to ABA in Vicia guard cells, and
that this increase of CO concentration causes stomatal closure in

a NO- and cGMP-dependent manner (Fig. 3) [65]. In addition, CO-
mediated dark-induced stomatal closure requires NADPH oxidase
activity to increase the H,0, level and NO production in guard cell
[35].

Endogenous CO production can be regulated by other gasotrans-
mitters. NO can bind to the Fe%* (ferrous) of the heme group of
human heme oxygenase HO-1 in vitro, inhibiting its CO producing
activity [74]. Even if there is no in vivo evidence of this interaction
in plants, such a possibility should be considered as a putative neg-
ative feedback mechanism that controls the biological activity of
gasotransmitters through the inhibition of their synthesis.

5.3. Hydrogen sulfide

Exposing maize, spinach and pumpkins plants to atmospheric
H,S did not cause changes in transpiration rates [75]. However,
long term exposure of H,S resulted in a decrease in photosyn-
thetic CO,, fixation [76]. Treating epidermal peels of different plant
species with H,S donors resulted in contrasting effects on sto-
matal aperture [39,46,47]. H,S induced stomatal closure in Vicia
faba, Arabidopsis thaliana and Impatiens walleriana [42], while
H,S caused stomatal opening in Arabidopsis thaliana and Cap-
sicum annuum [49,50]. The ATP binding cassette (ABC) transport
inhibitor glibenclamide blocked H,S-induced stomatal closure, as
did propargylglycine, which inhibits L-DES activity [42]. Stoma-
tal aperture assays showed that ABA-induced stomatal closure is
partially impaired in presence of L-cysteine desulfydrase inhibitors
suggesting that H,S participates in the ABA signaling pathway in
guard cells [39]. The contrasting studies [46,47] propose that H,S
induces stomatal opening through its NO scavenging activity. This is
supported by the evidence showing a H,S-mediated decrease of NO
concentration detected in guard cells using the specific fluorescent
probe DAF2-DA [46]. More recently it was reported that ethylene-
induced stomatal closure requires H,S and the Arabidopsis mutant
Atl-cdes does not close the stomata in response to ethylene or NO
[41], suggesting that ethylene and NO act upstream of H,S. The
locus mutated in Atl-cdes corresponds to the mitochondrial cysteine
desulfurase (AtL-CDES; At5g 65720) proposed as a H,S-releasing
enzyme [53]. Taken together, these results suggest that there is an
interaction between H,S and NO in ethylene- and ABA-mediated
induction of stomatal movement. Future work should elucidate the
exact role of each component and the exact relationship between
each of them in controlling and maintaining plant water status.

NO and H,S in animal systems can regulate the metabolism of
each other, or even react together [74]. However, the molecular
nature of these interactions is still unclear and has yet to be eluci-
dated. H,S can increase the release of NO from nitrosothiols such
as nitrosogluthathione and therefore regulate the bioavailability of
NOinvivo[77].These two gases can also react to each forming a new
nitrosothiol species [78]. In some cases, the simultaneous presence
of both gases is required for certain physiological responses [79].

No data are yet available regarding H,S and ROS interaction in
guard cell signaling, even though H,S interacts with ROS in plant
responses to some abiotic stresses [43,80]

6. Gasotransmitters and ion channel regulation

The modulator effects of gasotransmitters on ion channel
activity have biological consequences at both physiological and
pathophysiological levels. Ion channels emerged as targets of
gasotransmitters since the beginning of the study of NO as a
signaling molecule, and with it the beginning of the history of
gasotransmitters. The first ion channels reported as targets of NO
were the cGMP-dependent Ca%*-activated K* channels (K¢,) [81].
These channels were first reported to be activated by NO via the
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Fig. 3. Gasotransmitters in guard cell signaling. Schematic diagram showing gasotransmitter participation in ABA-dependent and-independent signaling leading to stomatal
closure. ABA-dependent: ABA enters to the guard cells through the ABC transporter AtABCG40 [87]. Once sensed by the PYR/PYR/RCAR receptor (R) it binds to the negative
regulator PP2C/ABI1 releasing the SnRK2 kinases that remains phosphorylated and amplifies the signal. Nitric oxide (NO) accumulates in ABI1 knock out mutants [15],
therefore the pathway between ABA and NO does not has the receptor in between; ABA-independent: Gasotransmitters coming from the neighboring cells or from the
apoplast can freely diffuse through plasma membrane into the guard cells or enter through “gas channels” (aquaporins, AQ) and modulate ion channels activity directly or
indirectly through Ca2*- or cGMP-dependent pathways. Signaling components: Inward-rectifying potassium channels (K*;,), outward-rectifying potassium channels (K* o),
Ca?* membrane channels (Ca?*), anion channels (A~ ), multidrug resistant protein 5 is an anion and calcium channel regulator (MRP5), cyclic GMP (cGMP). Filled lines, reported

pathways; dashed lines; potential pathways, question marks, unknown interactions.

guanylate cyclase (GC)/cGMP pathway [81], but shortly after were
also found to be directly activated by NO (S-nitrosylation) in a
GC/cGMP-independent manner [82]. Channels such as the cyclic
nucleotide gated channels, L-type Ca2* channels, ryanodine recep-
tor Type 1, transient receptor potential and the rectifier potassium
channel KCNQ1 are regulated by NO either via GC/cGMP or by
S-nitrosylation [83]. NO was proposed to be a Ca?* homeostasis
regulator nearly two decades ago [84].

The story of ion channel regulation by CO [85] and H,S [86] is
more recent. The differentially CO-regulated ion channels in ani-
mals are an example of a calcium-activated K*, voltage-activated
K* and Ca?* channel (L-type) family [85]. It appears that specific
amino acid residues as well as cellular redox state are involved in
CO-controlled molecular mechanisms acting on ion channel pro-
teins [85]. The first target of H,S reported in animal systems was a
K*-ATP channel, which is activated by H,S [87]. The active form of
this channel is a complex of two proteins, the sulfonyl urea recep-
tors SURTor SUR2, and the Kir6.2 channel protein [86]. In plants,
AtMRP5 is a Ca2* and anion channel regulator in the plasma mem-
brane of guard cells [88] that has high homology with sulfonylurea
receptor proteins and binds to the sulfonylurea receptor protein
blocker glibenclamide [89]. Interestingly, the stomata of Arabidop-
sis mutant atmrp5-1 do not fully respond to ABA [90].

The study of ion channels in plants has received a strong con-
tribution from research on regulation of guard cell ion channels
and its effects on changes in the stomatal pore aperture. As the

regulation of stomatal volume is controlled by the uptake or release
of water driven by massive and fast redistribution of ions (mainly
K*) and osmotically active solutes (mainly malate), the fine tuned
regulation of ion channel activity is crucial for this key physiological
process.

The activation of H*-ATPases hyperpolarizes the plasma mem-
brane and generates the electrochemical gradient required for K*
uptake through inward-rectifying K* channels that results in sto-
matal opening. Conversely, the inactivation of H*-ATPase induces
the membrane depolarization that inactivates K*;, and activates
K*out channels. This results in a net loss of solutes in guard cells
and the consequent loss of water and stomatal closure (Fig. 3).
NO inactivates K*;, and activates K* oy channels [69,91,92], anion
channels (including Slac1) [69,93] and both endomembrane and
plasma membrane Ca2* channels [69,91], which makes it a modu-
lator of almost all the ion channels involved in the ABA-dependent
signaling cascade in guard cells. It has been suggested that CO and
H,S regulate guard cell ion channels, but there is still no direct
evidence [39].

Itis necessary to determine the molecular mechanisms by which
gasotransmitters modulate ion channel activity to be able to fully
understand gasotransmitter action in guard cells. Direct protein S-
nitrosylation (S-NO), sulfhydration (S-SH) and cellular redox state
modulation are mechanisms that may regulate these channels. The
regulation of ion channel activity might also potentially include
the effects mediated by the interactions of all gasotransmitters
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themselves (NO, CO and H,S), as well as indirect effects through the
regulatory involvement of channel-regulating kinases and vesicle
recycling processes involved in endocytic protein channel insertion
in membranes [94,95].

7. Integrating gasotransmitters and ABA in guard cells
signaling

The first suggestion that ABA is involved in water management
came from observations that the wilty tomato flacca mutant could
be rescued by exogenous addition of ABA and was indeed deficient
in ABA [96]. It was then confirmed that ABA treatment induced
stomatal closure [97,98]. After the emergence of NO as a signaling
molecule in plants, this gasotransmitter was linked to guard cell
signaling [66] and was found to have an active role in ABA-signaling
[17,99]. Now, one decade later, more than 100 reports have been
published on the participation of NO in stomatal movement regula-
tion. NO can either induce stomatal closure or inhibit light induced
stomatal opening, acting within or independently of the signaling
network triggered by ABA [72,99,100].

The second gasotransmitter reported to participate in guard cell
ABA-signaling was CO [65]. Although, CO physiology in guard cell
signaling has not been fully explored, ABA induces heme oxygenase
HO-1-dependent CO production and CO probably interacts with NO
and H, 0, during the induction of stomatal closure [65,101] (Fig. 3).
There are no reports on ABA-independent CO action inducing sto-
matal closure, but again, like NO and H,S, CO can potentially diffuse
from surrounding cells and/or from the environment and reach
molecular targets in guard cells and influence stomatal aperture
independently of ABA.

The third gasotransmitter, H,S is also involved in guard cell
signaling [39,46,47] as described above. However little is known
about the target(s) of H,S in general and in guard cells in particu-
lar. As stated above, H,S may be acting through the ABC transporter
MRP5, which is an anion and calcium channel regulator [39] (Fig. 3).
Overall, increasing evidence supports the participation of gaso-
transmitters in the regulation of stomatal movement.

8. Concluding remarks and perspectives

For more than 40 years, ABA is considered to be the plant hor-
mone that functions as key regulator of guard cell responses. During
that time, evidence has accumulated supporting the presence of
an ABA-independent in addition to an ABA-dependent control of
stomatal movement.

The gasotransmitters are both generated and perceived by plant
cells, including guard cells. They act in downstream signaling
events triggered by ABA, but also they are able to potentially drive
ABA-independent responses. They function in combination with
ABA, but they also possess the capability of crossing cell membranes
and function as alternative and autonomous molecules by-passing
ABA as part of the plant responses that synchronize heterogeneous
environmental signals with endogenous stimuli.

Guard cells have no plasmodesmata. Thereby, the presence of
gasotransmitters as signal molecules that can easily cross cell mem-
branes (or be transported by aquaporins) renders them especially
relevant for the rapid transmission of information between guard
cells and the surrounding mesophyll cells.

Biological systems possess multiple molecular pathways, some
of them converging to the same end point. Redundant pathways
appear unnecessary from an energetic point of view. However,
when a road way becomes blocked, an alternative road can make
the difference that rescues the organism from death. We specu-
late that this could be the case of the gasotransmitters that seem
to share some common molecular targets influencing guard cell

physiology. The three gasotransmitters NO, CO and H,S bind to
and inhibit mitochondrial cytochrome c oxidase and mitochon-
drial respiration with an inhibition constant (Ki) of 0.2 nM, 0.3 pM
and 0.2 M respectively (Ki for NO is 0.2nM and 28 nM for the
reduced and oxidized cytochrome c oxidase, respectively) [102].
Cytochrome c oxidase is in complex IV of the mitochondrial elec-
tron transport chain contributing to the H* extrusion and keeping
the ATP formation by complex. As a consequence, increases in the
gasotransmitter concentration generate partial or total inhibition of
the mitochondrial cytochrome c oxidase. This results in a decrease
of ATP formation and the activation of the alternative oxidase path-
way that dissipates the high energy accumulated by electrons that
cannot escape. Another consequence of respiratory mitochondrial
inhibition by gasotransmitters is the overproduction of ROS, which
directly effects on the redox status and physiology of the guard
cells, probably leading to rapid stomatal closure. It would be inter-
esting in the future to know the effect of a depressed mitochondrial
ATP formation and decreased energy production in guard cells. An
interesting challenge would be to know how the perception of the
ATP status influences the physiology, ion channel activity and water
status in guard cells, providing the fine tuned regulation of stoma-
tal aperture. We have a hidden attraction to thinking that the gas
exchange valve in plants, the stomatal pore, is also gas regulated.
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