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ABSTRACT
Reactive oxygen species and nitric oxide (NO•) concomitantly play essential roles in guard cell
signaling. Studies using catalase mutants have revealed that the inducible and constitutive
elevations of intracellular hydrogen peroxide (H2O2) have different roles: only the inducible H2

O2 production transduces the abscisic acid (ABA) signal leading stomatal closure. However, the
involvement of inducible or constitutive NO• productions, if exists, in this process remains
unknown. We studied H2O2 and NO•mobilization in guard cells of catalase mutants. Constitutive
H2O2 level was higher in the mutants than that in wild type, but constitutive NO• level was not
different among lines. Induced NO• and H2O2 levels elicited by ABA showed a high correlation
with each other in all lines. Furthermore, NO• levels increased by exogenous H2O2 also showed
a high correlation with stomatal aperture size. Our results demonstrate that ABA-induced
intracellular H2O2 accumulation triggers NO• production leading stomatal closure.

Abbreviations: ABA: abscisic acid; CAT: catalase; cGMP: cyclic guanosine monophosphate; DAF-
2DA: 4,5-diaminofluorescein-2 diacetate; H2DCF-DA: 2ʹ,7ʹ-dichlorodihydrofluorescein diacetate;
MeJA: methyljasmonate; NOS: nitric oxide synthetase; NR: nitrate reductase; POX: peroxidase;
ROS: reactive oxygen species; SNAP: S-nitroso-N-acetyl-DL-penicillamine; SNP: sodium nitroprus-
side; NOX: NADP(H) oxidase.
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Reactive oxygen species (ROS) play indispensable
roles as intracellular and intercellular signaling mes-
sengers in plants, besides their adverse effects [1]. In
regard to stomatal movement, ROS production in
guard cells participates in many signaling processes
such as abscisic acid (ABA)-, carbon dioxide (CO2)-,
methyljasmonate (MeJA)-, microbe-associated mole-
cular patterns (MAMPs)- and salicylic acid (SA)-
induced closure [2–6], while the involvement of ROS
in guard cell signaling is argued to be conditional [7].

In addition to ROS, nitric oxide (NO•) is widely
accepted to play a crucial role in guard cell signaling
[8–10]. Induction of ROS production and NO• pro-
duction occurred coincidentally in guard cells upon
exposure to ABA, MeJA and an MAMP [11–13].
Accumulated pharmacological and molecular biolo-
gical evidences suggest that ROS generation and
NO• generation in guard cell signaling are asso-
ciated in the signaling process [14–16]. Among
ROS, hydrogen peroxide (H2O2) plays major roles
in spatiotemporal-specific signaling [17], although
the cooperative action of H2O2 and NO• remains
to be further elucidated.

NO• is supposed to transduce the signal to the down-
stream components by nitration of tyrosine residues
and cyclic guanosine monophosphate (cGMP)
mediated via subsequent ONOO – formation as well
as direct S-nitrosylation of cysteine residues [18,19]. It
was reported that NO• cooperatively acts with H2O2 to
positively transduce ABA signal in stomatal closure by
generation of NO2-cGMP via the spontaneous forma-
tion of peroxynitrite (ONOO–) [18]. The generation of
ONOO – crucially depends on the interaction of super-
oxide anion radical (O2•

–) and NO• [20]. The environ-
mental stimulus-induced production of O2•

– in guard
cells is supposed to occur extracellularly by catalysis of
NADPH oxidase (NOX) or cell wall-associated perox-
idase (cell wall POX), while NO• generation by nitrate
reductase takes place in cytosol [11,21,22]. Therefore, it
remains controversial where O2•

– and H2O2 encounter
to spontaneously generate ONOO – by the current ROS
and NO• generation model.

The crosstalk of ROS, NO• and Ca2+ has often
been discussed [23]. However, the chemical species,
which participates in this signal crosstalk among
ROS, i.e. O2•

–, hydroxyl radical (OH•) and H2O2,
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has not been well elucidated. Catalase catalyzes the
disproportionation reaction to produce an oxygen
molecule (O2) and a water molecule (H2O) from
two H2O2, and hence, contributes to balancing the
ROS level in a cell. Loss-of-function mutations in
CATALASE genes render the elevation of basal level
of H2O2 in Arabidopsis guard cells [24–26]. Their
studies using catalase mutants introduced the con-
cept that H2O2 in guard cells is comprised of at least
two distinct components, constitutive H2O2 and sti-
mulus-inducible H2O2, and only the inducible com-
ponent conveys the environmental signals eventually
inducing stomatal closure. They also showed that
the enhanced inducible H2O2 elevation in
CATALASE mutants leads to the increase of fre-
quency of guard cells exhibiting calcium oscilla-
tion [25].

Some second messengers have a particular tem-
poral pattern to properly transduce a specific message.
Allen et al. [27,28] demonstrated that simple rise of
cytosolic free calcium concentration, denoted as cal-
cium plateau, does not induce stomatal closure, but
calcium oscillation patterns with a defined range of
frequency (calcium signature) induce and maintain the
closure. It was shown that the ROS production is
associated with Ca2+-permeable channel activation
[29,30]. Furthermore, the association of inducible
ROS generation and calcium oscillation induction
was reported [25]. Therefore, it can be conceivable
that an inducible ROS generation in guard cells mod-
ulates calcium signature.

Meantime, the spatial and temporal pattern of NO•,
and the role of constitutive and inducible NO• accu-
mulation in guard cells, if occurs, remain obscure. In
this study, we investigated NO• mobilization in cata-
lase mutant guard cells using a fluorescent indicator to
explore the relation of H2O2 production and NO•
production. Our results suggest that the level of NO•
is associated with that of H2O2 in guard cells. We
discuss a mode of interaction of ROS and NO• in
a cell.

Materials and methods

Plants

Arabidopsis thaliana, wild types Columbia (Col) and
Wassilewskija (WS), and CATALASE mutants cat2-1,
cat3-1 and cat1;cat3 were grown in soil in an environ-
ment-controlled growth chamber (LH-100RD, Nihon-
ika Co., Osaka, Japan) at 22°C under a light regime of
16 h light/8 h dark at a photosynthetic photon flux
density of 80 µmol m–2 s–1. Plants were watered daily
and fertilized once a week with diluted (1:1000)
Hyponex solution (Hyponex Japan Co., Osaka, Japan),
as described previously [25]. cat2-1 (Salk_076998) and
cat3-1 (screened from random T-DNA insertion

population provided from Ohio University) were
T-DNA insertion mutants in Col andWS backgrounds,
respectively [25,26]. cat1;cat3 was a deletion mutant in
the chromosome 1 lacking 20,625 base pairs, coding
four genes including adjacent CAT1 and CAT3 gener-
ated by fast neutron bombardment in WS background
[26]. Homozygosity, lack of the messenger RNA of
CATALASEs and compromised catalase activity in the
mutant leaves had been confirmed in the previous stu-
dies [25,26]. Experiments with genetically modified
plants were approved by Okayama University (No.
G-1249).

Chemicals

The NO• donor, sodium nitroprusside (SNP) was
a product of Sigma-Aldrich, Inc. (St. Louis, MO, U.S.
A.). Other chemicals were analytical grade purchased
from Wako Pure Chemical Industries Ltd. (Osaka,
Japan) or Nakalai Tesque Inc. (Kyoto, Japan).

Measurement of stomatal aperture

Aperture width of stomata was measured by the
method described in Munemasa et al. [31]. In brief,
excised rosette leaves from 4 to 5 week-old plants were
floated on the 10 mM MES-Tris solution containing
5 mM KCl and 50 µM CaCl2 (pH 6.15) for 2 h under
illumination at 80 µmol m–2 s–1 and subsequently
treated with the solution supplemented with ABA,
SNP, H2O2 or the solvent control (0.1% ethanol or
water as indicated in figure legends) for 2 h. Epidermal
fragments were prepared by blending a leaf with
a Waring commercial blender (51BL32, Waring,
Stamford, CT, US.A.) until clear epidermal fragments
were released, ~30 s. Width of stomatal aperture in
abaxial epidermis was measured under a microscope.

Measurement of NO and ROS production in guard
cells

Levels of ROS and NO• in guard cells were examined
using fluorescence indicators, 2ʹ,7ʹ-dichlorodihydro-
fluorescein diacetate (H2DCF-DA), which detected
intracellular H2O2 indirectly via compounds I and II
of POX formed in the presence of H2O2, and 4,5-dia-
minofluorescein-2 diacetate (DAF-2DA), which was
sensitive to NO•, using a fluorescence microscope
(Biozero BZ-8000, Keyence corporation, Osaka, Japan)
with a filter set, OP-66835 BZ filter GFP (excitation
wavelength, 480/30 nm; absorption wavelength,
510 nm; dichroic mirror wavelength, 505 nm) accord-
ing to Ye et al. [13]. In brief, epidermal fragment
obtained by blending of rosette leaves from 4 to 5 week-
old plants were incubated in the10 mMMES-Tris solu-
tion in the light (80 µmol m–2 s–1) for 3 h, followed by
30 min of fluorescent dye loading (either 50 µM H2
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DCF-DA or 5 µMDCF-2DA in theMES-Tris solution).
After the dye loading, excess dye was removed by rin-
sing with the 10 mMMES-Tris solution on a nylon net
(30 µm opening) and resuspended in the same solution.
Following ABA, SNP, or H2O2 treatment for 30 min;
fluorescence images were taken using VH Analyzer
(Keyence corporation, Osaka, Japan) the intensity of
fluorescence in guard cells was analyzed using Adobe
Photoshop (Adobe Inc. San Jose, CA, U.S.A.) without
an image processing. Change in fluorescence intensity
was expressed as % of each control.

Statistics

The significance of differences in mean values between
data sets was assessed by two-tailed Student’s t-test or
Dunnett’s test as indicated.

Results

Enhanced production of NO• in guard cells in
catalase mutants

Through the analysis of CATALASEmutants, previous
studies have shown that an induced accumulation of
H2O2 in guard cells participates in the ABA signaling
inducing stomatal closure [25,26]. To obtain clues to
grasp the temporal and spatial mobilization manner of
NO• accumulation and the relation between H2O2

accumulation and NO• accumulation in guard cells;
we investigated stomatal movement and NO• produc-
tion in catalase mutants. We examined ABA-induced
stomatal closure in the mutants to confirm the results
of previous studies (Figure 1(a)). Stomatal aperture
widths of CATALASE mutants (cat3-1, cat1;cat3 and
cat2-1) were comparable to their corresponding wild-
type plants without exogenously applied ABA.
Exogenous ABA treatment induced stomatal closure
in each wild type as expected. In cat3-1 and cat2-1,
ABA-induced stomatal closure was significantly aug-
mented in agreement with previous reports [25,26].
Visibly, stomatal closure of cat1;cat3 double mutant
was also augmented to compared with that of wild
type, while it did not show a significance (P = 0.098).
We also reexamined ABA-induced cytosolic H2O2

accumulation in the catalase mutants (Figure 1(b)).
The H2O2 accumulation level in guard cells was con-
stitutively elevated in cat3-1, cat1;cat3 and cat2-1 in
the absence of exogenous ABA and was additionally
increased by the application of exogenous ABA in
agreement with previous studies [25,26]. These results
confirmed the reported characteristics of catalase
mutants that ABA-induced stomatal closure and H2

O2 accumulation were enhanced.
A slight increase in DAF fluorescence, which repre-

sents NO• production, was observed in the
CATALASE mutants ranging 8% to 14% increases

from the corresponding wild types in the absence of
exogenous ABA (Figure 1(c), see also Figure 2(b)
P = 0.011 in cat1;cat3), although this increase was
infrequently showed a statistical significance. In accor-
dance with earlier reports, exposure to exogenous
ABA resulted in an increase in NO• accumulation in
guard cells in wild-type plants (Figure 1(c)). In
CATALASE mutants, ABA induced the elevations of
NO• accumulation in guard cells higher than in wild-
type guard cells (Figure 1(c)). The increases of NO•
levels by ABA treatment in cat3-1 and cat1;cat3 were
17.6% and 26.0%, that were higher than that in the
wild type (WS, 14.9%) (P = 0.026 and 0.018 by two-
tailed unpaired Student’s t-test). In cat2-1 NO• pro-
duction induced by ABA was also significantly higher
than that in the wild type (Col), 20.5% against 15.8%
(P = 0.029 by two-tailed unpaired Student’s t-test).

Correlation of H2O2 and NO• accumulations was
examined using fluorescence levels of DCF and DAF
(Figure 1(d)). The accumulations of H2O2 and NO• in
guard cells in the presence of exogenous ABA showed
a high linear correlation (r = 0.98, P = 0.003). Taken
together with the earlier report [11], these results sug-
gest that the NO• production follows the H2O2 produc-
tion in guard cells, and H2O2 accumulation level defines
NO• accumulation level. This indicates that enhanced
production of H2O2 induced by ABA promoted NO•
production. It should be noticed that formation of DCF
fromH2DCF can be mediated not only by the oxidation
with H2O2-mediated formation of compound I and II
of POX but also by the direct oxidation by OH•,
ONOO–, and NO2• [32,33]; while the oxidation of H2

DCF byO2•
– isminimum [33]. This broad specificity of

H2DCF is distinct from the high specificity of DAF to
NO•. Therefore, we cannot exclude the participation of
augmented productions of OH•, ONOO–, and NO2• in
the increase of the DCF fluorescence in this experiment.

Constitutive accumulation of H2O2 in catalase
mutant guard cells results in no apparent NO•
elevation

Effects of exogenous H2O2 exposure on NO• accumula-
tion in catalasemutant guard cells were examined to look
further into the relation between these two second mes-
sengers. Prior to the DAF fluorescence analysis, H2O2-
induced stomatal aperture phenotype in catalasemutants
was examined. Stomatal aperture widths in the absence
of exogenous H2O2 were comparable between mutants
and the corresponding wild types (Figure 2(a)), while the
H2O2 levels were increased in the mutants. Addition of
100 µMH2O2 resulted in remarkable closure in all plants
examined, and the degree of closure was scarcely pro-
moted in cat3-1, cat1cat3 and cat2-1 (18 – 25%), while it
was not significant at P < 0.05 level (Figure 2(a)). This
implies that the introduction of a rapid increase of H2O2

1420 R. JANNAT ET AL.

D
ow

nloaded from
 https://academ

ic.oup.com
/bbb/article/84/7/1418/5937555 by guest on 09 April 2024



has a message to induce stomatal closure and catalase
activity to the sudden massive H2O2 application has only
a modest contribution in H2O2 decomposition under
this experimental procedure.

Exogenously added H2O2 to the excised leaf
increased the DAF fluorescence in CATALASEmutant
guard cells as well as the corresponding wild-type
guard cells (Figure 2(b)). Statistical difference in

DAF fluorescence between wild type and the
CATALASE mutant was not observed (P = 0.11 for
cat3-1, 0.36 for cat1cat3 and 0.30 for cat2-1). This
marginal difference in the effect of H2O2 to the NO•
generation resembles the effect of H2O2 to the stoma-
tal aperture (Figure 2(a)). A high negative correlation
between NO• levels and aperture widths was observed:
the more NO• was accumulated in guard cells, the

Figure 1. ABA-induced stomatal closure, H2O2 production, and NO• production in catalase knockout mutants.
Ten µM ABA was applied for 2 h. (a) Stomatal closure in WS, cat3-1, cat1;cat3, Col and cat2-1. Each datum was obtained from 4 replicate. Each replicate
consisted of measurement of 20 stomata. (b) H2O2 production represented by dichlorofluoresein (DCF) fluorescence normalized to wild-type controls in
percentage. Each datum was obtained from 4 replicate. Each replicate consisted of measurement of 50 guard cells. Percent increase from wild type data is
shown. (c) NO• production represented by diaminofluorescein (DAF) fluorescence normalized to wild-type controls (WT) in percentage. Each datum was
obtained from 4 replicate. Each replicate consisted of measurement of 50 guard cells. Error bars represent standard deviation. P values obtained from
Student’s t-test between two data sets were shown. (d) Relationship of DCF and DAF fluorescence. Plots are from fluorescence intensities in the presence of
ABA, which are normalize to that of wild-type guard cells in the absence of ABA. r represents Pearson’s correlation coefficient. Percentage above or in bars
indicates the means of data to compare with the corresponding wild type treated with 10 µM ABA. 0.1% ethanol was used for the solvent dissolving ABA.
0.1% DMSO was used for the solvent dissolving H2DCF-DA and DAF-2 DA.
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narrower stomatal aperture close (r = – 0.975,
P = 0.037, Figure 2(c)), yet binary comparison of the
catalase mutants with the wild type did not show
a significance (Figure 2(a,b)). This relation might not
be a linear but a downward convex, which is likely due
to saturation of the closure.

The gain of the constitutive accumulation of H2O2 in
catalase mutant’s guard cells (Figure 1(b,c) and 2(b))
does not result in apparent increase in NO• level.
Taking into account the critical role of NO• in ABA-
induced stomatal closure, the inducible NO• accumula-
tion, which is link to the inducible H2O2 accumulation, is
associated with induction of stomatal closure.

NO• donor-induced stomatal closure in catalase
mutants

Reportedly, an exogenous application of a NO• donor,
such as sodium nitroprusside (SNP) and S-nitroso-
N-acetyl-DL-penicillamine (SNAP), induces stomatal
closure [9]. Here, we examined the effect of SNP on
stomatal aperture of catalase mutants; so that the
impact of a sudden increase of NO• on guard cells,
in which H2O2 level is augmented, is to be examined.

We examined the effects of several concentrations of
SNP on stomatal apertures of wild-type plants (Figure 3
(a)). In bothWS andCol, no significant effect of SNPwas

Figure 2. H2O2-induced stomatal closure and NO• production in catalase knockout mutants.
(a) Stomatal closure in WS, cat3-1, cat1;cat3, Col and cat2-1. Each datum was obtained from 3 replicate. Each replicate consisted of measurement of 20
stomata. (b) NO• production examined with DAF fluorescence. Each datum was obtained from 3 replicate. Each replicate consisted of measurement of 50
guard cells. Error bars indicate standard deviation. P values obtained from Student’s t-test between two data sets were shown. (c) Relationship of DAF
fluorescence and stomatal aperture. Data are normalize to that of wild-type guard cells in the absence of H2O2 and expressed as %. r represents Pearson’s
correlation coefficient. Percentage above or in bars indicates the means of data to compare with the corresponding wild type treated with 100 µM SNP. H2

O2 stock solution was prepared in water. 0.1% DMSO was used for the solvent dissolving DAF-2 DA.
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noticed up to 50 µM. At 100 and 1000 µM SNP reduced
stomatal aperture width at a similar level to 10 µM ABA.
Therefore, we used 100 µM SNP for following SNP-
exposure experiments. On the course of the experiment,
we did not notice any visible adverse effect of SNP to the
leaves and guard cell structure at microscopic level with
40-foldmagnification objective lens. The intactness of the
guard cell plasma membrane was validated by that there
was no apparent leakage of fluorescent dye from the cell.

Exogenous application of 100 µM SNP induced sto-
matal closure by approximately 35% inwild types (Figure
3(b)). The aperture width closed at almost same level of
the wild type in all CATALASEmutants (Figure 3(b)). At
the same time, NO• was highly accumulated by SNP
application in CATALASE mutant guard cells at the
same level as that in wild-type guard cells (Figure 3(c)).
This suggests that an addition of NO• is sufficient to
induce stomatal closure and the level of constitutive H2

O2 accumulation in guard cells does not apparently affect
NO•-induced stomatal closure level as well as NO• accu-
mulation. Taking account of the difference between the
effect of H2O2 application and NO• application on sto-
matal movements, we conclude that NO• production
follows and is controlled by H2O2 production, while the
former does not affect the latter.

Discussion

Relation of H2O2 production and NO• production
in guard cell signaling

In this study, we examined the relation between H2O2

production andNO• production in guard cells by analyz-
ing NO• production, H2O2 production, and stomatal
movement in loss-of-function mutants of CATALASE
genes taking advantage of its exclusive specificity for H2

Figure 3. SNP-induced stomatal closure and NO• production in catalase knockout mutants. SNP was applied for 2 h.
Error bars indicate standard deviation. Each datum was from three independent experiments. (a) Effect of different concentrations of SNP and 10 µM ABA
on stomatal aperture of wild-type plants. Asterisks indicate significance from the control at P < 0.05 (*) or <0.01 (**) by Dunnett’s test. (b) SNP-induced
stomatal closure in cat3-1, cat1;cat3 and cat2-1. P values obtained from Student’s t-test between two data sets were shown. (c) NO accumulation levels
examined with diaminofluorescein (DAF) fluorescence in SNP-fed guard cells. The fluorescence level is normalized to wild-type controls (WT). Each
replicate consisted of measurement of 50 guard cells. Percentage above or in bars indicates the means of data to compare with the corresponding wild
type treated with 100 µM H2O2. Water and 0.1% DMSO was used for the solvent dissolving SNP and DAF-2 DA, respectively.
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O2 over other ROS. Our results showed a very high
correlation of H2O2 accumulation and NO• accumula-
tion levels in response to ABA (Figure 1). A high correla-
tion was also observed between stomatal aperture and
NO• accumulation (Figure 2). To the contrary, the appli-
cation ofNO• donor resulted in no apparent difference in
stomatal phenotype between wild types and CATALASE
mutants (Figure 3). Collectively, this suggests that a rise in
H2O2 precedes a NO• production and finely modulate
the NO• generation to eventually regulate stomatal aper-
ture. Bright et al. [11] has argued that NO• generation is
dependent on the preceding H2O2 production. Our
results using CATALASE mutants support their finding
and furthermore emphasize a more dominant role of
intracellular H2O2 than the other ROS for NO• genera-
tion being inferred by the phenotype of CATALASE
mutants, which have an exclusively degrade H2O2 to O2

and H2O; and high correlation between intracellular H2

O2 production and NO• production. Even though the
specificity of catalase to H2O2 is exclusive, simultaneous
intensification of other ROS species could occur by equi-
libration of chemical reaction ofROSat local proximity in
guard cells of catalase mutants.

Previously, we have shown that a constitutive eleva-
tion of H2O2 does not affect stomatal aperture width, but
an inducible elevation of H2O2 is involved in induction
of stomatal closure [24–26]. Like the H2O2 production,
we assumed that only inducible NO• production is able
to induce stomatal closure. In this study, we observed
only a marginal elevation of constitutive NO• levels in
CATALASE mutants (Figures 1 and 2). Therefore, we
interpret these results as indicating that the inducible H2

O2 production is capable of inducing NO• generation,
but the constitutive H2O2 production participates only
a subtle in the NO• generation, if any.

NO• is reported to be produced by nitrate reductase
(NR) and nitric oxide synthetase (NOS) in the plant
system [16]. In the ABA response of guard cells, H2O2

might activate the NO• production systems. It was
reported that H2O2-activated MAP kinase 6 regulated
the activity of a nitrate reductase, NIR2, in
Arabidopsis [34]. This system might be involved in
this process. Further studies on the regulation of NO•
production systems by intracellular H2O2 are required
to uncover the mechanism.

Two major O2•
– generation mechanisms in guard

cell signaling have been advocated: NOX and cell wall
POX. NOX generate O2•

– fromO2 usingNADPH as the
electron donor. Cell wall POX, which has the compound
I heme, generates an organic radical when it turns to the
compound II heme form. The generated organic radical
subsequently produce O2•

– from adjacent O2 [35]. ABA
and MeJA signals involve NOX-mediated ROS genera-
tion [22]. It has been established that intracellular H2O2

production elicited by NOX-mediated O2•
– participates

in successive NO• production [36]. Reportedly, SA and
chitosan signaling also involve NO• generation [37]. SA

and chitosan signals involve ROS generation by cell wall
POX [22]. The relation of H2O2 and NO• in the cell wall
POX-mediated guard cell signaling remains to be
unveiled. We do not deny the involvement of sponta-
neous formation of NO2

– by disproportionation of NO•
and subsequent NO2• radical formation by POX.

It has not been elucidated that the rapid changes in
H2O2 level in guard cell raised by light fluctuations or
sudden nutritional perturbations render stomata clos-
ing. In this study, we used stable level of light intensity
that is relatively low (80 µmol m–2 s–1) compared to
the maximum photosynthetic activity, while it is suffi-
cient to induce stomatal opening. If the light intensity
increases, the status of ROS in guard cells would
change. Under a saturating level of light irradiation,
photorespiration occurs for compromising ROS pro-
duction. We do not need to consider such bulky flux of
ROS from organelles in this experimental design.

Potential downstream signaling mechanisms for
the co-production of H2O2 and NO•

Nitration of cGMP and tyrosine residues are the well-
documented signaling mechanisms acting downstream
of theNO•production aswell as S-nitrosylation [38]. The
action of NO• is reported to be different depending on
the downstream mechanisms [38]. S-nitrosoglutathione
(GSNO) is preferably used as the donor to pharmacolo-
gically induce S-nitrosylation [39]. SNP and SNAP are
frequently used as the donors to directly generate NO•,
which can induce S-nitrosylation and nitrations [9].
Contrary to rich reports for the induction of stomatal
closure by SNP and SNAP [37], the exogenous applica-
tion ofGSNO inhibits the activity ofOST1protein kinase,
which a positive regulator of ABA signaling [39]. In
whole Arabidopsis plants, nitration of tyrosine residues
of the ABA receptors, PYR/PYL/RCAR proteins, might
lead to the proteasome-dependent degradation [40].
These results suggest that the S-nitrosylation and nitra-
tion may have bidirectional regulation in guard cell sig-
naling allowing the regulation of Ca2+ signaling to
generate a particular Ca2+ signature pattern [27,28].
Our results support the positive regulation of ABA
signaling to lead stomatal closure. Taken together with
previous reports, the intracellular H2O2 accumulation-
induced NO• production may lead to nitration of the
target molecules rather than the S-nitrosylation. The
nitration after NO• production can occur through the
formation of ONOO–. Therefore, ABA signal in guard
cells regulate the stomatal movement through the forma-
tion of ONOO–, which might be triggered by H2O2

production and NO• production, positively regulates
the stomata-closing signal.

Yamauchi et al. [41] reported that Arabidopsis autop-
hagy-defective mutants, in which high accumulations
of constitutive H2O2 occurred by aggregation of
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peroxisomes and reduced catalase activity in guard cell,
defected light-induced stomatal opening. In this case, the
enormous constitutive H2O2might overflow to reach the
site of NOS/NR activation and subsequently generate
ONOO–. GUARD CELL HYDROGEN PEROXIDE-
RESISTANT1might be involved in the process to activate
Ca2+ channel [42].

fEarlier reports suggested the role of ONOO – in
guard cell signaling as referred above. The formation
of ONOO – is strictly dependent on the reaction of
NO• and O2•

–, but not H2O2 [20]. The NOX- and cell
wall POX-mediated O2•

– production takes place in
apoplastic space. Our results emphasized the involve-
ment of intracellular H2O2 production and associated
NO• production. Therefore, O2•

– should be produced
in the cytosol concomitantly with NO• to eventually
generate ONOO–. It remains unresolved how ONOO
– is generated in guard cells following the NO•
production.

Conclusion

The constitutive H2O2 production in catalase mutant
guard cells does not induce NO• production and sto-
matal closure. NO• production showed very high asso-
ciation with the inducible H2O2 production and
stomatal closure. In agreement with earlier studies,
NO• production was suggested to follow the preceding
intracellular H2O2 accumulation. We proposed
a novel hypothetical mechanism for ONOO – genera-
tion following H2O2 and NO• production in guard
cells.
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