Hydrogen Peroxide Is Involved in Abscisic Acid-Induced
Stomatal Closure in Vicia faba'
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One of the most important functions of the plant hormone abscisic acid (ABA) is to induce stomatal closure by reducing the
turgor of guard cells under water deficit. Under environmental stresses, hydrogen peroxide (H,O,), an active oxygen
species, is widely generated in many biological systems. Here, using an epidermal strip bioassay and laser-scanning confocal
microscopy, we provide evidence that H,O, may function as an intermediate in ABA signaling in Vicia faba guard cells.
H,0, inhibited induced closure of stomata, and this effect was reversed by ascorbic acid at concentrations lower than 10° m.
Further, ABA-induced stomatal closure also was abolished partly by addition of exogenous catalase (CAT) and diphenylene
iodonium (DPI), which are an H,O, scavenger and an NADPH oxidase inhibitor, respectively. Time course experiments of
single-cell assays based on the fluorescent probe dichlorofluorescein showed that the generation of H,O, was dependent on
ABA concentration and an increase in the fluorescence intensity of the chloroplast occurred significantly earlier than within
the other regions of guard cells. The ABA-induced change in fluorescence intensity in guard cells was abolished by the
application of CAT and DPI. In addition, ABA microinjected into guard cells markedly induced H,O, production, which
preceded stomatal closure. These effects were abolished by CAT or DPI micro-injection. Our results suggest that guard cells
treated with ABA may close the stomata via a pathway with H,O, production involved, and H,O, may be an intermediate

in ABA signaling.

The plant hormone abscisic acid (ABA) regulates
many important plant developmental processes, and
induces tolerance to different stresses including
drought, salinity, and low temperature (Giraudat et
al., 1994). ABA production is increased in tissues
during these stresses, and this causes a variety of
physiological effects, including stomata closure in
leaves. By opening and closing stomata, the guard
cells control transpiration to regulate water loss or
retention. Despite the recognitions of the central role
played by ABA in regulating stomatal function, the
signal transduction events leading to alterations to
the stomatal aperture remain incompletely under-
stood (Schroeder et al.,, 2001). Previous evidence
showed that an elevation of cytosolic Ca®", an in-
crease in pH, and a reduction in K, C1~, and organic
solute content in both guard cells surrounding the
stomatal pore, are downstream elements of ABA-
induced stomatal closure (MacRobbie, 1998; Ass-
mann and Shimazaki, 1999), although their spatio-
temporal relationships are merely understood. In
addition, cADP-Rib, phospholipase C, and phospho-
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lipase D have been identified as signaling molecules
in the ABA response, and exerting their effects by
regulating cytosolic Ca>* concentration ([Ca®*];) and
inward K* channels (Wu et al., 1997; Leckie et al.,
1998; Jacob et al., 1999; Staxen et al., 1999). Further-
more, Ca’" channels and anion channels at the
plasma membrane of stomatal guard cells are acti-
vated by hyperpolarization and ABA (Pei et al., 2000;
Allen et al., 2000; Hamilton et al., 2000; Li et al., 2000),
and an increase in [Ca®"]; resulting from the acti-
vation of Ca®" channels leading to Ca®" influx is
known to inactivate inward-rectifying K™ channels,
biasing the plasma membrane for solute efflux, which
drives stomatal closure (Blatt and Grabov, 1997).

It is well known that utilization of molecular oxy-
gen may be proceeded by a series of single electron
transfers, which generates reactive oxygen species
(ROS), such as superoxide anion (O,), hydrogen
peroxide (H,0O,), and other free radicals that react
with, and thereby damage DNA, proteins, and lipids
(Bowler et al., 1992; Scandalios, 1993). Earlier studies
have indicated that the production of ROS is indi-
rectly increased by stresses such as drought and chill-
ing (Bowler et al., 1992; Fryer, 1992). It is interesting
that H,O, generated from an oxidative burst in
pathogen-infected cells is thought to be a second
messenger, which can both orchestrate the plant hy-
persensitive disease resistance by initialing a series of
reactions (Levine et al., 1994) and mediate systemic
signaling in the establishment of plant immunity
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(Neuenschwander et al., 1995; Allan and Fluhr, 1997;
Alvarez et al., 1998). It has been found that O, and
other activated oxygen species are involved in the
regulation of stomatal movement (Purohit et al,
1994). The oxidative stress resulting from exposure to
methyl viologen (which generates O, ) or H,O, has
a remarkable effect on stomatal aperture (Price,
1990), and exogenous H ,0, can also induce [Ca®"];
increases in guard cells (McAinsh et al., 1996; Pei et
al., 2000), comprising one or two separate transient
increases, which are necessary for stomatal closure
(Allen et al., 2000). Using recombinant aequorin in
transgenic tobacco (Nicotiana plumbaginifolia), Price et
al. (1994) have demonstrated that H,O, stimulates a
transient increase in [Ca®?']; in whole tobacco
seedlings.

Although the role of H,O, as an intermediate in
ABA signaling in guard cells has been clearly exam-
ined in Arabidopsis plants (Pei et al., 2000), it was not
known whether H,O, acts as a second messenger for
the induction of stomatal closure in response to ABA
in other plants, and where is the source of H,O,
generation in guard cells. To further confirm the role
of H, O, in the ABA signaling in other type plants,
we therefore investigated the changes in stomatal
behavior in response to H,O, and ABA at the cellular
level, and the relationships between ABA and H,0,
in ABA signaling cascade. Using Vicia faba plants, we
provide evidence that H,O, generation is an early
event in ABA-induced stomatal closure.

RESULTS
ABA- and H,0,-Induced Changes in Stomatal Behavior

ABA, which is widely accepted as a stress signal,
induces a reduction in stomatal aperture in a
concentration-dependent manner (Schroeder et al.,
2001). To gain insights into the mechanism of ABA-
induced stomatal pore changes, we analyzed
whether H,O, might be involved in ABA effects on
stomatal movements, in a manner similar to its ef-
fects in elicitor-induced defense responses. V. faba
epidermal tissues were treated with 1 um ABA in the
presence of either 100 units mL™" catalase (CAT) or
10 um diphenylene iodonium (DPI), which either
remove H,O, or reduce the generation of H,O,, re-
spectively (Levine et al., 1994; Alvarez et al., 1998;
Lee et al., 1999). Both reagents reversed the ABA-
induced stomatal closure (Fig. 1), suggesting that
ABA promotes stomatal closure via a pathway in-
volving H,O,. Treatments of the epidermis with CAT
or DPI alone did not cause any changes of stomatal
aperture (Fig. 1), which is the same as the results
reported previously (Lee et al., 1999). It is possible
that under noninducing conditions by ABA, the
amount of H,O, or the activity of NADPH oxidase is
low in guard cells. It is important to keep the low
level of H,O, in the cells under optimal conditions,
because the oxidative stress, resulting from ROS, is
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Figure 1. The effect of CAT and DPI on the ABA-induced stomatal
closing. Isolated epidermis of V. faba was incubated in CO,-free MES
[ 2-(N-morpholino)-ethanesulfonic acid]-KCI for 3 h under condi-
tions promoting stomatal opening and then transferred to fresh CO,-
free MES-KCI containing no ABA (O), T um ABA (@), T um ABA + 100
units mL~" CAT (H), 1 um ABA + 10 pm DPI (A), 100 units mL™"
CAT (J), or 10 um DPI (A) only for another 4 h. Stomatal apertures
were determined at 1-h intervals during the 4-h incubation. Values
are the means of 120 measurements *SE.

harmful to cell (Scandalios, 1993). These dangerous
cascades are prevented by efficient operation of the
cell’s antioxidant defense (Noctor and Foyer, 1998).
Therefore, the indirect evidence suggests a role for
H,0, as a common and critical intermediate for the
signaling in ABA-induced stomatal closure.

Previous studies have suggested that oxidative
stress resulting from exposure to methyl viologen or
H,0O, has a marked effect on stomatal aperture (Price,
1990; McAinsh et al., 1996; Allen et al., 2000; Pei et al.,
2000). Exogenous application of H,O, promoted sto-
matal closure (Fig. 2) in a dose-dependent manner.
The effect of H,O, on promotion of stomatal closure
was significant (P < 0.05) at a concentration of
H,0, = 10° M. The maximum promotion of stoma-
tal closure was observed at 2 h after treatment with
107% M H,0,, under which conditions the stomatal
apertures were 5.54 = 0.54 um, or 46% of the control
value. However, in washout experiments, the effects
of H,0, (=10"° M) on stomatal aperture were com-
pletely reversible (Fig. 2). There was no significant
(P < 0.05) difference between the apertures of sto-
mata treated with H,O, for 2 h followed by a 2-h
washout and those that were incubated under the
same conditions for 4 h in the absence of H,0O.,.

In plant cells, the most important reducing sub-
strate for H,O, removal is ascorbic acid (Noctor and
Foyer, 1998). Ascorbate peroxidase uses two mole-
cules of ascorbic acid to reduce H,O, to water, with
the concomitant generation of two molecules of mo-
nodehydroascorbate. The relatively high concentra-
tion of ascorbic acid in the cell ensures stable main-
tenance of the cellular redox state. When ascorbic
acid was applied together with 107> m H,O,, the
effects of H,O,-induced stomatal closure were partly
abolished in a concentration-dependent manner (Fig.
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Figure 2. Promotion of stomatal closure by H,O, and its reversibil-
ity. Isolated epidermis of V. faba was incubated in CO,-free MES-KCI
for 3 h under conditions promoting stomatal opening and then
transferred to fresh CO,-free MES-KCI containing H,O, (0 M, O; 1077
M1 10°°m, @ 10 °M, A; 10 *“m, I or 102 M, ¢)for2 hunder
opening conditions, and stomatal apertures were determined at 1-h
intervals during the 2-h H,O, application (+H,0,), and at 30-min
intervals during the 2-h H,O, removal in “washout experiment”
(—H,0,). Values are the means of 120 measurements = SE.

3). Ascorbic acid alone induced a slight opening of
stomata over untreated controls. Therefore, it appears
that the interacellular redox state of cell reacts rapidly
to the accumulation of H,O, induced by ABA.

ABA Induces H,O, Production in Guard Cells

Having established that exogenous H,O, is in-
volved in the regulation of stomatal changes induced
by ABA in the above epidermal strips bioassay ex-

Stomatal aperture (Lm)

Time (h)

Figure 3. Effects of ascorbic acid on the promotion of stomatal
closure by H,O,. Isolated epidermis of V. faba was incubated in
CO,-free MES-KCI for 3 h under conditions promoting stomatal
opening and then transferred to fresh CO,-free MES-KCI containing
no (0), 107° M H,O, (@), 107> M H,O, + 1 mm ascorbic acid (H),
107° M H,0, + 10 mm ascorbic acid (A), T mm (), or 10 mm (A)
ascorbic acid only for another 4 h. Stomatal apertures were deter-
mined at 1-h intervals during the 4-h incubation. Values are the
means of 120 measurements = SE.
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periments, we then examined whether external ABA
might increase the level of H,O, in guard cells. In this
study, we used the oxidatively sensitive fluorophore
dichlorofluorescein (H,DCF) to measure fast changes
in intracellular H,O, level directly. The nonpolar
diacetate ester (H,DCF-DA) of H,DCF enters the cell
(Allan and Fluhr, 1997) and is hydrolyzed into the
more polar, nonfluorescent compound H,DCF,
which therefore is trapped. Subsequent oxidation of
H,DCF by H,0,, catalyzed by peroxidases, yields the
highly fluorescent DCF (Cathcart et al, 1983).
H,DCF-DA loads readily into guard cells, and its
optical properties make it amenable to analysis using
laser scanning confocal microscopy.

As shown in Figure 4, exogenous application of
ABA enhanced the relative fluorescence intensity of
DCEF in guard cells, which represents as pixel inten-
sity averaged over the entire cells, and the effects
were dose dependent. A single cell assay also illus-
trated that 1 um ABA significantly induced increases
in DCF fluorescence intensity in guard cells, and the
H,0, elevation was observable throughout the entire
surface of V. faba guard cells treated with ABA for 5
min (Fig. 5, A-F).

To determine which cellular compartments under-
went increases in fluorescence intensity, subcellular
regions were delineated using bright-field analysis as
previously described (Allan and Fluhr, 1997). Chlo-
roplast regions can be easily defined in bright field
under microscope, whereas the cytosol was the re-
gion devoid of visible organelles, possibly including
cytoplasmic and vacuolar regions. Time course quan-
titative analysis was performed in the chloroplast
(area a), and the cytosol (areas b-d) as shown in
Figure 5G. The earliest increase in ABA-induced
H,O, was in the region of chloroplast. This result is
similar to the early observation that the earliest in-
crease in DCF fluorescence induced by cryptogein
was in the chloroplastic regions in guard cells (Allan
and Fluhr, 1997).
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Figure 4. Effects of ABA on the DCF fluorescence in guard cells. (O),
0 uMm; (A), 0.7 um; (M), T um; and (@), 10 um ABA. Each time point
represents the mean of 10 measurements of pixel intensity of the
whole cell determined in three independent experiments (=SsE).
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Figure 5. Exogenous ABA-induced production
of H,O, in guard cells. A, A pair of guard cells
loaded with DCFH-DA before the addition of
1 uM ABA. B through F, The same cells shown in
A at 60, 120, 180, 240, and 300 s after the
addition of 1T um ABA, respectively. G, Time
course changes in the pixel intensity of selected
cytosolic regions as represented by the boxes in
A. BG represents background fluorescence se-
lected region of stomatal pore. The figures
shows representative fluorescence image and
time course from three independent experi-
ments. The pseudocolor key is shown in the bar
(F), which was applied to pixel intensity values
(0-255) for all of the six fluorescence images.
Scale bar represents 10 um for all of the images.
Arrow in G indicates the addition of ABA.

Pixel intensity

04 + - ——

199.669 261.351

Time (s)
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It was noticed that the ABA-induced increase in
H,0O, production in the presence of 10 um ABA in
guard cells for different periods exhibited a biphasic
pattern of changes, whereby about 2-min incubation
increased and 2.5-min incubation decreased the DCF
fluorescence intensity compared with their respective
control values (Fig. 4). The mean period of the bipha-
sic pattern in the treatment of 1 um ABA displayed
slightly changes over 10 um ABA treatment, which
shows 1-min incubation increase and 1-min decrease
in H,O, generation. This was also the case when the
H,O, production in selected different cytosolic re-
gions was measured in the presence of 1 um ABA
(Fig. 5G). It is well known that high doses of H,O, are
cytotoxic (Bowler et al.,, 1992; Scandalios, 1993). A
state of moderately increased levels of interacellular
H,0, is referred to as oxidative stress. The biphasic
pattern of H,O, production in guard cells, acting as
cell signaling messenger for H,O,, might allow all
cells to tightly control their level within a very nar-
row range. The homeostatic modulation of oxidant
levels is a highly efficient mechanism that appeared
in evolution. This observation might be consistent
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with the early results that the cytosolic Ca*" oscilla-
tions of differing amplitudes and frequencies in-
duced by H,O, (Allen et al., 2000).

The Effects of CAT and DPI on H,0, Generation
Induced by ABA

H,0O, is extremely sensitive to CAT, and flavin-
dependent enzymes, including the mammalian
NADPH oxidase, are strongly inhibited by DPI (Al-
varez et al., 1998; Potikha et al., 1999). As shown in
Figure 5, A through F, the increase of fluorescence in
guard cells treated with ABA was accompanied by an
increase of fluorescence in adjacent epidermal cells.
We had expected that epidermal cells treated with
ABA might also produce H,O,. However, the follow-
ing experiments argue against this as conclusion, and
suggest that the H,O, in the epidermal cells came
from the guard cells. Addition of CAT before ABA
treatment abrogated the increases in fluorescence in
guard cells and their adjacent epidermal cells, and
the epidermal cells were more sensitive to exogenous
CAT than guard cells. A possible explanation for this
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phenomenon is that ABA-induced H,O, was dissi-
pated from guard cells to their peripheries, which
was then blocked by the exogenously added CAT
remaining in the apoplast. In a parallel experiment,
although 10 um DPI partly abolished ABA-induced
fluorescence, the fluorescence in the chloroplasts was
much more enhanced than that before ABA treat-
ment (Fig. 6, C-F). This implies that the reduction of
fluorescence intensity is due to the generation of
H,O, through flavin-dependent enzymes (including
NADPH oxidase) blocked by DPI. However, the pro-
duction of H,O, from chloroplasts was not inhibited
by DPI. These results further indicated that NADPH
oxidase was activated by exogenous ABA treatment,
and the oxidative environment of the chloroplasts
was enhanced by ABA.

The Effects of Intracellular ABA on the Generation of
H,O, by Guard Cells and on the Stomatal Aperture

There has been no conclusive identification of an
ABA receptor in plant cells. Previous work, including
stomata closure induced by the ABA microinjected
into guard cells, indicates an internally localized
ABA reception site (Allan et al., 1994; Schwartz et al.,
1994). An external reception site has also been sug-
gested (Anderson et al., 1994), and these two possi-
bilities are not mutually exclusive, i.e. there could be
ABA reception sites both inside and outside the cell

(MacRobbie, 1995). As shown in the above experi-
ments, externally added ABA induced production of
H,0O,, which promoted stomatal closure. This raised
the question as to whether intracellular ABA might
have the same effects. To answer this question, we
microinjected or comicroinjected reagents into guard
cells, and examined DCF fluorescence in one of the
paired guard cells at different times after microinjec-
tion. We found that ABA microinjection induced
H,0, production in the injected guard cell, and with
increase of treatment time, the injected cells exhibited
more rapid increase in DCF fluorescence than their
uninjected counterparts (Fig. 7, E-H). CAT (100 units
mL™") completely abolished ABA-induced fluores-
cence increases in V. faba guard cells following mi-
croinjection (Fig. 7, I-L), which is the same as the
results from the microinjection of buffer without
ABA and CAT (Fig. 7, A-D). However, following
comicroinjection of ABA and DPI, the cells showed
DCEF fluorescence increases only in the regions where
chloroplasts were located (Fig. 7, M-P), which is
similar to the observations that cells treated using
externally added ABA in the presence of DPI (Fig. 6,
C and F). It looks like the location of increase in DCF
fluorescence might also be near the regions of the
nucleus from the image (Fig. 7, M-P). Moreover, it is
clearly observed that there are several green particles
corresponding to its fluorescence images under
bright-light microscope. This at least indicated that

Figure 6. Effects of CAT and DPI on ABA-induced H,O, in guard cells. A through C, Guard cells loaded with DCFH-DA
before the addition of T w 77 ABA, in which cells (B and CO in the presence of CAT (100 units mL~") and DPI (10 um),
respectively. D-F, Cells shown in A through C, respectively, 300 s after the addition of T um ABA. The pseudocolor key in
F is shown within the bar, which was applied to pixel intensity values (0-255) for all of the six fluorescence images. Scale

bar represents 10 um for all of the images.
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Figure 7. Laser scanning confocal imaging of
(co) microinjection reagents into guard cells. A,
E, I, and M, Guard cell loaded with H,DCF-DA
before microinjection. B through D, F through
H, J through L, and M through P, Cells shown in
A, E, I, and M 15, 60, and 120 s, respectively,
after microinjection buffer (A-D), ABA (1 n 77;
E-H), ABA (1 um) and CAT (100 units mL™";
1-L), and ABA (1 pum) and DPI (10 n 77; M=P). a
through p, Bright-light images corresponding to
fluorescence images (A-P, respectively). The
pseudocolor key in L is shown within the bar,
which was applied to pixel intensity values (0—
255) for all of the fluorescence images. Scale bar
represents 10 um for all of the images.
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Stomatal aperture (;um)

buffer ABA ABA+CAT ABA+DPI

Figure 8. Effects of reagents or buffer microinjection on stomatal
aperture in V. faba. One guard cell in a pair was injected. In each
case, white bars (CJ) represent the half-apertures of the uninjected
guard cells in the pairs and gray bars () represent the half-aperture
of the injected guard cells in the pairs. The stomatal aperture mea-
surements were performed at 45 min after microinjection of ABA into
guard cells. Values shown are the means * st (n = 10 for each
treatment).

oxidized dye accumulating either in the regions of
chloroplasts or in the region of the nucleus.

In considering the source of H,O, in the cellular
regions, care must be taken to prevent DCF seques-
tration into cellular compartments. Previous studies
have shown that such problems cannot arise with
H,DCF-DA-based assays for H,O, production, due
to relatively high levels of peroxidase activities in
cytosol of guard cells (Allan and Fluhr, 1997), result-
ing in H,DCF-DA deacetylated to essentially non-
permeate H,DCF, which is nonfluorescent but be-
came oxidized fluorescent, and also non-permeating
DCF (Cathcart et al., 1983). On the other hand, our
results indicate that CAT (100 units mL™') com-
pletely abolished ABA-induced fluorescence in-
creases, including chloroplasts, in V. faba guard cells
following microinjection (Fig. 7, I-L). CAT sensitivity
rules out the possibility that DCF is sequestered into
chloroplast because the exogenously injected CAT
remains in the cytoplast.

It is important that 45 min after microinjection of
ABA into guard cells (see “Materials and Methods”),
the stomatal half-aperture displayed a significant
(P < 0.05) reduction, from 4.643 = 0.320 um to
0.978 £ 0.192 um. Comicro-injection of ABA and DPI
resulted in a reduction in stomatal half-aperture from
4769 * 0.287 um to 2910 * 0.417 um, whereas
comicro-injection of ABA and CAT resulted in no
significant (P < 0.05) change in the half-aperture of
the stomata, which is similar to the results following
microinjection with buffer alone (Fig. 8) These find-
ings suggest that H,O, is a possible intermediate of
the signal transduction pathway of ABA, and/or an
ABA reception site is localized internally.

1444

DISCUSSION

Under stress conditions, ABA and H,0O, are com-
monly generated in many biological systems (Ass-
mann and Shimazaki, 1999; Potikha et al., 1999). It
has been widely confirmed that ABA regulates sto-
matal movement as a stress signal (Assmann and
Shimazaki, 1999), yet there remain considerable gaps
in our knowledge regarding a detailed description of
the events and underlying signal transduction mech-
anisms involved in stomatal closing (MacRobbie,
1998). ROS appear to play a crucial role in physio-
logical and pathological processes of plants. H,O,, in
particular, has been previously implicated as a sec-
ond messenger in the regulation of the plant hyper-
sensitive response (Mehdy, 1994; Low and Merida,
1996) and plays an important intermediary role in the
ABA signal transduction pathway leading to the in-
duction of the Catl gene (Guan et al., 2000).

Here, we provide new evidence that H,O, is in-
volved in ABA-induced stomatal movement in V. faba,
which is consistent with recent findings in Arabidop-
sis plants (Pei et al., 2000). The following results sup-
port this conclusion: (a) exogenously added H,O, in-
duced stomatal closure, (b) scavenging of H,O, and
inhibiting H,O, generation reversed the H,O,- or
ABA-induced stomatal closure, and (c) H,O, genera-
tion coincided with stomatal closure. In addition, our
previous work using voltage clamp method has dem-
onstrated that the stomatal closure induced by exter-
nally applied H,O, is partially due to the inhibition of
K" uptake and the activation of K release through
K" channels on the plasma membrane of guard cells
(An et al., 2000). McAinsh et al. (1996) have also pro-
vided evidence that oxidative stress induces stomatal
closure, and an increase in cytosolic free Ca** concen-
tration in guard cells of Commelina communis. The di-
rect recording of Ca ** currents have resulted recently
in a breakthrough (Hamilton et al., 2000; Pei et al.,
2000), leading to the discovery of H,O,-activated Ca**
channels as an important part of the mechanism for
ABA-induced stomatal closure (Pei et al., 2000). It is
interesting that H,O, may play different roles during
different biological processes. In plant defense re-
sponses, H,O, functions as a signal molecule. On the
other hand, their production during the environmen-
tal stresses is thought to be a byproduct of stress
metabolism and is thought to induce cellular damage.

In the washout experiments, at concentrations
lower than 107° M, the effects of H,O, on stomatal
behavior were reversible, whereas at concentrations
higher than 10> m, the effects were irreversible (Fig.
2), which is the same as that seen in previous work
(McAinsh et al., 1996). This implies that at low con-
centrations the effects of H,O, may be due to the
activation of a signaling cascade, whereas at high
concentrations the effects of H,O, may be due to the
membrane integrity changes. The fact that H,O, pro-
duction preceded stomatal closure in guard cells
challenged with externally or internally added ABA

Plant Physiol. Vol. 126, 2001



(Figs. 5 and 7, E-H), and that the ABA-induced sto-
matal closure was reversible by washout experiments
(data not shown), indicates that ABA-stimulated
H,O, does not damage guard cells, and it can induce
stomatal closing that can be reversed by other
stimuli.

In higher plants, ROS can be generated by several
different pathways (Allan and Fluhr, 1997; Bolwell et
al., 1998). These pathways may include a cell wall-
localized peroxidase (Bolwell et al., 1995), amine oxi-
dases (Allan and Fluhr, 1997), non-flavin NADPH
oxidases (Van Gestelen et al., 1997), and NADPH
oxidases, which resemble the flavin-containing
NADPH oxidases activated by Rac in leukocytes
(Xing et al., 1997).

It is important that the highly energetic reactions of
photosynthesis and an abundant oxygen supply
make the chloroplast a particularly rich potential
source of ROS. This involves O, competing for elec-
trons from photosystem I, thereby leading to the
generation of ROSs through the Mehler reaction
(Foyer, 1997). It has been suggested that O, might
serve as an alternative electron acceptor when
NADPH availability is limited, which would result in
increased O, production (Polle, 1997). It should be
noted that guard cells contain chloroplasts, which
can both produce NADPH and ATP (Zeiger et al.,
1981), and release O, (Wu and Assmann, 1993) by the
action of functional light reaction. However, the
amount of Rubisco is very low in guard cell chloro-
plasts as compared with that in leaf cell chloroplasts,
and the CO, assimilation catalyzed by Rubisco
through photosynthesis only provides 2% of sugar
required for stomatal opening (Reckmann et al.,
1990). This indicates that it may be possible for guard
cells to accumulate high chemical energy products
such as NADPH and ATP. The question of whether
Rubisco activity actually contributes significantly to
osmotic buildup associated with stomatal opening is
still an open question (MacRobbie 1997). Therefore,
until now, the exact function of chloroplast in guard
cells remains unclear.

We have investigated the subcellular source and
possible molecular events involved in H,O, genera-
tion in guard cells challenged with ABA. Time course
experiments (Fig. 5) showed that chloroplasts might
be the main regions of H,O, production. The inhibi-
tion of both ABA- or H,0,-induced stomatal closing
(Figs. 1 and 3) and ABA-induced H,O, elevation of
guard cells (Fig. 6, B and E) by externally applied
CAT showed that H,O, might also act externally to
the guard cell plasma membrane (Lee et al.,, 1999)
because CAT is not likely to cross the plasma mem-
brane. This is consistent with the high permeability
of the membrane to H,0O, (Yamasaki et al., 1997). To
assess ABA-induced H,0O, levels in vivo, we co-
injected reagents into guard cells, finding that inter-
nally applied CAT and DPI completely or partly
inhibited ABA-induced H,O, production and half-

Plant Physiol. Vol. 126, 2001

Involvement of H,O, in Abscisic Acid Signaling of Guard Cells

stomatal closure (Fig. 7, I-L and M-P). This further
indicated that NADPH oxidase located at plasma
membrane, as well as light reaction in chloroplasts,
contributes to H,O, production, and that there might
be internal ABA reception sites in guard cells. In fact,
various environmental perturbations (e.g. intense
light, drought, temperature stress, etc.) can induce
excessive ROS, which may overwhelm the defense
system and necessitate additional defense (Scan-
dalios, 1993; Foyer et al., 1994). Therefore, guard cell
generated H,O, and O,” under different environ-
mental conditions, which can regulate stomata
closure.

In summary, the accumulated evidence suggest
that H,O, can be generated in guard cells, thereby
providing new intermediates for ABA signaling.
These results not only suggest the mechanism of
stomatal closure under stresses such as drought and
high-intensity light, during which an oxidative burst
has been found in non-stomatal tissues (Legendre et
al., 1993; Auh and Murphy, 1995), but also provide a
possible explanation for the function of chloroplasts in
guard cells. At present, the spatio-temporal relation-
ships between H,O, and other intracellular second
messengers (Ca”>", IP;, and pH) remain unknown.

MATERIALS AND METHODS
Chemicals

Dichlorofluorescin diacetate (H,DCF-DA; Molecular
Probes, Eugene, OR) was dissolved in dimethyl sulfoxide
to produce a 50-mmM stock solution, which was aliquoted.
ABA (%) and DPI was from Sigma (St. Louis). CAT (bovine
liver) was from Calbiochem (La Jolla, CA). Unless stated
otherwise, the remaining chemicals were of analytical
grade from Chinese companies.

Plant Material

Broad bean (Vicia faba) was grown in a greenhouse with
a humidity of about 70%, a photon flux density of 0.20 to
0.30 mmol m~? s™!, and an ambient temperature (day/
night 25°C = 2°C/20°C = 2°C). Immediately prior to each
experiment, the epidermis was peeled carefully from the
abaxial surface of the youngest, fully expanded leaves of

4-week-old plants, and cut into 5-mm lengths.

Epidermal Strip Bioassay

Stomatal bioassay experiments were performed as de-
scribed (McAinsh et al., 1996) with slight modifications. To
study the promotion of stomatal closure by ABA and H,O,,
freshly prepared abaxial epidermis was first incubated in
CO,-free 50 mm KC1/10 mm MES-Tris, pH 6.15 (MES-KCl)
for 3 h under conditions promoting stomatal opening (at
22°C-25°C, under a photon flux density of 0.20-0.30 mmol
m 2 s ") to open the stomata. The epidermis was then
transferred to CO,-free MES-KC in the presence of ABA
(0.0, 0.1, 1.0, and 10 um) or H,0O, (0, 1072,107%, 107>, 10°°,
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and 10~7 m) with and without CAT, DPI, or ascorbic acid,
for another 2 h, or as indicated. In washout experiments,
strips were subsequently transferred to fresh CO,-free
MES-KCI for 2 h, and stomatal apertures were determined
via confocal microscopy at 30-min intervals. In all cases, the
strips were subsequently examined under the microscope
to determine the aperture of the stomatal pores.

Dye Loading

The epidermal strips, previously incubated for 3 h under
conditions promoting stomatal opening, were placed into
loading buffer with 10 or 50 mm Tris-KCl (pH 7.2) contain-
ing 50 um of H,DCF-DA. Before further experiments, peels
were pre-incubated in the dark for 10 to 15 min.

Micro-injection of Stomatal Guard Cells

The peels loaded with H,DCF-DA were floated on fresh
buffer (Tris-KCI at 10 or 50 mm, pH 7.2) to wash off excess
dye in the apoplast, and were then affixed to a polyacrylate
plastic dish with 0.5 mL of H,DCEF-DA-free loading buffer.
We then performed microinjection into guard cells under a
TE300 (objective 40 X 0.60 Plan Fluor) inverted microscope
(Nikon, Tokyo) with a micromanipulator system (188NE,
Narishige Scientific Instruments, Tokyo) according to a
method with slight modification of methods of Ma et al.
(1999) and Perona et al. (1999). Micropipettes (tip diameter
0.5 um) for injection were made from borosilicate glass
capillaries (GD-1, Narishige Scientific Instruments) using a
micropipette puller (PC-10, Narishige Scientific Instru-
ments). Micropipetter tips were front filled with injection
reagents by applying a negative pressure.

To examine the effects of microinjection on stomatal
behavior, stomata with apertures of 8 to 10 um were cho-
sen for microinjection of different reagents (Gilroy et al.,
1991; Schwartz et al., 1994). Micropipettes contained buffer
(Tris-KCl, pH 7.2) as well as the treatment reagents. The
microinjection tip reached no more than 3 um into the
cytoplasm. Five minutes after microinjection, the micropi-
pette tips were slowly removed and the cells allowed to
recover for approximately 10 min. Guard cells that failed to
recover normally and that had any visible morphological
changes, such as turgid losses and differences in organelle
shape and distribution between injected guard cells and
noninjected counterparts (Gilroy et al.,, 1991), were dis-
carded. Epidermal strips with injected stomata that recov-
ered (or nearly recovered) to the same aperture as those on
the remaining part of the epidermal strip, and for which
both the injected and uninjected cells of a single stoma
exhibited the same increase in turgor, were maintained
under white light at 0.20 mmol m™~>s~ " for another 30 min,
and the stomatal apertures were recorded and measured.
Fluorescein diacetate staining was used to further confirm
cellular viability after each experiment. Criteria for cells
damaged by injected were those described by Gilroy et al.
(1991).
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Laser Scanning Confocal Microscopy

Examinations of peel fluorescence was performed using
a MicroRadiance Laser scanning confocal microscope (Bio-
Rad, Hercules, CA), with the following settings: ex = 488
nm, em = 525 nm, power 3%, zoom 4, mild scanning, frame
512 X 512, and Timecourse and Photoshop software. To
enable the comparison of changes in signal intensity, con-
focal images were taken under identical exposure condi-
tions (in manual setup) for all samples. ABA or other
reagents were added directly to the buffer or microinjected
into guard cells during the time course. The experiments
were repeated at least three times in each treatment, and
the selected confocal image represented the same results
from about 10 time course experiments.
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