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ABSTRACT

A number of studies show that environmental stress conditions increase abscisic acid (ABA) and hydrogen
peroxide (H,0,) levels in plant cells. Despite this central role of ABA in altering stomatal aperture by
regulating guard cell ion transport, little is known concerning the relationship between ABA and H,0, in
signal transduction leading to stomatal movement. Epidermal strip bioassay illustrated that ABA-inhibited
stomatal opening and ABA-induced stomatal closure were abolished partly by externally added catalase
(CAT) or diphenylene iodonium (DPI), which are a H,0, scavenger and a NADPH oxidase inhibitor
respectively. In contrast, internally added CAT or DPI nearly completely or partly reversed ABA-induced
closure in half-stoma. Consistent with these results, whole-cell patch-clamp analysis showed that intracel-
lular application of CAT or DPI partly abolished ABA-inhibited inward K* current across the plasma
membrane of guard cells. H,O, mimicked ABA to inhibit inward K* current, an effect which was reversed
by the addition of ascorbic acid (Ve) in patch clamping micropipettes. These results suggested that H,O,

mediated ABA-induced stomatal movement by targeting inward K* channels at plasma membrane.
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INTRODUCTION

Under stress conditions, ABA and H,0, are gen-
erated as widespread molecules in many biological
systems[1], [2]. It has been widely confirmed that
ABA regulates stomatal movement as a stress signal
[1], yet there remain considerable gaps in our knowl-
edge and in our attempts to construct a detailed de-
scription of the events underlying signaling chains
involved in the process of stomatal closing[3]. On
the other hand, reactive oxygen species (ROS) ap-
pear to play a crucial role in physiological and patho-
logical processes of plants. H,O,, in particular, has
been previously implicated as a second messenger
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in the regulation of plant hypersensitive response
[4], [5] and plays an important intermediary role in
ABA signal transduction pathway leading to the in-
duction of Catl gene[6]. Intriguingly, Pei et al have
proved that H,0, is involved in ABA-induced sto-
matal movement via the activation of calcium chan-
nels using Arabidopsis plants[7].

K* plays a significantly role in plant cells. This
role has been best studied in guard cells where trans-
membrane K* fluxes regulate cell volume, stomatal
aperture, and thus gas exchange across the leaf.
Therefore, plasma membrane K* channels and their
control are of importance in understanding these
physiological processes. Interestingly, many environ-
mental stress factors regulate stomatal aperture
through modulation of ion channel activity in guard
cells[3]. Some of these stress factors including
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drought, high salt and light intensity are also the
factors that elevated ABA and ROS (especially H,O,,
0?-). Based on the facts that ABA and ROS can
inhibit inward K* current at plasma membrane in
guard cells, contributing to speeding up stomatal clo-
sure and inhibiting stomatal opening[3], [8-10], and
induce increases in cytoplasmic free Ca?*[7], [11]
and cytosolic pH[12], we speculate that the eleva-
tion of H,0, level may be related to ABA in the
regulation of stomatal movement. In the present
study, we provide evidences that ABA can inhibit
inward K* current at plasma membrane via a path-
way of H,0, generation. These results suggest that
studies of oxidative signal molecule may be helpful
in the better understanding of ABA signaling.

MATERIALS AND METHODS

Plant material

Broad bean (Vicia faba L.) was grown in a greenhouse with a
humidity of about 70%, a photon flux density of 0.20 to 0.30
mmol m-2 s-1 and an ambient temperature (day/night 252 °C/
204-2°C). Immediately prior to each experiment, the epidermis was
peeled carefully from the abaxial surface of the youngest and
fully expanded leaves of 4-week-old plants, and cut into pieces of
5-mm length.

Epidermal strip bioassay

To study the inhibition of stomatal opening, freshly prepared
abaxial epidermis was first incubated in CO,-free 50 mM KCl/10
mM Mes, pH 6.15 (Mes-KCl). After a 1 h incubation in the dark,
the epidermis was then transferred to CO,-free Mes-KCl in the
presence or absence of ABA (1.0 uM) with or without 100 Ujul CAT
or 10 uM DPI for another 2 h under conditions promoting stomatal
opening (at 22°C to 25 °C, under a photon flux density of 0.20 to
0.30 mmol m? s?). To study the promotion of stomatal closure,
freshly prepared abaxial epidermis was first incubated in CO,-
free Mes-KCl for 3 h under conditions promoting stomatal open-
ing to open the stomata, and the epidermis was then transferred
to CO,-free Mes-KCl in the presence or absence of ABA (1.0 uM)
with or without CAT or DPI for another 2 h under conditions
promoting stomatal opening. In all cases, stomatal apertures were
examined at the end of the subsequent 2 h incubation under a
light microscope.

Microinjection of stomatal guard cells

To study the effects of microinjected reagents on stomata
behavior, stomata with apertures of 8 to 10 # m were chosen for
microinjection. The procedure was performed under a TE300
(objective 40 X 0.60 Plan Fluor) inverted microscope (Nikon) with
a micromanipulator system (188NE, Narishige Scientific
Instruments) according to methods of Ma et al[13], Perona et al
[14] and Schwartz et al[8] with some modifications. Briefly, mi-
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cropipettes (tip diameter 0.5 um) for injection were made of
borosillicate glass capillaries (GD-1, Narishige Scientific
Instruments) by a micropipette puller (PC-10, Narishige Scien-
tific Instruments). Micropipetter tips were frontfilled with injec-
tion reagents by applying a negative pressure. Micropipettes con-
tained buffer (50 mM KCl1 /10 mM Tris, pH 7.2) with treatment
reagents. The microinjection tip was inserted no more than 3 um
into the cytoplasm. Five minutes after microinjection, micropi-
pette tip was slowly removed from the cell and allowed to recover
for 10 min or so. Guard cells that failed to recover normally or
had any visible morphological changes should be discarded at this
time. Experimental guard cells with stomata that recovered (or
nearly recovered) to the same aperture as those on the rest of the
epidermal strip and in which both the injected and uninjected
partners of a single stoma exhibited the same increase in turgor
were maintained under white light at 0.20 mmol m? s for another
30min, and stomatal apertures were recorded and measured. To
further confirm the cell viability, after each experiment, FDA stain-
ing experiments showed the experimental cells still had high
viability.

Whole-cell recordings

Guard cell protoplasts were isolated as described before[15].
Guard cell protoplasts were placed in bath solution (10 mM K-
glutamate, 1 mM CaCl,, 2 mM MgCl,, 10 mM Mes, pH 5.5, and
osmolality at 460 mOsM adjusted with mannitol). Recording pi-
pettes were made from borosilicate glass capillaries (Kimax-51,
Klimble Glass, Vineland, NdJ, USA) by using a vertical two-stage
puller (model PC-10; Narishige) and fire-polished by a microforge
(model MF-90; Narishige) before use. The pipette solution con-
tained 100 mM K-glutamate, 1.1 mM EGTA, 1.1 mM Mg-ATP, 2
mM MgCl,, 10 mM Hepes, pH 7.2, and osmolality at 510 mOsM
adjusted with mannitol. Whole-cell patch-clamp recordings were
performed essentially as described previously[10], [16]. Seal resis-
tance was between 1 and 4GW in all experiments. Cell capacitance
was each measured using the capacity compensation device of the
amplifier and was between 3.6 and 7.5 pF. Data were acquired 15
min after the formation of the whole-cell configuration.

After the whole-cell configuration was obtained, the membrane
was clamped to -52 mV (holding potential). Whole-cell currents
were measured in response to 3s voltage pulse from -190 to -10
mV in 20-mV steps, using an EPC-9 patch-clamp amplifier (HEKA
Elektronik, Lambrecht, Germany). Whole-cell data were low-pass
filtered with a cut-off frequency of 2.9 kHz and analyzed with the
software PLUSE and PLUSEFIT (version 8.3).

Leak currents were subtracted before generating whole-cell
current-voltage relations. Leak currents for each cell were defined
from the first 1 to 3 data points obtained after the membrane
potential beginning from the holding voltage to the test voltages.
The mean values of time-activated whole-cell currents were deter-
mined as the average of samples obtained between 2.0 and 2.5 s
(500 samples total) after imposition of the test voltage (i.e. when
the current amplitude had reached a plateau). After leak currents
were subtracted, the final whole-cell currents were expressed as
currents per unit capacitance (pA pF-1) to account for variations
in the cell surface area.
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Chemicals

Cellulase RS was from Yakult Honsha (Tokyo, Japan).
Pectolyase Y-23 was from Seishin Pharmaceutical (Tokyo, Japan).
Catalase (Bovine liver) and Cellulysin were from CalBiochem (La.
Jolla, CA, USA). ABA (%), diphenylene iodonium (DPI), and ascor-
bic acid (Ve), Mes, Hepes, Mg-ATP, BSA, EGTA, K-glutamate
were from Sigma. Unless stated otherwise, other chemicals were
of analytical grade from Chinese companies.

RESULTS
ABA-induced stomatal movement was reversed by
CAT and DPI

To gain insights into the mechanism of ABA
induced-stomatal pore changes, we analyzed whether

14— -

2 A
'5‘ 10
53
‘

36
g
g 4
2]

2 f

I

0

Control ABA+CAT  ABA+DPI

4 — —

12 | B i
10 |
2 |
=
5 8| |
t |
¢
= %

E
]
E 4
7]
0

Control ABA+CAT ABA+DPI

Fig 1. Effects of CAT and DPI on ABA-inhibited stomatal
opening (A) and ABA-induced stomatal closure (B). Note that
100 U/ml CAT and 10 M DPI, which reduce the level of H,O,,
partly reversed the effects of ABA (1 uM) on stomatal
movements. Experimental procedures are described in

“Materials and Methods” . Values shown are the mean +SE
(n=100) of three independent experiments.

H,0, is involved in ABA effects on stomatal
movements, which may be similar to H,O, effects in
elicitor-induced defense responses. Vicia epidermal
tissues were treated with 1 # M ABA in the presence
of either 100 U/ml catalase (CAT) or 10 uM DPI,
which can remove H,0, and reduce the generation of
H,0, respectively[17-19]. As noted in Fig 1, both
reagents reversed the ABA-inhibited stomatal open-
ing (Fig 1A) or ABA-induced stomatal closure (Fig
1B), indicating that ABA affected stomatal behavior
via a pathway involving H,0, generation.

To further confirm the effects of CAT and DPI on
ABA-induced stomatal behavior, micoinjection was
used to study the location of ABA action in intact
guard cells. Fig 2 illustrated that microinjection of
ABA into guard cells resulted in a significant (P <
0.05) reduction in stomatal half-aperture from 4.643
+0.320 um t0 0.978+0.192 um and co-microinjec-
tion of ABA and DPI resulted in a reduction in sto-
matal half-aperture from 4.769£0.287 um to 2.910
+0.417 um (P < 0.05), whereas co-microinjection
of ABA and CAT had no marked change in the half-
aperture of the stomata, similar to the results fol-
lowing buffer microinjection. These findings suggest
that H,0, is a possible intermediate of the signal
transduction pathway of ABA, and an ABA recep-
tor site is also localized internally.
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Fig 2. Effects of reagents or buffer microinjection on stomatal
aperture in Vicia faba. One guard cell in a pair was injected. In
each case, white bars ([J) represent the half-apertures of the
uninjected guard cells and black bars (l) represent the half-
aperture of the injected guard cells. Values shown are the
mean+SE (n = 10 for each treatment).
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ABA-induced inhibition of inward K* current was
disrupted by CAT and DPI

After we observed the reversal effect of CAT and
DPI on ABA-induced stomatal movements, we ex-
amined whether CAT and DPI regulate inward K*
current inhibited by ABA in guard cells using patch-
clamp techniques. Fig 3A depicted a typical current
recording obtained from patch clamp analysis of guard
cell protoplast. This current was previously identi-
fied as K* current by tail-current analysis [10], [20].
1 uM ABA in the bath solutions caused dramatic

inhibition by approximately 76%, from-115pA pF*
to -28pA pF! at -190 mV (Fig 3E). Addition of 100 U/
ml CAT in the patch clamping micropipettes partly
reversed ABA-induced inhibition of whole-cell in-
ward K* current (Fig 3D and Fig 3E). In a parallel
experiment, addition of 10 uM DPI in the patch
clamping micropipettes, which is a specific inhibi-
tion of NADPH oxidase contributing to H,0,
generation, also partly reversed ABA-induced inhi-
bition of whole-cell inward K* current similar to the
effect of CAT (Fig 4D and Fig 4E). While applica-
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Fig 3. Effects of CAT on ABA-induced inhi-
bition of inward K* current (Ikin) in Vicia
guard cell protoplasts. Whole-cell patch-
clamp recordings reveal the typical Ikin cur-
rent (A), I, current with 1 uIM ABA in the bath
solution (B), I¥” current with 100 U/ml CAT
in the pipette solution (C), and I,;, current
with 1 #M ABA in the bath solution and 100
U/ml CAT in the pipette solution (D). Volt-
age protocols and the current/time scale bars
for all whole-cell recordings are shown as in
B. The current/voltage relations for various
treatments are shown in E. The replicates
for each treatment are 8 (A), 10 (B), 9 (C),
and 10 (D), respectively.
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tion of CAT or DPI alone has no influence upon the
inward K* current.

H,0, mimicked ABA
current

to inhibit inward K*

To further verify above findings, we directly
added H,0, in bath solutions to study whether H,0,
has the same effects on inward K* current as ABA or
not. As shown in Fig 5B and Fig 5E, 10-5 M H,0, in
the bath solutions significantly inhibited (67%; at -
190 mV) whole-cell inward K* current. Addition of
10 mM ascorbic acid (Vc), a widely used H,O, scaven-
ger[21], in the micropipette, nearly completely re-

versed H,0,-induced inhibition of inward K* cur-
rent (Fig 5D and Fig 5E).

DISCUSSION

ABA-induced stomatal movement is one of the
well-studied models of signaling systems, and some
key signaling intermediates and effectors in ABA-
induced stomatal closure have been identified, such
as the increase of cytoplasmic Ca?* ([Ca2*];) and pH,
the occurrence of protein phosphorylation events,
and the change in ion flux[22]. However, the rela-
tionships between signaling intermediates remain
unclear[3]. The present experiments showed that
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Fig 4. Effects of DPI on ABA-induced inhibition of
inward K* current (Ikin) in Vicia guard cell
protoplasts. Whole-cell patch-clamp recordings re-
veal the typical Ikin current (A), I,;, current with
1uM ABA in the bath solution (B), I,;, current with
10uM DPI in the pipette solution (C), and I,;,
current with 1 M ABA in the bath solution and 10
uM DPI in the pipette solution (D). Voltage proto-
cols and the current/time scale bars for all whole-
cell recordings are shown as in B. The current/volt-
age relations for various treatments are shown in
E. The replicates for each treatment are 6 (A), 7
(B), 10 (C), and 8 (D), respectively.
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ABA affected guard cells via the generation of H,O,,
targeting inward K* channels, and that H,O, mim-
icked ABA in the regulation of stomatal behavior.
Epidermis bioassay showed that externally added
CAT and DPI had similar effects on ABA-induced
stomatal closure and opening (Fig 1A, B). In contrast,
internally injected CAT completely abolished ABA-
induced stomatal closure, while external CAT only
partly abolished this process (compare Fig 2 with Fig
1B). A possible explanation might be that externally
added CAT, which is remained in the apoplast, only
partly removed H,0, generated in guard cells after
challenged with ABA. According to our recent find-

ings that ABA-induced H,0O,might have several
sources, at least two loci including chloroplasts and
plasma membrane (NADPH oxidase) (to be
published).

To date, regulation of guard cell ion transport by
ABA, particular ABA inhibition of a guard cell in-
ward K* current is well documented[23], but knowl-
edge about up-regulation of the events and signal-
ing chains remains very incomplete. Recent find-
ings have illustrated that external and internal ABA
can induce H,0, generation in guard cells[7], [24].
Moreover, our previous work using voltage clamp has
demonstrated that the stomata closure induced by
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Fig 5. Effects of H,0O,0n whole-cell inward K*
current (Ikin ) in Vicia guard cell protoplasts.
Whole-cell patch-clamp recordings reveal the
typical Ikin current (A), I,,, current with 10
M H,0, in the bath solution (B), I,;, current
with 10 m M Ve in the pipette solution (C),
and I, current with 10° M H,0, in the bath
solution and 10 m M Ve in the pipette solu-
tion (D). The current/voltage relations for vari-
ous treatments are shown in E. Voltage pro-
tocols and the current/time scale bars for all
whole-cell recordings are shown as in B. The
replicates for each treatment are 10 (A), 8
(B), 11 (C), and 9 (D), respectively.
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externally applied H,O, is due to the inhibition of K*
uptake and the evoking of K* release through K*
channels on the plasma membrane of guard cells
[10]. H,O, is extremely sensitive to CAT and flavin-
dependent enzymes including the mammalian
NADPH oxidase, which are strongly inhibited by DPI
[2], [18]. Our patch-clamping experiments showed
that intracellular application of CAT or DPI partly
abolished ABA-inhibition of inward K* current across
the plasma membrane of guard cells (Fig 3, Fig 4).
H,0, mimicked ABA to inhibit inward K* current,
which effect was reversed by ascorbic acid (Vc) in
the patch clamping micropipettes (Fig 5). However,
treatments of the epidermis with CAT or DPI alone
did not cause any changes of stomatal aperture (data
not shown), which was consistent with the patch-
clamping results. Additionally, based on recent find-
ings that water stress-induced ABA accumulation is
not affected either by free radicals, such as O2- and
H,0,, or by oxidants such as KIO4[25], we think that
H,0, does not induce ABA generation in Vicia guard
cells.

In addition, Cytosolic Ca?* ([Ca®*];) has been
implicated as a signaling molecule in guard cell re-
sponses to oxidative signals[11, 26] and has been
reported to inhibit the inward K* channels[3]. Re-
cently a breakthrough in the direct recording of Ca**
currents has been made[7, 27] and Ca** channels
and anion channels at the plasma membrane of sto-
matal guard cells are activated by hyperpolarization
and abscisic acid[7, 11,28 , 29]. The increase of
[Ca®"]i resulting from the activation of Ca®* channels
leading to Ca®* influx is known to inactivate inward-
rectifying K* channels, biasing the plasma mem-
brane for solute efflux, which in turn drives stomatal
closure[30]. Up to now, the mechanism by which
ABA leading to the activation and inactivation of
specific ion channels and the relationships between
H,0, and other known messengers in ABA signaling
are well worth studying.
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