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We isolated two T-DNA insertion mutants of Arabidopsis thaliana GLUTATHIONE PEROXIDASE3 (ATGPX3) that exhibited a

higher rate of water loss under drought stress, higher sensitivity to H2O2 treatment during seed germination and seedling

development, and enhanced production of H2O2 in guard cells. By contrast, lines engineered to overexpress ATGPX3 were

less sensitive to drought stress than the wild type and displayed less transpirational water loss, which resulted in higher leaf

surface temperature. The atgpx3 mutation also disrupted abscisic acid (ABA) activation of calcium channels and the

expression of ABA- and stress-responsive genes. ATGPX3 physically interacted with the 2C-type protein phosphatase ABA

INSENSITIVE2 (ABI2) and, to a lesser extent, with ABI1. In addition, the redox states of both ATGPX3 and ABI2 were found to

be regulated by H2O2. The phosphatase activity of ABI2, measured in vitro, was reduced approximately fivefold by the

addition of oxidized ATGPX3. The reduced form of ABI2 was converted to the oxidized form by the addition of oxidized

ATGPX3 in vitro, which might mediate ABA and oxidative signaling. These results suggest that ATGPX3 might play dual and

distinctive roles in H2O2 homeostasis, acting as a general scavenger and specifically relaying the H2O2 signal as an oxidative

signal transducer in ABA and drought stress signaling.

INTRODUCTION

H2O2 is generated in cells by the direct transfer of two electrons

to the superoxide anion (O2
.�). This is mediated by enzymes such

as glycolate and glucose oxidases, or by the dismutation of O2
.�,

which frequently occurs in chloroplasts and peroxisomes under

conditions of high light stress. In the dark, or in nonphotosyn-

thetic tissues, H2O2 is produced mainly by leakage of the elec-

tron transport chain in mitochondria or microsomes (Vanlerberghe

and McIntosh, 1997) and during fatty acid oxidation (Mittler, 2002).

In the defense reaction to pathogen attack, the rate of cellular

H2O2 production is enhanced dramatically as a consequence of

superoxide dismutase activation, catalyzing the conversion of

O2
.� to H2O2 (Doke, 1985; Mittler et al., 1999), and of activation of

the NADPH-dependent oxidase system (Apostol et al., 1989;

Baker and Orlandi, 1995). To cope with increased levels of H2O2,

plants have evolved different enzymatic and nonenzymatic mech-

anisms (Apel and Hirt, 2004; Mittler et al., 2004). These include

free radical scavengers, such as superoxide dismutase, catalase

(CAT), and peroxidases,and the enzymes involved in the ascorbate–

glutathione cycle (Noctor and Foyer, 1998).

Although early studies focused on the cytotoxic properties of

H2O2, which reacts with and thereby damages DNA, proteins,

and lipids (Bolwell et al., 1995), recent evidence suggests that

H2O2 also functions as a crucial component of plant develop-

ment, growth, and stress responses, particularly those induced

by environmental stimuli (Neill et al., 2002; Foyer and Noctor,

2005). Production of H2O2 has been found to be enhanced by

abiotic and biotic stresses such as high light, osmotic stresses,

and stresses attributable to pathogen attack (Mittler et al., 2004).

Treatment with the plant hormone abscisic acid (ABA) has also

been found to increase production of H2O2 within Arabidopsis

thaliana and Vicia faba guard cells (Miao et al., 2000; Pei et al.,

2000; Zhang et al., 2001b; Kwak et al., 2003). ABA-stimulated

H2O2 accumulation subsequently induces stomatal closure via

the activation of plasma membrane calcium channels (Pei et al.,

2000).

Various Arabidopsis mutants have been used to dissect ABA

and reactive oxygen species (ROS) signaling in guard cells. The

mutants ABA insensitive1 (abi1) and abi2, defective in genes

encoding protein phosphatase 2C (PP2C)-like enzymes, showed

an insensitive phenotype during germination and in guard cell

responses to ABA (Koornneef et al., 1984; Gosti et al., 1999).

Treatment with ABA did not induce the production of H2O2 in abi1

mutants, whereas this response was not impaired in abi2-1.

These data suggest that ABI1 may function upstream of ABA and

ROS signaling, whereas ABI2 may function downstream. Inter-

estingly, the recessive mutant growth controlled by abscisic

acid2 (gca2) displayed insensitivity of the stomatal closure re-

sponse to treatment with ABA (Pei et al., 2000). ABA increased
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H2O2 production in these mutants, but H2O2-induced calcium

channel activation and stomatal closure were absent (Pei et al.,

2000). ABA treatment is known to activate the Ser/Thr protein

kinase OST1, an Arabidopsis homolog of V. faba AAPK, which

plays a positive role in ABA responses in guard cells (Mustilli et al.,

2002; Assmann, 2003). ABA-induced ROS production is absent

from ost1 plants, although ost1 stomata still close in response to

H2O2. These results suggest that H2O2 acts as a signal molecule

involved in the regulation of ABA-induced stomatal closure.

Signaling mediated by ROS is also known to involve a hetero-

trimeric G-protein (Joo et al., 2005) and protein phosphorylation

modulated by a specific mitogen-activated protein kinase and

protein Tyr phosphatase (Kovtun et al., 2000; Gupta and Luan,

2003; Rentel et al., 2004). An unresolved question regarding ABA

and H2O2 signaling is how this oxidative signal transduces to or

interacts with ABA signaling.

It is well established that glutathione peroxidases (GPXs) are

key enzymes involved in scavenging oxyradicals in animals

(Arthur, 2000). The GPX family of proteins can be divided into

five classes according to their amino acid sequence, substrate

specificities, and subcellular localization. GPXs catalyze the

reduction of H2O2, organic hydroperoxides, and lipid peroxides

using GSH and/or other reducing equivalents (Ursini et al., 1995).

However, there is increasing evidence that GPXs also interact

specifically with protein partners to confer peroxide-induced

oxidation. For example, Delaunay et al. (2002) demonstrated that

a thiol peroxidase, GPX3, forms a complex with the basic

domain/leucine zipper transcription factor Yeast Activation Pro-

tein1 (Yap1), which is required for the H2O2-induced oxidation of

this protein in Saccharomyces cerevisiae. Thus, GPX3 functions

in both hydroperoxide sensing and scavenging. Another recent

report implicates ethylene in delaying stomatal closure by

inhibiting the ABA signaling pathway in plants (Tanaka et al.,

2005). The Arabidopsis ethylene receptor ETR1 mediated H2O2

signaling in stomata guard cells and might serve as a sensor of

H2O2 in plant cells (Desikan et al., 2005). By contrast, the

repression of ABA-induced RAB18 expression by 1-aminocy-

clopropane-1-carboxylic acid treatment suggests that ethylene

signaling might impair the Ca2þ influx or the S-type anion channel

activation downstream of ABA signaling. Thus, ethylene does not

appear to interfere with the early steps of the ABA signaling

pathway (Tanaka et al., 2005).

Until recently, few reports on the existence of plant enzymatic

activity similar to animal GPX have appeared (Holland et al.,

1993; Beeor-Tzahar et al., 1995; Depege et al., 1998; Faltin et al.,

1998; Herbette et al., 2002; Jung et al., 2002). Several cDNAs

have been isolated, from diverse plant sources, exhibiting se-

quence similarity to animal GPX (Holland et al., 1993; Depege

et al., 1998; Roeckle-Drevet et al., 1998). Most plant GPX

proteins have a primary structure similar to that of the animal

phospholipid hydroperoxide glutathione peroxidase (PHGPX)

enzymes (Churin et al., 1999). These PHGPXs are considered

the main enzymatic defense against the oxidative destruction of

membranes (Ursini and Bindoli, 1987; Brigelius-Flohe et al.,

1994). In addition, it has been found that GPX mRNA steady

levels increase under different environmental stresses, such as

pathogen infection (Criqui et al., 1992), treatment with high salt

and metal concentrations (Sugimoto and Sakamoto, 1997),

mechanical stimulation (Depege et al., 1998), and under condi-

tions of aluminum toxicity (Rodriguez Milla et al., 2002). However,

plant GPXs have lower activities than those of animals because

they contain Cys at the putative catalytic site rather than the

selenocysteine typical of animal GPXs (Holland et al., 1993; Faltin

et al., 1998; Herbette et al., 2002; Jung et al., 2002). This low

activity has made it difficult to clarify the physiological role of

GPX in higher plants.

Previous reports showed that Arabidopsis GPX (ATGPX) might

be a potential detoxifier of H2O2, using GSH directly as a reducing

reagent (Eshdat et al., 1997). The ATGPX family comprises seven

members, which are specifically targeted to the cytosol, chloro-

plasts, mitochondria, peroxisomes, and apoplast (Rodriguez Milla

et al., 2003). These genes are expressed ubiquitously and are

regulated by abiotic stresses through diverse signaling pathways

(Rodriguez Milla et al., 2003). However, at present, the function of

these enzymes in plants is not completely understood.

We report here that ATGPX3 plays dual roles, the first in the

general control of H2O2 homeostasis, and the second in specif-

ically linking ABA and H2O2 signaling in stomatal closure, thereby

regulating plant water transpiration. This suggests that a con-

served mechanism may exist in plants similar to the yeast H2O2

sensor/transducer (Delaunay et al., 2002), whereby ABA and

H2O2 directly regulate gene transcription through GPX-mediated

perception of H2O2.

RESULTS

Isolation and Characterization of T-DNA Insertion Mutants

and of Transgenic Plants Overexpressing ATGPX3

We identified two Arabidopsis lines from the SALK collection

(Alonso et al., 2003), donor stock numbers SALK_071176 and

SALK_001116, containing T-DNA insertions in the ATGPX3 gene

(At2g43350); these lines are named atgpx3-1 and atgpx3-2. The

sites of T-DNA insertion are located in the first exon of ATGPX3 in

atgpx3-1 and near its initiating codon in atgpx3-2 (Figure 1A). The

insertions would be expected to eliminate or strongly reduce the

transcription of ATGPX3, and this was confirmed by RNA gel blot

analyses (Figure 1B). The slight differences in phenotype be-

tween atgpx3-1 and atgpx3-2 may be attributed to incomplete

elimination of the transcript in the latter (see below).

Compared with the wild type, seed germination of atgpx3-1

and atgpx3-2 is more sensitive to mannitol, and this effect is

dose-dependent (Figure 1C). The leaves of mutant seedlings,

maintained for prolonged periods on Murashige and Skoog

(1962) (MS) medium containing 200 mM mannitol, became

chlorotic (Figure 1D). To exclude the possibility that a second

site mutation closely linked to the ATGPX3 T-DNA insertion might

be responsible for the phenotype, the coding sequence of wild-

type ATGPX3 was placed under the control of the constitutive

35S promoter of Cauliflower mosaic virus and was expressed in

homozygous atgpx3 plants. Transgenic lines resistant to both

hygromycin B (transgene T-DNA) and kanamycin (knockout

T-DNA) were phenotypically indistinguishable from wild-type

lines. A transgenic ATGPX3-1 plant complemented with the

complete wild-type ATGPX3 gene was obtained, and its self

progeny (T2) was analyzed. As shown in Figures 1B and 1D, the
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complementation lines displayed a wild-type phenotype regard-

ing seed germination and leaf color under osmotic stress; other

phenotypes, such as stomatal closure and activity of calcium

channels in response to ABA (see below), caused by the defects

in ATGPX3 were also recovered. Therefore, we conclude that the

disruption of the ATGPX3 gene is responsible for the phenotypes

observed in the two mutant lines.

To further investigate the function of ATGPX3 in vivo, we also

overexpressed the gene by placing its complete coding se-

quence under the transcriptional regulation of the constitutive

super promoter (Narasimhulu et al., 1996). Fifteen T3 homozy-

gous transgenic lines of Arabidopsis were recovered, and rep-

resentative lines with high ATGPX3 expression (Figure 1E) were

used for detailed analyses. As done for the atgpx3 mutants

described in Figure 1C, we first tested whether osmotic stress

tolerance was affected by overexpression of ATGPX3. Germi-

nation of wild-type seeds was arrested in the MS medium

containing 200 mM mannitol. By contrast, the seeds of plants

overexpressing ATGPX3 germinated normally under these

conditions (see Supplemental Figure 1 online). The effect of

mannitol on the inhibition of wild-type seed germination was

significant between concentrations of 100 and 250 mM mannitol

(Figure 1F; significant difference according to the Steel-Dwass

test [P < 0.05]).

Next, we tested whether ABA, H2O2, and drought stresses

induced ATGPX3 expression by RT-PCR analysis using total

RNA isolated from Arabidopsis seedlings (Figure 1G). In these

experiments, seedlings were exposed to stress conditions for

only 4 h to avoid possible secondary effects. The data indicate

that ABA, H2O2, and drought stresses induced the accumulation

of ATGPX3 mRNAs.

atgpx3 Mutants Are Sensitive to and Produce More H2O2

Previous analyses had suggested that GPX is one of the key

enzymes involved in scavenging oxyradicals in animals (Arthur,

Figure 1. Characterization of atgpx3 T-DNA Insertion Mutants and Overexpression Transgenic Plants.

(A) The insertion positions of T-DNA in the ATGPX3 gene.

(B) RNA gel blots show ATGPX3 expression in the wild type, atgpx3 mutants, and complemented ATGPX3 (Com) lines. Total RNA was extracted from

the wild type, atgpx3-1, atgpx3-2, and complementation lines. Fifteen micrograms of total RNA was loaded in each lane. An Actin gene and ATGPX7

were used as a loading control and a positive control, respectively.

(C) Germination sensitivity to osmotic stress in atgpx3 mutants. Seeds from the wild type, atgpx3-1, and atgpx3-2 were germinated on MS agar medium

or MS medium supplemented with different concentrations of mannitol for 7 d. Values are means 6 SD of three independent experiments (>120 seeds

per point).

(D) Complementation of the phenotype conferred by atgpx3-1 by expression of wild-type ATGPX3. After germinating for 5 d in MS medium, the

seedlings were transferred to MS agar medium or MS medium containing 200 mM mannitol and grown for 15 d.

(E) Expression of ATGPX3 in two ATGPX3 overexpression transgenic lines.

(F) Germination insensitivity to osmotic stress in ATGPX3 overexpression transgenic plants. Seeds from the wild type and both overexpression lines

were germinated on MS agar medium or MS medium supplemented with different concentrations of mannitol for 7 d. Values are means 6 SD of three

independent experiments (>120 seeds per point).

(G) RT-PCR analysis of ATGPX3 gene transcripts in response to stress conditions. Arabidopsis seedlings were grown on MS medium plates for 15 d.

Wild-type plants were treated with 60 mM ABA, drought stress, or 5 mM H2O2 for 4 h. Total RNA was isolated from treated and untreated wild-type

plants. Actin2 primer was used as an internal control.
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2000), and ATGPX3 was considered to be a putative peroxidase

in Arabidopsis (Rodriguez Milla et al., 2003). To examine whether

a deficiency of ATGPX3 might affect the activity of scavenging en-

zymes, we investigated the sensitivity of atgpx3-1 and atgpx3-2

to H2O2. The cotyledons of atgpx3-1 and atgpx3-2 plants were

bleached by 3 mM H2O2 in the medium (Figure 2A), and the

growth of true leaves was delayed when the seeds were permit-

ted to grow for 15 d after germination. Compared with the wild

type, true leaf development of atgpx3 mutant plants was inhibi-

ted by ;40% (Figure 2B).

The abilities of atgpx3-1, atgpx3-2, and wild-type plants to

produce and scavenge H2O2 after ABA treatment were deter-

mined more directly by monitoring H2O2 production using 29,79-

dichlorofluorescein (H2DCF). The nonpolar diacetate ester of

H2DCF (H2DCF-DA) freely permeates the cell (Allan and Fluhr,

1997; Zhang et al., 2001b), where it is hydrolyzed into the more

polar, nonfluorescent compound H2DCF, which therefore is

trapped. Subsequent oxidation of H2DCF by H2O2, catalyzed

by peroxidases, yields DCF, which is highly fluorescent (Cathcart

et al., 1983). H2DCF-DA loads readily into guard cells, and its

optical properties are amenable to analysis using laser scanning

confocal microscopy. Exogenous application of ABA enhanced

the relative fluorescence intensity of DCF in guard cells from

atgpx3-1, atgpx3-2, and wild-type cells, which is represented

by pixel intensity averaged over whole cells (Figure 2C). As

expected, the relative fluorescence emission increased more

quickly in the guard cells of both atgpx3 mutant plants with 10 mM

ABA treatment compared with the wild-type plants (Figure 2D;

a significant difference according to the Stell-Dwass test [P <

0.03]). After a 5-min treatment with 10 mM ABA, the pixel intensity

of fluorescence emission in guard cells from atgpx3-1 and

atgpx3-2 plants was 94 and 76% higher than that of wild-type

plants, respectively.

The 3,5-diaminobenzidine (DAB) uptake method was also

used to examine the production of ROS in leaves of wild-

type and atgpx3 mutants after ABA treatment. ABA-induced

ROS increases were observed in the leaves of wild-type,

atgpx3-1, and atgpx3-2 plants (Figure 2E). ROS were clearly

distinguishable as dark brown deposits localized in veins and

some areas near the veins of leaves. Importantly, the leaves of

atgpx3-1 and atgpx3-2 stained more intensely than did wild-type

leaves. Thus, both cellular and histochemical analyses revealed

that ATGPX3 plays an important role as a scavenger in the

control of H2O2 homeostasis.

We also tested the peroxidase activity of ATGPX3 in vitro using

different substrates. With thioredoxin as a substrate, significant

peroxidase activity was observed in the presence of thioredoxin

reductase. By contrast, with GSH as a substrate, ATGPX3 did

not show any detectable peroxidase activity either in the pres-

ence or absence of glutathione reductase (Figure 2F, curve D

versus curves A, B, and C; significant difference according to the

Stell-Dwass test [P < 0.03]). Moreover, in a native PAGE assay

system, reduced ATGPX3-GST (for glutathione S-transferase)

migrates more slowly than the oxidized form because free SH

groups were modified by iodoacetamide (Kobayashi et al., 1997)

(Figure 2G). The oxidized form of peroxidase becomes the

reduced form with thioredoxin and the thioredoxin reductase

system, but not with the GSH system (Figure 2G, lanes 3 and 5).

Even after the addition of H2O2 in the thioredoxin system, the

reduced form of GPX3 was not able to turn into the oxidized form

(Figure 2G, lane 4). These data suggest that thioredoxin, not

GSH, may be the physiological electron donor system for

ATGPX3. These findings are consistent with previous reports in

which many plant GPX-like proteins were found to function as

antioxidant enzymes, having PHGPX and thioredoxin activities

(Herbette et al., 2002; Comtois et al., 2003).

Deficiency of ATGPX3 Impairs the ABA- and H2O2-Regulated

Stomatal Responses

Several lines of evidence indicate that H2O2 may serve as a

second messenger for ABA action in guard cells (Guan et al.,

2000; Pei et al., 2000; Zhang et al., 2001b; Foyer and Noctor,

2005). Having determined that atgpx3-1 and atgpx3-2 produced

more H2O2 than did wild-type plants, we expected that mutation

of ATGPX3 might also disturb stomatal closing in response to

ABA. Indeed, measurements of stomatal aperture showed that

the degree of opening of the mutant stomata without ABA treat-

ment was slightly larger than that seen in the wild type (Figure

3A). Stomatal closing in atgpx3 plants was less sensitive to ABA

than that in wild-type plants at 1, 10, and 50 mM ABA (Figure 3A,

left panel [P < 0.03]). The stomatal aperture of atgpx3-1 was 3.21 6

0.25 mm, or 82% of the control value at 2 h after treatment with

1 mM ABA; that of the wild type was 1.85 6 0.25 mm, or 54% of

the control value at the same time point. Likewise, the atgpx3

mutations resulted in an impaired response of guard cells to

H2O2 (Figure 3A, middle panel). However, both ABA- and H2O2-

induced stomatal closure was partially recovered by the addition

of CAT in the solution (Figure 3A, right panel [P < 0.02]). By

contrast, atgpx3-1 and agpx3-2 did not exhibit a significant dif-

ference in stomatal density compared with the wild type (Figure

3B). Together, these data suggest that the ATGPX3 protein is

involved in ABA-mediated H2O2 production, which controls

stomatal behavior and transpirational water loss.

Consistent with a role in stomatal signal transduction, high

levels of glucuronidase (GUS) expression were detected in the

guard cells of ATGPX3 promoter–GUS transgenic plants (Figure

3C, left panel). RT-PCR analysis of total RNA extracted from

guard cell–enriched leaf epidermal strips confirmed the expres-

sion of ATGPX3 in guard cells (Figure 3C, right panel). By

contrast, the expression of ATGPX7 was not restricted to guard

cells. The strong expression of ATGPX3 in guard cells is consis-

tent with the suggestion that ATGPX3 functions in stomatal

regulation to control water loss.

Deficiency and Overexpression of ATGPX3 Reduced and

Enhanced Drought Stress Tolerance, Respectively

In response to drought, plants typically synthesize ABA, which

triggers the closing of stomata, thus reducing water loss and

enhancing drought stress resistance (Schroeder et al., 2001;

Luan, 2002). To test whether ATGPX3 might be involved in plant

drought stress responses, atgpx3 mutants, overexpression lines,

and wild-type plants were grown in soil in continuous light for

10 d. After withholding water for 5 d, the visible phenotypes of

atgpx3 mutants and overexpression lines were no different from
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Figure 2. The atgpx3 Mutants Are More Sensitive to H2O2 in Terms of Seedling Growth and Produce More H2O2 in Guard Cells.

(A) Sensitivity to H2O2 during seedling development. Seeds from the wild type, atgpx3-1, and atgpx3-2 were germinated and allowed to grow on vertical

agar medium containing MS nutrients (top panel) or MS nutrients supplemented with 3 mM H2O2 (bottom panel). The photographs were taken at 10 d

after seed imbibition.
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those of the wild type (Figure 4A, top panel). However, by day 7

after treatment, the mutant plants began to display symptoms of

dehydration, and permanent wilting was observed by day 8.

Although wild-type plants also displayed dehydration symp-

toms, wilting was only temporary (Figure 4A, second panel). By

contrast, overexpression lines of ATGPX3 were found to grow

normally for the first 8 d of drought treatment and did not wilt until

day 9. These results imply that the drought tolerance in ATGPX3

transgenic plants was increased to that of wild-type plants and

was much greater than that of the mutants. Rewatering did not

allow the recovery of atgpx3-1 and atgpx3-2 plants drought-

treated for 9 d, whereas the overexpression lines, treated sim-

ilarly, appeared normal (Figure 4A, bottom panel). Furthermore,

wilting of atgpx3-2 occurred 1 d later than in atgpx3-1 (see

Supplemental Figures 2A and 2C online), probably as a result of

the fact that atgpx3-2 is only a partial knockdown allele. We

subsequently compared the rates of water loss in rosette leaves

and found that atgpx3-1 and atgpx3-2 mutant leaves lost water

slightly faster than did wild-type leaves (Figure 4B; significant

difference according to the Stell-Dwass test [P < 0.04]), whereas

water loss was significantly lower in ATGPX3 overexpression

lines compared with the wild type (Figure 4B).

Correspondingly, upon drought treatment, the leaf tempera-

ture of atgpx3-1 and atgpx3-2 plantlets was found to be ;18C

lower than that of the wild type, as recorded by infrared ther-

mography (Figures 4C and 4D; see Supplemental Figure 2B

online). Upon drought stress for 5 d, the leaf temperature of

ATGPX3 overexpression plants was ;1.28C higher than that of

the wild type (Figures 4E and 4F; significant difference according

to the Stell-Dwass test [P < 0.03]). These temperature differences

reflect the role of ATGPX3 in the regulation of stomatal aperture

to control transpirational water loss. These results are consistent

with the reduced sensitivity of stomatal closure to ABA and H2O2

in atgpx3 mutant plants compared with wild-type plants. To-

gether, these data imply that ATGPX3 is involved in the regulation

of drought signaling in guard cells.

ATGPX3 Interacts with ABI1 and ABI2

ABI1 and ABI2 are two protein Ser/Thr phosphatases of type 2C

that act as key regulators in the responses of Arabidopsis to ABA

(Merlot et al., 2001) and H2O2 (Meinhard and Grill, 2001; Murata

et al., 2001; Meinhard et al., 2002). Having established that

ATGPX3 is involved in ABA signaling, we hypothesized that

ATGPX3 might interfere with the ABA response through modu-

lation of the activities of ABI1 or ABI2. As a first test of this

hypothesis, we examined whether ATGPX3 and ABI1 or ABI2

might interact physically using the yeast two-hybrid system.

Figures 5A and 5B show that ATGPX3 interacts weakly with ABI1

and strongly with ABI2, the colored b-galactosidase product

appearing at 6 and 0.5 h, respectively, when the ATGPX3 bait

was cotransformed with the ABI2 or ABI1 prey. As a negative

control, the Salt Overly Sensitive3 (SOS3) protein (Liu and

Zhu, 1998) was almost completely ineffective at activating

b-galactosidase reporter expression (Figures 5A and 5B).

To further confirm the interaction between ATGPX3 and ABI2,

we performed a GST pull-down assay. The biotinylated Lys-

labeled ABI2 and ABI1 proteins were incubated together with

GST-ATGPX3 or GST-SOS3 or GST as controls. ABI2 and ABI1

were capable of binding to ATGPX3, but SOS3 and GST were not

(Figure 5C). The binding of ABI1 to ATGPX3 was weaker than that

of ABI2. These results demonstrate that ATGPX3 is able to

strongly interact with ABI2.

To test whether the ATGPX3 and ABI2 proteins can also

interact in vivo, their interaction in plant cells was visualized using

the bimolecular fluorescence complementation assay (Walter

et al., 2004; Kapoor et al., 2005). For this, ATGPX3 was trans-

lationally fused to the N-terminal 86–amino acid portion of yellow

fluorescent protein (YFP; pSPYNE-GPX3) and ABI2 was trans-

lationally fused to the C-terminal 155–amino acid portion of YFP

(pSPYCE-ABI2). As shown in Figure 5D, yellow fluorescence was

seen in cytoplasm when protoplasts of Arabidopsis leaves were

cotransformed into pSPYCE-GPX3 and pSPYNE-ABI2 (Figure

5D, b). No fluorescence signal was measured when the pSPYCE

Figure 2. (continued).

(B) Seedlings with true leaves over total number of seeds planted on MS medium supplemented with H2O2 at the indicated concentrations. Data

represent means 6 SD of four independent experiments (>120 seeds per point).

(C) Exogenous ABA-induced production of ROS in guard cells. A pair of guard cells from the wild type and mutants loaded with H2DCF-DA before and

5 min after the addition of 10 mM ABA. The micrographs show representative fluorescence images from guard cells of the wild type and atgpx3 mutants

in three independent experiments. The pseudocolor key is shown in the bottom right panel and was applied to pixel intensity (0 to 255) for all fluo-

rescence images. Bar ¼ 10 mm for all images.

(D) Effects of ABA on the DCF fluorescence in guard cells of wild-type and atgpx3 plants. The time points represent means 6 SE from measurements of

pixel intensity in whole cells determined before and 5 min after ABA (10 mM) treatment in three independent experiments (for detailed steps for

measuring pixel intensity, see Methods). For the wild type, n¼ 150 cells before ABA treatment, n¼ 110 cells after ABA treatment; for atgpx3-1, n¼ 110

cells before ABA treatment, n ¼ 150 cells after ABA treatment; and for atgpx3-2, n ¼ 96 cells before ABA treatment, n ¼ 105 cells after ABA treatment.

(E) Histochemical localization of ABA-induced ROS production in leaves of wild-type and atgpx3 plants visualized using DAB. The detached leaves of

plants were treated with 10 mM ABA for 10 min and then stained with DAB. Shown are representative leaves from three independent experiments.

(F) Assays of ATGPX3 peroxidase activity. Line A, complete reaction without thioredoxin; line B, complete reaction without ATGPX3; line C, complete

assay in the presence of GSH, without thioredoxin and thioredoxin reductase; line D, complete assay in the presence of ATGPX3, thioredoxin,

thioredoxin reductase, NADPH, and H2O2.

(G) In vitro reduction of ATGPX3. Lane 1, oxidized ATGPX3; lane 2, reduced ATGPX3; lane 3, oxidized ATGPX3, thioredoxin, thioredoxin reductase, and

NADPH; lane 4, reduced ATGPX3, H2O2, thioredoxin, thioredoxin reductase, and NADPH; lane 5, oxidized ATGPX3, GSH, glutathione reductase, and

NADPH. Shown is a representative gel from three independent experiments.
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vector was cotransformed with pSPYNE-GPX3 (Figure 5D, a) or

when pSPYNE was cotransformed with the pSPYCE-ABI2 vec-

tor (see Supplemental Figure 3 online). Consistent with the

localization of the interaction signal, the confocal image of

protoplasts transformed with pGFP-ATGPX3 showed that the

ATGPX3 fusion protein was localized in the cytoplasm (Figure

5D, c). These results suggest that ATGPX3 and ABI2 interact in

vivo in plant cells.

To provide further genetic evidence that ATGPX3 is involved in

the regulation of ABA signaling through ABI1 or ABI2, double

mutants for atgpx3 and abi2-1 were constructed by crossing

abi2-1 with atgpx3-1 and atgpx3-2 and screening the resulting F2

population for homozygosity at both loci. On MS medium lacking

ABA, the double or single atgpx3 and abi2-1 lines germinated

and grew similarly to the wild type (Figure 5E, top panel). How-

ever, when the seeds were planted on MS medium containing

0.5 mM ABA, both atgpx3 and abi2-1 single mutants were found

to be insensitive to ABA, and the double mutants were even more

insensitive to ABA than either abi2-1 or atgpx3 mutants (Figure

5E, bottom panel). The stronger insensitivity to ABA in double

mutants was indicated by the higher chlorophyll content and

longer root growth in the presence of 0.5 mM ABA. The degree of

seed germination insensitivity to ABA was dose-dependent

(Figure 5F). Thus, these results strongly support the suggestion

that ATGPX3 plays an important role in regulating the activities of

ABI2 under oxidative stress in vivo.

H2O2 Regulates the Redox States of Both ATGPX3 and ABI2,

and ATGPX3 Inhibits the PP2C Activity of ABI2

ABI2 is believed to exert negative regulation on ABA action

(Leung et al., 1997). Transient inactivation of this protein phos-

phatase by H2O2 represents a likely target for redox regulation of

a hormonal signaling pathway (Meinhard et al., 2002). Our data

indicated that ATGPX3 strongly interacts with ABI2, implying that

the redox states of both ATGPX3 and ABI2 might be coupled. To

test this possibility, we performed a series of experiments to

examine the ATGPX3 activity and redox states of GST-ATGPX3

and ABI2 in vitro.

First, the redox states of GST-ATGPX3 with and without H2O2

were examined by native PAGE, in which the reduced and

oxidized forms can be separated as a result of modification of the

reduced Cys residues (Kishigami et al., 1995; Inaba and Ito,

2002). Without prior treatment of cells with H2O2, the extracted

GST-ATGPX3 migrated as a single band. By contrast, for cells

treated with H2O2, a faster mobility band was observed (Figure

Figure 3. atgpx3 Mutants Impair ABA- and H2O2-Induced Stomatal Closure but Not Stomatal Density.

(A) Effects of ABA and H2O2 on stomatal closure in the wild type, atgpx3-1, and atgpx3-2. Stomatal apertures were measured on epidermal peels of the

wild type and atgpx3-1. Values are means 6 SD of 50 measurements from three independent experiments. Left panel, ABA-induced stomatal closing;

middle panel, H2O2-induced stomatal closing; right panel, effects of CAT on ABA- (10 mM) and H2O2- (100 mM) induced stomatal closing.

(B) Stomatal density in the epidermis of the abaxial surface of rosette leaves from the wild type, atgpx3-1, and atgpx3-2. Stomatal density is presented

as stomatal numbers per square millimeter 6 SE, determined from leaves of five individual wild-type and mutant plants. Five independent counts were

performed on each leaf.

(C) Expression of ATGPX3-GUS in guard cells and RT-PCR analysis. Left panel, GUS activity in guard cells of wild-type plants expressing the GUS

reporter gene under the control of the ATGPX3 promoter; right panel, ATGPX3 transcript detected by RT-PCR analysis of 10 mg of guard cell–enriched

total RNA (GC). Ten micrograms of total RNA from whole leaves was run in parallel as a control (Leaf). KAT1 and ATGPX7 were used as positive controls

in guard cells.

ATGPX3 and ABA Responses 2755



Figure 4. Responses of atgpx3 Mutants and Overexpression Lines to Drought Stress.

(A) Analysis of the drought stress sensitivity of Arabidopsis seedlings. Seven-day-old Arabidopsis seedlings were transferred to soil and grown for 10 d

in a growth chamber, after which watering was stopped for the drought stress treatment. The photographs were taken (from top to bottom) 5, 8, and 9 d

later and again 1 d after being rewatered. OE, overexpression.

(B) Transpirational water loss in wild-type, atgpx3, and overexpression lines at the indicated time points after detachment. Water loss is expressed as

the percentage of initial fresh weight (FW). Values are means 6 SD of four samples (each sample had six leaves).

(C) False-color infrared images of drought-stressed plantlets. The thermal images show leaf temperature profiles of 14-d-old wild-type, atgpx3-1, and

atgpx3-2 plantlets at the start of drought treatment (middle panel) and 5 d later (bottom panel). The top panel shows the 5-d drought-stressed plants.

(D) Temperature of the leaf surface in ATGPX3 mutants quantified by infrared thermal imaging. Data are means 6 SD (n ¼ 20 plants for each condition;

data are from ;4000 measurements of square pixels from multiple leaves of each plant).

(E) False-color infrared images of drought-stressed wild-type and ATGPX3 transgenic plants. The same experimental procedures were used as

described for (C). The middle and bottom panels show leaf temperature profiles at the start of drought treatment (middle panel) and 5 d later (bottom

panel). The top panel shows the 5-d drought-stressed plants.

(F) Temperature of the leaf surface in ATGPX3 transgenic plants quantified by infrared thermal imaging upon drought for 5 d. Data are means 6 SD (n ¼
20 plants for each condition; values are from ;4000 measurements of square pixels from multiple leaves of each plant in three independent

experiments).

2756 The Plant Cell



Figure 5. ATGPX3 Specifically Interacts with ABI2 and ABI1.

(A) ATGPX3 strongly interacted with ABI2 or ABI1 in the yeast two-hybrid system. Yeast strains containing pAS-ATGPX3 as bait and pACT-ABI2/1 as

prey were grown on YEPD medium lacking Trp and Leu for 48 h (left panel) and were assayed for LacZ expression by a filter-lift assay (right panel).

pACT-SOS3 and the empty prey vector were used as negative controls. Blue color indicates interaction. b-gal, b-galactosidase activity.

(B) Quantitative analysis of b-galactosidase activity of the yeast strains in liquid culture showing the interaction between ATGPX3 and ABI2 or ABI1 and

with the control partner SOS3. Values are means of data from three independent experiments. Error bars indicate SD.

(C) Biotinylated Lys-labeled ABI1/2 protein was pulled down by GST-ATGPX3 but not by GST-SOS3. GST was used as a negative control.

(D) In vivo interaction between ATGPX3 and ABI2 as determined using bimolecular fluorescence complementation. a, control (SYNE-ATGPX3 and

SYCE); b, the YFP signal in the cytoplasm indicates a positive interaction between ATGPX3 and ABI2; c, the ATGPX3-GFP protein is localized in the

cytoplasm. Left panel, fluorescence images under confocal microscopy; right panel, bright-field images of the cell.

(E) The phenotypes of atgpx3 and abi2 single mutants and double mutants (atgpx3-1 abi2-1 and atgpx3-2 abi2-1). F2 seeds from the crosses between

the respective mutants were planted on MS agar medium (top plate) or MS agar medium supplemented 0.5 mM ABA (bottom plate) and allowed to grow

for 2 weeks before the photographs were taken. Col, Columbia; Ler, Landsberg erecta.

(F) Comparisons of germination rates of the wild type, atgpx3-1, atgpx3-2, abi2-1, and the double mutants atgpx3-1 abi2-1 and atgpx3-2 abi2-1 after

exposure to different concentrations of ABA for 10 d. Values are means 6 SD of three independent experiments (>120 seeds per point).



6A, top panel). Consistent with these results, FLAG-tagged

ATGPX3 (ATGPX3-FLAG) from protoplasts of Arabidopsis leaves

transfected with plasmid encoding ATGPX3 displayed both

oxidized and redox forms on native PAGE blots using the anti-

FLAG antibody (Figure 6B), indicating that the ATGPX3 protein

exists in both states in planta. We subsequently investigated the

redox regulation of GST-ABI2 by H2O2 with the same procedures

used for the analysis of ATGPX3. The protein phosphatase

activity of ABI2 was highly sensitive to H2O2. ABI2 protein

untreated with H2O2 migrated as a single band of reduced

form. However, upon 5 mM H2O2 challenge for 5 min, ABI2

migrated as two bands, indicating that ABI2 was partially oxi-

dized (Figure 6A, middle panel). Treatment of GST protein with

H2O2 did not alter the GST state (Figure 6A, bottom panel).

To determine whether the changes of ATGPX3 and ABI2 redox

states were coupled, we incubated a purified and oxidized

preparation of ABI2 with bacterial extracts expressing the

GST-ATGPX3. Examination by native PAGE showed that the

reduced form of ATGPX3 was converted to the oxidized form

(Figure 6C, left panel; see Supplemental Figure 4, left panel,

online). Likewise, we found that the reduced form of ABI2 was

converted to the oxidized form by the addition of oxidized

ATGPX3 (Figure 6C, middle panel; see Supplemental Figure 4,

middle panel, online). It should be noted that no oxidizing reagent

had been added to either the medium or the buffers used. It is

intriguing that the role of ABI2 interacting with ATGPX3 is similar

to that of H2O2.

To investigate the physiological relevance of the interaction

between ATGPX3 and ABI2 or ABI1, GST-ABI2 and -ABI1 re-

combinant proteins were produced in Escherichia coli, and their

PP2C activities were assayed in vitro using 32P-labeled casein as

substrate with or without oxidized ATGPX3. As shown in Figure

6D, ATGPX3 reduced ;40 and 70% of the phosphatase activity

of ABI1 or ABI2. Thus, the inactivation of PP2C activities resulting

from ATGPX3 might function as a feedback loop to control the

redox states of the protein and ABA signaling. These data are

consistent with the greater ABA insensitivity shown in atgpx3

abi2-1 double mutants.

To determine whether the expression of ABA- and stress-

responsive genes is affected by the ATGPX3 mutation, we used

real-time PCR analysis to compare several stress-induced genes

in the wild type and the ATGPX3 mutants. Previous studies

showed that the expression of RD29A, RbohD, and PR1 was

induced by ABA and drought, oxidative, and pathogen stress,

respectively (Yamaguchi-Shinozaki and Shinozaki, 1994; Sticher

et al., 1997; Torres et al., 2002; Kwak et al., 2003). We found that

the steady state levels of both RbohD and PR1 gene transcripts

were lower in the mutant than in the wild type, whereas RD29A

transcription appeared higher in mutants (Figure 6E). These

findings suggest that ATGPX3 may have a general role in ABA-

and stress-mediated gene expression in plants.

atgpx3-1 Mutants Disrupt the ABA- and H2O2-Activated

Calcium Channels in the Plasma Membrane

H2O2 is known to induce an increase in the cytosolic calcium

concentration, mediating stomatal closure in Arabidopsis plants

(McAinsh et al., 1996; Pei et al., 2000). Previous studies have

Figure 6. Redox Regulation of ATGPX3 and ABI2, Inactivation of PP2C

Activities by ATGPX3, and Alterations of Gene Transcription in atgpx3

Mutants.

(A) In vitro analysis of the ATGPX3 and ABI2 redox states. GST-ATGPX3

and GST-ABI2 extracts from E. coli were exposed to H2O2 (5 mM) for

5 min and analyzed under nonreducing conditions as indicated.

(B) Redox states of ATGPX3 in planta. ATGPX3-FLAG was transiently

expressed in Arabidopsis protoplasts. The protein was extracted from

106 protoplasts, and protein gel blot analysis was performed using anti-

FLAG antibody. Lane 1, control (empty vector); lane 2, ATGPX-FLAG.

The gel shown is representative of five independent experiments.

(C) ATGPX3 is required for the oxidation of ABI2 in vitro. To make

reduced proteins, extracts from E. coli BL21 strains carrying GST-

ATGPX3/ABI2 were incubated with anti-GST-bound Sepharose beads

for 4 h under reducing conditions (2 mM DTT) at 48C. The eluate con-

taining expressed GST-ATGPX3 and GST-ABI2 was applied to analyze

redox state. To make oxidative ATGPX3 and ABI2, H2O2 (5 mM) was

added to purified reduced GST-ATGPX3 and GST-ABI2 under anaero-

biosis. The reaction was stopped by N-ethylmaleimide (10 mM) after

10 min, and the ATGPX3 redox state was monitored by immunoblotting.

The gel shown is a representative image from three independent exper-

iments.

(D) ATGPX3 inactivated ABI2/1 activity. In vitro PP2C activity was

assayed by measuring the remaining 32P in the substrate casein. The

data are presented as relative PP2C activity from three independent

experiments. Error bars indicate SD.

(E) Expression of ABA- and stress-responsive genes in the wild type and

atgpx3 mutants. Total RNA was extracted from wild-type and atgpx3-1

and atgpx3-2 seedlings. Real-time PCR was performed in three inde-

pendent experiments. Error bars indicate SD. An Actin2 primer was used

in the PCR as an internal control.
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shown that abi1-1 and abi2-1 differentially disrupt ABA activation

of Ca2þ channels in guard cells requiring NAD(P)H-dependent

ROS production (Murata et al., 2001). We have shown an ABA

impaired stomatal closure in atgpx3-1 mutant plants. We hy-

pothesize that ATGPX3 may be involved in ABA-mediated H2O2

production, which causes a change of calcium current in guard

cells. To test this hypothesis, patch-clamp experiments were

performed with guard cell protoplasts using Ca2þ salt solutions

to determine the whole cell current of calcium. In the whole cell

patch-clamp recording using conditions described previously

(Allen et al., 1999; Pei et al., 2000), þ10 mV was close to the

equilibrium potential for Ca2þ and Ba2þ compared with that of

chloride ions (;�58.5 mV, obtained from the calculation ac-

cording to the Nernst formula in these experimental conditions)

and hyperpolarization did not activate a Ca2þ current in either

wild-type or atgpx3-1 guard cells (n ¼ 35). However, in the

presence of ABA in both the bathing solution and cytosolic

solutions, large whole cell currents were activated by hyperpo-

larization in the wild-type guard cells (n¼ 28) (Figures 7A and 7B).

Activation of calcium channels in guard cells was found for ABA

concentrations ranging from 5 to 50 mM. By contrast, in response

to ABA treatment, only a very small background current was

found in guard cells from the atgpx3-1 mutant (n ¼ 13). To

confirm the fact that the mutation of ATGPX3 is responsible for

Figure 7. Changes of Calcium Channel Activity in Guard Cells of ATGPX3-Deficient Mutant and Overexpression Plants.

(A) ABA (50 mM) failed to activate Ca2þ channel currents in the atgpx3-1 mutant but greatly increased Ca2þ channel currents of guard cells in ATGPX3

overexpression transgenic lines.

(B) Effects of ATGPX3 mutation and overexpression on calcium channel activity at –150 mV (n¼ 35 [wild type], 28 [wild typeþ ABA], 13 [atgpx3-1þ ABA],

7 [ATGPX3 overexpression þ ABA], and 10 [complementation line þ ABA]). Error bars indicate SD.

(C) Single-channel current of calcium from guard cells of an ATGPX3 overexpression plant.

(D) Dependence of channel open probability on pressure in the pipette. The open probability gradually increased with negative pressure. Values are

means 6 SD (n ¼ 3 or 4).
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disruption of the ABA-activated calcium channel, protoplasts

from the complementation lines were used to measured calcium

channel activity. We found that the current of calcium channels in

response to ABA in the complementation line was almost equal

to that in the wild type (n ¼ 10), suggesting that the ABA-

activated calcium current was recovered in transgenic plants

containing the wild-type ATGPX3 (Figure 7A, top and bottom

panels). Not surprisingly, when the guard cells from the ATGPX3

overexpression transgenic plants were exposed to 50 mM ABA,

the calcium current was greatly increased compared with that in

the wild-type (n ¼ 10) (Figure 7A). On average, at �150 mV,

currents in wild-type, atgpx3-1, complementation, and overex-

pression transgenic plants were 70.3 6 3, 28.6 6 2, 69.2 6 2, and

197 6 7 pA, respectively (P < 0.05) (Figure 7B). Similar results

were obtained in excised patches with the voltage under direct

experimental control. The analysis of open probabilities of single-

channel events indicated that the open probability values in-

creased by approximately fivefold in the overexpression lines at

�110 mV (Figures 7C and 7D). These data suggest that ATGPX3 is

involved in the regulation of ABA-activated calcium signaling in

guard cells.

DISCUSSION

In this study, our data provide genetic evidence that ATGPX3

plays a dual role within plants, first in the control of H2O2

homeostasis, and second in the transduction of an H2O2 signal

in guard cells that mediates stomatal regulation in response to

ABA and drought stress. The mechanism of oxidative signal-

sensing and -relaying described here appears to be coupled to

ABI1 and ABI2 PP2C, which are known to be important players in

ABA signaling (Meinhard et al., 2002).

Upon exposure to H2O2, the ATGPX3 mutants showed in-

creased sensitivity during vegetative growth (Figures 2A and 2B).

With thioredoxin as a substrate, a significant level of peroxidase

activity was observed in the presence of thioredoxin reductase

(Figure 2F). Consistent with this, the H2O2 production induced by

ABA was increased significantly in guard cells of atgpx3 mutants

(Figures 2C to 2E), suggesting that loss-of-function mutation in

ATGPX3 impairs H2O2 homeostasis in guard cells. Earlier studies

had demonstrated the generation of H2O2 and its effects on

stomatal closure (McAinsh et al., 1996; Allan and Fluhr, 1997; Lee

et al., 1999; Miao et al., 2000; Zhang et al., 2001b). Moreover, the

balance of superoxide dismutase, ascorbate peroxidase, and

CAT activities will be crucial for suppressing toxic ROS levels in a

cell. GPXs are commonly considered to be important ROS

scavengers because of their broader substrate specificities

and stronger affinity for H2O2 than CATs (Brigelius-Flohe and

Flohe, 2003). In addition, very strong expression of ATGPX3

promoter–GUS in transgenic plants was observed in guard cells

of the leaf epidermis (Figure 3C), implying that ATGPX3 also

detoxifies H2O2 to H2O in guard cells. Hence, it is possible that

ATGPX3 acts as a key regulator that specifically modulates H2O2

homeostasis in guard cells.

ATGPX3 is not only critical for scavenging H2O2 but is an

essential element of the ABA signaling pathway that mediates

stomatal regulation in response to drought stress. Compared

with wild-type plants, atgpx3 plants displayed impaired ABA-

and H2O2-induced stomatal closure (Figure 3A), faster water

loss, and lower temperatures of leaves in response to water

deficit stress (Figures 4A to 4D). By contrast, the water loss of

detached leaves was significantly lower, and leaf surface tem-

perature was higher in ATGPX3 overexpression lines than in wild-

type plants (Figures 4B, 4E, and 4F). Consistently, defects of

ATGPX3 reduced drought stress tolerance, whereas ATGPX3

overexpression in transgenic plants enhanced resistance to

drought stress (Figure 4A). Previous data have demonstrated

ABA-induced H2O2 generation in guard cells of Vicia and

Arabidopsis (Miao et al., 2000; Pei et al., 2000; Zhang et al.,

2001b), mediating ABA signaling, thereby activating plasma

membrane Ca2þ and Kþ channels to permit Ca2þ and Kþ influx

in stomatal closure (An et al., 2000; Pei et al., 2000; Zhang et al.,

2001a). Thus, ATGPX3 might play an important role in ABA-

mediated stomatal closure under drought stress.

The finding that ATGPX3 is involved in the ABA signaling of

guard cells raises the questions of how ABA and H2O2 signals are

transduced and the identities of the components of the cascade

involved in this process. The abi1-1, abi2-1, and gca2 mutations

impair ABA-induced stomatal closure in Arabidopsis. The three

mutations were shown to affect a signaling cascade that involves

ABA-induced ROS production (Pei et al., 2000; Murata et al.,

2001; Mustilli et al., 2002). Transient inactivation of ABI2 phos-

phatase by H2O2 would allow or enhance the ABA-dependent

signaling process (Meinhard et al., 2002). Our data indicated that

ATGPX3 interacted strongly with ABI2 but only relatively weakly

with ABI1 (Figures 5A to 5C). Interestingly, both ATGPX3 and

ABI2 redox states were altered after exposure to H2O2, and the

changes in the redox state of ATGPX3 and ABI2 were coupled,

suggesting that ABI2 could reduce oxidized ATGPX3, at least

in vitro (Figures 6A and 6C). Furthermore, in enzymatic assays

using recombinant proteins, the PP2C activity of the ABI2 and

ABI1 proteins in the presence of ATGPX3 was ;70 and 40%

lower than that of the ABI2 or ABI1 protein alone (Figure 6D).

Compared with the single mutants of atgpx3 and abi2-1, their

double mutant exhibited greater insensitivity in response to ABA

(Figures 5E and 5F). These results suggest that, in the ABA

signaling pathway, ABI2 represents a likely target for redox

regulation by the oxidized form of ATGPX3. Previous evidence

has implicated H2O2 as an intercellular messenger that modu-

lates the extent of protein phosphorylation on Ser/Thr or Tyr

residues in animal cells (Sundaresan et al., 1995; Bae et al., 1997;

Liu et al., 2000). The human protein Tyr phosphatase PTP1B was

modified by H2O2 at the active site Cys (van Montfort et al., 2003).

The link between ABA-induced H2O2 production and protein

phosphorylation is further strengthened by our observations.

Figure 8. Model Showing the Putative Signal Transduction Pathway

Mediated by ATGPX3.

For details, see the text. Arrows indicate positive regulation, and open

blocks indicate negative regulation.
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However, as shown for the Yap1 system in yeast (Delaunay et al.,

2002), the biochemical and structural basis of ATGPX-like en-

zymes as a hydroperoxide sensor or redox transducer remains to

be established in plant cells.

Calcium-permeable channels activated by ROS have been

shown to function in the ABA signaling network in Arabidopsis

guard cells (Pei et al., 2000; Murata et al., 2001). Increases in

cytosolic calcium are triggered by ROS production during root

hair formation and ABA signaling (Foreman et al., 2003; Kwak

et al., 2003) and also occur in the early events during pathogen

responses (Dangl and Jones, 2001). Like abi2-1, the atgpx3

mutations impair ABA-induced stomatal closure and the activa-

tion of Ca2þ-permeable channels in the plasma membrane

(Figure 7A). By contrast, calcium current was greatly increased

compared with that in the wild type in the overexpression lines of

ATGPX3 (Figures 7A to 7D). One possibility is that the atgpx3

mutation affects an early or the initial event of H2O2 and ABA

signaling, thereby blocking the activation of Ca2þ channels within

guard cells and disturbing stomatal closure. The intimate con-

nection between ATGPX3 and Ca2þ channel activity implies that

intracellular H2O2 homeostasis may be monitored and sensed in

the plant cells by GPX(s).

H2O2 regulates the expression of various genes, including

those encoding antioxidant enzymes and modulating H2O2 gen-

eration in cells (Mittler et al., 2004; Wang et al., 2006). A global

transcriptome analysis using microarrays revealed that 1 to 2%

of genes are changed in H2O2-treated Arabidopsis (Desikan et al.,

2001). The fact that alterations of RD29A, RbohD, and PR-1

transcript levels are observed in atgpx3-1 and atgpx3-2 sug-

gests that the atgpx3-1 mutation affects ABA and H2O2 signaling

(Figure 6E). Thus, ATGPX3 must directly or indirectly regulate the

upstream signaling events that control gene expression. The

bacterial H2O2 sensor, OxyR, as a transcription factor directly

regulates gene expression (Zheng et al., 1998; Kim et al., 2002).

The model of the GPX-based sensor postulated that the redox

state of GPX3 and Yap1 are coupled, the latter modulating gene

expression. Unlike bacterial and yeast cells, however, our data-

base survey in the Arabidopsis genome indicated that plant cells

lack orthologs of OxyR or Yap1-like transcription factors. Alter-

natively, a Yap1-interacting protein was found, designated

CEO1, which is thought to be a transcription regulator in Arabi-

dopsis (Belles-Boix et al., 2000). The CEO1 protein could inter-

act with several transcription factors, such as DREB2A (Ahlfors

et al., 2004), which suggests that it might regulate gene expression

via the function or activity of these transcription factors. Our

studies have also shown that ATGPX3 interacts with CEO1 in the

yeast two-hybrid system (Y. Miao and C.-P. Song, unpublished

data). It is possible that the CEO1 protein and its partner(s) might

be the plant counterparts of yeast Yap1 (Belles-Boix et al., 2000;

Overmyer et al., 2000; Ahlfors et al., 2004).

On the basis of the results presented here as well as those

reported previously (Allen et al., 1999; Murata et al., 2001), we

present a model describing the interrelationships among ATGPX3,

ABI2, the Ca2þ channel, and the oxidative signal transduction

pathway (Figure 8). This model, together with other recent

studies of the role of PP2C-type enzymes mediating phospho-

rylation in H2O2 and ABA signaling (Merlot et al., 2001; Kuhn et al.,

2006; Mishra et al., 2006), allows us to fully describe the oxidative

and ABA signal transduction pathway from sensing to the

response in plants.

In summary, we have demonstrated that the ATGPX3 function

in H2O2 signal transduction is closely related to the activity of

ABI2, which directly influences Ca2þ channel activity (Murata

et al., 2001). Thus, ATGPX3 might sense and transduce the H2O2

signal to downstream components via ABI2, thereby controlling

the Ca2þ channel. Further research is needed to ascertain how

the thiol group of these proteins might be involved in the reg-

ulation of the redox state and also the critical concentration of

H2O2 in the cell for the protein to respond as a sensor rather than

simply act in its general scavenging function.

METHODS

Plant Materials and Growth Conditions

Arabidopsis thaliana ecotype Columbia was used in this study. For seed

germination, all seeds were sterilized and kept for 4 d at 48C in the dark to

break dormancy. The seeds then were sown on 0.6% agar-containing MS

medium containing different levels of mannitol, H2O2, or ABA as indi-

cated. The plates were incubated at 22 6 28C with a 16-h-light photo-

period. For seedling growth, 5-d-old seedlings from the germination

medium were transferred to 1.2% agar supplemented with various

mannitol concentrations (placed vertically). For morphological examina-

tion of aerial parts, seedlings were transferred to soil at 7 to 10 d after

germination and placed in a growth chamber at 228C under a 16-h-light/

8-h-dark photoperiod and 70% RH.

Identification and Isolation of atgpx3 Mutants

T-DNA insertion mutants (SALK_071176 and SALK_001116) of the

ATGPX3 gene generated by the Salk Institute Genomic Analysis Labo-

ratory (http://signal.salk.edu/) were obtained from the ABRC (Ohio State

University). The seeds were planted on agar plates containing MS

medium and kanamycin, and the kanamycin-resistant plants were trans-

ferred to soil. Seeds were harvested separately from individual plants.

Subsequently, to confirm the mutant line as homozygous, PCR was per-

formed with the genomic DNA of atgpx3-1 and atgpx3-2 mutants using

gene-specific oligonucleotides (LP, 59-TTGACTATAAGAAGCACTTTC-

CCG-39; RP, 59-GCATGGTTTGACGATTTTGTGA-39; LP, 59-TGGATGAT-

TGTTCCACCGTCG-39; RP, 59-GGCACTCCTCTTGAAGACCAGAA-39)

and left-border-specific primers (LBal, 59-TGGTTCACGTAGTGGGC-

CATCG-39; LBb1, 59-GCGTGGACCGCTTGCTGCAACT-39).

Plasmid Constructs

Gene-specific cDNA fragments of ATGPX3 were amplified by PCR using

the following primer pairs: forward primer 59-TACCCGGGATGCCTAGA-

TCAAGCAG-39 and reverse primer 59-CTGGATCCTCAAGCAGATGC-

CAATA-39. The forward primer contains a SacI restriction site, and the

reverse primer contains a XbaI restriction site, which are underlined. The

PCR fragments of ATGPX3 were first cloned into pBIB between the SacI

and XbaI sites. For yeast two-hybrid experiments, the ATGPX3 coding

region was amplified by PCR with primers containing restriction sites and

was cloned in frame between the SmaI and SalI sites of pAS2, to form

pAS-ATGPX3 as the bait. For the in vivo interaction assay, the PCR

fragments of ATGPX3 and ABI2 were cloned into pSPYNE and pSPYCE

(for split YFP N-terminal/C-terminal fragment expression), respectively.

For the subcellular localization of ATGPX3, the cDNA for ATGPX3

was amplified by PCR, digested with XbaI and BamHI, and inserted into

pBI-GFP. For ATGPX3 promoter–GUS constructs, a 450-bp ATGPX3
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promoter fragment was obtained by PCR for plant transformation. PCR

was performed using the primer pair 59-CGCGAATTCTGGAGTCGGGA-

CACTATAG-39 and 59-GCGGTCGACAACACAGTTAGTCTTCTTC-39. The

forward primer contains a EcoRI restriction site, and the reverse primer

contains a SalI restriction site, which are underlined. The promoter frag-

ments were then cloned into pCAMBIA1381 between the EcoRI and SalI

sites.

Plant Transformation and Protoplast Transfection

The constructs were introduced into Agrobacterium tumefaciens strain

GV3101 and transformed by floral infiltration into wild-type Arabidopsis

(Columbia ecotype) (for gene overexpression and the GUS staining

assays) and atgpx3-1 mutants (for gene complementation).

For in vivo interaction measurements, the protoplasts isolated from

Arabidopsis leaves were transformed with plasmid combinations

pSPYNE-GPX3 and pSYCE, pSYNE and pSYCE-ABI2, or pSYCE-ABI2

and pSPYNE-GPX3, according to the protocols of Merkle et al. (1996) and

Negrutiu et al. (1987). For GFP-ATGPX3 constructs, the protoplast tran-

sient expression assay was performed as described by Sheen (2001).

After incubation for 16 to 20 h, the fluorescence of protoplasts was

measured with a laser-scanning confocal microscope (Bio-Rad). All

figures show representative images from three independent experiments.

Infrared Thermography Imaging

Thermal imaging of drought-stressed plantlets was performed as de-

scribed previously (Merlot et al., 2002). In brief, plantlets were first grown

under well-watered conditions (228C, 60 to 70% RH, 16-h photoperiod)

for ;14 d. Drought stress then was initiated by withholding water.

Thermal images were obtained within the growth chamber (228C, 60 to

70% RH, 16-h photoperiod) using a ThermaCAM SC3000 infrared cam-

era (FLIR System). Images were saved on a Personal Computer Memory

Card International Association card and were analyzed subsequently

using version 5.31 of the public domain image-analysis program IRWin

Reporter.

Epidermal Strip Bioassay and Water Loss Measurement

Stomatal bioassay experiments were performed as described (Hugouvieux

et al., 2001; Zhang et al., 2001b; Song et al., 2005) with slight modifica-

tions. Epidermal strips were peeled from Arabidopsis leaves. To study the

promotion of stomatal closure by ABA, stomata were opened by expos-

ing plants for 12 h to light and high humidity and incubating the leaves for

1.5 h in stomata-opening solution containing 50 mM KCl, 10 mM CaCl2,

and 10 mM MES, pH 6.15, in a growth chamber at 22 to 258C under a

photon flux density of 0.20 to 0.30 mmol�m�2�s�1. Stomatal apertures

were measured 1.5 h after adding 2 mM ABA or 3 mM H2O2. The apertures

of usually 50 to 60 stomata were measured in three independent experi-

ments. Data analysis, including statistical tests, was performed using

Origin software (version 6.1).

For water loss measurement, rosette leaves of wild-type, ATGPX3-

deficient mutant, and overexpression lines were detached from their

seedlings, placed in weighing dishes, and incubated on the laboratory

bench. Losses in fresh weight was monitored at the indicated times.

Water loss is expressed as the percentage of initial fresh weight.

Measurements of H2O2 Production

H2O2 production from guard cells was examined by loading epidermal

peels with H2DCF-DA (Molecular Probes) (Cathcart et al., 1983; Lee et al.,

1999; Zhang et al., 2001b). 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, containing 50 mM

H2DCF-DA. Before further experiments, peels were preincubated in the

dark for 10 to 15 min, and then the epidermal tissues were collected using

a nylon mesh and washed with distilled water to remove excess dye from

the apoplast. Examinations of peel fluorescence were performed using a

MicroRadiance laser-scanning confocal microscope (Bio-Rad). ABA and

ethanol (control) were added directly to the buffer during the experiments.

Confocal fluorescence optical sections were collected from dye-loaded

guard cells with the following settings: excitation, 488 nm; emission, 525

nm; power, 3%; zoom, 4; mild scanning; frame, 512 3 512; with pixel

spacing of 0.183 to 0.25 mm. To extract quantitative data, pixel values were

averaged over rectangular regions (4 mm2) manually located on each

image. The pixel intensity from at least 110 guard cells was recorded.

H2O2 was also detected in situ by DAB staining as described previously

(Thordal-Christensen et al., 1997). The terminal leaflet of the first fully

expanded leaf was sampled from 20-d-old wild-type and atgpx3-1 and

atgpx3-2 plants. Leaflets were collected and vacuum-infiltrated with the

DAB solution (1 mg/mL, pH 3.8; Sigma-Aldrich). The sampled leaves were

placed in a plastic box under high humidity until reddish-brown precip-

itate was observed (8 h), then fixed with a solution of 3:1:1 ethanol:lactic

acid:glycerol and photographed.

Histochemical Detection of GUS Activity

Ten independent transgenic lines containing the ATGPX3 promoter–GUS

constructs were tested for GUS activity by incubation of excised tissues

overnight in GUS staining buffer (3 mM 5-bromo-4-chloro-3-indolyl-

b-glucuronic acid, 0.1 M sodium phosphate buffer, pH 7.0, 0.1% Triton

X-100, and 8 mM b-mercaptoethanol) at 378C in the dark. The staining

was terminated by replacement of the staining solution with 70% ethanol

solution, and samples were stored at 48C until observation with the

microscope.

Analysis of Protein Redox States

To express GST-ATGPX3 in bacteria, the coding regions of ATGPX3

cDNAs were cloned in-frame into the BamHI-EcoRI sites of pGEX-2TK.

The constructs were introduced into Escherichia coli BL21 cells. The

transformed strains were incubated at 378C in Luria-Bertani medium and

induced for 4 h with isopropyl b-D-thiogalactopyranoside (1 mM). The

recombinant GST-ATGPX3 and GST-ABI2 proteins (Guo et al., 2002)

were purified using glutathione resins (BD Biosciences) according to the

manufacturer’s instructions. Purified recombinant proteins were used for

the analysis of in vitro ATGPX3 and ABI2 redox states. Extracts were

resolved by nonreducing or reducing 12% SDS-PAGE. The fused pro-

teins were immunoblotted with the anti-GST antibody (Roche).

Immunoprecipitations

To make the ATGPX3-FLAG transient expression vector, 33FLAG tag

was fused to the 39 end of the ATGPX3 coding region and was cloned into

the plasmid pRT105-3FLAG between the XbaI and BamHI sites under the

control of a double 35S promoter. The protoplast transient expression

assay was performed as described by Sheen (2001). After 16 h of in-

cubation, the protein extract was prepared using 106 protoplasts per

100 mL of extraction buffer (150 mM NaCl, 50 mM Tris-HCl, pH 7.5, 5 mM

EDTA, 1% Triton X-100, 1 mM DTT, 1 mM phenylmethylsulfonyl fluoride,

2 mM leupeptin, and 2 mM pepstatin). Two microliters of anti-FLAG (Sigma-

Aldrich) was used for protein from the extracts. Protein gel blotting was

performed using standard methods.

Yeast Two-Hybrid Interaction and GST Pull-Down Assays

Yeast two-hybrid interaction and protein pull-down assays were per-

formed as described (Guo et al., 2002; Song et al., 2005). Competent cells
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of Saccharomyces cerevisiae strain Y190 were transformed simulta-

neously with pAS-ATGPX3 and pACT2-ABI1/2 (Guo et al., 2002). Yeast

cells cotransformed with pAS2-1 and pACT2 without inserts were used as

negative controls, whereas those cotransformed with pAS-ATGPX3 and

pACT2-SOS3 (Ohta et al., 2003) were used as positive controls.

For GST pull-down assays, recombinant ATGPX3-GST and SOS3-GST

(Ohta et al., 2003) fusion proteins expressed using the pGEX-2TK vector

were used. Biotinylated Lys ABI1 and ABI2 proteins were produced from

pET14b-ABI1 and pET14b-ABI2 (Guo et al., 2002) using an in vitro tran-

scription and translation assay kit (TNT Quick Coupled Transcription/

Translation system; Promega) with Transcend Biotinylated Lys tRNA in-

corporation and detection, according to the manufacturer’s instructions.

Real-Time Quantitative RT-PCR

Total RNAs were isolated from 15-d-old atgpx3-1/2 mutants and also from

the wild type with Trizol reagent. Reverse transcription of all RNA samples

was performed with Moloney murine leukemia virus reverse transcriptase

(Promega). SYBR Premix Ex Taq (Takara) was used for real-time quan-

titative PCR. We performed real-time PCR on a Rotor-Gene 3000 appa-

ratus (Corbett Research) and repeated experiments three times. Cycling

conditions were as follows: 5 min at 948C; 40 cycles of 15 s at 948C, 15 s at

538C, and 20 s at 728C; 300 s at 408C; and 60 s at 558C. This was followed

by a melting-curve program (55 to 998C, with a 5-s hold at each temper-

ature). Specific cDNA was quantified with a standard curve based on the

known amounts of amplified target gene fragments. The mean value of

three replicates was normalized using Actin2 as the internal control.

Semiquantitative RT-PCR and RNA Gel Blot Analysis

RNA was isolated from 200-mg tissue samples using Trizol solution

(Invitrogen). The first-strand cDNA syntheses were performed using 5 mg

of total RNA and Moloney murine leukemia virus reverse transcriptase

(Promega). The yield of cDNA was measured according to the PCR signal

generated from the internal standard, the housekeeping gene b-Actin,

amplified from 18 to 24 cycles starting with 1 mL of the cDNA solution.

Cycling conditions were as follows: 5 min at 948C; and 20 cycles of 30 s at

948C, 30 s at 558C, and 40 s at 728C. The volume of each cDNA pool was

adjusted to give the same exponential phase PCR signal strength for

b-Actin after 20 cycles. The resulting cDNAs were subjected to PCR with

primers designed to amplify ATGPX3. The expression of Actin was used

as an internal control. The RT-PCR product was analyzed by electro-

phoresis on a 1.5% agarose gel. All PCRs were performed in triplicate.

To extract total RNA from guard cell–enriched epidermal strips, leaves

were blended in a Waring blender in cold water. Epidermal strips with

>95% guard cell purity were used to extract total RNA using Trizol

reagent. RT-PCR was performed according to the procedures described

above.

RNA gel blot analysis was performed as described previously (Rodriguez

Milla et al., 2003). ATGPX3 and ATGPX7 full-length cDNAs were used

as probes. The expression of Actin was used as a loading control.

PP2C and Peroxidase Activities

PP2C activity was determined by measuring the remaining 32P in sub-

strates. Two microliters of casein (P-4765; Sigma-Aldrich) was phos-

phorylated by 2 mL of protein kinase A (P2645; Sigma-Aldrich) in a 50-mL

reaction volume containing 20 mM Tris-HCl, pH 7.2, 5 mM MgCl2, 2 mM

DTT, 10 mM unlabeled ATP, and 1.85 MBq [g-32P]ATP. After incubation

for 30 min at 308C, 5-mL samples of product were used for the phospha-

tase assay. Reactions were started by the addition of recombinant en-

zymes with or without the effector ATGPX3 in a buffer containing 20 mM

Tris-HCl, pH 7.2, 5 mM MgCl2, and 2 mM DTT. Reactions were termi-

nated by spotting samples onto P81 filter papers (3698-915; Whatman)

after incubation for 30 min at 308C. After the papers were washed three

times with 1% phosphoric acid and dried, a phosphorimager was used to

quantify the amounts of 32P on the papers. Experiments were performed

in triplicate. The relative activities of PP2C were calculated according to

the formula (S � E)/S 3 100%, where S stands for the amount of 32P in

substrate and E stands for the remaining amount of 32P in substrate after

the addition of enzymes.

ATGPX3 peroxidase activity was monitored by the spectrometric

kinetic determination of NADPH consumption as described by Delaunay

et al. (2002).

Patch Clamp and Data Acquisition

Arabidopsis guard cell protoplasts were isolated as described (Pandey

et al., 2002). The whole cell voltage-clamp or single-channel currents of

Arabidopsis guard cells were recorded with an EPC-9 amplifier (Heka

Instrument) as described (Pei et al., 2000; Wang et al., 2004). Pipettes

were pulled with a vertical puller (Narishige) modified for two-stage pulls.

Data were analyzed using PULSEFIT 8.7, IGOR 3.0, and ORIGIN 7.0

software. TAC/TACFIT 4.0 software was used to analyze single-channel

probability. The standard solution for calcium current measurements

contained (in mM) 100 CaCl2, 0.1 DTT, and 10 MES-Tris, pH 5.6, in

the bath and 10 BaCl2, 0.1 DTT, 4 EGTA, and 10 HEPES-Tris, pH 7.1, in

the pipette. ABA and H2O2 were freshly added to bath solutions at the

indicated concentrations. D-Sorbitol was used to adjust the osmolalities

of pipette and bath solutions to 490 and 510 mmol/kg, respectively.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data

libraries under the following accession numbers: ATGPX3, At2g43350;

ATGPX7, At4g31870; ABI1, At4g26080; ABI2, At5g57050; SOS3,

At5g24270; RD29A, At5g52310; RbohD, At5g47910; and PR1,

At2g14610.
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Supplemental Figure 1. Response of the Overexpression of ATGPX3
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