
Plant Direct. 2019;1–10.	 		 	 | 	1wileyonlinelibrary.com/journal/pld3

1  | INTRODUCTION

Reactive oxygen species (ROS) are partially reduced or excited forms 
of atmospheric oxygen and include superoxide anion (O2

−), hydrogen 
peroxide (H2O2), singlet oxygen (1O2), and hydroxyl radical (HO•). 
ROS were long regarded as unwanted and toxic by- products of aer-
obic physiological metabolism. However, ROS are now recognized 
as central players in the complex signaling networks of plant cells 
as well as animal cells (Mittler, 2017). In plants, they modulate re-
sponses to pathogens (Lamb & Dixon, 1997; Mehdy, 1994), growth 
and morphogenesis (Liu et al., 2016; Mangano, Juárez, & Estevez, 
2016), programmed cell death (Breusegem & Dat, 2006; Levine, 
Tenhaken, Dixon, & Lamb, 1994), and guard cell signaling (McAinsh, 

Clayton, Mansfield, & Hetherington, 1996; Pei et al., 2000; Song, 
Miao, & Song, 2014).

Stomata are regulated pores on the surface of aerial plant or-
gans. Stomata sense and rapidly respond to environmental signals, 
such as light, carbon dioxide, and pathogens, and also respond 
to hormones including abscisic acid (ABA), auxin, and ethylene 
(Melotto, Underwood, Koczan, Nomura, & He, 2006; Schroeder, 
Allen, Hugouvieux, Kwack, & Waner, 2001). ABA, an abiotic stress 
phytohormone, triggers ROS production, which elicits stomatal clo-
sure and inhibits stomatal opening (Pei et al., 2000; Yan, Tsuichihara, 
Etoh, & Iwai, 2007). NADPH oxidase has been considered to be 
the main source of ROS for ABA signaling in guard cells. Indeed, 
the NADPH oxidase inhibitor diphenyleneiodonium (DPI) partially 

 

Received:	25	October	2018  |  Revised:	29	March	2019  |  Accepted:	6	April	2019
DOI: 10.1002/pld3.137  

O R I G I N A L  R E S E A R C H

Guard cell photosynthesis is crucial in abscisic acid- induced 
stomatal closure

Sumio Iwai1,2  |   Sho Ogata1  |   Naotaka Yamada3  |   Michio Onjo2  |   
Kintake Sonoike4  |   Ken-ichiro Shimazaki5

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in 
any medium, provided the original work is properly cited, the use is non- commercial and no modifications or adaptations are made.
© 2019 The Authors. Plant Direct published by American Society of Plant Biologists, Society for Experimental Biology and John Wiley & Sons Ltd.

1Department of Horticultural 
Science, Faculty of Agriculture, Kagoshima 
University, Kagoshima, Japan
2Kagoshima University Experimental Farm, 
Kagoshima, Japan
3Department of Bioscience 
and Biotechnology, Faculty of 
Agriculture, Kyushu University, Fukuoka, 
Japan
4Faculty of Education and Integrated Arts 
and Sciences, Waseda University, Tokyo, 
Japan
5Department of Biology, Faculty of 
Science, Kyushu University, Fukuoka, Japan

Correspondence
Sumio Iwai, Department of Horticultural 
Science, Faculty of Agriculture, Kagoshima 
University, Kagoshima 890-0065 Japan.
Email: k0532158@kadai.jp

Funding information
This work was supported by Grants- in- 
Aid for Scientific Research (grant number 
18K06292 to Ken.S.) from the Ministry of 
Education, Culture, Sports, Science and 
Technology, Japan.

Abstract
Reactive oxygen species (ROS) are ubiquitous signaling molecules involved in diverse 
physiological processes, including stomatal closure. Photosynthetic electron trans-
port (PET) is the main source of ROS generation in plants, but whether it functions in 
guard cell signaling remains unclear. Here, we assessed whether PET functions in 
abscisic acid (ABA) signaling in guard cells. ABA- elicited ROS were localized to guard 
cell chloroplasts in Arabidopsis thaliana, Commelina benghalensis, and Vicia faba in the 
light and abolished by the PET inhibitors 3- (3, 4- dichlorophenyl)- 1, 1- dimethylurea 
and 2, 5- dibromo- 3- methyl- 6- isopropyl- p- benzoquinone. These inhibitors reduced 
ABA- induced stomatal closure in all three species, as well as in the NADPH oxidase- 
lacking mutant atrboh D/F. However, an NADPH oxidase inhibitor did not fully elimi-
nate ABA- induced ROS in the chloroplasts, and ABA- induced ROS were still observed 
in the guard cell chloroplasts of atrboh D/F. This study demonstrates that ROS gener-
ated through PET act as signaling molecules in ABA- induced stomatal closure and 
that this occurs in concert with ROS derived through NADPH oxidase.
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inhibits ABA- induced stomatal closure (Zhang et al., 2001), and the 
NADPH oxidase double- mutant atrboh D/F shows reduced ABA- 
induced stomatal closure and ROS generation compared with the 
wild type (Kwak et al., 2003).

Chloroplasts generate ROS under both normal and stress 
conditions. Various forms of ROS including the superoxide anion, 
hydrogen peroxide, and singlet oxygen are generated in chloro-
plasts, and photosynthetic electron transport (PET) in chloro-
plast is regarded as the main source of ROS generation in plant 
cells (Asada, 1999; Foyer & Noctor, 2003). Guard cells contain 
chloroplasts that are smaller and have fewer grana stacks than 
mesophyll cell chloroplasts (Lawson, 2009). The guard cell chlo-
roplasts are photosynthetically active, producing sugars by pho-
tosynthetic carbon assimilation (Lawson, Oxborough, Morison, 
& Baker, 2002, 2003; Melis & Zeiger, 1982; Shimazaki, Terada, 
Tanaka, & Kondo, 1989; Shimazaki & Zeiger, 1985). Many stud-
ies indicate that chloroplasts do contribute to stomatal open-
ing (Santelia & Lawson, 2016; Suetsugu et al., 2014; Tominaga, 
Kinoshita, & Shimazaki, 2001). However, the contradictory re-
sults has been reported on its role in ABA- induced ROS gener-
ation leading stomatal closure. For example, norflurazon- treated 
fava bean (Vicia faba), which lacks functional photosynthetic 
activity in guard cells, still responds to ABA (Roelfsema et al., 
2006). In addition, Azoulay- Shemer et al. (2015) showed that ABA 
induces stomatal closure in an Arabidopsis (Arabidopsis thaliana) 
mutant lacking chlorophyll in the guard cells. Wang et al. (2016) 
reported that the photosynthetic electron transport (PET) inhib-
itor 3- (3, 4- dichlorophenyl)- 1, 1- dimethylurea (DCMU) does not 
affect ABA- induced stomatal movement or ABA- induced ROS 
production in Arabidopsis leaves. These authors concluded that 
guard cell photosynthesis is not a direct mediator of ABA- induced 
stomatal closure. On the contrary, many studies have demon-
strated chloroplastic ROS accumulation when plants or tissues 
are treated with extracellular Ca2+ (Nomura, Komori, Kobori, 
Nakahira, & Shiina, 2008; Wang et al., 2012), ozone (Joo, Wang, 
Chen, Jones, & Fedoroff, 2005; Vahisalu et al., 2010), and ABA 
(Leshem, Golani, Kaye, & Levine, 2010; Watkins, Chapman, & 
Muday, 2017; Zhang et al., 2001), leading to stomatal closure. In 
addition, Xu et al. (2012) found that the light- harvesting chloro-
phyll a/b- binding protein is involved in ABA guard cell signaling 
by modulating ROS homeostasis. These results suggest that ROS 
derived from guard cell PET functions in guard cell ABA signaling. 
Thus, in terms of ABA- induced stomatal closure, the role of chlo-
roplastic ROS remains an open question.

Here, we examined the possibility that ROS evolved from 
PET mediate ABA- induced stomatal closure. We found that ABA- 
elicited ROS were localized in guard cell chloroplasts and that their 
accumulation was abolished by the PET inhibitors DCMU and 2, 5- 
dibromo- 3- methyl- 6- isopropyl- p- benzoquinone (DBMIB). These 
two inhibitors also reduced ABA- induced stomatal closure in the 
NADPH oxidase mutant atrboh D/F and in wild- type plants treated 
with DPI. We conclude that ROS generated through PET is cru-
cial for ABA- induced stomatal closure. Moreover, both PET and 

NADPH oxidase contribute to ABA- induced ROS generation in 
guard cells.

2  | METHODS

2.1 | Plant materials

Seeds of Arabidopsis (Arabidopsis thaliana) ecotype Col- 0 and of the 
mutant atrboh D/F (CS 68522) were obtained from the Arabidopsis 
Biological Research Center (Columbus, OH, USA). Seedlings were 
grown in soil in a growth chamber for 1–2 months at 20–25°C under 
an 11- hr- light/13- hr- dark cycle (50 μmol m−2 s−1). Fava bean (Vicia 
faba L. cv. Ryousai) was obtained from Nakahara Seed Product 
Co., Ltd. (Fukuoka, Japan). Commelina (Commelina benghalensis L.) 
was a line maintained at Kyushu University (Fukuoka, Japan). Fava 
bean and commelina were grown in a glasshouse under natural light 
conditions.

2.2 | Stomatal aperture assay

The stomatal aperture was assayed as described previously (Joudoi 
et al., 2013). Briefly, epidermal strips were peeled from the abax-
ial surface of young but fully expanded leaves. Epidermal strips 
were kept in opening medium (10 mM MES- KOH, pH 6.15, 50 mM 
KCl, 0.1 mM CaCl2) for 3 hr in the light (50 μmol m−2 s−1) and then 
transferred to opening medium with or without inhibitors (10 μM 
DCMU, 0.2 μM DBMIB, 10 μM DPI). After incubating for 20 min, 
10 μM ABA and/or 100 μM hydrogen peroxide was added to the 
medium and then incubated for another 2 hr in the light. During 
treatment, epidermal strips were kept at 23°C. After treatment, 
epidermal strips were photographed with a charge- coupled device 
(CCD) camera (DS- Fi1; Nikon Corp.) mounted on a microscope 
(Eclipse E600; Nikon Corp.) with a 10 × /0.30 or 20 × /0.50 nu-
merical aperture air objective. Stomatal apertures (inner diam-
eters of the stomatal pores) were measured using a digital micro 
analyzer (Japan Polaroid Digital Products). At least four strips, 
with 25 stomata in each strip, were evaluated for each treat-
ment. ABA and DPI were dissolved in dimethyl sulfoxide. DCMU 
and DBMIB were dissolved in ethanol. ABA, DCMU, and DBMIB 
were from Sigma- Aldrich. Other reagents were from Wako Pure 
Chemical Industries. Experiments were repeated at least three 
times, and representative results are shown. The data were statis-
tically analyzed by one- way analysis of variance (one- way ANOVA) 
followed by Tukey's test. In our experimental conditions, the ap-
ertures of preopened stomata changed with season and day by 
day. In Arabidopsis, they were 4–6 μm in spring, summer, and early 
autumn, but 3–4 μm in late autumn and winter. In commelina, they 
were 16–18 μm in late spring and summer, but 12–15 μm in au-
tumn. In fava bean, they were 13–15 μm in spring and autumn, but 
11–12 μm in winter. The results in Figure 1 were obtained in spring 
and summer. The results in Figure 6a (Arabidopsis) and Figure 6c 
(fava bean) were obtained in winter, and those in Figure 6b (com-
melina) were obtained in autumn.
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2.3 | ROS detection in guard cells

Reactive oxygen species were detected as described previously (Joudoi 
et al., 2013). Briefly, epidermal strips were incubated in opening medium 

for 3 hr in the light (50 μmol m−2 s−1) and then transferred to opening 
medium containing 10 μM ABA and incubated for 5 min in the light. 
During treatment, epidermal strips were kept at 23°C. Epidermal strips 
treated with 10 μM H2DCFDA for 20 min in the dark were observed 

FIGURE 1 Photosynthetic inhibitors reduce abscisic acid (ABA)- induced stomatal closure. (A) Effect of DCMU on ABA- induced stomatal closure 
in Arabidopsis. (B) Effect of DBMIB on ABA- induced stomatal closure in Arabidopsis. (C) Effect of DCMU on ABA- induced stomatal closure in 
commelina. (D) Effect of DBMIB on ABA- induced stomatal closure in commelina. (E) Effect of DCMU on ABA- induced stomatal closure in fava 
bean. (F) Effect of DBMIB on ABA- induced stomatal closure in fava bean. Epidermal strips containing preopened guard cells were pretreated with 
10 μM DCMU or 0.2 μM DBMIB for 20 min and then incubated with 10 μM ABA and/or H2O2 for 2 hr. Experiments were conducted at 23°C in 
the light (50 μmol m−2 s−1). Error bars represent standard error of the mean (n = 100). Different letters indicate significant differences at p < 0.01
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with a fluorescence microscope (excitation, 465–495 nm; emission, 
515–555 nm; 10 × /0.30 or 20 × /0.50 numerical aperture air objective; 
Eclipse E600; Nikon Corp., Tokyo, Japan) equipped with a CCD camera 
(DS- Fi1; Nikon Corp.). At least 30 guard cells were evaluated. Data are 
presented as average values from at least three independent experi-
ments. The statistical significance between two groups was determined 
by Student's t test. For subcellular localization of ROS, fluorescence was 
observed using a confocal laser scanning microscope (EZ- C1; Nikon 
Corp.) with the following settings: 20 × /0.75 or 40 × /0.95 numerical 
aperture air objective; excitation, 488 nm; emission, 515/30 nm for 
fluorescence derived from H2DCFDA, and 605/75 nm for chlorophyll 
autofluorescence.

2.4 | Accession numbers

Arabidopsis Genome Initiative locus identifiers for the genes men-
tioned in this article are as follows: atrboh D, AT5G47910; atrboh F, 
AT1G64060.

3  | RESULTS

3.1 | PET is involved in ABA- induced stomatal 
closure

To assess the possibility that PET is involved in ABA- induced stomatal 
closure, we treated strips of Arabidopsis epidermis with the PET inhibi-
tors DCMU and DBMIB. At a concentration of 10 μM, DCMU alone had 
no effect on the stomatal aperture (Figure S1a). DBMIB was previously 
reported to trigger stomatal closure at 14 μM (Wang et al., 2016). We 
examined the effect of lower DBMIB concentrations on stomatal move-
ment and found that although DBMIB- induced stomatal closure at con-
centrations above 0.5 μM, it did not at 0.2 μM (Figure S1b). On the basis 
of these results, we selected 10 μM DCMU and 0.2 μM DBMIB for use 

in further studies. When DCMU and ABA were simultaneously added 
to the assay medium, DCMU had no effect on ABA- induced stomatal 
closure (Figure S3). However, when the epidermal strips were pretreated 
with DCMU for 20 min, ABA- induced stomatal closure in Arabidopsis 
was eliminated (Figure 1a). When hydrogen peroxide was applied in 
combination with ABA and DCMU, the stomata closed. DBMIB pre-
treatment also inhibited ABA- induced stomatal closure in Arabidopsis, 
but H2O2 eliminated this inhibition (Figure 1b). Similar results were ob-
served in commelina (Commelina benghalensis; Figure S2a; Figure 1c,d) 
and fava bean (Figure S2b, Figure 1e,f). These results indicate that PET 
contributes to ABA- induced stomatal closure in these three species.

3.2 | ABA- induced ROS generation depends on PET

We used 2, 7- dichlorofluorescin diacetate (H2DCFDA) to detect ROS 
generation in guard cells. We previously reported that guard cell ROS 
concentrations peaked 3–5 min after the initiation of ABA treatment, 
then gradually decreased (Joudoi et al., 2013). Therefore, in this study, 
we monitored ROS generation in guard cells treated with ABA for 
5 min. We next studied the effect of pinhole size on confocal micro-
graphs (Figure S4). The images show the same guard cell taken with a 
pinhole of 30, 60, and 100 μm. The other conditions were the same 
among the three different micrographs. When the pinhole size of the 
excitation laser beam in the confocal laser scanning microscope was 
small (30 μm), the results showed that H2O2 localized in the chloro-
plast (Figure S4a), but the large pinhole size (60 and 100 μm) showed 
H2O2 in the chloroplasts and cytoplasm (Figure S4b,c). The large 
pinhole created a low- resolution micrograph, and we could not dis-
tinguish between the fluorescence in the chloroplast and that in the 
other cellular compartments. The small pinhole gave a high- resolution 
micrograph that showed that ROS accumulated in the chloroplasts. 
On the basis of these results, we used micrographs taken with a 30 μm 
pinhole. We used epidermal strips to detect ROS generation. The 

F IGURE  2 Abscisic acid (ABA)- induced 
reactive oxygen species were localized at 
guard cell chloroplasts. (a) Arabidopsis. 
(b) commelina. (c) fava bean. Confocal 
micrographs of guard cells treated 
with 10 μM ABA for 5 min. Reactive 
oxygen species and chloroplasts were 
visualized by H2DCFDA fluorescence 
and chlorophyll autofluorescence, 
respectively. Experiments were conducted 
at 23°C in the light (50 μmol m−2 s−1). 
Bars = 10 μm for a, and 20 μm for b and c

info:ddbj-embl-genbank/AT5G47910
info:ddbj-embl-genbank/AT1G64060
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epidermal strips might be injured by peeling and the mechanical injury 
might cause NADPH oxidase dependent ROS generation in apoplast 
(Miller et al., 2009). Assuming that mechanical injury elicit ROS, ROS 
will be observed in apoplast. However, ROS were not observed in the 
apoplast (Figure 2), indicating that we can neglect ROS induced by me-
chanical injury in our experimental condition.

Intense H2DCFDA fluorescence signals were located at chloro-
plasts in guard cells of Arabidopsis, commelina, and fava bean but were 
hardly observed in cytoplasm and the plasma membrane (Figure 2a–c; 
Figure S5). ABA induced a 250 to 280% increase in ROS generation in 
the light, but it did not increase ROS generation in the dark (Figure 3a), 
indicating that light is required for ABA- induced ROS generation in 
guard cells. To examine the possibility that PET is involved in ROS 
generation in guard cells, we used the PET inhibitors DCMU and 
DBMIB, which abolished the increase in ABA- induced ROS generation 
(Figure 3a,b). These results show that PET is involved in ABA- induced 
ROS generation in guard cells.

3.3 | PET functions in concert with NADPH oxidase

To examine the role of NADPH oxidase in generating ROS in guard 
cell chloroplasts, we used the NADPH oxidase inhibitor DPI and the 
NADPH oxidase- lacking mutant atrboh D/F. The production of ROS 
from chloroplasts was not abolished by DPI in Arabidopsis (Figure 4a), 
commelina (Figure 4b), or fava bean (Figure 4c). In addition, ABA- 
induced ROS generation was observed in guard cell chloroplasts of 
the NADPH oxidase- lacking mutant (Figure 5).

In epidermal strips treated with DPI, we observed that DPI partially 
inhibited ABA- induced stomatal closure in Arabidopsis and fava bean 

(Figure 6a,c), consistent with previous results (Kwak et al., 2003; Zhang 
et al., 2001). In commelina, similar results were observed (Figure 6b). 
However, when the epidermal strips were treated with both the NADPH 
oxidase inhibitor DPI and the PET inhibitors DCMU and DBMIB, ABA- 
induced stomatal closure was fully abolished in Arabidopsis (Figure 6a,b), 
commelina (Figure 6c,d), and fava bean (Figure 6e,f). We also examined 
whether PET inhibitors affected ABA- induced stomatal closure in the 
NADPH oxidase mutant atrboh D/F (Figure 7). ABA treatment induced 
partial closure of stomata in this mutant, consistent with previous results 
(Kwak et al., 2003), but this closure was fully abolished in the presence 
of DCMU and DBMIB. These results indicate that both PET and NADPH 
oxidase contribute to ABA- induced stomatal closure.

4  | DISCUSSION

The role of guard cell photosynthesis in ABA signaling remains 
widely debated, mainly because of contradictory evidence from 
different experiments in different laboratories using different spe-
cies (Santelia & Lawson, 2016). Some laboratories have shown that 
guard cell photosynthesis is important in ABA- induced ROS genera-
tion and stomatal closure (Leshem et al., 2010; Watkins et al., 2017; 
Zhang et al., 2001). However, others have concluded that it has 
no function in ABA- induced ROS generation and stomatal closure 
(Azoulay- Shemer et al., 2015; Roelfsema et al., 2006; Wang et al., 
2016). In this report, we provide evidence that guard cell PET medi-
ates ABA- induced stomatal closure in three phylogenetically distant 
species: Arabidopsis (Cruciferae, dicot), commelina (Commelinaceae, 
monocot), and fava bean (Leguminosae, dicot). The PET inhibitors 

F IGURE  3 Photosynthetic inhibitors eliminated abscisic acid (ABA)- induced generation of reactive oxygen species. (a) Effect of DCMU 
and light on ABA- induced generation of reactive oxygen species in Arabidopsis guard cells. (b) Effect of DBMIB on ABA- induced generation 
of reactive oxygen species in Arabidopsis guard cells. Epidermal strips containing preopened guard cells were pretreated with 10 μM 
DCMU or 0.2 μM DBMIB for 20 min and then incubated with 10 μM ABA for 5 min. Experiments were conducted at 23°C in the light 
(50 μmol m−2 s−1). Fluorescence intensity per guard cell was expressed as the ratio of treated cells to untreated cells. Error bars represent 
standard error of the mean (n = 3). Double asterisks (**) indicate a significant difference (p < 0.01) compared with values for untreated cells
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DCMU and DBMIB suppressed ABA- induced stomatal closure in 
Arabidopsis (Figure 1a,b), commelina (Figure 1c,d), and fava bean 
(Figure 1e,f), indicating that guard cell PET mediates ABA- induced 
stomatal closure.

In contrast to these results, Wang et al. (2016) reported 
that DCMU did not affect ABA- induced stomatal closure in 
Arabidopsis. While we used epidermal strips, they used leaves and 
added DCMU and ABA to the assay medium simultaneously. When 
we used leaves and added DCMU and ABA at the same time, we 
obtained similar results to theirs: DCMU failed to inhibit ABA- 
induced stomatal closure (Figure S6). Intact leaves usually require 
pretreatment with DCMU for several hours to inhibit photosyn-
thesis, perhaps because DCMU does not penetrate to the chloro-
plasts of intact leaves during a short period (e.g., Basra, Dhawan, 
& Goyal, 2002; Tóth, Schansker, & Strasser, 2005). To avoid the 
possibility of DCMU not reaching the guard cell chloroplasts, 
we used epidermal strips pretreated with DCMU. We found that 
when epidermal strips were treated with DCMU and ABA simul-
taneously, DCMU did not affect ABA- induced stomatal closure 
(Figure S3). However, when epidermal tissue was pretreated with 
DCMU for 20 min, DCMU inhibited ABA- induced stomatal closure 
(Figure 1). The effect of DBMIB on ABA- induced stomatal closure 

has remained unknown due to technical restrictions: DBMIB 
(14 μM) alone was reported to directly induce stomatal closure in 
isolated epidermis, which prevented it from being used to explore 
the effects on ABA- induced stomatal closure (Wang et al., 2016). 
Here, we also found that DBMIB alone induced stomatal closure 
at concentrations higher than 0.5 μM (Figure S1b). To overcome 
this technical restriction, we used low concentrations of DBMIB. 
At 0.2 μM, DBMIB alone did not affect stomatal aperture under 
normal conditions (Figure S1b) but did inhibit ABA- induced stoma-
tal closure (Figure 1). Thus, the differences between the effects of 
PET inhibitors may be attributed to the experimental conditions 
employed by the two groups.

We further showed that short- term ABA treatment induced ROS 
production in the guard cell chloroplasts of Arabidopsis (Figure 2a), 
commelina (Figure 2b), and fava bean (Figure 2c; Figure S5). 
Furthermore, both DCMU and DBMIB abolished ABA- induced ROS 
generation in guard cells (Figure 3), indicating that ABA- induced 
ROS generation was mediated by guard cell PET. Three major sites 
of ROS generation in PET have been reported: (a) the triplet P680 
of PSII that reacts with ground state oxygen to form singlet oxy-
gen (Roh, Shingles, Cleveland, & Mccarty, 1998; Triantaphylides 
et al., 2008); (b) the reduced plastoquinone (PQ) pool that reduces 

F IGURE  4 Abscisic acid (ABA)- 
induced reactive oxygen species at guard 
cell chloroplasts was not eliminated by 
NADPH oxidase inhibitor. (a) Arabidopsis. 
(b) commelina. (c) fava bean. Confocal 
micrographs of guard cells treated 
with 10 μM ABA for 5 min. Reactive 
oxygen species and chloroplasts were 
visualized by H2DCFDA fluorescence 
and autofluorescence of chlorophyll, 
respectively. Epidermal strips containing 
preopened guard cells were pretreated 
with NADPH oxidase inhibitor (10 μM 
diphenyleneiodonium) for 20 min and 
then incubated with 10 μM ABA for 5 min. 
Experiments were conducted at 23°C in 
the light (50 μmol m−2 s−1). Bars = 10 μm 
for a, and 20 μm for b and c

F IGURE  5 Abscisic acid (ABA)- induced reactive oxygen species were localized at guard cell chloroplasts of the NADPH oxidase mutant 
atrboh D/F. Confocal micrographs of guard cell treated with 10 μM ABA for 5 min. Reactive oxygen species and chloroplasts were visualized 
by H2DCFDA fluorescence and autofluorescence of chlorophyll, respectively. Bar = 10 μm
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FIGURE 6 Photosynthetic inhibitors further reduced abscisic acid (ABA)- induced stomatal closure in epidermal strips treated with NADPH 
oxidase inhibitor. (A) Effect of DCMU on ABA- induced stomatal closure in NADPH oxidase inhibitor (diphenyleneiodonium, DPI)- treated strips 
of Arabidopsis epidermis. (B) Effect of DBMIB on ABA- induced stomatal closure in DPI- treated strips of Arabidopsis epidermis. (C) Effect of 
DCMU on ABA- induced stomatal closure in DPI- treated strips of commelina epidermis. (D) Effect of DBMIB on ABA- induced stomatal closure in 
DPI- treated strips of commelina epidermis. (E) Effect of DCMU on ABA- induced stomatal closure in DPI- treated strips of fava bean epidermis. (F) 
Effect of DBMIB on ABA- induced stomatal closure in DPI- treated strips of fava bean epidermis. Epidermal strips containing preopened guard cells 
were pretreated with 10 μM DCMU, 0.2 μM DBMIB and/or 10 μM DPI for 20 min and then incubated with 10 μM ABA for 2 hr. Experiments were 
conducted at 23°C in the light (50 μmol m−2 s−1). Error bars represent standard error of the mean (n = 100). Different letters indicate significant 
differences at p < 0.01
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molecular oxygen to superoxide anions, which are in turn converted 
to H2O2 by a disproportionation reaction (Ivanov, Mubarakshina, & 
Khorobrykh, 2007; Mubarakshina, Khorobrykh, & Ivanov, 2006); 
and (c) the electron acceptors of PSI that direct electrons to molecu-
lar oxygen and generate superoxide anions and H2O2 (Asada, 1999). 
It was reported that Ca2+ affects the redox state of the PQ pool in 
guard cell, resulting in ROS generation, whereas ABA does not af-
fect the redox state of the PQ pool (Wang et al., 2016). Apparently, 
ABA- induced ROS are generated from a site other than the reduced 
PQ pool. DCMU blocks electron transfer from QA to PQ, resulting in 
the oxidation of the PQ pool, whereas DBMIB blocks PET at the PQ 
oxidation site in the cytochrome b6f complex, resulting in reduction 
in the PQ pool. Using these inhibitors, we can distinguish between 
the sites of ROS generation in ABA- treated guard cell chloroplasts: 
(a) when both DCMU and DBMIB promote ROS generation, the site 
is PSII; (b) when DCMU abolishes ROS generation and DBMIB elicits 
it, the site is the reduced PQ pool; and (c) when both DCMU and 
DBMIB suppress ROS generation, the site is PSI. Our results show 
that both 10 μM DCMU and 0.2 μM DBMIB abolished ABA- induced 
ROS generation in guard cells (Figure 3a.b), indicating that ABA- 
induced ROS are derived from PSI.

We conclude that PET mediates ABA- induced stomatal closure 
in three phylogenetically distant species: Arabidopsis (Cruciferae, 
dicot), commelina (Commelinaceae, monocot), and fava bean 
(Leguminosae, dicot).

4.1 | PET functions in parallel with NADPH oxidase 
in ABA- induced stomatal closure

NADPH oxidase is believed to be the main ROS generator in ABA 
guard cell signaling. Plant NADPH oxidase has six transmem-
brane domains that oxidize cytoplasmic NADPH, translocate 
electrons across the plasma membrane, and reduce extracellular 
ambient oxygen to yield superoxide anion in the apoplast (Suzuki 
et al., 2011). The superoxide anion is rapidly converted to H2O2 
that is transported into the cytoplasm via aquaporin (Bienert, 
Schjoerring, & Jahn, 2006). Assuming that membrane- bound 
NADPH oxidase is the main ROS producer, ROS will be observed 
first in the apoplast and subsequently in cytoplasm. However, we 
observed the ROS in the chloroplast but not in the apoplast or 
cytoplasm in three different species. These observations provide 
information that the chloroplast is the main site producing ROS, 
indicating that NADPH oxidase was not main ROS generator in 
ABA guard cell signaling.

Nevertheless, these results do not ruled out the possibility 
that NADPH oxidase also play a role. This raises the question as to 
how PET and NADPH oxidase function together in ABA- induced 
stomatal closure. The NADPH oxidase inhibitor DPI partly in-
hibited ABA- induced stomatal closure in Arabidopsis, comme-
lina, and fava bean (Figure 6). ABA- induced stomatal closure was 
still observed in the NADPH oxidase- lacking mutant atrboh D/F 
(Figure 7), consistent with the report by Kwak et al. (2003). The 
PET inhibitors DCMU and DBMIB further inhibited ABA- induced 

stomatal closure in atrboh D/F (Figure 7). These two inhibitors 
also inhibited ABA- induced stomatal closure in epidermal strips 
treated with DPI in wild- type Arabidopsis, commelina, and fava 
bean (Figure 6). Our results thus indicate the existence of two 
separate branches, involving PET and NADPH oxidase pathways, 
which both contribute to stomatal closure. The next question is, 
what is the role of PET and NADPH oxidase in ABA- induced ROS 
generation? Zhang et al. (2001) showed that ABA induces ROS 
accumulation in guard cell chloroplasts significantly earlier than 
in other regions of guard cells in fava bean. The NADPH oxidase 
inhibitor DPI partly abolishes ABA- induced ROS production but 
does not inhibit the production of ROS in chloroplasts of fava 
bean. We showed that DPI did not eliminate ROS generation in 
the guard cell chloroplasts in Arabidopsis, commelina, or fava 
bean (Figure 4). In the NADPH oxidase- lacking Arabidopsis mu-
tant atrboh D/F, ROS generation was still observed in guard cell 
chloroplasts (Figure 5), indicating that NADPH oxidase do not 
function upstream of PET in ABA- induced ROS generation. We 
conclude that both PET and NADPH oxidase contribute to ABA- 
induced ROS generation, which leads to stomatal closure (Figure 
S7). The mechanism by which ABA elicits photosynthetic ROS 
generation in guard cells and the interaction between PET and 
NADPH oxidase require further study.
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