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Drought is responsible for a massive reduction in crop yields.
In response to drought, plants synthesize the hormone ABA,
which induces stomatal closure, thus reducing water loss. In
guard cells, ABA triggers production of reactive oxygen spe-
cies (ROS), which is mediated by NAD(P)H oxidases. The
production of ROS is a key factor for ABA-induced stomatal
closure, but it remains to be clarified how the production of
ROS is transduced into downstream signaling components in
guard cells. We investigated roles of reactive carbonyl species
(RCS) in ABA-induced stomatal closure using transgenic
tobacco (Nicotiana tabacum) overexpressing Arabidopsis
2-alkenal reductase (AER-OE), which scavenges RCS. ABA
and hydrogen peroxide (H2O2) induced accumulation of
RCS including acrolein and 4-hydroxy-(E)-2-nonenal in
wild-type tobacco but not in AER-OE. Stomatal closure and
RCS accumulation in response to ABA and H2O2 were in-
hibited in AER-OE unlike in the wild type, while ABA-induced
H2O2 production in guard cells was observed in AER-OE as well
as in the wild type. Moreover, ABA inhibited inward-rectifying
K+ channels in wild-type guard cells but not in AER-OE guard
cells. These results suggest that RCS is involved in ABA-
induced stomatal closure and functions downstream of
H2O2 production in the ABA signaling pathway in guard cells.

Keywords: ABA � Reactive carbonyl species � Reactive
oxygen species � Stomatal closure.

Abbreviations: AER, alkenal reductase; DNP, dinitrophenyl-
hydrazone; DNPH, 2,4-dinitrophenylhydrazine; DPI, dipheny-
lene iodonium chloride; FDA, fluorescein diacetate; GCP,
guard cell protoplast; GSH, glutathione; H2DCF-DA, 2’,7’-
dichlorodihydrofluorescein diacetate; HHE, 4-hydroxy-(E)-2-
hexenal; HNE, 4-hydroxy-(E)-2-nonenal; K +

in channels;
inward-rectifying K+ channels, RCS, reactive carbonyl species;
ROS, reactive oxygen species; WT, wild type.

Introduction

Stomata, formed by pairs of guard cells, play a critical role in
regulation of CO2 uptake and transpirational water loss, and

protection from invasion by microorganisms (Schroeder et al.
2001, Melotto et al. 2008). Guard cells respond to a variety of
abiotic and biotic stresses (Shimazaki et al. 2007, Murata et al.
2015, Ye et al. 2015). ABA induces stomatal closure to suppress
water loss in plants subjected to drought stress (Assmann and
Shimazaki 1999, Schroeder et al. 2001). Hence, disruption of the
ABA synthesis pathway or the ABA signaling pathway causes
malfunction of stomatal movements, which threatens the sur-
vival of plants under drought stress (Nambara and Marion-Poll
2005, Cutler et al. 2010, Hubbard et al. 2010).

ABA-induced stomatal closure is accompanied by produc-
tion of reactive oxygen species (ROS) in guard cells (Pei et al.
2000, Murata et al. 2001, Uraji et al. 2012). ABA-induced ROS
production is mediated by the plasma membrane NAD(P)H
oxidases AtrbohD and AtrbohF in Arabidopsis thaliana (Kwak
et al. 2003). ABA-induced stomatal closure is also accompanied
by depletion of glutathione (GSH) in Arabidopsis guard cells
(Akter et al. 2012). Moreover, ABA and H2O2 suppress plasma
membrane inward-rectifying K+ channels (K +

in channels) in
guard cells, which is favorable for stomatal closure (Zhang et
al. 2001, Yin et al. 2013). However, although it is well known that
ROS mediate ABA signaling in guard cells (Pei et al. 2000, Kwak
et al. 2003), the mechanism by which the production of ROS is
transduced into downstream signal components in guard cells
remains to be clarified.

A variety of stresses induce production of ROS in plants, and
the accumulating ROS oxidize lipids, especially polyunsaturated
fatty acids. Oxidized lipids decompose spontaneously or are
degraded by enzymes to form reactive compounds including
aldehydes, ketones and hydroxyl acids (Mueller 2004, Mosblech
et al. 2009, Mano 2012). Aldehydes and ketones containing
a,b-unsaturated carbonyl structure are termed as reactive car-
bonyl species (RCS). Accumulated RCS impair growth of plants
because RCS are toxic to plants (Mano 2012). Alkenal reductase
(AER), aldehyde dehydrogenase (ALDH), aldo-keto reductase
(AKR) and aldehyde reductase (ALR) detoxify RCS
(Oberschall et al 2000, Mano et al. 2002, Stiti et al. 2011,
Yamauchi et al. 2011) and the overexpression of AER, ALDH,
AKR and ALR improves stress tolerance in plants (Oberschall
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et al. 2000, Mano et al. 2005, Papdi et al. 2008, Huang et al. 2008,
Yin et al. 2010, Turóczy et al. 2011).

RCS function downstream of ROS in NF-kB-induced inflam-
matory response in animal cells (Yadav and Ramana 2013) and
in aluminum-induced root injury response in tobacco plants
(Yin et al. 2010). RCS deplete GSH through conjugation in the
tobacco hypersensitive response (Davoine et al. 2006). Very
recently, Biswas and Mano (2015) showed that RCS act as trig-
gers in the H2O2-induced and NaCl-induced programmed cell
death in plants. The action of RCS is accounted for by the
activation of caspase-like proteases (Biswas and Mano 2016).
These results clearly demonstrate that RCS, downstream prod-
ucts of ROS, play a role as signaling agents.

In this study, we tested whether or not RCS function down-
stream of ROS production in guard cell ABA signaling. We
examined stomatal movements, production of H2O2 and RCS
in guard cells, and plasma membrane K +

in channel activities in
guard cells, and assessed transpirational water loss and drought
tolerance using transgenic tobacco (Nicotiana tabacum) plants
overexpressing A. thaliana AER in order to scavenge RCS. Both
ABA and H2O2 induced RCS production and stomatal closure,
and RCS induced stomatal closure, which is accompanied by
inactivation of K +

in channels. Based on these results, we provide
a new model of the ABA signaling pathway in guard cells.

Results

ABA-induced stomatal closure in AER-OE

To determine whether RCS mediate ABA-induced stomatal
closure, we analyzed stomatal responses to ABA in transgenic
tobacco (N. tabacum) plants overexpressing A. thaliana AER
(At5g16970) (AER-OE plants; Mano et al. 2005). AER catalyzes
the reduction of 2-alkenal to n-alkanal, to decrease the reactiv-
ity of the former by 10-fold (Mano et al. 2002). Application of
1 and 10 mM ABA to epidermal tissues of wild-type (WT) plant
leaves induced stomatal closure (P< 0.002 at 1 mM, P< 10�3 at
10mM) (Fig. 1). ABA-induced stomatal closure was impaired in

three AER-OE plants, P1#11 (P = 0.10 at 1 mM, P = 0.07 at
10mM), P1#14 (P = 0.13 at 1mM, P = 0.08 at 10mM) and
P1#18 (P = 0.17 at 1 mM, P = 0.13 at 10 mM) (Fig. 1).
Impairment of the ABA-induced stomatal closure by AER sug-
gests that RCS mediates the ABA signal for stomatal closure.

AER activities

We measured AER activities in epidermal tissues of the WT and
the AER-OE plant, P1#18. AER activities of P1#18 were higher
than those of the WT not only when plants were untreated
with ABA or H2O2 but also when treated with ABA and H2O2

(Fig. 2). These results suggest that RCS levels in AER-OE plants
are lower than those in the WT.

ABA- and H2O2-induced production of RCS

To clarify that RCS are produced downstream of H2O2 produc-
tion in guard cell ABA signaling, we quantified RCS production in
epidermal tissues of tobacco leaves treated with ABA and H2O2

for 30 min using reverse-phase HPLC after derivatization with
2,4-dinitrophenylhydrazine (DNPH). Typical chromatograms
for the epidermal tissues treated with ABA and H2O2 are
shown in Fig. 3A. Treatment with either 50mM ABA or 1 mM
H2O2 significantly increased the contents of acrolein (Fig. 3A, B)
and 4-hydroxy-(E)-2-nonenal (HNE) (Fig. 3A, C) in epidermal
tissues of the WT. The increase in acrolein in response to both
ABA and H2O2 was 1 mol g FW�1 and that of HNE was 4 nmol g
FW�1. ABA and H2O2 also significantly increased the contents of
4-hydroxy-(E)-2-hexenal (HHE), (E)-2-pentenal, (E)-2-heptenal,
(Z)-3-hexenal, formaldehyde, acetaldehyde, propionaldehyde,
n-hexanal, n-heptanal and acetone in epidermal tissues of the
WT (Figs. 3A, 4). These results indicate that ABA and H2O2

induce RCS production in epidermal tissues of leaves. The incre-
ment in concentrations of acrolein and HNE in epidermal tissues
treated with ABA and H2O2 are evaluated at approximately 1
and 4mM, respectively, assuming that 1 g of fresh weight is
equivalent to 1 ml. These values are average concentrations in
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Fig. 2 AER activities in leaves of the wild-type (WT) and the AER-OE
plant P1#18. Epidermal tissues of the WT and P1#18 were treated with
ABA and H2O2. Proteins were extracted from epidermal tissues and
AER activity in the extract was determined as described in the
Materials and Methods. Averages from three independent experi-
ments are shown. Error bars represent the SEM. An asterisk denotes
a significant difference (P < 0.05).
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Fig. 1 ABA-induced stomatal closure in tobacco. ABA-induced sto-
matal closure in wild-type (WT) and AER-OE plants P1#11, P1#14 and
P1#18. Excised leaves were treated with ABA for 2 h. Averages from
three independent experiments (60 total stomata per bar) are shown.
Error bars represent the SEM. An asterisk denotes a significant differ-
ence (P < 0.05).

2553

Plant Cell Physiol. 57(12): 2552–2563 (2016) doi:10.1093/pcp/pcw166

D
ow

nloaded from
 https://academ

ic.oup.com
/pcp/article/57/12/2552/2681741 by guest on 09 April 2024

Deleted Text: ; 
Deleted Text: ; 
Deleted Text: et al
Deleted Text: ; 
Deleted Text: ; 
Deleted Text: ; 
Deleted Text: s
Deleted Text: K
Deleted Text: s
Deleted Text:  or not
Deleted Text: .
Deleted Text: s
Deleted Text: <italic>Nicotiana</italic> 
Deleted Text: 10 
Deleted Text:  &mu;M
Deleted Text: 10 
Deleted Text: 1 
Deleted Text: 10 
Deleted Text: 1 
Deleted Text: 10 
Deleted Text: 1 
Deleted Text: 10 
Deleted Text: ,
Deleted Text: 1 
Deleted Text: 10 
Deleted Text: .
Deleted Text:  When WT and P1#18 were untreated with ABA or H<sub>2</sub>O<sub>2</sub>, AER activities of P1#18 were higher than those of WT (Fig. 2). In WT, AER activities were not changed by treatment with ABA or H<sub>2</sub>O<sub>2</sub> but in P1#18, AER activities were increased by treatment with ABA and H<sub>2</sub>O<sub>2</sub> (Fig. 2).
Deleted Text: Induced 
Deleted Text: Production 
Deleted Text: .
Deleted Text: is 
Deleted Text: 0&thinsp;min 
Deleted Text: a 
Deleted Text: 50 
Deleted Text: 1&thinsp;mM 
Deleted Text: of 
Deleted Text:  n
Deleted Text: /
Deleted Text: 4 
Deleted Text: /
Deleted Text: of 
Deleted Text:  &mu;M
Deleted Text: 4 
Deleted Text:  
Deleted Text:  
Deleted Text: mL


P1#11-H2O2

P1#14-Control
P1#14-ABA

m
n

0
4

3
t

a
e

c
n

a
br

o
s

b
A

Retention time (min)

P1#14-Control
P1#14-H2O2

0      4  8 12       16      20   24 28    

e
d

y
h

e
dl

a
mr

o
F

H
H

E ni
el

or
c

A

(E
)-2

-p
e
n
te

n
a
l

H
N

E
(Z

)-3
- h

e
x
e
n
a
l

n
-h

e
x
a
n
a
l

(E
) -2

-h
e
p
te

n
a
l

dr
a

d
n

at
s

l
a

nr
et

nI

e
d

y
h

e
dl

at
e

c
A

e
d

y
h

e
d l

a
n

oi
p

or
P

n
-h

e
p
ta

n
a
l

WT-Control
WT-ABA

A
c
e
to

n
e

0.00

0.02

0.03

0.04

0.05

0.01

-0.01

WT-H2O2

P1#11-Control
P1#11-ABA

0.00

0.02

0.03

0.04

0.05

0.01

0.00

0.03

0.04

0.05

0.01

0.02

-0.01

0.00

0.03

0.04

0.05

0.01

0.02

-0.01

0.00

0.03

0.04

0.05

0.01

0.02

-0.01

0.00

0.03

0.04

0.05

0.01

0.02

e
d

y
h

e
dl

a
mr

o
F

H
H

E

A
c
ro

le
in

(E
)-2

-p
e
n
te

n
a
l

H
N

E
(Z

)- 3
-h

e
x
e
n
a
l

n
-h

e
x
a
n
a
l

(E
)- 2

- h
e
p
te

n
a
l

dr
a

d
n

at
s

l
a

nr
et

nI

e
d

y
h

e
dl

at
e

c
A

e
d

y
h

e
dl

a
n

o i
p

or
P

n
-h

e
p
ta

n
a
l

e
n

ot
e

c
A

WT-Control

e
d

y
h

e
dl

a
mr

o
F

H
H

E

A
c
ro

le
in

(E
)- 2

- p
e
n
te

n
a
l

H
N

E
(Z

) -3
-h

e
x
e
n
a
l

n
-h

e
x
a
n
a
l

(E
)-2

-h
e
p
te

n
a
l

dr
a

d
n

at
s

l
a

nr
et

nI

e
d

y
h

e
dl

at
e

c
A

e
d

y
h

e
d l

a
n

oi
p

o r
P

n
- h

e
p
ta

n
a
l

e
n

ot
e

c
A

e
d

y
h

e
dl

a
m r

o
F

H
H

E

A
c
ro

le
in

(E
)-2

-p
e
n
te

n
a
l

H
N

E
(Z

)-3
-h

e
x
e
n
a
l

n
-h

e
x
a
n
a
l

(E
)- 2

- h
e
p
te

n
a
l dr

a
d

n
a t

s
l

a
nr

e t
n I

e
d

y
h

e
d l

at
e

c
A

e
d

y
h

e
d l

a
n

oi
p

or
P

n
-h

e
p
ta

n
a
l

e
n

ot
e

c
A

e
d

y
h

e
dl

a
mr

o
F

H
H

E

A
c
ro

le
in

(E
) -2

-p
e
n
te

n
a
l

H
N

E
(Z

)-3
- h

e
x
e
n
a
l

n
-h

e
x
a
n
a
l

(E
) -2

-h
e
p
te

n
a
l

In
d r

a
d

n
at

s
l

a
nr

et

e
d

y
h

e
dl

at
e

c
A

e
d

y
h

e
dl

a
n

oi
p

or
P

n
- h

e
p
ta

n
a
l

e
n

ot
e

c
A

e
d

y
h

e
dl

a
mr

o
F

H
H

E

A
c
ro

le
in

(E
)-2

-p
e
n
te

n
a
l

H
N

E
(Z

) -3
-h

e
x
e
n
a
l

n
-h

e
x
a
n
a
l

(E
)-2

-h
e
p
te

n
a
l

dr
a

d
n

a t
s

l
a

nr
e t

nI

e
d

y
h

e
d l

at
e

c
A

e
d

y
h

e
d l

a
n

o i
p

or
P

n
-h

e
p
ta

n
a
l

e
n

ot
e

c
A

P1#11-Control

A

Fig. 3 Typical chromatograms for the epidermal tissues treated with or without ABA and H2O2 for 30 min. (A) Typical chromatograms of the
DNP derivatives of reactive carbonyl species extracted from control (black lines) and ABA- and H2O2-treated (red lines) epidermal tissues of wild-
type (WT) and AER-OE plants P1#11, P1#14 and P1#18. Identified reactive carbonyl species are labeled at the top of each peak. DNP derivatives of
reactive carbonyl species were detected at 340 nm. (B) Contents of acrolein in the epidermal tissues of the WT, P1#11, P1#14 and P1#18.
(C) Contents of HNE in the epidermal tissues of the WT, P1#11, P1#14 and P1#18. Error bars represent the SEM (n = 5). An asterisk denotes a
significant difference (P < 0.05).
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the epidermal tissues. The actual increase in the levels of these
aldehydes in guard cells should be>10mM because ABA induces
detectable ROS production only in guard cells but not in other
epidermal cells and because guard cells occupy <10% (v/v) of
the epidermal tissue used in this experiment.

We measured RCS contents in epidermal tissues from AER-
OE leaves. Neither ABA nor H2O2 significantly increased con-
tents of most species of RCS, such as acrolein and HNE, in
epidermal tissues from AER-OE leaves (P1#11, P1#14 and
P1#18) (Figs. 3, 4). These results support that RCS mediates
ABA-induced stomatal closure.

We also determined RCS contents in epidermal tissues of the
WT and the AER-OE plant, P1#18 treated with ABA for
5–120 min (Supplementary Figs. S1, S2). The contents of
RCS in epidermal tissues of the WT were elevated by ABA treat-
ment within 30 min and were kept substantially constant from
30 to 120 min (Supplementary Figs. S1, S2). In contrast to the
RCS levels in the WT, the RCS levels in P1#18 were not drastically
changed in response to ABA (Supplementary Figs. S1, S2).

RCS-induced stomatal closure in AER-OE plants

To clarify that RCS mediates ABA-induced stomatal closure, we
tested whether acrolein and HNE induce stomatal closure.
Application of acrolein at 10 and 100 mM induced stomatal
closure in the WT (P < 0.02 for 10 mM acrolein, P < 0.0008

for 100 mM acrolein), and HNE at 10 and 100 mM also induced
stomatal closure in the WT (P< 0.01 for 10mM HNE, P< 0.001
for 100 mM HNE) (Fig. 5A, B). Moreover, the acrolein- and the
HNE-induced stomatal closure was inhibited in AER-OE plants,
P1#11 (P = 0.07 for 10mM acrolein, P < 0.02 for 100 mM acro-
lein, P = 0.14 for 10 mM HNE, P < 0.03 for 100mM HNE), P1#14
(P = 0.08 for 10mM acrolein, P < 0.01 for 100 mM acrolein,
P = 0.16 for 10mM HNE, P < 0.03 for 100 mM HNE) and
P1#18 (P = 0.1 for 10mM acrolein, P< 0.03 for 100mM acrolein,
P = 0.15 for 10mM HNE, P< 0.04 for 100 mM HNE) (Fig. 5A, B).
These results also suggest that ABA induces stomatal closure
via RCS production.

Reversibility of RCS-induced stomatal closure

Because RCS at higher concentrations are toxic, there is a pos-
sibility that acrolein and HNE damaged guard cells irreversibly
and caused stomatal closure. If the stomatal closure by these
RCS is a physiological response that is observed upon ABA
application, the stomatal response has to be reversible.
Treatment with 100 mM acrolein and 100 mM HNE for 2 and
4 h induced stomatal closure, and stomatal apertures at 4 h
were slightly narrower than those at 2 h (Fig. 5C, D; filled
square). When the bathing solution supplemented with acro-
lein or HNE was replaced with the bathing solution without
acrolein or HNE, stomata significantly reopened in 2 h (P <

0
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Fig. 4 Content of reactive carbonyl species in the epidermal tissues of wild-type (WT) and AER-OE plants P1#11, P1#14 and P1#18 treated with
or without ABA and H2O2 for 30 min. Excised leaves of 5- to 7-week-old plants were blended for 25 s and epidermal tissues were collected and
floated on an assay solution containing 5 mM KCl, 50 mM CaCl2 and 10 mM MES-Tris, pH 6.15, for 2 h in the light followed by the addition of ABA
or H2O2. Error bars represent the SEM (n = 5). An asterisk denotes a significant difference (P < 0.05).
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0.008 for acrolein, P< 0.004 for HNE) (Fig. 5C, D; open square).
Thus acrolein and HNE induce reversible stomatal closure, sug-
gesting that RCS functions physiologically as a second messen-
ger in the ABA signaling pathway in guard cells.

Guard cell viability

We assessed the viability of WT guard cells using fluorescein dia-
cetate (FDA). Guard cells treated with acrolein or HNE at 100mM
for 2 h were stained with FDA for 5 min (Supplementary Fig. S3).
When untreated with acrolein or HNE (control), 57.7% guard cells
showed green fluorescence and when treated with acrolein and
HNE treatment, 50.9% (P = 0.18) and 49.5% (P = 0.13) guard cells
emitted fluorescence (Supplementary Fig. S3). These results in-
dicate that acrolein and HNE at up to 100mM do not significantly
affect the viability of guard cells. These results suggest that RCS
including acrolein and HNE at up to 100mM function as signaling
mediators without cytotoxicity.

ABA-induced H2O2 production in AER-OE guard
cells

We examined ABA-induced H2O2 production in tobacco AER-
OE guard cells using an H2O2-sensitive fluorescence dye, 2’,7’-
dichlorodihydrofluorescein diacetate (H2DCF-DA). Application
of 50 mM ABA induced H2O2 production in guard cells of WT (P
< 0.001) and the three AER-OE plants, P1#11 (P < 0.003),
P1#14 (P < 10�3) and P1#18 (P < 0.001) (Fig. 6A), indicating
that scavenging RCS by AER did not affect ABA-induced H2O2

production. Moreover, ABA- and H2O2-induced stomatal

closure was inhibited in the AER-OE plants (Figs. 1, 6B) and
H2O2 induced RCS production (Figs. 3, 4). Taken together,
these results suggest that RCS is generated downstream of
ROS production in the guard cell ABA signaling pathway.

To confirm that the RCS generation in guard cells depends on
the ROS production, we evaluated the effect of the NAD(P)H
oxidase inhibitor diphenylene iodonium chloride (DPI) on ABA-
induced RCS accumulation. Application of 25 and 50mM DPI
inhibited ABA-induced RCS accumulation in the WT (Fig. 7A)
but not stomatal closure induced by 100mM acrolein (Fig. 7B).
These results also suggest that RCS is generated downstream of
ROS production in the guard cell ABA signaling pathway.

Suppression of K +
in channel currents by ABA and

acrolein in guard cells

ABA suppresses K +
in channel currents in the guard cell plasma

membrane, which is favorable for stomatal closure (Saito et al.
2008, Uraji et al. 2012, Yin et al. 2013). Pre-treatment with
10mM ABA suppressed K +

in channel currents in WT guard
cell protoplasts (GCPs; P < 0.001 at �180 mV) (Fig. 8A, B)
but not in GCPs of the AER-OE plant P1#18 (P = 0. 15 at
�180 mV) (Fig. 8C, D). Application of 10 mM acrolein also sup-
pressed K +

in channel currents in WT GCPs (P < 0.05 at
�180 mV) (Fig. 8E, F) but not in P1#18 GCPs (P = 0.15 at
�180 mV) (Fig. 8G, H). Furthermore, H2O2 significantly inhib-
ited K +

in channel currents in WT GCPs (P < 0.05 at �180 mV)
(Supplementary Fig. S4) but not in P1#18 GCPs (P = 0.97 at
�180 mV) (Supplementary Fig. S4). These results suggest that

A B

C D

Fig. 5 Stomatal movement in response to acrolein and HNE. (A) Acrolein-induced stomatal closure in wild-type (WT) and AER-OE plants P1#11,
P1#14 and P1#18. Excised leaves were treated with acrolein for 2 h. (B) HNE-induced stomatal closure in the WT, P1#11, P1#14 and P1#18. Excised
leaves were treated with HNE for 2 h. (C) Stomatal movement in WT tobacco in the presence (filled square) or absence (open square) of 100 mM
acrolein for 2 h after 2 h pre-treatment with 100 mM acrolein. (D) Stomatal movement in the WT in the presence (filled square) or absence (open
square) of 100 mM HNE for 2 h after 2 h pre-treatment with 100mM HNE. Averages from three independent experiments are shown. Error bars
represent the SEM. An asterisk denotes a significant difference (P < 0.05).
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A B

Fig. 7 Effects of the NAD(P)H oxidase inhibitor diphenylene iodonium chloride (DPI) on ABA-induced RCS accumulation and acrolein-induced
stomatal closure. (A) Effect of DPI on ABA-induced RCS accumulation in the epidermal tissues of wild-type (WT) tobacco. Excised leaves of 5- to
7-week-old plants were blended for 25 s and epidermal tissues were collected and floated on an assay solution containing 5 mM KCl, 50 mM CaCl2
and 10 mM MES-Tris, pH 6.15, for 2 h in the light followed by the addition of ABA. Averages from three independent experiments are shown.
(B) Effect of DPI on stomatal closure induced by 100 mM acrolein in the epidermal tissues of WT tobacco. Excised leaves were treated with
acrolein for 2 h. Averages from three independent experiments (60 total stomata per bar) are shown. Error bars represent the SEM. An asterisk
denotes a significant difference (P < 0.05).
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Fig. 6 ABA-induced H2O2 production in guard cells of the wild type (WT) and AER-OE P1#11, P1#14 and P1#18. (A) Effects of 50 mM ABA on
H2O2 production in guard cells of the WT, P1#11, P1#14 and P1#18. The vertical scale represents the percentage of H2DCF-DA fluorescence when
the fluorescent intensities obtained from ABA-treated cells are normalized to the control value taken as 100% (white bars). Note that the control
values for guard cells of P1#11 (7.28 ± 0.44), P1#14 (7.09 ± 0.57) and P1#18 (6.80 ± 0.62) were not significantly different from that of WT guard
cells (6.99 ± 0.47). Bars indicate averages of three independent experiments (at least 60 guard cells). (B) H2O2-induced stomatal closure in the
WT, P1#11, P1#14 and P1#18. Averages from three independent experiments (60 total stomata per bar) are shown. Error bars represent the SEM.
An asterisk denotes a significant difference (P < 0.05).
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Fig. 8 ABA and acrolein inhibition of K +
in channel currents in GCPs of the wild-type (WT) and AER-OE P1#18. (A) K +

in channel currents in the
WT treated without (top trace) or with 10 mM ABA (bottom trace). (B) Steady-state current–voltage relationship for ABA inhibition of K +

in

channel currents in the WT as recorded in (A) (open circles, control; filled circles, ABA). (C) K +
in channel currents in P1#18 treated without (top

trace) or with 10 mM ABA (bottom trace). (D) Steady-state current–voltage relationship for ABA inhibition of K +
in channel currents in P1#18

GCPs as recorded in (C) (open circles, control; filled circles, ABA). (E) K +
in channel currents in the WT treated without (top trace) or with 10 mM

acrolein (bottom trace). (F) Steady-state current–voltage relationship for acrolein inhibition of K +
in channel currents in the WT as recorded in (E)

(open circles, control; filled circles, acrolein). (G) K +
in channel currents in P1#18 treated without (top trace) or with 10 mM acrolein (bottom

trace). (H) Steady-state current–voltage relationship for acrolein inhibition of K +
in channel currents in P1#18 as recorded in (G) (open circles,

control; filled circles, acrolein). The voltage protocol was stepped up from 0 to �180 mV in 20 mV decrements (holding potential, �40 mV).
GCPs were treated with ABA and acrolein for 2 h before recordings. Each datum point was obtained from at least four GCPs. Error bars represent
the SEM.
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RCS are involved in the downstream ABA signaling event, sup-
pression of K +

in channels, in guard cells.
We also tested the reversibility of acrolein inhibition of K +

in

channel currents in WT GCPs. Treatment with 10 mM acrolein
suppressed K +

in channel currents in WT GCPs (P < 0.05 at
�180 mV) (Supplementary Fig. S5). Replacement of the bath-
ing solution with acrolein with that without acrolein restored
amplitudes of K +

in channel currents to control levels (P < 0.05
at �180 mV) (Supplementary Fig. S5). These results also sug-
gest that RCS function physiologically as second messengers in
the ABA signaling pathway in guard cells.

Enhancement of transpirational water loss by
overexpression of AER

Stomatal closure suppresses transpirational water loss under
drought stress. We examined the response of AER-OE plants

to drought. Water loss in detached leaves of P1#18 was faster
than that in detached leaves of the WT (Fig. 9A). These results
show that drought stress-induced stomatal closure is mediated
by RCS.

We further examined whether acrolein inhibits water loss in
detached leaves of the WT and the AER-OE plant, P1#18.
Excised leaves of the WT and P1#18 were treated with
100 mM acrolein. Although application of 100 mM acrolein in-
hibited water loss in WT and P1#18 leaves, water loss in P1#18
was much faster than that in the WT (Fig. 9B).

Discussion

Lipid peroxides, the precursors of RCS, are formed via oxidation
of membrane lipids in the presence of an increased amount of
ROS. In guard cells, ABA activates NAD(P)H oxidases to gener-
ate the superoxide radical, which in its protonated form (HO2�)
can oxidize lipids. Alternatively, superoxide is converted to
H2O2 by superoxide dismutase, and forms the hydroxyl radical
(OH�), the most highly oxidizing ROS, via the metal ion- (such
as Fe2+) or peroxidase-catalyzed Fenton reaction. Hence, ABA
and ROS can induce RCS generation in guard cells and RCS are
likely to function as second messengers in the ABA signaling
pathway in guard cells.

On the other hand, lipid peroxides can be formed enzyma-
tically by lipoxygenases (LOXs), resulting in production of RCS.
It has been reported that knockout mutations of a LOX, LOX1,
impaired stomatal closure induced by a bacterial elicitor, flg22,
but not ABA in Arabidopsis (Montillet et al. 2013). These results
suggest that the enzymatic pathway does not contribute to RCS
production in guard cell ABA signaling. In the present study,
suppression of ROS production impaired RCS production in
ABA-treated guard cells (Fig. 7A), which suggests that RCS
production is mainly mediated by ROS in guard cell ABA
signaling.

RCS deplete GSH through conjugation in the tobacco hyper-
sensitive response (Davoine et al. 2006) and ABA-induced
stomatal closure is accompanied by depletion of GSH in
Arabidopsis guard cells (Akter et al. 2012). Hence, RCS
produced in response to ABA may deplete GSH through con-
jugation in guard cells. Moreover, the amounts of intracellular
GSH do not affect ABA-induced ROS production in Arabidopsis
guard cells (Akter et al. 2012), which is also in agreement with
the ABA signaling model that RCS functions downstream of
ROS production.

ABA and H2O2 suppress K +
in channel currents in the guard

cell plasma membrane, which is favorable for stomatal closure
(Zhang et al. 2001, Saito et al. 2008, Uraji et al. 2012, Yin et al.
2013). ABA induced H2O2 production in guard cells of the WT
and AER-OE (Fig. 6A), while ABA significantly increased the
contents of RCS in epidermal tissues of the WT but not in those
of AER-OE (Figs. 3, 4) and ABA suppressed guard cell K +

in chan-
nel currents in the WT GCPs but not in those of the AER-OE
plant P1#18 (Fig. 8). Moreover, acrolein also suppressed K +

in

channel currents in WT GCPs but not in P1#18 GCPs (Fig. 8).
These results suggest that RCS are involved in the downstream

A

B

Fig. 9 Overexpression of AER decreases drought tolerance. (A) Water
loss from detached leaves of wild-type (WT) and AER-OE plants
P1#11, P1#14 and P1#18. (B) Acrolein inhibition of water loss from
detached leaves of the WT and P1#18. The masses of detached leaves
were recorded over time to calculate the percentage water loss.
Averages from three independent experiments are shown. Error bars
represent the SEM. FW denotes Fresh weight.
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ABA signaling events such as suppression of K +
in channels. A

whole-cell patch-clamp study revealed that K +
in channel cur-

rent was inhibited by 100 mM acrolein in Arabidopsis GCPs and
a two-electrode voltage clamp study showed that an
Arabidopsis K +

in channel, KAT1, expressed in Xenopus leavis
oocytes, was also inhibited by 100 mM acrolein (Islam et al.
2015). These results suggest that K +

in channels are targets of
RCS in plants.

This study shows that RCS functions downstream of ROS
production in the ABA signaling cascade in guard cells, and
previous studies also show that RCS function downstream of
ROS in aluminum-induced root injury response in tobacco and
salt-induced programmed cell death (Yin et al. 2010, Biswas and
Mano 2015). Production of ROS is involved in responses to a
variety of abiotic and biotic stimuli in plants (Pei et al. 2000, Ye
et al. 2013, Hossain et al. 2014, Khokon et al. 2015). Hence,
physiological responses to the stimuli are expected to be
accompanied by RCS production.

In conclusion, RCS function as signal mediators downstream
of H2O2 production in the ABA signaling pathway in guard cells.

Materials and Methods

Plant materials and growth conditions

Three lines of transgenic tobacco (N. tabacum) overexpressing Arabidopsis (A.

thaliana) AER-OE plants (Mano et al. 2005; P1#11, P1#14 and P1#18), and WT

tobacco were grown on soil containing 70% (v/v) vermiculite (Asahi-kogyo) and

30% (v/v) Kureha soil (Kureha Chemical) in a growth chamber at 21 ± 2�C and

60% relative humidity with a 16 h light period with 80 mmol m�2 s�1 photon

flux density and 8 h of darkness. Water containing 0.1% Hyponex (Hyponex

Japan) was applied to the plant growth tray 2–3 times a week.

Measurement of stomatal aperture

Stomatal apertures were measured as described previously (Uraji et al. 2012).

Excised leaves of 5- to 7-week-old plants were floated on an assay solution

containing 5 mM KCl, 50 mM CaCl2 and 10 mM MES (pH 6.15 adjusted with

Tris). The leaves were incubated in the light for 2 h to open the stomata. Then

ABA (Sigma), H2O2 or acrolein (Tokyo Chemical Industry) or HNE (Enzo Life

Science) was added, and the leaves were kept in the light for 2 h before meas-

urement. The NAD(P)H oxidase inhibitor DPI (Sigma) was added 30 min prior

to acrolein application. For measurement of stomatal apertures, the leaves were

shredded in a commercial blender for 25 s, and epidermal tissues were collected

using nylon mesh.

Measurement of AER activities

Excised leaves of 5- to 7-week-old tobacco were blended for 25 s and epidermal

tissues were collected and floated on an assay solution containing 5 mM KCl,

50mM CaCl2 and 10 mM MES, pH 6.15 (adjusted with Tris), for 2 h in the light

followed by the addition of 50 mM ABA or 1 mM H2O2 for 2 h. Then, AER

activity was measured as described previously (Mano et al. 2005), with some

modification. Epidermal tissue was homogenized and extracted in 50 mM po-

tassium phosphate, pH 7.0, containing 10% (w/v) polyvinylpolypyrrolidone.

Homogenates were passed through a layer of Miracloth (Calbiochem), and

cell debris was pelleted by centrifugation at 8,000�g for 10 min. The super-

natant was desalted by passing it through a Sephadex G25 column equilibrated

with 50 mM potassium phosphate, pH 7.0. AER activity was assayed by the

oxidation rate of NADPH at 340 nm in a reaction mixture (1 ml) containing

50 mM MES, pH 6.0 (adjusted with NaOH), 0.1 mM NADPH and 0.1 mM elec-

tron acceptor (Mano et al. 2005). Protein was determined using Coomassie

Brilliant Blue protein assay solution (Nacalai Tesque) with bovine serum albu-

min as a standard.

Reactive carbonyl species identification and
quantification by HPLC

Excised leaves of 5- to 7-week-old tobacco were blended for 25 s and epidermal

tissues were collected and floated on an assay solution containing 5 mM KCl,

50mM CaCl2 and 10 mM MES, pH 6.15 (adjusted with Tris), for 2 h in the light

followed by the addition of 50mM ABA or 1 mM H2O2 for 5, 30, 60 and 120 min.

The NAD(P)H oxidase inhibitor DPI (Sigma) was added 30 min prior to ABA

application. Then, epidermal tissues were used for RCS analysis. RCS were ex-

tracted from the epidermal tissues and derivatized with DNPH, and then iden-

tified and quantified by reverse-phase HPLC according to the method of Matsui

et al. (2009), with some modifications. Epidermal tissues (0.5 g) were homo-

genized in acetonitrile (5 ml) containing 2-ethylhexanal (40 nmol; as the in-

ternal standard) and 0.005% (w/v) butylhydroxytoluene, and then incubated

in a screwcapped glass tube at 60 �C for 30 min. Extract was collected through a

glass filter in another glass tube. DNPH (final concentration of 0.5 mM) and

formic acid (final concentration 0.5 M) were added, and the solution was mixed

well and incubated at 25 �C for 60 min. Then, 5 ml of saturated NaCl solution

and 0.8 g of NaHCO3 were added to neutralize the formic acid and incubated at

25 �C for 20 min. After centrifugation, the upper acetonitrile layer was collected

and dried in vacuo. The residue was dissolved in 500 ml of acetonitrile and

passed through a BondEluteC18 cartridge (sorbent mass 200 mg; Varian),

which had been pre-washed with 2 ml of acetonitrile. The material passed

through the cartridge was collected, and 10 ml aliquots were injected to

HPLC in a Wakosil DNPH-II column (4.6�150 mm; Wako Pure Chemical).

Wakosil DNPH-II Eluents A and B (Wako) were used to separate out the com-

pounds, with 100% A (0–5 min), a linear gradient from 100% A to 100% B (5–

20 min) and subsequently 100% B (20–35 min) at a flow rate of 1.0 ml min�1.

Dinitrophenylhydrazone (DNP) derivatives of RCS were detected at 340 nm.

Each RCS corresponding to the peaks is identified based on their retention time,

as compared with those of DNP derivatives of authentic carbonyl species. To

determine the content of an RCS (nmol g FW�1) from its peak area, the ratio of

the peak area to the peak area of the internal standard was first determined.

The amount of a RCS was obtained by multiplying this ratio by the added

amount of internal standard, i.e. 40 nmol 0.5 g FW�1. For the identified RCS,

the amount was further corrected for the DNP derivatization efficiency of the

RCS and the extraction efficiency and absorption coefficient of the derivative

relative to those of the internal standard (Matsui et al. 2009).

Measurement of viability of guard cells

Viability of guard cells was investigated using FDA (Sigma) as described previ-

ously (Hoque et al. 2012) with modifications. Just prior to stomatal aperture

measurement after 2 h acrolein and HNE treatment, the epidermal tissues were

stained with 10mM FDA. Guard cells were observed under a fluorescence

microscope (Biozero BZ-8000; KEYENCE). Guard cells exhibiting green fluores-

cence within 5 min were considered as viable.

Measurement of H2O2

H2O2 production in guard cells was analyzed by using H2DCF-DA (Sigma) as

described previously (Uraji et al. 2012). The epidermal peels were incubated for

3 h in the assay solution containing 5 mM KCl, 50mM CaCl2 and 10 mM MES

(pH 6.15 adjusted with Tris), and then 50 mM H2DCF-DA was added to the

sample. The epidermal tissues were incubated for 30 min at room temperature,

and then the excess dye was washed out with the solution. Collected tissues

were again incubated with solution and 50 mM ABA for 20 min in the dark

condition. The image was captured using a fluorescence microscope (Biozero

BZ-8000; KEYENCE), and the pixel intensity of the fluorescence in guard cells

was measured using ImageJ 1.42q (National Institutes of Health).

Patch-clamp measurement

Tobacco GCPs were prepared from leaves of 5- to 7-week-old tobacco plants as

described previously (Ueno et al. 2005) with some modifications. Fully ex-

panded leaves of tobacco were shredded for 1– 2 min in a blender in 300 ml

of cold distilled water. The epidermal tissues were collected on a 100mm nylon

mesh, rinsed with cool distilled water and incubated in first-step digestion

medium at 24 �C for 1 h with a shaking speed of 70 strokes min�1. The
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epidermal tissues were then collected on 100mm nylon mesh. To adjust the

osmotic pressure, the epidermal tissues were suspended in 0.3 M mannitol

containing 1 mM CaCl2 for 30 min on ice. The epidermal tissues on the nylon

mesh were collected and incubated in second-step digestion medium at 27 �C

for 2–2.5 h with a shaking speed of 50 strokes min�1. When most of the guard

cells became rounded, the peels in the second-step digestion solution were

gently passed several times through a glass pipette to release GCPs, after which

the peels were removed by a 100 mm nylon mesh. The filtrate was further passed

through two layers of 30 mm nylon mesh, and the released GCPs were collected

by centrifugation for 6 min at 600�g. The pellet was washed three times with

0.4 M mannitol containing 1 mM CaCl2. The isolated GCPs were stored in 0.4 M

mannitol containing 1 mM CaCl2 on ice in the dark until use. Whole-cell cur-

rents were recorded using a CEZ-2200 or CEZ-2400 patch-clamp amplifier

(Nihon Kohden). No leak subtraction was applied for all current–voltage

curves. For data analysis, pCLAMP 8.2 or pCLAMP 10.3 software (Molecular

Devices) was used. Pipette solution contained 30 mM KCl, 70 mM monopotas-

sium glutamate, 2 mM MgCl2, 3.35 mM CaCl2, 6.7 mM ethylene glycol EGTA

and 10 mMHEPES (pH 7.1 adjusted with Tris). Bath solution contained 30 mM

KCl, 2 mM MgCl2, 40 mM CaCl2 and 10 mM MES (pH 5.5 adjusted with Tris).

Osmolarity was adjusted to 500 mmol kg�1 (pipette solutions) and 485 mmol

kg�1 (bath solutions) with D-sorbitol.

Water loss measurement

For measurements of water loss from detached leaves of wild-type and AER-OE

plants P1#11, P1#14 and P1#18, excised leaves of 5- to 7-week-old plants were

placed on a bench with the abaxial side facing up, and their masses were recorded

over time to calculate the percentage water loss. For acrolein treatment, excised

leaves of 5- to 7-week-old WT and P1#18 were floated on an assay solution

containing 5 mM KCl, 50mM CaCl2 and 10 mM MES (pH 6.15 adjusted with

Tris) in the light for 2 h. Then acrolein (Tokyo Chemical Industry) was added,

and the leaves were kept in the light for 2 h before taking their masses over time.

Water losses were expressed as a percentage of initial fresh weight.

Statistical analysis

The significance of differences between mean values was assessed by Student’s

t-test analysis in all parts of this article. We regarded differences at the level of P

< 0.05 as significant.

Supplementary data

Supplementary data are available at PCP online.
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