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Abstract

The mechanisms for the production of hydrogen peroxide (H2O2) induced by abscisic acid (ABA) were investigated in suspension
culture cells of tobacco BY-2 cells. The results showed that the immediate generation of H2O2, which was mainly derived from super-
oxide dismutase-catalyzed dismutation of superoxide radical, was significantly induced by ABA. Furthermore, treatment of the cultured
tobacco cells with ABA resulted in a time-dependent quick increase in plasma membrane (PM) NADPH oxidase activity, which coin-
cided on time and magnitude with the elevation in ABA-induced accumulation of H2O2. Moreover, these enhanced effects were pro-
nouncedly inhibited by two NADPH oxidase inhibitors, diphenylene iodonium and imidazole, suggesting that PM NADPH oxidase
is involved in the rapid accumulation of H2O2 in cultured tobacco cells. In addition, analysis of the expression level of NtrbohD, a
PM NADPH oxidase gene in tobacco, by RT-PCR and protein gel blot revealed that the gene at both mRNA and protein levels was
upregulated by ABA, indicating that NtrbohD participates in the ABA-stimulated rapid production of H2O2 in tobacco culture cells.
Taken together, these findings suggest that ABA induces the rapid accumulation of reactive oxygen species via NADPH oxidase in sus-
pension culture cells of tobacco, and that NADPH oxidase and H2O2 appear to be important components in ABA signal transduction
pathway in plants.
� 2007 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited and Science in

China Press. All rights reserved.
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1. Introduction

Reactive oxygen species (ROS) such as superoxide ðO�2 Þ
and hydrogen peroxide (H2O2) are highly toxic to plant
cells. However, they play important roles as signaling mol-
ecules in controlling and regulating many plant biological
processes including pathogen defense, programmed cell
death, stomatal closure, photosynthesis, gene expression,
and growth and development [1–3]. Rapid generation of
ROS, named oxidative burst, is one of early major
responses of plants to biotic stress. The sources of H2O2

in the oxidative burst have been extensively studied and

plasma membrane (PM) NADPH oxidase, a homologue
of the mammal gp91phox in neutrophils, has been demon-
strated to be the main producer in plants and suspension
culture cells challenged with pathogens or elicitors.
NADPH oxidase transfers electrons from NADPH to O2

to form O�2 , followed by dismutation of O�2 to H2O2 [1,4].
Abscisic acid (ABA) plays key roles in plant response to

many abiotic stresses including drought, salinity and cold
as well as in regulation of plant development such as vege-
tative growth, seed dormancy and maturation [5,6]. It has
been addressed that ABA induces the rapid synthesis of
H2O2 in guard cells via PM NADPH oxidase and H2O2

mediates ABA-induced stomatal closure in Arabidopsis

thaliana, Vicia faba and Pisum sativum [7–10]. It is well
known that ABA exists not only in guard cells, but also
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in other kinds of plant cells. However, at present, little
information is available on ABA-stimulated oxidative
burst and the origin of the ROS in plant cells besides guard
cells. Although Jiang et al. reported that ABA could induce
substantial production of ROS through NADPH oxidase
in maize (Zea may) [11], the result was obtained by long-
time (12 h) treatment of root-cut maize seedlings by
ABA, it is still unclear whether ABA is able to rapidly
(in several minutes to less than 1 h) induce the production
of ROS and whether ROS is related to NADPH oxidase
catalysis. The detailed mechanism of this process needs fur-
ther studies.

NtrbohD, a gene coding NADPH oxidase in tobacco
(Nicotiana tabacum), has already been cloned. Moreover,
NtrbohD has been demonstrated to be located on the
plasma membrane and is responsible for ROS production
in elicited tobacco cells [12]. Here, we investigated ABA-
induced generation of H2O2 in BY-2 cells of tobacco and
attempted to reveal the mechanism of H2O2 release. Our
results proved that ABA can induce the rapid synthesis
of H2O2 and PM NADPH oxidase NtrbohD is involved
in the H2O2 accumulation.

2. Materials and methods

2.1. Chemicals and reagents

2 0,7 0-Dichlorodihydrofluorescein diacetate (H2DCF-
DA) was purchased from Molecular Probes (Eugene,
Oregon, USA). Diphenylene iodonium (DPI), ABA and
N,N-diethyldithiocarbamate (DDC) were the products of
Sigma. Sodium, 3 0-[1-[phenylamino-carbonyl]-3,4-tetrazo-
lium]-bis(4-methoxy-6-nitro) benzenesulfonic acid hydrate
(XTT) was from Diagnostic Chemicals (Charlottetown,
Prince Edward Island, Canada). Bovine serum albumin
and superoxide dismutase (SOD) were from Amresco.
Other reagents were of analytical grade from Shanghai
Sangon.

2.2. Plant materials

Cell suspensions of Nicotiana tobacum L.cv. Bright Yel-
low (BY-2) were subcultured weekly as described by Nag-
ata [13]. The 5-day-old cultured cells at logarithmic phase
of growth were used in all experiments.

2.3. Fluorometric determination of H2O2

The generation of H2O2 was monitored by the method
of Kawano et al. [14] with some modification. Briefly, the
cultured tobacco cells were filtered through a mesh (pore
size 40 lm) and about 1 g (fresh weight) of the cells was
resuspended in 25 ml MS solution (pH 6.0) containing
200 mM sucrose. After 3 h, 1.5 ml of the solution was incu-
bated with 10 lM ABA and 10 lM H2DCF-DA for 0, 5,
15, 30 or 60 min separately with shaking in the dark. The
fluorescence of the reaction mixture was monitored imme-

diately on a F-4500 fluorescence spectrophotometer (HIT-
ACHI, Japan) with 488 nm excitation wavelength and
525 nm emission wavelength. The samples without ABA
treatment at the same time points served as the control.
For inhibitor treatments, suspension cells were preincu-
bated with the inhibitors for 10 min before ABA applica-
tion. All experiments were repeated at least five times. A
P value less than 0.05 was considered statistically signifi-
cant by Student’s t-test.

2.4. Isolation of plasma membrane

PM was isolated using the two-phase aqueous polymer
partition system [15,16]. After filtered through a mesh, cul-
tured tobacco cells were homogenized, filtered and centri-
fuged to produce microsomal pellets. The PM was
isolated by loading the microsomal pellets to an aqueous
two-phase polymer system. The activities of appropriate
marker enzymes were immediately measured to check the
purity of the PM [11,15]. The purified PM was used to
assay NADPH oxidase activity. All steps above were per-
formed at 4 �C.

2.5. Determination of NADPH oxidase activity

NADPH oxidase activity of the PM vesicles was assayed
by measuring the SOD-inhibitable and NADPH-depen-
dent reduction of XTT by O�2 according to the method
of Sagi and Fluhr [16]. The assay mixture of 1 ml consisted
of 50 mM Tris–HCl buffer (pH 7.5), 0.5 mM XTT, 100 lM
NADPH and 20 lg of membrane proteins. The reaction
was started by the addition of NADPH and the absorbance
was recorded at 470 nm 5 min later. Protein content of PM
was determined by the method of Bradford [17].

2.6. Expression analysis of NtrbohD by RT-PCR

Total RNA was extracted from BY-2 cells treated with
10 lM ABA for 0, 15, 30 or 60 min prior to RNA extrac-
tion. The cDNA was synthesized from the RNA. The gene
actin was used as a control. The NtrbohD specific fragment
of 578 bp was amplified using two specific primers:

Primer1: 5 0-TGGAGGAAATAATTTCAATACAAGG
-3 0; Primer2: 5 0-GCATCACAACCACAAC TATATATC
AAC-3 0.

PCR was started at 94 �C for 5 min followed by 25
cycles of 94 �C for 40 s, 55 �C for 40 s and 72 �C for
40 s. The fragment was sequenced and proved correct (sub-
mitted to GenBank with Accession No. AJ309006).

2.7. Preparation of the antibody against NtrbohD

A partial conservative region located at the 3 0 end of the
tobaccoNtrbohD gene was amplified by RT-PCR using
primers as follows:
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P1: 5 0-AAAAGGTACCAACAACATGAAGGCAATG-
GACG-3 0;

P2: 5 0-AAAAGTCGACGATCCAAGGCGTGTTGTCT
TAGTTC-3 0.

The amplified fragment of about 500 bp was introduced
into pET-30a(+) vector. After sequencing, the resulting
recombinant plasmid pET–NtrbohD was transformed into
Escherichia coli JM109 (DE3) to express the recombinant
protein induced by IPTG. Purification of the protein was
performed and the antibody against the protein was
obtained by routine methods. The titre of the antibody
was 1:1000.

2.8. Western blot analysis of NtrbohD

The PM of tobacco cultured cells treated with 10 lM
ABA for 30 min or without ABA treatment was isolated
as described above. The membrane protein obtained from
the PM was used for protein gel blotting to detect the
expression of NtrbohD. Rabbit antiserum against
NtrbohD was used as the primary antibody, and the sheep
antibody against rabbit IgG conjugated by alkaline phos-
phatase was used as the secondary antibody.

3. Results

3.1. ABA induces H2O2 accumulation

We first examined the effect of ABA on the accumula-
tion of H2O2 in BY-2 cells. As shown in Fig. 1, treatments
of the cultured tobacco cells with 10 lM ABA for 15 min
led to a significant increase in the relative fluorescence units
(RFU), an indicator of H2O2 level. RFU induced by ABA
reached a maximal value at 30 min after treatment and
decreased thereafter. The RFU treated with ABA for
30 min was enhanced by about 42% compared to the con-
trol. These data indicated that ABA triggered the rapid
accumulation of H2O2 in suspension culture cells of
tobacco. During all the treatment time, the RFU of the
control sample did not alter obviously.

3.2. Rapid accumulation of H2O2 results from dismutation of

O�2

The effects of SOD and DDC, an inhibitor of SOD [18],
on the ABA-induced H2O2 synthesis were tested. As shown
in Table 1, SOD obviously increased, but DDC remarkably
reduced, the ABA-induced H2O2 accumulation. These
observations suggested that H2O2 was generated from O�2
by the SOD-catalyzed dismutation.

3.3. PM NADPH oxidase is involved in the ABA-induced

H2O2 production

To further determine whether NADPH oxidase is
involved in the ABA-induced H2O2 generation, we detected
the effect of ABA on the activity of PM NADPH oxidase.
The purity of the isolated PM was determined by testing
the activities of different marker enzymes on the membrane
such as the vanadate-sensitive ATPase of plasma mem-
brane, cytochrome C oxidase of mitochondrial membrane,
and NO3-sensitive ATPase of tonoplast. The results
revealed that the activity of vanadate-sensitive ATPase
increased about 8 times from the microsomal pellet
(MIC) to the final plasma membrane fraction (U3), and
that U3 was highly enriched in PM and contained very
few intracellular membranes (Table 2).

We found that 10 lM ABA not only led to a significant
time-dependent increase in the RFU but also in the activity
of PM NADPH oxidase, with a quite similar pattern. In
addition, pretreatments with two NADPH oxidase inhibi-
tors DPI and imidazole pronouncedly inhibited the
enhancement in the ABA-induced PM NADPH oxidase
activity and RFU in tobacco cultured cells (Fig. 2). The
inhibition was very significant because DPI as low as
2 lM completely inhibited the increase of PM NADPH

Fig. 1. Effects of ABA on the H2O2 accumulation in suspension cultured
cells of tobacco.

Table 1
Effects of SOD and DDC on the production of H2O2 induced by ABA

Cordial ABA treatments

SOD�DDC� 72 ± 6.0 100.0 ± 0.0
SOD+ 84 ± 39 122 ± 2.8
DDC+ 27 ± 25 43 ± 4.1
SOD+ DDC+ 55 ± 4.4 79 ± 6.8

Cultured tobacco cells were treated with 10 lM ABA for 30 min in the
presence of SOD (20 U/ml�1) or DDC (1 mM). SOD and DDC were
added at 10 min prior to ABA addition. The RFU obtained from ABA-
treated cultured cells was set as 100.

Table 2
Specific activities of marker enzymes in the MIC and U3 from cultured
tobacco cells (nmol min�1 mg�1 protein)

Marker enzymes MIC U1 U1/MIC

Vanadate-sensitive ATPase 50.2 ± 3.1 402.1 ± 20.0 8.01
Cytochrome C oxidase 198.3 ± 20.6 45.5 ± 4.5 0.23
NO�3 -sensitive ATPase 14.8 ± 1.2 2.9 ± 0.5 0.20

All values are average ± SE of three independent experiments.
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oxidase activity and RFU induced by ABA. These results
suggest that PM NADPH oxidase is involved in ABA-
induced rapid generation of H2O2.

3.4. The expression of NtrbohD gene

NtrbohD, a tobacco NADPH oxidase gene, has been
cloned and reported to be responsible for the production
of ROS in tobacco cells challenged with fungal elicitors
[12]. To further examine whether NtrbohD contributes to
the ABA-induced H2O2 production, we analyzed the tran-
scriptional expression of NtrbohD in BY-2 cells by RT-
PCR. As expected, the expression level of NtrbohD in
BY-line without ABA treatment was low, but it increased
obviously after treatment with ABA for 30 min, and
decreased at 60 min (Fig. 3), suggesting that NtrbohD is
involved in the ABA-induced production of H2O2.

3.5. Western blot analysis of NtrbohD

The PM proteins from cultured tobacco cells were iso-
lated and analyzed by Western blot with the antibody
against a specific peptide of the NtrbohD protein. One
band of about 110 kD was detected, which was weak from
the plasma membrane of the control BY-2 line, and was
strong from ABA-treated cells. This was consistent with
the results obtained by RT-PCR (Fig. 4).

4. Discussion

ROS has been documented to be an important second
messenger involved in many plant stress signal transduc-
tion pathways [3]. Many studies have thus focused on the
origins of the ROS in plants under biotic and abiotic stres-
ses. ABA, the key stress response hormone in plants, has
been reported to induce ROS production in stomatal clo-
sure of guard cells of Arabidopsis, V. faba and P. sativum

[7–10,19,20]. Additionally, long-time treatments of maize
seedlings with ABA also resulted in a significant increase
in the generation of ROS [11]. However, the questions
whether ABA induces rapid production of ROS in plant
cells besides guard cells and what enzyme is responsible
for the release of the ROS in the process remain unan-
swered. In the present study, we found that treatments of
tobacco suspension cells with ABA at 10 lM for 30 min
caused immediate significant enhancement of H2O2 pro-
duction (Fig. 1), suggesting that the ABA-induced synthe-
sis of ROS may be a common feature in plant cells apart
from guard cells, and that ROS may be one of the impor-
tant components in ABA signaling transduction pathways,
although it was proposed that H2O2 and ABA may func-
tion through alternate signaling pathways in guard cells
[21].

There are several enzymes being responsible for the
H2O2 production on the surface of plant cells. They include
peroxidases, polyamine oxidase, NADPH oxidase, and so

Fig. 3. The expression of NtrbohD gene in ABA-treated tobacco
suspension culture cells. 1–4 represent cultured cells treated with 10 lM
ABA for 0, 15, 30, 60 min, respectively.

Fig. 4. Western blot analysis of NtrbohD protein. Plasma membrane
proteins were extracted, fractionated by denaturing SDS–PAGE (20 lg
per lane), and immunoblotted with antibody against the peptide of
NtrbohD protein. (a) is a photograph from Coomassie brilliant blue
staining; (b) is a photograph of the gel bolt. C and T, respectively,
represent the control and the cultured tobacco cells treated with 10 lM
ABA for 30 min.

Fig. 2. Effects of NADPH oxidase inhibitors DPI and imidazole on ABA-
induced increase in RFU (a) and PM NADPH oxidase activity (b). C,
control; T, tobacco cells treated with 10 lM ABA; T + D and T + I,
respectively, represent tobacco cells pretreated with 2 lM DPI or 20 mM
imidazole for 10 min before addition of 10 lM ABA. Values are
average ± SE of five (a) or three (b) independent experiments.
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on [3]. PM NADPH oxidase has been addressed to be
involved in the generation of H2O2 in ABA-induced stoma-
tal closure in Arabidopsis [9], and in long-time treatment of
maize seedlings by ABA [16]. We also observed that treat-
ment of cultured tobacco cells with ABA led to pro-
nounced increase in PM NADPH oxidase activity as well
as in H2O2 accumulation, and the two increased effects
were significantly inhibited by NADPH oxidase inhibitors
DPI and imidazole. The former inhibits the NADPH oxi-
dase activity by binding itself to the two redox components
of the protein [22]. Furthermore, the inhibition is very sen-
sitive. These data imply that NADPH oxidase participates
in the transient formation of ROS induced by ABA in cul-
tured tobacco cells. However, our results could not rule out
other enzymes involved in the ABA-stimulated rapid pro-
duction of H2O2.

Up to now, ten NADPH oxidase genes (AtrbohA–J)
have been found in the Arabidopsis genome. Among them,
both AtrbohD and AtrbohF have been demonstrated to
function in defense response in plants challenged with bac-
terial pathogen [23] and in ABA-induced stomatal closure
[9,10]. Moreover, AtrbohD has been proposed to be
required for ROS amplification under light stress [24].
Tobacco NADPH oxidase NtrbohD, which displays the
strongest homology with AtrbohD in amino acid (72%
identity), has been documented to be responsible for
ROS production in tobacco cells treated with the fungal
elicitor cryptogein [12]. Nevertheless, whether it functions
in ABA signaling is elusive. In this study, we found that
the expression of NtrbohD in both mRNA (Fig. 3) and pro-
tein (Fig. 4) levels was upregulated by ABA, suggesting
that NtrbohD is involved in ABA-induced H2O2 accumula-
tion in cultured tobacco cells. However, the detailed mech-
anisms for ABA regulation of NtrbohD need to be further
investigated.
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