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Involvement of NADPH oxidase in sulfur dioxide-induced oxidative stress in
plant cells
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Bisulfite, a major form of SO2 in aqueous phase of apoplast, may reduce photosynthesis rate and
thereby crop yield through inducing reactive oxygen species (ROS). In this study, ROS production was
directly detected in a living cell of leaf of spinach (Spinacia oleracea L.) using laser scanning confocal
microscopes with the assistance of the fluorescence probe dichlorofluorescin diacetate (H2DCF-DA).
Results showed that, under bisulfite stress, a large quantity of ROS indicated by DCF fluorescence was
produced in epidermic tissue. The role of plasma membrane (PM) NADPH oxidase in bisulfite-induced
ROS production was also investigated. Treatment with bisulfite resulted in a significant increase in the
content of ROS and the activity of PM NADPH oxidase in spinach leaves. The effects caused by
bisulfite were inhibited pronouncedly by pretreatment with two widely used NADPH oxidase inhibitors
(diphenyleneiodonium and quinacrine). Moreover, the change patterns of the bisulfite-induced increase
and inhibitor-caused decrease in the two parameters were quite similar. Additionally, only a small
amount of ROS could be observed on in vitro chloroplasts under bisulfite stress. Based on all the results,
we conclude that ROS is involved in bisulfite-induced stress, and the bisulfite-induced enhancements in
levels of ROS originate mainly from PM NADPH oxidase.

Introduction

The widespread use of coal and petroleum as energy sources for
industries has led to the emission of large quantities of SO2 into
the atmosphere. However, it is very toxic at high concentration, so
attention has been paid to the phenomenon of destroyed enzyme
function and photosynthesis by SO2, which inhibits plant growth
and development and thereby markedly decreases crop yield.1,2

The exchange of gases between the atmosphere and a cellular
system is a free diffusion process. SO2, whose pK values are 1.78
and 6.99 (first and second deprotonation reaction), enters leaves
through stomata and quickly dissolves in the aqueous apoplast
to form HSO3

−, SO3
2−, H+.3 Bisulfite (HSO3

−), which inhibits
photosynthetic CO2 fixation, is the major form of dissolved SO2

in water under normal physiological pH. Therefore bisulfite could
be used to replace SO2 fumigation for studying SO2 stress.4,5

Phytotoxicity from SO2 may be related to the production of
reactive oxygen species (ROS). It has been reported that the level
of vitamin E and glutathione were enhanced upon exposure to SO2

in needles of fir and spruce.6 Additionally, superoxide dismutase
activity increased in leaves of pea exposed to SO2.7 Moreover,
sulfite-induced lipid peroxidation could be reduced in spinach
by exogenous ascorbate, which reacted with superoxide radical
(O2

−) and hydroxyl radical (OH−).8 Although the activity of the
antioxidant system can be upregulated by ROS production and
also increases under bisulfite stress in many plants,6,7,8 there is no
further direct evidence indicating that ROS is involved in bisulfite
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stress. Also, the molecular mechanism for ROS generation under
bisulfie stress is unknown, to a large extent.

It has been reported that the main site of ROS formation was
chloroplasts under abiotic stresses.9 However, increasing evidence
obtained in many recent experiments is emerging to support
the idea that plant plasma membrane (PM) NADPH oxidase, a
homologue of the mammal gp91phox in neutrophils, is an important
source of ROS in plants under many stresses.10,11 PM NADPH
oxidase transfers electrons from cytoplasmic NAD(P)H to O2

to form O2
−, followed by dismutation of O2

− to H2O2. It has
been well documented that PM NADPH oxidase was involved in
plant growth and development,12,13,14 in plant defense reactions to
pathogen or elicitor attack,10,11 and in response to a few abiotic
stresses such as cold, UVB, ozone and salt stress.15 Therefore, PM
NADPH oxidase may be involved in bisulfite stress though Peiser
et al. supposed that SO2 mainly induced chloroplasts to produce
ROS.8

In this work, we directly detected ROS with dichlorofluorescin
diacetate (H2DCF-DA) under a laser scanning confocal micro-
scope, and attempted to reveal the mechanism for ROS under
bisulte stress. Our data showed that bisulfite-induced enhance-
ments in levels of ROS originated mainly from PM NADPH
oxidase, and thus PM NADPH oxidase was involved in bisulfite-
induced ROS generation.

Materials and methods

Plant material and chloroplast isolation

The plant Spinacia oleracea L. was grown in soil in a controlled
growth chamber (Conviron, model E7/2, Winnipeg, Canada)
under a 10-h-light and 14-h-dark cycle, a photon fluency rate of
200 lmol m−2 s−1, and day/night temperature cycle of 20 ± 0.5 ◦C
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and 17 ± 0.5 ◦C, respectively. Pots were watered every 2 to 3 days.
Fully expanded leaves of 4-week to 6-week-old plants were used
for bioassay.

Chloroplasts were isolated from expanded leaves of Spinacia
oleracea L. Intact chloroplasts were prepared largely as described
by Jensen and Bassham.16 The percentage of intact chloroplasts
in the chloroplast suspensions was measured by the ferricyanide
method.17 It ranged between 70 and 90%.

Measurement of photosynthesis rate (Pn)

Pn of intact leaves was determined in an atmosphere of 380 lmol
mol−1 CO2 or as indicated and a saturating irradiance of 1000 lmol
photons m−2 s−1 using a LI-COR 6400 portable photosynthetic
system (Model: LI-COR 6400 LI-COR, Lincoln, NE, USA).
Entire plants were placed inside a humidified plant growth
chamber (Conviron, model E7/2, Winnipeg, Canada), and leaf
temperature was increased or decreased after reaching steady-
state photosynthesis at the optimal temperature by changing the
temperature of both leaf cuvette and the growth chamber.

Dye loading

Abaxial epidermis strips were peeled after 2.5 h of illumination
and incubated for 30 min in loading buffer (Tris–KCI at 10 mM,
pH 6.1) to remove any ROS that stripping might have caused.18

Then the epidermal strips were placed into a small Petri dish
containing 3 mL of the loading buffer and 30 lL of H2DCF-
DA from a 100 mM stock in DMSO for 30 min. The higher
concentrations (30–50 lM) of the dye were used with some
strips that had stronger autofluorescence. However, at these
concentrations the dye was sometimes sequestered, as indicated
by a continuous increase in fluorescence. Therefore, we limited
the dye concentration below 10 lM but increased the incubation
period to 30 min. Then the peels were removed, and floated on a
dish of fresh buffer to wash off excess dye.

Isolation of plasma membranes

Microsomal fractions from spinach were isolated as described
previously,19 except that the homogenization buffer contained
100 mM KCI, 3 mM NaCI, 1 mM ATP, 3.5 mM MgCI2, 10 lM
GTP (c) S, 5 mM sucrose, 1 mM phenylmethyl sulfonylfluoride,
2 mM DTT, and 10 mM PIPES, pH 7.3. Microsomes were
resuspended in 200 pL of phase suspension medium containing
250 mM sucrose, 5 mM potassium phosphate buffer, pH 7.0,
and l mM DTT. Plasma membranes were obtained by phase
partitioning microsomal preparations for three cycles in an 8 or
4 g phase system with a final composition of 6.5% (w/w) dextran
T500, 6.5% (w/w) polyethylene glycol (molecular weight of 3350),
250 mM sucrose, 3 mM KCI, 5 mM potassium phosphate, pH 7.8,
and 1 mM DTT. The resultant PM fraction was used immediately
for further analysis.

Determination of PM NADPH oxidase activity

Production of O2
− by NADPH oxidase was monitored at 25 ◦C

by following the superoxide dismutase-inhibitable and NADPH-
dependent reduction of cytochrome c at 550 nm detected with
a UV/VIS spectrometer (Lambda 35, Perkin-Elmer, UK), as

described by Xing et al.20 The reaction mixtures contained 0.1 mM
cytochrome c, 6.5 mM MgCl2, 87 mM KCl, 2.6 mM NaCl, pH 7.3,
l0 lM GTP (c) S, 0.16 mM NADPH, and 10–15 lg of plasma
membrane proteins in a total volume of 1 mL. The control assay
contained 50 lg of superoxide dismutase to account for non-O2

−-
dependent reduction of cytochrome c.

Laser scanning confocal microscope

Examination of the epidermis was performed on a commercial
laser scanning microscope (LSM510/ConfoCor2) combination
system (Zeiss, Jena, Germany). A green argon-ion laser (488 nm)
set on 3% power was used for excitation, with 525 nm emission.
The viability of the cells within the epidermis under these media
conditions was >95% for guard cells and 80% for epidermal cells,
as tested by fluorescein diacetate staining. Images were captured
over a time course, with laser scanning at set time points to avoid
photo bleaching of the dye. Elicitors (no greater than a 50 lL
volume) were added directly to the buffer during the time course.
To quantify the results, the images of emission intensities were
processing with Zeiss Rel 3.2 image processing software (Zeiss,
Germany).

Luminescence spectrometer

For fluorometry of whole tissue, an abaxial epidermic strip loaded
as described above was placed flat onto a plastic holder and
affixed at both ends with silicon grease.21 The holder was inserted
into a 3 mL quartz cuvette containing 2 mL of aerated loading
buffer. The luminescence spectrometer (LS55, Perkin-Elmer, UK)
was set to an excitation of 488 nm and an emission of 525 nm,
with slit width at 2.5 nm. The cuvette was then placed into
the luminescence spectrometer after pharmacological agents were
added. For statistical purposes, fluorometry experiments were
performed in triplicate.

Results

Effect of bisulfite on photosynthesis rate

It has been reported that a high concentration of SO2 reduced net
photosynthetic CO2 assimilation.2 Therefore we first investigated
the effect of a high concentration of bisulfite on Pn of spinach.

As shown in Fig. 1, treatment of spinach leaves with bisulfite
significantly reduced Pn. The depression of bisulfite on Pn
exhibited a dose-dependent manner, since bisulfite at 5 mM
inhibited Pn by 15% for 30 min, and bisulfite at 10 and 100 mM
obviously reduced Pn by 59 and 95% for 30 min, respectively
(Fig. 1a). Similarly, the decrease in Pn was dependent on exposure
time under bisulfite since 10 mM bisulfite at 30 and 60 min reduced
Pn by 57 and 87%, respectively (Fig. 1b).

Effect of bisulfite on CO2-response curves

CO2-response curves reflect Pn for CO2 at different concentrations.
At low CO2 concentration, the slope of the curve is restricted
by the activity and quantity of Rubisco, since Pn is limited by
the concentration of CO2. At the stage of saturated CO2, the
regeneration rate of ribulose bisphosphate becomes the factor
which influences Pn.
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Fig. 1 Effect of bisulfite on Pn. Bisulfite was sprinkled on spinach
leaves. The measurement was determined under a saturating irradiance
of 1000 lmol photons m−2 s−1 and 380 lmol mol−1 CO2. Each data point
represents an average value ± SE from six samples with three repeated
measurement. (a) Effect of different concentration of bisulfite on Pn. The
measurement was determined 30 min after treatment. (b) Effect of different
treating time of bisulfite on Pn. The concentration of bisulfite was 10 mM.

At low CO2 concentration, the slope of the curves decreased
under 10 mM bisulfite stress for 30 min, which indicated that the
activity of Rubisco was inhibited by bisulfite stress. At the CO2

saturated stage, the maximum of Pn obviously decreased because
of the low regeneration rate of ribulose bisphosphate caused by the
low activity of Rubisco (Fig. 2). The result indicated that Rubisco
activity became low under bisulfite stress.

Fig. 2 Effect of sulfite on CO2–photosynthetic curve. Bisulfite was
sprinkled on spinach leaves. The measurement was determined under
10 mM bisulfite, treatment for 30 min with a saturating irradiance of
1000 lmol photons m−2 s−1 and 380 lmol mol−1 CO2.

ROS directly detected and dynamics change

There would be more than one reason why Rubisco activity
became low under bisulfite stress. It has been reported that the
activity of free radical scavengers increased under SO2 stress,6,7,8

which indicated that ROS was produced in large amounts under
the stress. To confirm whether ROS was involved in decreasing
Rubisco acitivity under bisulfite stress, we detected ROS in situ
with H2DCF-DA.

In Fig. 3, treatment of epidermis with bisulfite caused a
significant increase in ROS quantity after 4–7 min. Moreover,
the significant increase lasted for about 23–26 min, followed by
a slight increase up to 33 min which was the longest time we
tested. The results clearly showed that bisulfite led to pronounced
enhancement in ROS quantity in spinach. To further confirm the
method in which ROS was determined by the intensity of DCF
fluorescence, we detected ROS under cadmium stress and paraquat
stress. In Fig. 4, ROS production increased both in epidermic
tissue under 5 mM cadmium stress and in mesophyllic cells
under 5 mM paraquat stress, which was consistent with previous
reports.21,22

Fig. 3 Dynamics of DCF fluorescence intensity in living cells after bisul-
fite treatment. Epidermal tissue was loaded with H2DCF-DA, washed, and
examined by laser scanning confocal microscopy. During a time course of
image acquisition, 25 lL sulfite from a 200 mM stock solution was added
directly to a Petri dish containing 500 lL loading buffer.

However, the manner of ROS generation induced by bisulfite
was similar in epidermal cells without chloroplasts and guard cells
with chloroplasts (Fig. 3), indicating that the mechanism of ROS
generation in the two kinds of cells was same or similar though
they had different structures. More importantly, we guessed that
chloroplasts in spinach only produced a small amount of ROS and
did not play an important role in ROS production under bisulfite
stress, which was different from the view that SO2 stress mainly
induced chloroplasts to produce ROS.8

Chloroplasts produced a small amount of ROS

To confirm whether chloroplasts produced ROS under bisulfite
stress, in vitro chloroplasts of spinach were examined under
stress.

In vitro chloroplasts produced a small amount of ROS under
bisulfite stress. The ROS quantity in bisulfite-treated spinach
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Fig. 4 Dynamics of DCF fluorescence intensity in living cells after stress
treatment. Epidermal tissue was loaded with H2DCF-DA, washed, and
examined by laser scanning confocal microscopy. During a time course of
image acquisition, 12.5 lL cadmium and paraquat from a 200 mM stock
solution was added directly to a Petri dish containing 500 lL loading
buffer.

epidermis peels increased remarkably from 5 to 20 min, then
changed slightly and maintained at steady high level up to 30 min.
In contrast, the ROS quantity of in vitro chloroplasts only altered
slightly over the time course we tested (Fig. 5). These results

Fig. 5 Dynamics of DCF fluorescence for in vitro chloroplasts under
bisulfite stress. Epidermal tissue and in vitro chloroplasts were loaded
with H2DCF-DA, washed, and examined by luminescence spectroscopy.
After adding 25 lL sulfite from a 200 mM stock solution to the cuvette
containing 500 lL loading buffer, the detection began with an excitation
of 488 nm, an emission of 525 nm and the slit width was 2.5 nm.

clearly indicated that the chloroplasts were not the main site of
ROS production induced by bisulfite. And these results were not
consistent with the supposition of Peiser et al.8 The mechanism of
ROS generation induced by bisulfite may be different from other
abiotic stress.

ROS produced by PM NADPH oxidase

Biotic stresses and a few abiotic stresses (cold, UVB, ozone and
salt stress) could induce PM NADPH oxidase to produce ROS.15

To further investigate the mechanism of ROS generation induced
by bisulfite, we examined the effects of two widely used NADPH
oxidase inhibitors, diphenyleneiodonium (DPI) and quinacrine
(QA),23,24,25 on ROS quantity to determine whether PM NADPH
oxidase was involved in sulfite stress.

The ROS quantity in bisulfite-treated spinach epidermis peels
increased remarkably from 5–20 min then changed slightly and
was maintained at a steady high level up to 30 min. Pretreatment
with DPI at 5 lM and QA at 100 lM resulted in ROS generation at
a low rate, and the total ROS quantity was reduced. Pretreatment
with DPI at 50 lM and QA at 1 mM altered DCF fluorescence
slightly, which indicated that the inhibition was extremely obvious
(Fig. 6a and b).

Pretreatment with inhibitors significantly reduced the quantity
of ROS induced by bisulfite. The inhibition of DPI was very
sensitive, since low concentration of DPI (5 lM) obviously
inhibited the enhancement of ROS formation induced by bisulfite,
and DPI at 50 lM reduced the ROS quantity induced by bisulfite
by 84%. Furthermore, the inhibitory effects of DPI exhibited a
dose-dependent manner. Meanwhile, pretreatment with QA also
inhibited the enhancement of ROS formation induced by bisulfite.
QA at 100 lM and 1 mM suppressed the increase of ROS quantity
by 65 and 83%, respectively (Fig. 6c). These results suggested
that PM NADPH oxidase was involved in the production of ROS
resulting from bisulfite stress.

ROS production sited in the plasma membrane

To further identify that PM NADPH oxidase was involved in
ROS generation induced by bisulfite, we detected the site of ROS
formation in situ at 30 min under bisulfite stress. It was clear that
DCF fluorescence intensity around plasma membrane was higher
than other areas in epidermic cells under bisulfite stress (Fig. 7),
which suggested that the main site of ROS formation was plasma
membrane. However, guard cells were full of uncharacteristic
distribution DCF. It might be due to the course of the aqueous
phase diffusion which happened in the stoma opening progress
(Fig. 7). The result indicated that the site of bisulfite-induced ROS
formation was the PM, which confirmed that PM NADPH oxidase
was involved in ROS production induced by bisulfite.

Effect of bisulfite and inhibitors on PM NADPH oxidase activity

To further identity the relationship between the bisulfite-induced
increase in ROS quantity and PM NADPH oxidase activity, we
detected PM NADPH oxidase activity under bisulfite stress or
pretreatment with DPI and QA.
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Fig. 6 Effect of DPI and QA on ROS production for spinach under
bisulfite stress. The spinach was pretreated at the roots in a growth chamber
with the full nutrient solution supplemented with 5 and 50 lM DPI, 0.1
and 1 mM QA for 1 h, respectively. Epidermal tissue was loaded with
H2DCF-DA, washed, and examined using a luminescence spectrometer.
After adding 25 lL sulfite from a 200 mM stock solution to the cuvette
containing 500 lL loading buffer, the detection began with an excitation
of 488 nm, an emission of 525 nm and the slit width was 2.5 nm. (a) Effect
of DPI on dynamics of DCF fluorescence under bisulfite stress. (b) Effect
of QA on dynamics of DCF fluorescence under bisulfite stress.
(c) Effect of DPI and QA on total fluorescence of DCF.

Treatment with bisulfite significantly increased PM NADPH
oxidase activity in spinach leaves. The PM NADPH oxidase

Fig. 7 The site of ROS formation. Epidermal tissue was loaded with
H2DCF-DA, washed, and examined by laser scanning confocal mi-
croscopy under 10 mM bisulfite stress at 30 min.

activity treated with bisulfite was about fourfold higher than that
in the control sample. Pretreatment with PM NADPH oxidase
inhibitors obviously inhibited the bisulfite-induced increase in
PM NADPH oxidase activity. DPI at 5 lM and QA at 0.1 mM
suppressed the enhancement of PM NADPH oxidase activity by
20 and 35%, respectively. However, DPI at 50 lM and QA at
1 mM blocked the increase of PM NADPH oxidase activity by 70
and 65%, respectively. Moreover, the inhibition on PM NADPH
oxidase activity exhibited a dose-dependent manner (Fig. 8).
The effect of bisulfite and NADPH oxidase inhibitors on PM
NADPH oxidase activity was consisted with the effect on ROS
quantity. Data showed above suggested that PM NADPH oxidase
was involved in the production of ROS resulting from bisulfite
stress.

Fig. 8 Effect of NADPH oxidase inhibitors on NADPH oxidase activity
under bisulfite stress in spinach leaves. The bisulfite-induced increase in
values of NADPH oxidase activity was set as 100%. B + D5, B + D50, B +
Q0.1 and B + Q1 represents spinach pretreated at the roots in a growth
chamber with the full nutrient solution supplemented with 5 and 50 lM
DPI, or 0.1 and 1 mM QA for 1 h, respectively, then exposed to 10 mM
bisulfite for 30 min. All values are the average ± SE of three independent
experiments.

Discussion

Pn was significantly inhibited by bisulfite, consistent with the
result of Lüttge et al.4 The variation of Pn depended on bisulfite
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concentration and exposure time (Fig. 1). The slope of CO2–
response curves decreased at low CO2 under 10 mM bisulfite
stress for 30 min, which indicated that the activity of Rubisco
was inhibited (Fig. 2). These results suggested that bisulfite
significantly decreased Pn through deactivating Rubisco activity.

It has been reported that ROS was involved in SO2 stress with
indirect evidence of the level of vitamin E or superoxide dismutase
activity.6,7 In this experiment, ROS could be directly detected in situ
using H2DCF-DA under laser scanning confocal microscopes.
Dichlorofluorescin enters cells in the diacetate form (H2DCF-
DA). Then, it is hydrolyzed and trapped as dichlorofluorescin,
a nonfluorescent compound. Subsequent oxidation of H2DCF
by H2O2, catalyzed by peroxidases, yields the highly fluorescent
DCF.26 Results suggested that a large quantity of ROS, induced
by bisulfite in epidermal tissue of spinach leaves, was an important
reason to lose Rubisco activity (Fig. 3). The result indicated that
a large quantity of ROS was produced and involved in bisulfite
stress of spinach.

Peiser et al. reported that SO2 stress mainly induced chloroplasts
to produce ROS.8 But current inspection has demonstrated that
epidermic cells and guard cells had similar trends of ROS pro-
duction though epidermic cells were without chloroplasts (Fig. 3).
Moreover, in vitro experiments clearly showed that chloroplasts
only produced a small amount of ROS under bisulfite stress
(Fig. 5), Hence, chloroplasts were not the main site of ROS
formation under bisulfite stress. Bisulfite-induced ROS generation
may be different from other abiotic stress.

However, bisulfite-induced ROS production significantly de-
creased by pretreatment with the widely used PM NADPH oxidase
inhibitors DPI and QA (Fig. 6). The result suggested that PM
NADPH oxidase was involved in ROS production induced by
bisulfite stress. To understand the origin of bisulfite-induced ROS,
we further investigated the changes of PM NADPH oxidase
activity in spinach leaves. Bisulfite induced a pronounced increase
in the activity of PM NADPH oxidase in spinach leaves, and
this increase could be obviously inhibited by pretreatment of DPI
and QA (Fig. 8). Moreover, the patterns in the bisulfite-induced
increase and inhibitors-caused decrease in ROS production and
PM NADPH oxidase actiovity were quite similar. The inhibition
of DPI was very sensitive since DPI at a concentration as low as
5 lM obviously inhibited the enhancement of the two parameters
above. Furthermore, the inhibitory effects of DPI exhibited a dose-
dependent manner. Likewise, another NADPH oxidase inhibitor
QA also inhibited the increase of the two parameters induced
by bisulfite (Fig. 6 and 8). In addition, the in situ assay also
confirmed that PM NADPH oxidase was involved in bisulfite
stress (Fig. 7). Although the absolute specificity of each inhibitor
used in the present study could be questioned, similar results
obtained with different NADPH oxidase inhibitors, together with
the bisulfite-induced significant enhancement in ROS quantity and
PM NADPH oxidase activity as well as the findings of an in situ
assay, clearly revealed that PM NADPH oxidase was involved in
the ROS generation induced by bisulfite for spinach.

Based on all of these results, we conclude that bisulfite-
induced enhancements in levels of ROS originated mainly from
PM NADPH oxidase, and PM NADPH oxidase was involved
in bisulfite-induced ROS generation. Moreover, all the evidence
obtained in this study suggests that PM NADPH oxidase may
play an important role in response to SO2 stress.

Abbreviations

ROS Reactive oxygen species
O2

− Superoxide radical
OH− Hydroxyl radical
PM Plasma membrane
H2DCF-DA Dichlorofluorescin diacetate
Tris Tris(hydroxymethyl)aminoethane
DMSO Dimethyl sulfoxide
GTP Guanosine triphosphate
DTT Dithiothreitol
Pn Photosynthesis rate
DPI Diphenyleneiodonium
QA Quinacrine
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