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Exogenous paraquat changes antioxidant enzyme activities and lipid peroxidation
in drought-stressed cucumber leaves
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A B S T R A C T

In order to examine whether paraquat modifies the functioning of antioxidants and oxidative stress

levels in drought-stressed plants, a cucumber cultivar (Cucumis sativus cv. Yuexiu no. 3) was grown

hydroponically for 2 days. Drought stress, which was induced by polyethylene glycol (PEG), increased

the contents of malonaldehyde (MDA), superoxide radical (O2
�) and hydrogen peroxide (H2O2) in

cucumber leaves, while pretreatment of paraquat decreased them. Under drought stress induced by PEG,

we observed the decreased contents of MDA, H2O2 and O2
� in paraquat-pretreated plants in comparison

to unpretreated stressed plants. Drought stress and paraquat both increased the activities of

antioxidants such as superoxide dismutase (SOD, EC 1.15.1.1), catalase (CAT, EC 1.11.1.6), guaiacol

peroxidase (GPX, EC 1.11.1.7), ascorbate peroxidase (APX, EC 1.11.1.11), dehydroascorbate reductase

(DHAR, EC 1.8.5.1), monodehydroascorbate reducatase (MDHAR, EC 1.6.5.4), glutathione reductase (GR,

EC 1.6.4.2), reduced glutathione (GSH) and reduced ascorbate (AsA). But the combined effect of paraquat

application and drought stress resulted in the highest activities of antioxidants. So paraquat is able to

moderate the activities of scavenging system enzymes and to influence oxidative stress intensity under

drought stress induced by PEG.
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1. Introduction

Drought occurs in many parts of the world every year. The
environmental stress induces the excessive generation of reactive
oxygen species (ROS) such as superoxide anion (O2

�) and hydrogen
peroxide (H2O2) (Mittler, 2002) in plants. ROS can cause lipid
peroxidation and lead to the death of cells (Imlay, 2003). To
alleviate the damage from ROS, plants evolve enzymatic anti-
oxidants such as superoxide dismutase (SOD), guaiacol peroxidase
(GPX), ascorbate peroxidase (APX), catalase (CAT), dehydrateas-
corbate reducatase (DHAR), monodehydroascorbate reductase
(MDAR) and glutathione reductase (GR) and non-enzymatic
antioxidants including both of the reduced ascorbic acid (AsA)
and glutathione (GSH) (Xu et al., 2008).

ROS not only induce oxidative damage but also work as a second
messenger in signal transduction pathways at low concentration
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(Chamnongpol et al., 1998). Pretreatment of H2O2 increases the
antioxidant activities of plants, and hence meliorates the damage
from environmental stresses such as chilling (Yu et al., 2002) and salt
(De Azevedo Neto et al., 2005). Paraquat (PQ) is a pneumotoxic
herbicide and will block photosynthesis in light to give the free
radical form. Oxygen can rapidly reconvert this free radical thus
resulting in the production of O2

� (Ananieva et al., 2004; Takizawa
et al., 2007). Concentrations of PQ above 2 mM cause significant
damage to photosystem activity (Chagas et al., 2008). However, in
the presence of PQ, antioxidant enzymes are usually induced in
leaves due to the generation of O2

� (Casano et al., 1999; Ekmekci and
Terzioglu, 2005). We hypothesized that pretreatment with a low
concentration of PQ would act like H2O2 and enhance the ability of
plants to resist draught by changing the antioxidant activities.
However, It has not been reported that PQ supply could alleviate the
stress of draught.

Polyethylene glycol (PEG) 6000 can mimic water stress (Turkan
et al., 2005). Cucumber (Cucumis sativus) has a shallow root system
and large leaves. It is sensitive to drought stress and must be
irrigated well everyday. Several days of poor irrigation will block
their growth and development. In this paper, cucumber seedlings
were pretreated with 10 mM PQ and then were watered with
Hoagland solution containing 10% PEG 6000 to investigate the
effects of PQ on antioxidant activities and lipid peroxidation in
drought-stressed leaves.
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2. Materials and methods

2.1. Plant materials and treatments

Seeds of Cucumis sativus cv. Yuexiu no. 3 were incubated on
moist pledgets at 25 8C for 2 days and then were planted into 10 cm
of plastic pots containing sand. Seedlings of the cucumber were
grown at 25 8C and 12 h light (600 mmol m�2 s�1)/12 h dark and
were watered twice every day with the Hoagland solution, which
contained 5 mM KNO3, 5 mM Ca(NO3)2, 1 mM NH4H2PO4, 2 mM
MgSO4, 10 mM MnSO4, 50 mM H3BO3, 0.7 mM ZnSO4, 0.2 mM
CuSO4, 0.01 mM (NH4)6Mo7O24 and 70 mM Fe–EDTA–Na2. At the
two-leaf stage, cucumber seedlings were selected and divided into
four groups for treatments.

In our preliminary experiments, cucumber seedlings were
separately pretreated with four concentrations of PQ (1, 5, 10 and
15 mM) in moderate light (100 mmol m�2 s�1) for 0.5, 1, 2 and 4 h
and then were put into darkness for 24 h to resume before being
exposed to drought stress induced by PEG. The plants, which were
treated with 10 mM PQ for 1 h, resisted drought stress well.
Therefore, two groups of cucumber seedlings were watered with
15 ml of 10 mM PQ (Syngenta), and others were treated with 15 ml
of H2O. After kept in light (100 mmol m�2 s�1) for 1 h, all plants were
successively eluted 10 times with Hoagland solution and then were
put into darkness for 24 h to resume. Two groups of seedlings, which
were pretreated with PQ, were separately watered with 15 ml of
Hoagland solution and 15 ml of Hoagland solution + 10% PEG and
were, respectively, named as PQ pretreatment and PQ + PEG
treatment. The other groups of cucumbers were watered with
either of the two types of nutrient solutions as indicated above and
were, respectively, named as control and PEG treatment. Every plant
was subjected to 25 8C and 12 h light (600 mmol m�2 s�1)/12 h dark
and was watered twice per day. The second leaves were collected at
0 h before pretreatment of PQ and at 1, 25, 49 and 73 h after
pretreatment of PQ and were used for the subsequent experiments
with three replicates. Each sample included 8 seedlings.

2.2. Determination of malonaldehyde content

Malonaldehyde (MDA) was extracted with 10% trichloroacetic
acid and was determined at 450, 532 and 600 nm with 0.6%
thiobarbituric acid as described by Dhindsa et al. (1981).

2.3. Determination of the formation rate of O2
�

The formation rate of O2
�was determined at 530 nm according

to the method of Elstner and Heupel (1976) and was calculated
from a standard curve of NaNO2.

2.4. Determination of H2O2 content

When 2 g of fresh leaves were homogenized in 2 ml of
refrigerated acetone and were centrifuged at 3000 � g for
10 min, the supernatant was used for the H2O2 content assay as
described by Mukherjee and Choudhuri (1983).

2.5. Activities determination of antioxidant enzyme

After homogenized with liquid nitrogen, 0.3 g of leaves were
suspended in 3 ml of ice-cold HEPES buffer (25 mM, pH 7.8) which
contained 0.2 mM EDTA and 2% PVP. The homogenate was
centrifuged at 4 8C and 12,000 � g for 20 min, and the resulting
supernatant was used for determination of SOD, GPX, CAT, DHAR,
MDHAR and GR (Ramiro et al., 2006). The HEPES buffer (25 mM, pH
7.8) containing 0.2 mM EDTA, 2% PVP and 2 mM AsA was used for
APX extraction.
Activity of SOD was assayed by measuring its ability to inhibit
the photochemical reduction of nitro blue tetrazolium (NBT)
according to the method of Hwang et al. (1999). One unit of the
enzyme activity was defined as the amount of enzyme required to
result in a 50% inhibition of the reduction rate of NBT under assay
conditions.

Activity of GPX was measured at 470 nm according to the
method of Ramiro et al. (2006). The CAT activity was surveyed as
the decline in absorbance at 240 nm (Pereira et al., 2002). Activity
of APX was determined at 290 nm as described by Chen and Asada
(1989). The DHAR activity was determined by monitoring the
reduction of dehydroascorbate at 265 nm according to Doulis et al.
(1997). Activity of MDHAR was measured at 340 nm as described
by Hossain et al. (1984). The GR activity was measured at 340 nm
according to the method of Lee and Lee (2000). Absorbance change
of 0.1 in 1 min was defined as one unit of CAT, GPX, APX, GR, DHAR
and MDHAR.

2.6. Content assay of non-enzymatic antioxidants

The ground leaves (0.6 g) were suspended in 6 ml of 1% (W/V)
oxalic acid and were centrifuged at 4 8C and 8000 � g for 10 min.
The supernatant was used for the content determination of AsA
and total ascorbate (T-AsA). The content of AsA was measured
according to the methods of Klein and Perry (1982) and Raghu et al.
(2007), while the content of T-AsA was determined as described by
Mukherjee and Choudhuri (1983). The absorbance was measured
at 500 nm, and the contents of the two ascorbates were calculated
from a standard curve of ascorbic acid. Oxidized ascorbate was
estimated from the difference of T-AsA and AsA.

Cucumber leaves (0.03 g) were homogenized in 0.3 ml of 5%
trichloroacetic acid, and then were centrifuged for 10 min at 4 8C
and 10,000 � g. The supernatants were used to determine the
content of GSH (Guri, 1983). The content of oxidized glutathione
(GSSG) was measured using the GSH and GSSG assay kit (Beyotime
Institute of Biotechnology, China).

2.7. Statistics

Data were expressed as means � standard errors. Differences
were analyzed with one-way ANOVA and Least Significant Difference
(LSD) (Williams et al., 2006). P-values of <0.05 were considered to be
significant.

3. Results and discussion

3.1. Content of MDA

MDA is an indicator of lipid peroxidation (Ohkawa et al., 1979).
It is demonstrated that PEG results in the increasing of MDA
contents (Chang and Kao, 1997), and this is related to the damage
of lipid membrane. Zhang et al. (2007) have found that uniconazole
decreases the MDA content in drought-stressed soybean leaves. In
this paper, PQ application increased the MDA content in cucumber
leaves at 1 h, but did not enhance the content significantly at 25 h
(Fig. 1A). At 73 h, the MDA content was the lowest in PQ
pretreatment and was the highest in PEG treatment. In comparison
to PEG treatment, treatment of PQ + PEG made the MDA content to
decrease more. According to the result of ANOVA, PQ significantly
(P < 0.01) decreases the MDA content, and PEG increases (P < 0.01)
it. This indicates that 10% PEG results in the serious oxidative
stress. PQ influences the lipid membrane after pretreatment, but
improves the lipid peroxidation when cucumber is transferred into
drought stress induced by PEG. The pretreatment of a mild
oxidative stress is responsible for reducing the deleterious effects
of drought on plants.



Fig. 1. Effects of PQ on MDA content (A), O2
� formation rate (B) and H2O2 content (C) in cucumber leaves. Control, watering with Hoagland solution; PEG, watering with

Hoagland solution + 10% PEG; PQ, pretreating with 10 mM PQ and watering with Hoagland solution; PQ + PEG, pretreating with 10 mM PQ and watering with Hoagland

solution + 10% PEG. Bars represent standard errors. Values with the same letter are not significantly different at P < 0.05. F-values: PQ pretreatment and PEG treatment are

21.26** and 251.72** for MDA content, and 50.89** and 1191.51** for O2
� formation rate, and 11.81** and 228.32** for H2O2 content, respectively. Significance of ANOVA:

**P < 0.01.
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3.2. Formation rate of O2
� and content of H2O2

PQ generates O2
� in light (Ananieva et al., 2004), and PQ-

induced oxidative damages are also related to excess H2O2 (Chagas
et al., 2008). So the formation rate of O2

� (Fig. 1B) and the content
of H2O2 (Fig. 1C) were increased at 1 h. At 25 h, PQ has been rinsed,
therefore, the formation rate of O2

� in PQ pretreatment achieved a
0.17-fold decrease, while the content of H2O2 was not significantly
higher than control. Environmental stresses such as drought
induce the overproduction of ROS, which can damage lipid
membrane and increase the content of MDA (Smirnoff, 1993). At
73 h, PEG treatment resulted in the highest contents of O2

� and
H2O2 in cucumber leaves, while PQ pretreatment made the O2

� to
be the lowest and allowed H2O2 content to have no difference with
control. Compared with PEG treatment, treatment of PQ + PEG
significantly decreased the contents of the two kinds of ROS. So
PEG increases (P < 0.01) the formation rate of O2

� and the content
of H2O2, but PQ significantly (P < 0.01) decreases the ones. This is
consistent with contents of MDA. The data suggest that pretreat-
ment of PQ decreases the lipid peroxidation by reducing the
contents of ROS under drought stress induced by PEG.

3.3. Activities of antioxidants

O2
� can be dismutated into H2O2 by SOD (Bowler et al., 1992) in

the chloroplast, mitochondrion, cytoplasm and peroxisome. The
increasing of SOD activity induces the higher tolerance to oxidative
stress (Bowler et al., 1991). Under stress of salt (Liang et al., 2003)
and drought (Gong et al., 2005), the addition of silicon increases
SOD activity. Our present results showed that the SOD activity of
cucumber leaves was enhanced in PQ pretreatment during
treatment time (Fig. 2A). After the pretreated plants were resumed
for 24 h, the enzyme activity increased by 2%, indicating that
pretreatment of PQ induces the expression of SOD slightly. At 73 h,
the pretreated plants have been transferred into PEG conditions for
2 days, and the SOD activity in treatment of PQ + PEG was the
highest, indicating that the enzyme is further induced. The SOD
activity in leaves of PEG treatment was higher than control, but
was lower than the one in treatment of PQ + PEG. This is negatively
correlated with the change of O2

� formation rate. So pretreatment
of PQ increases the ability of cucumber leaves to dismutate O2

� via
SOD under drought stress induced by PEG.

H2O2, which is resulted from the action of SOD, can rapidly
diffuse across membranes and is toxic (Foyer et al., 1997). To
scavenge this kind of ROS, plants evolve an antioxidant system,
including the ascorbate–glutathione cycle, CAT and GPX. The
ascorbate–glutathione cycle is found in the chloroplasts and
cytosol (Foyer et al., 1994). In this cycle, APX plays an important
role in removing H2O2 when catalyzing the oxidization of AsA
(Asada, 1999). After treated with silicon, there is an increase of APX
activity in salt-stressed cucumbers (Zhu et al., 2004). During the
treatment time of this study, the APX activity of cucumber leaves
was gradually increased in PQ pretreatment (Fig. 2B). At 25 h, the
enzyme activity of PQ pretreatment increased by 17%. After the
pretreated cucumber seedlings were exposed to PEG stress for 2
days, the APX activities in leaves of PQ pretreatment and PEG
treatment were both higher than control. In comparison to PEG
treatment, treatment of PQ + PEG made the APX activity to increase
more. This result is negatively correlated with the contents of
H2O2, indicating that pretreatment of PQ can decrease the lipid
peroxidation induced by H2O2 via APX under drought stress. The
ascorbate–glutathione cycle needs regeneration of AsA that relies
on GSH-dependent DHAR and GR (a key enzyme in GSH
regeneration cycle) or NADH-dependent MDHAR (Luster and
Donaldson, 1987). PEG increases the activity of APX and GR
(Turkan et al., 2005). In tobacco plants treated by PQ, the activities
of DHAR and GR are activated (Miyagawa et al., 2000). Pretreat-
ment of salicylic acid increases the activities of GR, DHAR and
MDHAR in heat-stressed mustard seedlings (Dat et al., 1998). In the
current experiment, PQ pretreatment gradually increased the



Fig. 2. Effects of PQ on activities of SOD (A), APX (B), DHAR (C), MDHAR (D) and GR (E). Control, watering with Hoagland solution; PEG, watering with Hoagland solution + 10%

PEG; PQ, pretreating with 10 mM PQ and watering with Hoagland solution; PQ + PEG, pretreating with 10 mM PQ and watering with Hoagland solution + 10% PEG. Bars

represent standard errors. Values with the same letter are not significantly different at P < 0.05. F-values: PQ pretreatment and PEG treatment are 24.79** and 37.08** for SOD

activity, and 17.02** and 73.62** for APX activity, and 99.52** and 70.51** for DHAR activity, and 76.73** and 19.51** for MDHAR activity, and 172.87** and 104.53** for GR

activity, respectively. Significance of ANOVA: **P < 0.01.
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activities of DHAR (Fig. 2C), MDHAR (Fig. 2D) and GR (Fig. 2E) in
cucumber leaves and also enhanced the contents of AsA (Fig. 4A)
and GSH (Fig. 4B) and the ratios of AsA/oxidized ascorbate (Fig. 4C)
and GSH/GSSG (Fig. 4D) during treatment time. At 73 h, the
activities of DHAR, MDHAR and GR in PQ pretreatment and
Fig. 3. Effects of PQ on activities of CAT (A) and GPX (B) in cucumber leaves. Control, wate

pretreating with 10 mM PQ and watering with Hoagland solution; PQ + PEG, pretreatin

standard errors. Values with the same letter are not significantly different at P < 0.05.

activity, and 21.67** and 682.29** for GPX activity, respectively. Significance of ANOVA
treatments of PEG and PQ + PEG were separately higher than
control. Compared with control, PQ pretreatment and treatments
of PEG or PQ + PEG also made the contents of AsA and GSH and the
ratios of AsA/oxidized ascorbate and GSH/GSSG to increase more.
Treatment of PQ + PEG resulted in the strongest activities of DHAR,
ring with Hoagland solution; PEG, watering with Hoagland solution + 10% PEG; PQ,

g with 10 mM PQ and watering with Hoagland solution + 10% PEG. Bars represent

F-values: PQ pretreatment and PEG treatment are 277.10** and 121.90** for CAT

: **P < 0.01.



Fig. 4. Effects of PQ on contents of AsA (A), GSH (B), and ratios of AsA/oxidized ascorbate (C) and GSH/GSSG (D) in cucumber leaves. Control, watering with Hoagland solution;

PEG, watering with Hoagland solution + 10% PEG; PQ, pretreating with 10 mM PQ and watering with Hoagland solution; PQ + PEG, pretreating with 10 mM PQ and watering

with Hoagland solution + 10% PEG. Bars represent standard errors. Values with the same letter are not significantly different at P < 0.05. F-values: PQ pretreatment and PEG

treatment are 44.02** and 70.72** for AsA content, and 53.12** and 201.64** for GSH content, and 109.23** and 721.02** for AsA/Oxidized ascorbate, and 31.68** and 142.21**

for GSH/GSSG, respectively. Significance of ANOVA: **P < 0.01.
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MDHAR and GR, and the highest contents of AsA and GSH, and the
biggest ratios of AsA/oxidized ascorbate and GSH/GSSG. This
suggests that AsA and GSH are regenerated well in the ascorbate–
glutathione cycle and APX can remove H2O2 by catalyzing the
oxidization of AsA, when cucumber seedlings are pretreated with
PQ and then are transferred into drought stress.

CAT is a main enzyme to eliminate H2O2 in the mitochondrion
and microbody (Shigeoka et al., 2002). The enhanced CAT activity
has been found in treatments of acid rain (Wyrwicka and
Skłodowska, 2006). Pretreatment of salicylic acid increases the
enzyme activity in lead-stressed rice seedlings (Chen et al., 2007).
GPX may be against the accumulation and toxicity of H2O2 in the
apoplast (Shigeoka et al., 2002). The enzyme activity is increased in
PEG treatment (Turkan et al., 2005) and is enhanced significantly
by foliar spraying with Spd or Spm under CdCl2 treatment (Zhao
and Yang, 2008). In this study, the activities of CAT (Fig. 3A) and
GPX (Fig. 3B) were gradually increased in cucumber leaves of PQ
pretreatment during treatment time. At 25 h, the activities of CAT
and GPX were increased by 73 and 19%, respectively. After the
pretreated cucumber seedlings were exposed to PEG stress for 2
days, the activities of the two enzymes in treatment of PQ + PEG
were the highest, and they were higher in PQ pretreatment and
treatment of PEG or PQ + PEG than that in control. Thereby, the
expression of CAT and GPX can be induced slightly by pretreatment
of PQ and is further increased when the pretreated cucumber is
under PEG treatment. Lipid peroxidation induced by H2O2 can be
decreased by pretreatment of PQ via CAT and GPX under drought
stress induced by PEG.

AsA and GSH not only act as substrates in the ascorbate–
glutathione cycle, but also perform non-enzymatically. Their higher
contents have been owed to alleviate the injury by ROS (Kumar et al.,
2003; Schonhof et al., 2007). The recent result (Fig. 4) shows that PQ
and PEG significantly (P < 0.05) increase the contents of GSH and
AsA in cucumber leaves. Treatment of PQ + PEG made the contents of
the two antioxidants increased more than treatment of PEG,
indicating that PQ can increase the ability of cucumber leaves to
elimination ROS via the higher contents of GSH and AsA under
drought stress induced by PEG treatment.

In conclusion, drought stress induced by PEG would increase
the contents of O2

� and H2O2, and thereby enhanced the content of
MDA in cucumber leaves. When plants were pretreated with PQ
and exposed to drought stress induced by PEG, the activities of
antioxidant enzymes such as SOD, APX, DHAR, MDHAR, GR, CAT
and GPX and the contents of AsA and GSH were increased gradually
during treatment time. The combined effect of PQ application and
drought stress resulted in the highest activities of antioxidants and
the lowest content of MDA. Therefore, the bipyridylium herbicide
PQ could lead to the higher activities of antioxidants in light
condition (Casano et al., 1999; Ekmekci and Terzioglu, 2005) via
generating O2

� (Ananieva et al., 2004). When PQ pretreatment
seedlings are transferred to drought stress, the antioxidants are
further modified so as to play a role in decreasing the lipid
peroxidation of membrane (Yu et al., 2002; De Azevedo Neto et al.,
2005). PQ pretreatment could protect cells from being damaged by
ROS in drought-stressed cucumber leaves.
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