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This study investigated the regulation of ascorbic acid and glutathione metabolism by 
hydrogen peroxide in wheat leaves under water stress. The results showed that H2O2 level, 
the activities of ascorbate peroxidase, glutathione reductase, monodehydroascorbate reduc-
tase, dehydroascorbate reductase, L-galactono-1,4-lactone dehydrogenase and gamma-glu-
tamylcysteine synthetase, and the contents of reduced ascorbate, reduced glutathione, total 
ascorbate and total glutathione were increased by water stress. And above increases were 
suppressed by pre-treatment with NADPH oxidase inhibitor diphenyleneiodonium chloride. 
Application of DPI also reduced H2O2 level, the activities of γ-ECS, GalLDH, APX, GR, 
DHAR and MDHAR, and the contents of AsA, GSH, total ascorbate and total glutathione, 
compared with control. Application of H2O2 to DPI-inhibited wheat seedlings prevented the 
reduction in the activities of APX, GR, MDHAR, DHAR, GalLDH and γ-ECS, and the 
contents of AsA, GSH, total ascorbate and total glutathione induced by DPI under water 
stress. Meanwhile, pre-treatment with DPI increased the malondialdehyde content and elec-
trolyte leakage. Application of H2O2 to DPI-inhibited wheat seedlings prevented the increas-
es in MDA content and EL. Our results suggested that water stress-induced H2O2 is a signal 
that leads to the up-regulation of ascorbate and glutathione metabolism and has an important 
role for acquisition of water-stress tolerance in wheat. 
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Abbreviations: APX – ascorbate peroxidase; DHAR – dehydroascorbate reductase; DPI 
– diphenyleneiodonium chloride; EL – electrolyte leakage; γ-ECS – gamma-glutamyl-
cysteine synthetase; GR – glutathione reductase; H2O2 – hydrogen peroxide; GalLDH – 
L-galactono-1,4-lactone dehydrogenase; MDA – malondialdehyde; MDHAR – monodehy-
droascorbate reductase; AsA – reduced ascorbate; GSH – reduced glutathione

Introduction

Water stress adversely affects plant growth, productivity and survival. Water stress usu-
ally induces the accumulation of reactive oxygen species (ROS), which cause oxidative 
damage to plants (Ansari et al. 2016; Mohammadi and Moradi 2016). Plants could protect 
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themselves against oxidative damage by antioxidative enzymes such as catalase (CAT) 
and superoxide dismutase (SOD), and nonenzymatic compounds such as ascorbate and 
glutathione (Sang et al. 2016). 

Ascorbate and glutathione are two crucial nonenzymatic compounds involved in de-
fence against oxidative stress. Plants can adjust the contents of ascorbate and glutathione 
by modulating their regeneration and biosynthesis. GalLDH is the key enzyme in the 
main biosynthetic pathway of ascorbate (Wheeler et al. 1998). γ-ECS is the key enzyme 
for glutathione biosynthesis (Dringen 2000). Ascorbate-glutathione (AsA-GSH) cycle is 
the recycling pathway of ascorbate and glutathione. Thus, the ascorbate-glutathione cycle 
plays an important role in maintaining the contents of ascorbate and glutathione in plants. 
In this cycle, APX, MDHAR, DHAR and GR are the key enzymes (Singh et al. 2015).

Hydrogen peroxide (H2O2) is a key signal molecule in plants. Evidences have shown 
that H2O2 is a key regulator in response to stresses (Wu et al. 2015; Mostofa et al. 2015). 
It has been documented that H2O2 could regulate the contents of ascorbate and glutathione 
through APX and GR in AsA-GSH cycle in maize leaves under water and heat stress 
(Zhang et al. 2007; Wang et al. 2014). However, whether H2O2 regulates DHAR and 
MDHAR in AsA-GSH cycle and key biosynthetic enzymes for ascorbate and glutathione 
(GalLDH and γ-ECS) under water stress remains unknown. 

Wheat is an important crop for human. However, it always encounters drought stress, 
which seriously inhibits its growth and development. In our previous observation, a cul-
tivar of winter wheat named Bainong 207 showed a better antioxidant ability indicated by 
higher contents of ascorbate and glutathione under water stress. However, the signal role 
of H2O2 in the regulation of the contents of ascorbate and glutathione in wheat under 
water stress is still unclear. So, investigating the signal role of H2O2 in the regulation of 
ascorbate and glutathione metabolism is important to elucidate the antioxidant mecha-
nism of wheat under water stress. 

In this study, we investigated H2O2 levels, the activities of enzymes in ascorbate and 
glutathione metabolism, and the contents of AsA, GSH, total ascorbate and total glu-
tathione in Bainong 207 leaves exposed to water stress induced by 10% PEG-6000. The 
aim of this study was to elucidate whether H2O2 regulates the ascorbate and glutathione 
metabolism of Bainong 207 under water stress, and provide new knowledge to the anti-
oxidant metabolism in wheat crop under water stress. 

Materials and Methods

Plant material, growth conditions and treatments

Seeds of wheat cultivar Bainong 207 were germinated and grown in distilled water in the 
artificial climate chamber under a temperature of 25/15 °C (day/night), 500 µmol m–2 s–1 

photosynthetic active radiation and a 12-h photoperiod. When the first leaf was fully  
expanded, the roots of seedlings were placed in plastic boxes filled with half-strength 
Hoagland’s solution and kept the roots in dark. The nutrition solution was exchanged 
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every two days. When the third leaf was fully expanded. The seedlings with similar 
growth condition were selected for experiments. 

In each treatment, we treated the seedlings by placing their roots in corresponding 
solutions and determined the physiological and biochemical indexes in leaves. To study 
the effect of water stress, the roots of one group of seedlings were placed in beakers 
containing 50 ml 10% (W/V) PEG solution for 48 h. The osmotic pressure of the used 
PEG-6000 solution is –0.2 MPa. To study the effect of NADPH oxidase inhibitor diphe-
nyleneiodonium chloride (DPI), the roots of one group of seedlings were pretreated by 
80 µM DPI for 12 h and then exposed to water stress for 48 h. A 80 µM DPI was se-
lected from a series of DPI concentrations (20, 40, 80 and 120 µM). To study if the effect 
of DPI can be reversed by exogenous H2O2, the roots of seedlings were pre-treated by  
30 µM H2O2 + 80 µM DPI for 12 h and then exposed to water stress for 48 h. There is no 
direct chemical reaction between H2O2 and DPI (Andriunas et al. 2012). A 30 µM H2O2 
was selected from a series of H2O2 concentrations (10, 30, 60, 90 and 120 µM). The 
roots of control seedlings were treated by distilled water alone. After treatment of 24 and 
48 h, the third leaves were collected and frozen in liquid nitrogen, and then kept at 
–80 °C until used analyses.

Analysis of APX, GR, DHAR, MDHAR

Enzymes were extracted according to Grace and Logan (1996). Ascorbate peroxidase 
(APX, EC 1.11.1.11) activity was measured by monitoring the decrease in absorbance at 
290 nm (Nakano and Asada 1981). One unit of enzyme was defined as the amount of APX 
catalyzing the oxidation of 1 μmol ascorbate per minute. Glutathione reductase (GR, EC 
1.6.4.2) activity was monitored at 340 nm (Miyake and Asada 1992). One unit of GR 
activity was defined as the oxidation of 1 μmol NADPH per minute. Monodehydroascor-
bate reductase (MDHAR, EC 1.6.5.4) activity was assayed at 340 nm (Miyake and Asada 
1992). One unit of MDHAR activity was defined as the amount of enzyme that oxidizes 
1 μmol NADH per minute. Dehydroascorbate reductase (DHAR, EC 1.8.5.1) activity was 
measured at 265 nm (Dalton et al. 1986). One unit of DHAR activity was defined as the 
amount of enzyme that produces 1 μmol AsA per minute. The specific enzyme activity for 
above enzymes was expressed as units mg–1 protein.

Analysis of GalLDH and γ-ECS

L-galactono-1,4-lactone dehydrogenase (GalLDH, EC 1.3.2.3) was extracted and meas-
ured by the method of Tabata et al. (2001). One unit of activity is defined as the amount 
of extract required to oxidize 1 nmol of L-Gal per minute. Gamma-glutamylcysteine 
synthetase (γ-ECS, EC 6.3.2.2) was extracted and measured by the method of Rüegseg-
ger and Brunold (1992). The specific enzyme activities were expressed as units mg–1  
protein.  
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Analysis of AsA, GSH, total ascorbate and total glutathione

AsA and DHA were measured according to Hodges et al. (1996). For each sample, DHA 
was estimated from the difference between total ascorbate and AsA. Total glutathione, 
GSSG and GSH were measured according to Griffith (1980). For each sample, GSH was 
estimated from the difference between total glutathione and GSSG.

Measurement of protein concentration

Protein concentration was measured according to the method of Bradford (1976). 

Analysis of H2O2

H2O2 content was determined by measuring the absorption of titanium-hydroperoxide as 
described by Brennan and Frenkel (1977). The amount of H2O2 was calculated from the 
standardized H2O2 curve. 

Measurement of malondialdehyde (MDA)content and electrolyte leakage (EL) 

MDA content was measured by thiobarbituric acid (TBA) reaction as described by  
Hodges et al. (1999). EL was determined according to Zhao et al. (2004). EL was ex-
pressed as the relative ion leakage, a percentage of the total conductivity after boiling.

Statistical analysis

The results presented were the mean of five replicates. Means were compared by one-way 
analysis of variance and Duncan’s multiple range test at the 5% level of significance.

Results

Effect of water stress and DPI on H2O2 content

Water stress led to an increase in H2O2 content (Fig. 1). Compared to the control, water 
stress increased H2O2 content by 147.5% and 116.2% after 24 and 48 h of treatment, re-
spectively. Pre-treatment with DPI markedly inhibited H2O2 accumulation under water 
stress. Compared to water stress alone, pre-treatment with DPI decreased H2O2 content by 
63.6% and 52.9% after 24 and 48 h of treatment, respectively. Application of exogenous 
H2O2 to DPI-inhibited seedlings increased H2O2 content under water stress, which indi-
cated that exogenous H2O2 reversed the effect of DPI on H2O2 content. These results in-
dicated that water stress induced H2O2 accumulation and pre-treatment with DPI inhibited 
H2O2 accumulation in stressed leaves of wheat.
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Effects of water stress and DPI on the activities of enzymes in ascorbate and 
glutathione metabolism

Table 1 showed that the activities of APX, GR, DHAR, MDHAR, γ-ECS and GalLDH in 
ascorbate and glutathione metabolism increased under water stress. Pre-treatment with 
DPI significantly reduced the activities of APX, GR, DHAR, MDHAR, γ-ECS and GalL-
DH in stressed leaves of wheat. Application of exogenous H2O2 to DPI-inhibited seed-
lings increased the activities of above enzymes under water stress, which indicated that 
exogenous H2O2 reversed the effect of DPI on the activities of above enzymes in stressed 
leaves. These results suggested that the accumulation of H2O2 was involved in the regula-
tion of ascorbate and glutathione metabolism under water stress.

Effects of water stress and DPI on the contents of AsA, total ascorbate, GSH, and total 
glutathione

Pre-treatment with DPI significantly reduced the contents of AsA, GSH, total ascorbate 
and total glutathione induced by water stress (Table 2). Application of exogenous H2O2 to 
DPI-inhibited seedlings increased the contents of above metabolites under water stress, 
which indicated that exogenous H2O2 reversed the effect of DPI on the contents of above 
metabolites in stressed leaves. These results suggested that the accumulation of H2O2 
under water stress increased the contents of AsA, GSH, total ascorbate and total glu-
tathione. Above results suggested once again that the accumulation of H2O2 was involved 
in the regulation of ascorbate and glutathione metabolism under water stress.

Figure 1. Effects of water stress and DPI on H2O2 content in leaves of wheat seedlings. The plants were treated 
as follows: Control, distilled water; H, 30 µM H2O2; DPI + WS, 80 µM DPI + 10% PEG; WS, 10% PEG; 
H + WS, 30 µM H2O2 + 10% PEG; H + DPI + WS, 30 µM H2O2 + 80 µM DPI + 10% PEG. The plants were pre-
treated with H, DPI or H + DPI for 12 h and then exposed to distilled water or water stress for 24 and 48 h. The 
letters a, b, c and d mean that there are significant differences between different treatments at the 5% level of 

significance
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Effects of water stress and DPI on MDA content and EL 

Pre-treatment with DPI significantly increased MDA content and EL of stressed leaves 
(Fig. 2). Application of exogenous H2O2 to DPI-inhibited seedlings decreased MDA con-
tent and EL of stressed leaves, which indicated that exogenous H2O2 reversed the effect 

Table 2. Effects of water stress and DPI on the contents of AsA, total ascorbate, GSH and total glutathione 
in leaves of wheat seedlings

Parameters Time 
(h) Control H DPI+WS WS H+WS H+DPI+WS

AsA
[µmol g–1 (FW)]

24 4.10 ± 0.44d 4.83 ± 0.53c 3.65 ± 0.40d 7.51 ± 0.82b 8.64 ± 0.95a 6.97 ± 0.71b

48 4.10 ± 0.51d 5.17 ± 0.55c 3.83 ± 0.36d 6.60 ± 0.73b 7.97 ± 0.77a 7.19 ± 0.75b

Total ascorbate
[µmol g–1 (FW)]

24 4.27 ± 0.41d 5.08 ± 0.47c 4.05 ± 0.50d 8.34 ± 0.81b 9.70 ± 1.11a 7.66 ± 0.84b

48 4.36 ± 0.48d 5.41 ± 0.62c 4.35 ± 0.45d 7.25 ± 0.80b 9.06 ± 0.86a 7.98 ± 0.77b

GSH
[µmol g–1 (FW)]

24 0.23 ± 0.03d 0.33 ± 0.03c 0.25 ± 0.04d 0.49 ± 0.06b 0.60 ± 0.07a 0.44 ± 0.05b

48 0.26 ± 0.04d 0.37 ± 0.04c 0.27 ± 0.03d 0.43 ± 0.04b 0.56 ± 0.06a 0.46 ± 0.06b

Total glutathione
[µmol g–1 (FW)]

24 0.27 ± 0.04d 0.38 ± 0.04c 0.30 ± 0.04d 0.54 ± 0.06b 0.66 ± 0.08a 0.50 ± 0.08b

48 0.31 ± 0.06d 0.43 ± 0.05c 0.34 ± 0.05d 0.48 ± 0.07b 0.63 ± 0.05a 0.53 ± 0.08b

Notes: The plants were treated as in Fig. 1. The plants were pretreated with H, DPI or H + DPI for 12 h and then exposed to 
distilled water or water stress for 24 and 48 h. The letters a, b, c and d mean that there are significant differences between different 
treatments at the 5% level of significance.

Table 1. Effects of water stress and DPI on the activities of enzymes in ascorbate and glutathione metabolism 
in leaves of wheat seedlings

Parameters Time 
(h) Control H DPI+WS WS H+WS H+DPI+WS

APX
[U mg–1 (protein)]

24 1.5 ± 0.18d 2.2 ± 0.26c 1.8 ± 0.23d 3.3 ± 0.31b 4.1 ± 0.52a 3.0 ± 0.32b

48 1.7 ± 0.16d 2.0 ± 0.22c 1.7 ± 0.22d 2.6 ± 0.25b 3.3 ± 0.31a 2.3 ± 0.26b

GR
[U mg–1 (protein)]

24 1.2 ± 0.13d 1.4 ± 0.12c 1.2 ± 0.15d 1.9 ± 0.21b 2.5 ± 0.28a 1.7 ± 0.21b

48 1.0 ± 0.11d 1.3 ± 0.16c 1.3 ± 0.18c 1.7 ± 0.21b 2.3 ± 0.22a 1.6 ± 0.16b

DHAR
[U mg–1 (protein)]

24 3.1 ± 0.41d 3.9 ± 0.44c 2.8 ± 0.28d 5.3 ± 0.62b 6.2 ± 0.55a 4.9 ± 0.55b

48 2.9 ± 0.31d 3.8 ± 0.40c 3.3 ± 0.42d 4.4 ± 0.48b 5.3 ± 0.48a 4.5 ± 0.48b

MDHAR
[U mg–1 (protein)]

24 1.6 ± 0.15d 2.1 ± 0.20c 1.9 ± 0.19c 3.0 ± 0.33b 3.8 ± 0.45a 2.6 ± 0.27b

48 1.8 ± 0.18d 2.2 ± 0.23c 1.5 ± 0.21d 2.5 ± 0.25b 3.6 ± 0.33a 2.8 ± 0.31b

GalLDH
[U mg–1 (protein)]

24 3.2 ± 0.37d 3.9 ± 0.46c 2.8 ± 0.36d 5.1 ± 0.56b 5.9 ± 0.54a 4.6 ± 0.49b

48 2.9 ± 0.25d 3.7 ± 0.33c 2.9 ± 0.32d 4.5 ± 0.47b 5.6 ± 0.60a 4.9 ± 0.49b

γ-ECS
[U mg–1 (protein)]

24 1.7 ± 0.19d 2.3 ± 0.32c 2.0 ± 0.22d 3.1 ± 0.38b 3.8 ± 0.43a 2.7 ± 0.33b

48 1.9 ± 0.24d 2.2 ± 0.25c 1.8 ± 0.25d 2.8 ± 0.33b 3.5 ± 0.33a 2.6 ± 0.28b

Notes: The plants were treated as in Fig. 1. The plants were pretreated with H, DPI or H + DPI for 12 h and then exposed to 
distilled water or water stress for 24 and 48 h. The letters a, b, c and d mean that there are significant differences between different 
treatments at the 5% level of significance.
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of DPI on MDA content and EL of stressed leaves in stressed leaves. These results sug-
gested that H2O2 has important role for acquisition of water stress tolerance in wheat.

Discussion

AsA is an important compound of plant antioxidant system and a major redox compound 
in plants, which can be regulated by enzymes in its recycling pathway and biosynthesis. 
Jiang and Zhang (2002a, b) reported that water stress-induced H2O2 increased the accu-
mulation of AsA and APX activity. Our present study showed that water stress-induced 
H2O2 also increased AsA content and APX activity, which was consistent with previous 
study. Besides, our study also indicated that water stress-induced H2O2 increased the ac-

Figure 2. Effects of water stress and DPI on MDA content (A) and EL (B) of wheat leaves. The plants were 
treated as Fig. 1. The plants were pretreated with H, DPI or H + DPI for 12 h and then exposed to distilled water 

or water stress for 48 h.
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tivities of the recycling enzymes DHAR and MDHAR and biosynthetic enzyme GalLDH, 
and total ascorbate. These results indicated that water stress-induced H2O2 could regulate 
AsA content through APX, DHAR, MDHAR and GalLDH. 

GSH is another important compound of plant antioxidant system. The cellular content 
of GSH can be determined by γ-ECS and GR, which are the key enzymes in its biosyn-
thetic and recycling pathway, respectively. It has been reported that H2O2 increased GSH 
accumulation and GR activity in the leaves of maize and cucumber under water stress 
(Jiang and Zhang 2002b; Liu et al. 2009). Our results also showed that H2O2 increased 
GR activity and GSH content under water stress, which was consistent with previous 
study. Besides, our study also indicated that H2O2 accumulation increased γ-ECS activ-
ity and total glutathione content under water stress. Above results indicated that water 
stress-induced H2O2 regulated the contents of GSH and total glutathione through GR and 
γ-ECS.

Besides, our findings showed that the 12-h long hydrogen-peroxide pre-treatment 
alone had altered only the measured internal hydrogen-peroxide content significantly, 
there were no effect on the MDA level and the electrolyte leakage. This can be explained 
by the significant increase in the activity of the protective ascorbate-glutathione cycle 
enzymes and in the levels of ascorbic acid and reduced glutathione. 

Plant hormones abscisic acid (ABA) and jasmonic acid (JA) increased under water 
stress (Shan and Liang 2010; Xing et al. 2016). As stress signals, they have important 
roles in defencing oxidative stress (Alavi-Samani et al. 2015; Guajardo et al. 2016). Jiang 
and Zhang (2002b) reported that water stress-induced H2O2 increased the accumulation 
os AsA and APX activity. It has been reported that H2O2 increased GSH accumulation and 
GR activity in the leaves of maize and cucumber under water stress (Jiang and Zhang 
2002b; Liu et al. 2009). Plant hormones abscisic acid (ABA) and jasmonic acid (JA) in-
creased under water stress (Shan and Liang 2010; Xing et al. 2016). As stress signals, they 
have important roles in defencing oxidative stress (Alavi-Samani et al. 2015; Guajardo et 
al. 2016). Jiang and Zhang (2002b) reported that H2O2 was involved in ABA signaling in 
the regulation of ascorbate-glutathione cycle through APX and GR under water stress. 
However, whether H2O2 is involved in ABA signaling in the regulation of AsA-GSH cy-
cle through DHAR and MDHAR, and the biosynthesis of ascorbate and glutathione 
through GalLDH and γ-ECS remains unknown. Our previous study showed that JA regu-
lated ascorbate and glutathione metabolism in A. cristatum leaves under water stress 
(Shan and Liang 2010). Besides, Dai et al. (2015) reported that JA-induced H2O2 regu-
lated ascorbate and glutathione metabolism through AsA-GSH cycle and their biosynthe-
sis. If ABA had the same effect as JA in regulating ascorbate and glutathione metabolism, 
it is also very interesting to investigate the relationship between ABA and JA in regulating 
AsA-GSH cycle and the biosynthesis of ascorbate and glutathione. This part work will 
provide more new knowledge to the antioxidant metabolism in wheat crop under water 
stress.

In conclusion, our results clearly suggest that water stress-induced H2O2 accumulation 
participates in the regulation of ascorbate and glutathione metabolism by increasing the 
activities of APX, GR, MDHAR, DHAR, GalLDH, γ-ECS and the contents of AsA, GSH, 
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total ascorbate and total glutathione, which, in turn, protects wheat crop against water 
stress. These results provide new knowledge to the antioxidant metabolism in wheat crop 
under water stress. 
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