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Abstract  
 
To investigate whether exogenous sucrose can protect cucumber from water stress, cucumber (Cucumis sativus L.) 
seedlings were pretreated with 90 mM sucrose or 90 mM mannitol for 1 d and then were dehydrated with 10 % (m/v) 
polyethylene glycol (PEG) 6000 for further 1 d. Dehydration inhibited plant growth and decreased osmotic potential 
and relative water content (RWC) in leaves. The pretreatment with 90 mM sucrose further reduced the osmotic potential 
but increased the RWC and alleviated the growth inhibition. Compared with the PEG treatment alone, the combination 
of sucrose + PEG increased the activities of superoxide dismutase, guaiacol peroxidase, glutathione reductase, 
dehydroascorbate reductase, monodehydroascorbate reductase, ascorbate peroxidase, and glutathione peroxidase, and 
elevated the content of endogenous sucrose, glucose, and fructose together with the activities of soluble acid invertase 
and neutral invertase. This was in accordance with the enhanced transcription of genes encoding copper/zinc superoxide 
dismutase, guaiacol peroxidase, and glutathione reductase. Furthermore, the sucrose pretreatment decreased the content 
of malondialdehyde and hydrogen peroxide and increased the content of ascorbate, reduced glutathione, and proline 
under the dehydration. Taken together, the pretreatment with 90 mM sucrose, but much less with mannitol, induced 
antioxidants, proline, and soluble sugars and thus reduced dehydration-caused damage to the cucumber seedlings. 

Additional key words: ascorbate-glutathione cycle, Cucumis sativus, fructose, gene expression, glucose, H2O2, invertase, 
malondialdehyde, polyethylene glycol, proline. 
 
 
Introduction 
 
Drought is a severe environmental stress that induces 
reactive oxygen species (ROS) including superoxide 
anion (O2

.-) and hydrogen peroxide (H2O2) (Wu et al. 
2013). The accumulation of ROS damages lipids and 
proteins within cells, resulting in plant growth inhibition 
(Li et al. 2013). To alleviate the toxicity induced by ROS, 
plants have evolved an antioxidant system including 
superoxide dismutase (SOD) (Mutlu et al. 2013), 
guaiacol peroxidase (GPX), glutathione peroxidase 
(GSH-Px), ascorbate peroxidase (APX), monodehydro-
ascorbate reductase (MDHAR), dehydroascorbate 
reductase (DHAR), glutathione reductase (GR) (Li et al. 
2013), and the reduced glutathione (GSH) and ascorbate 

(AsA) (Huang et al. 2013). 
 Sucrose represents the major transport form of 
photosynthates (Ward et al. 1998) and plays different 
roles in plants. At a low concentration, sucrose serves as 
substrate or signal for stress-induced alterations, whereas 
it functions directly as protective agent at higher 
concentrations (Uemura and Steponkus 2003, Rolland  
et al. 2006). The application of sucrose has a positive 
effect on AsA accumulation of harvested broccoli florets 
(Nishikawa et al. 2005). In the root suspension culture of 
Morinda citrifolia, the supplement of sucrose at a certain 
concentration regulates the increase of antioxidant 
enzyme activities and thereby decreases oxidative  
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damage (Baque et al. 2012). In Arabidopsis thaliana, a 
treatment with sucrose enhances anoxia tolerance and 
abolishes ROS stress during extended darkness (Loreti  
et al. 2005, Rosenwasser et al. 2011). Moreover, sucrose 
confers a high tolerance of Arabidopsis seedlings to the 
herbicide atrazine, which is associated with trans-
criptional reprograming genes involved in ROS defence 
(Ramel et al. 2007) and with the activation of antioxidant 
enzymes (Ramel et al. 2009). These observations argue a 
possible interaction between sucrose and ROS signalling 
in plants in response to stress conditions. Therefore, we 
hypothesize that an exogenous sucrose treatment might 
increase plant tolerance to drought stress through 

affecting antioxidant enzyme activities and mitigating 
damage by ROS.  
 Cucumber is sensitive to drought since it has a 
shallow root system and large leaves. In this study, 
sucrose-pretreated cucumber seedlings were subjected to 
a water stress induced by polyethylene glycol (PEG) 
6000 (Li et al. 2013). We aimed to examine whether the 
sucrose application could protect cucumber leaves from 
dehydration stress and if so, whether the protective effect 
involved the regulation of antioxidant enzymes. In 
addition, our aim was to investigate the role of soluble 
acid invertase (SAI), neutral invertase (NI) and proline in 
dehydration stress mitigated by exogenous sucrose.  

 
 

Materials and methods 
 
Plants and treatments: Cucumber (Cucumis sativus L. 
cv. Jinchun No. 4) seedlings were cultivated in sand 
saturated with a Hoagland nutrient solution at a 
temperature of 25 °C, a relative humidity of 75 %, an 
irradiance of 300 mol m-2 s-1, and a 12-h photoperiod (Li  
et al. 2011). When the second leaves were fully 
expanded, the seedlings (eight plants per group) were 
watered with the Hoagland nutrient solution containing 
different concentrations (0, 70, 90, and 110 mM) of 
sucrose for 1 d and with nutrient solution containing  
10 % (m/v) PEG 6000 for further 1 d. Three biological 
replicates were used. Based on the results of these 
preliminary experiments, 48 cucumber seedlings were 
divided into 6 groups where 2 groups were watered with 
the Hoagland nutrient solution only, and 2 groups were 
watered with the Hoagland nutrient solution containing 
the optimum concentration (90 mM) of sucrose, and last 
2 groups were watered with the Hoagland nutrient 
solution containing 90 mM mannitol. After one day, the 
sand was rinsed six times with water and six times with 
the Hoagland nutrient solution. Then the seedlings were 
watered with either the Hoagland nutrient solution or the 
Hoagland nutrient solution containing 10 % PEG 6000. 
After one day, the second leaves were harvested from all 
the plant groups for the subsequent experiments. Three 
biological replicates were used. The measurement of 
plant growth was performed according to Sun et al. 
(2012). 
 
Determinations of relative water content (RWC) and 
osmotic potential: Leaf discs (1 cm in diameter) were 
randomly taken from the middle portion of the second 
leaves. After the determination of fresh mass (FM), they 
were floated on distilled water in a Petri dish in darkness 
for 5 h and the water saturated mass (SM) was 
determined. Then the discs were dried at 75 °C for 48 h 
to determine the dry mass (DM). RWC [%] =  
(FM - DM)/(SM - DM) × 100 (Lee et al. 2013). 
 Cucumber leaves were frozen in liquid nitrogen, 
thawed, and their osmotic potential was determined as 

described by Bajji et al. (2001) using an osmometer  
(Vapro5520, Wescor, Logan, USA). 
 
Malondialdehyde (MDA) and H2O2 content: MDA was 
measured following procedures that were described by 
Dhindsa et al. (1981) and modified by Xu et al. (2008). 
Absorbances was read at 450, 532, and 600 nm using a 
spectrophotometer (TU-1810, Beijing Purkinje General 
Instrument Co., Beijing, China).  
 H2O2 content was determined according to Bernt and 
Bergmeyer (1974) with some modifications. After 
grinding with liquid nitrogen, leaf samples (0.3 g) were 
homogenized in 0.9 cm3 of an ice-cold sodium phosphate 
buffer (100 mM, pH 6.8) and centrifuged at 4 °C and  
18 000 g for 20 min. Then, the supernatant (0.15 cm3) 
was mixed with 0.75 cm3 of a reagent consisting of  
83 mM sodium phosphate (pH 7.0), 0.005 % (m/v)  
o-dianisidine, and 1 mM peroxidase. The mixture was 
incubated at 30 °C for 10 min. The reactions were 
subsequently stopped by adding 0.5 cm3 of 1 M 
perchloric acid. After centrifugation at 5 000 g for 5 min, 
the absorbance of supernatant was measured at 436 nm, 
and the content of H2O2 in leaves was calculated from a 
standard curve. 
 
Rate of O2

.- formation was analyzed according to 
Elstner and Heupel (1976) with some modifications. 
Liquid nitrogen-ground leaves (0.2 g) were homogenized 
with 1 cm3 of a 65 mM phosphate buffer (pH 7.8) and 
then centrifuged at 4 °C and 5 000 g for 10 min. 
Subsequently, the supernatant (0.5 cm3) was mixed with a 
reagent containing 0.05 cm3 of 10 mM hydroxylamine 
chlorhydrate, 0.45 cm3 of the 65 mM phosphate buffer  
(pH 7.8), 0.25 cm3 of 17 mM sulfanilamide, and 0.25 cm3 
of 7 mM -naphthylamine. The mixture was kept at  
25 °C for 20 min and then 1.5 cm3 of diethyl ether was 
added. After centrifugation at 4 °C and 1 500 g for  
15 min, the absorbance was measured at 530 nm. The 
formation rate of O2

.- in leaves was calculated from a 
standard curve of a NaNO2 reagent. 
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Enzyme activities and the content of non-enzymatic 
antioxidants:  For determination of enzyme activities, 
leaf samples were homogenized with an ice-cold HEPES 
buffer. SOD activity was assessed according to Hwang  
et al. (1999), and 1 unit of activity was defined as the 
amount of SOD enzyme that gave half-maximal 
inhibition of nitro blue tetrazolium reduction. GPX was 
measured according to Ramiro et al. (2006), GSH-Px 
according to Xue et al. (2001), APX according to Zhu  
et al. (2004), DHAR according to Doulis et al. (1997), 
MDHAR according to Hoque et al. (2007), and GR 
according to Foyer and Halliwell (1976). SAI and NI 
activities were assayed according to Batta and Singh 
(1986) and Huang et al. (2013), respectively. The content 
of protein in the homogenates was measured according to 
Bradford (1976). 
 The GSH content in leaves was determined according 
to Guri (1983), and the content of oxidized glutathione 
(GSSG) was measured using a GSH and GSSG assay kit 
(Beyotime Institute of Biotechnology, Jiangsu, China). 
The content of AsA and total ascorbate were determined 
at 525 nm (Kampfenkel et al. 1995). The content of 
oxidized ascorbate was estimated from the difference 
between the total ascorbate and the AsA content. 
 
Proline and sugar content: Liquid nitrogen-ground 
leaves (0.2 g) were homogenized in 5 cm3 of 3 % (m/v) 
sulfosalicylic acid, and the proline content was measured  

at 520 nm according to Bates et al. (1973). 
 Soluble sugars were quantified by the anthrone-
sulfuric acid assay (Yemm and Willis 1954), and their 
content was calculated using glucose as standard. The 
content of sucrose, glucose, and fructose were determined 
according to procedures that were described by Ozaki  
et al. (2009) and modified by Huang et al. (2013).  
 
Transcriptions of Cu/Zn-SOD, GPX and GR genes: 
Real-time PCR was performed according to Li et al. 
(2013) with modifications. Forward primers of Cu/Zn-
SOD, GPX, GR, and -tubulin (a housekeeping control) 
genes were: 5'-GACTGGGCCACATTTCAACC-3',  
5'-ACCGCCTCATCAACTTCAAC-3', 5'-TGATGAGG 
CTTTGAGTTTAGAGGAG-3', and 5'-CACTACACC 
GTTGGAAAGGAAA-3', whereas their reverse primers 
were: 5'-GCCTTGCCATCTTCACCAA-3', 5'-ATCTAG 
TGGGTGTGACTGGGTC-3', 5'-AACTTTGGCACC 
CATACCATTC-3', and 5'-CAAAAGGAGGGAGCC 
GAGA-3', respectively. The annealing temperatures were 
59 °C for Cu/Zn-SOD and GPX, and 61 °C for GR. The 
expressions of Cu/Zn-SOD, GPX, and GR were norma-
lized against the corresponding -tubulin expression. 
 
Statistical analysis: Data were expressed as means  
± SE. Differences were tested with one-way ANOVA and 
the least significant difference (LSD) test. P < 0.05 was 
considered to be significant. 

 
 
Results 
 
In comparison to the 0, 70, and 110 mM sucrose 
applications, the pretreatment with 90 mM sucrose led to 
the highest fresh mass of the second leaf and the fresh 
and dry masses of shoots and roots in the PEG-treated 
seedlings (Table 1). Under the PEG-induced dehydration, 
the 90 mM sucrose pretreatment resulted in the lowest 

content of MDA and H2O2, as well as O2
.- production, and 

the highest activities of SOD and GPX in the second 
leaves. Therefore, 90 mM was chosen as the suitable 
concentration of sucrose in the following experiments. 
 The fresh masses of the second leaves and shoots and 
the dry masses of roots and shoots markedly increased 

 
Table 1. Changes in plant growth, content of MDA and H2O2, O2

.- production, and activities of SOD and GPX in the second leaf 
when cucumber seedlings were pretreated with different concentrations of sucrose for 1 d and then exposed to 10 % (m/v) PEG 6000 
for further 1 d. Means  SE, n = 3. Different letters indicate statistically significant differences between treatments at P < 0.05.  
 

Parameters 0 70 90 110 mM sucrose 

Leaf f.m. [mg plant-1] 1120.27  41.10b 1202.90  80.90ab 1254.20    20.00a 1197.50  81.80ab 
Root f.m. [mg plant-1] 1254.70  71.70b 1589.20    8.35a 1715.50  102.00a 1422.80  57.50b 
Root d.m. [mg plant-1]     64.50    4.99b     75.20    2.41ab     84.77      3.80a     76.50    3.01ab 
Shoot f.m. [mg plant-1] 3245.90  68.40b 3441.90  58.70b 3925.00    79.40a 3416.73  89.73b 
Shoot d.m. [mg plant-1]   209.00    8.02b   244.80    6.43b   276.80      4.05a   228.90    4.82b 
Wilting leaves [%]     81.94    3.67a     40.28    5.01c     19.44      2.78d     63.89    1.39b 
MDA [nmol g-1(f.m.)]       7.80    0.19a       5.45    0.06c       4.95      0.05d       5.71    0.01b 
O2

.- [nmol g-1(f.m.) min-1]       4.25    0.11a       3.45    0.04b       3.26      0.02c       4.35    0.04a 
H2O2 [nmol g-1(f.m.)]   154.83    1.43a   117.56    1.43b   106.09      2.48c   123.29    2.48b 
SOD [U mg-1(protein)]     12.04    0.42c     14.12    0.18b     16.99      0.46a     13.82    0.83bc 
GPX [nmol mg-1(protein) min-1]   272.40    5.24c   366.10    2.47b   414.60      6.23a   205.20    2.60d 
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Table 2. Changes in plant growth, RWC, osmotic potential, content of MDA and H2O2, specific activities of antioxidant enzymes, 
transcription of Cu/Zn-SOD, GPX and GR genes, content of AsA, GSH, proline, soluble sugars, endogenous sucrose, fructose, and 
glucose, and activities of SAI and NI in the second leaves after 90 mM sucrose or 90 mM mannitol pretreatments and PEG-induced 
dehydration. Means  SE, n = 3. Different letters indicate statistically significant differences between treatments at P < 0.05. 
 

Parameters Control Sucrose PEG Sucrose+PEG Mannitol+PEG 

Leaf f.m. [g plant-1]     1.22  0.02b     1.30  0.01a     0.84  0.03d     1.11  0.03c     0.82  0.07d 
Root f.m. [g plant-1]     1.41  0.01a     1.53  0.05a     1.37  0.01b     1.49  0.03a     1.21  0.02c 
Root d.m. [mg plant-1]   63.00  1.05bc   73.30  1.50a   60.60  0.68c   64.30  0.38b   54.30  0.80d 
Shoot f.m. [g plant-1]     2.99  0.01b     3.26  0.06a     2.10  0.03d     2.52  0.05c     2.14  0.10d 
Shoot d.m. [mg plant-1] 213.90  5.66b 234.40  2.57a 187.00  0.33c 210.50  4.22b 187.40  0.86c 
RWC [%]   75.57  2.41b   85.71  1.22a   62.51  2.49c   80.97  1.17b   56.93  3.62c 
Osmotic potential [MPa]    -0.85  0.01a    -0.96  0.01c    -0.93  0.01b    -1.05  0.00d    -0.91  0.01b 
MDA [nmol g-1(f.m.)]     9.37  0.17d     8.38  0.09e   13.41  0.37a   10.60  0.28c   11.73  0.22b 
H2O2 [nmol g-1(f.m.)] 114.69  2.48c   86.03  1.43d 154.83  1.43a 106.09  2.48c 133.33  1.43b 
SOD [U mg-1(protein)]     7.30  0.39d   12.74  0.12c   14.31  0.26b   17.16  0.46a   15.02  0.29b 
GPX [nmol mg-1(protein) min-1] 190.80  2.51e 332.50  0.00c 272.40  5.24d 414.60  6.23a 380.40  4.48b 
GSH-Px [μmol mg-1(protein) min-1]     9.03  0.04c     9.41  0.11b     7.92  0.11d   12.63  0.11a     7.75  0.09d 
APX [nmol mg-1(protein) min-1]   84.80  2.45d 115.40  2.89b 101.00  3.07c 139.70  2.54a 103.30  2.98c 
MDHAR [nmol mg-1(protein) min-1]   59.40  1.35b   61.10  1.59b   49.90  0.85d   78.70  0.20a   54.55  0.61c 
DHAR [nmol mg-1(protein) min-1]   67.70  0.49d   73.10  0.33c   60.70  0.34e   81.20  0.57a   76.43  0.50b 
GR [nmol mg-1(protein) min-1]     3.01  0.01d     3.88  0.03b     3.84  0.08b     5.85  0.12a     3.56  0.06c 
Cu/Zn-SOD     0.80  0.02c     1.14  0.02b     1.17  0.01b     1.50  0.10a     1.23  0.02b 
GPX     0.75  0.05d     1.55  0.02b     1.00  0.00c     1.86  0.01a     1.76  0.03a 
GR     0.74  0.01d     0.83  0.00c     1.00  0.00b     1.18  0.01a     1.03  0.02b 
AsA [μg g-1(f.m.)]   94.30  0.38b   97.14  0.44a   66.96  0.22e   82.93  0.79c   73.74  0.58d 
GSH [μg g-1(f.m.)] 788.88  3.27c 870.53  5.66b 864.00  6.53b 971.77  3.27a 805.21  8.64c 
AsA/oxidized ascorbate     4.39  0.25bc     5.46  0.14a     4.03  0.12c     4.63  0.09b     4.39  0.15bc
GSH/GSSG     4.19  0.05d     6.35  0.06a     4.26  0.07d     5.50  0.03b     4.81  0.03c 
Proline [μg g-1(f.m.)]   10.48  0.11d   11.46  0.32c   12.73  1.06b   16.86  0.31a     8.09  0.53e 
Soluble sugars [mg g-1(f.m.)]     5.25  0.09e     6.91  0.10d     7.17  0.09c     8.46  0.07b     8.88  0.08a 
Endogenous sucrose [mg g-1(f.m.)]     0.48  0.01c     1.65  0.08a     1.01  0.01b     1.75  0.04a     0.99  0.02b 
Fructose [μg g-1(f.m.)] 251.10  0.42d 300.90  7.22cd 369.90  7.56c 660.60  36.3a 493.20  4.49b 
Glucose [μg g-1(f.m.)] 229.10  1.34c 266.30  8.28b 168.70  5.01d 297.60  4.24a 285.40  1.89ab
SAI [nmol g-1(protein) min-1]   41.17  0.33c   47.00  0.33b   33.50  0.33d   53.50  0.50a   40.50  0.33c 
NI [nmol g-1(protein) min-1] 146.00  0.33d 175.67  0.33c 180.00  0.50b 265.00  0.67a 176.33  0.33c 

 
due to the sucrose treatment in comparison to the 
untreated control, but the fresh mass of roots was not 
affected (Table 2). Compared to the control, the fresh 
masses of the second leaves, shoots, and roots and the dry 
mass of shoots decreased after the PEG treatment, and the 
dry mass of roots was not altered. In comparison to the 
PEG treatment, the sucrose + PEG treatment significantly 
enhanced the fresh masses of the second leaves, shoots, 
and roots and dry masses of shoots and roots, whereas the 
mannitol + PEG treatment significantly decreased the 
fresh and dry masses of roots and did not markedly 
change the fresh masses of the second leaves and the 
fresh and dry masses of shoots. So the PEG-induced 
dehydration significantly inhibited plant growth, and the 
pretreatment with sucrose, but not with mannitol, 
alleviated the growth inhibition under the dehydration. 
 Compared to the control, RWC in the second leaves 
dramatically increased by the sucrose treatment, whereas 
it remarkably decreased by the PEG treatment. In 

comparison to the PEG treatment, RWC obviously 
enhanced in the sucrose + PEG treatment and had no 
change in the mannitol + PEG treatment. The osmotic 
potential in the second leaves significantly decreased by 
the sucrose and PEG treatments when compared with the 
control. In comparison to the PEG treatment, the sucrose 
+ PEG treatment obviously reduced the osmotic potential, 
whereas the mannitol + PEG treatment did not alter it 
(Table 2). 
 As compared to the untreated control, the content of 
MDA and H2O2 were significantly reduced in the second 
leaves by the sucrose treatment and markedly increased 
by the PEG treatment. In comparison to the PEG 
treatment, the content of MDA and H2O2 decreased more 
by the sucrose + PEG treatment than by the mannitol + 
PEG treatment.  
 The activities of SOD, GPX, GSH-Px, APX, DHAR, 
and GR in the second leaves significantly increased by 
the sucrose treatment in comparison to the control, and 
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the activity of MDHAR did not change. When compared 
the PEG treatment with the control, the activities of SOD, 
GPX, APX, and GR significantly enhanced, and the 
activities of GSH-Px, MDHAR, and DHAR decreased. 
The activities of SOD, GPX, GSH-Px, APX, MDHAR, 
DHAR, and GR remarkably increased under the sucrose 
+ PEG treatment in comparison to the PEG treatment. 
Compared the mannitol + PEG treatment with the PEG 
treatment, the activities of SOD, GSH-Px and APX did 
not change, and the activities of GPX, MDHAR, and 
DHAR significantly increased, whereas the activity of 
GR was reduced (Table 2). 
 The expression of Cu/Zn-SOD, GPX, and GR genes 
significantly increased at the sucrose or PEG treatments 
in comparison to the control. Compared with the PEG 
treatment, the Cu/Zn-SOD, GPX, and GR expressions  
remarkably increased by the sucrose + PEG treatment. In 
the mannitol + PEG treatment in comparison to the PEG 
treatment, the GPX expression was induced, whereas the 
transcriptions Cu/Zn-SOD and GR were not changed. 
 Compared to the control, the content of AsA and GSH 
and the ratios of AsA/oxidized ascorbate and GSH/GSSG 
in the second leaves significantly increased under the 
sucrose treatment. The content of AsA and the ratio of 
AsA/oxidized ascorbate were remarkably reduced by the 
PEG treatment in comparison to the control, and the GSH 
content significantly increased, whereas the ratio of 
GSH/GSSG had no changes. Compared to the PEG 
treatment, the sucrose + PEG treatment markedly 
enhanced the content of AsA and GSH and the ratios of 

AsA/oxidized ascorbate and GSH/GSSG in the leaves. In 
the mannitol + PEG treatment, the content of AsA and 
the ratio of GSH/GSSG increased, and the GSH content 
decreased when compared to the PEG treatment. 
 The content of proline, soluble sugars, endogenous 
sucrose, and glucose significantly increased in the second 
leaves when compared the sucrose treatment with the 
untreated control, and the content of fructose had no 
obvious change. As compared with the control, the PEG 
treatment significantly reduced the glucose content and 
increased the content of proline, soluble sugars, fructose, 
and endogenous sucrose. In comparison to the PEG 
treatment, the content of proline, soluble sugars, 
endogenous sucrose, glucose, and fructose were signi-
ficantly elevated by the sucrose + PEG treatment. 
Compared the mannitol + PEG treatment with the PEG 
treatment, the former remarkably increased the content of 
soluble sugars, glucose, and fructose, and decreased the 
proline content; the content of endogenous sucrose did 
not change. 
 In comparison to the untreated control, the activities 
of SAI and NI in the second leaves significantly enhanced 
by the sucrose pretreatment. Compared the PEG 
treatment with the control, the activity of SAI decreased 
and the activity of NI increased by the PEG treatment. As 
compared with the PEG treatment alone, the sucrose + 
PEG treatment significantly enhanced the activities of 
SAI and NI, and the mannitol + PEG treatment increased 
the activity of SAI but decreased the activity of NI. 

 
 
Discussion 
 
Although the preliminary and main experiments in this 
study were performed at different time and used different 
seedlings, the same result was obtained: the pretreatment 
with 90 mM sucrose alleviated growth inhibition under 
PEG-induced dehydration. This is in agreement with a 
report that glucose pretreatment protects cucumber 
seedlings from dehydration stress (Huang et al. 2013). 
The mitigating effect of sucrose on dehydration indicates 
that sucrose might be applied as ingredient of water-
retaining agents which effectively enhance water use 
efficiency and crop yield (Wen et al. 2012). Compared to 
exogenous sucrose, 90 mM mannitol showed different 
influence on RWC and plant growth under PEG  
(Table 2) suggesting that sucrose probably did not act 
only as osmotic regulator when it alleviated the 
dehydration stress. 
 The accumulation of MDA indicates the injury of 
lipid membranes (Hameed et al. 2013). In this study, the 
MDA content in leaves increased under the PEG-induced 
dehydration but less in the sucrose-pretreated seedlings. 
This further suggests that exogenous sucrose alleviated 
the dehydration stress in cucumbers. Since MDA is 
caused by ROS (Perveen et al. 2013), the change of 

MDA content in the current experiment is consistent with 
our result that sucrose pretreatment also mitigated the 
increase in H2O2 under PEG. In agreement with this 
finding, a pretreatment with caffeic acid leads to a less 
ROS accumulation and thereby reduces damage to 
membrane lipids under dehydration (Wan et al. 2014). 
 Salt increases the activities of SOD, APX, and GR 
(Lin et al. 2011), whereas PEG elevates the GPX activity 
(Li et al. 2011) and decreases the activities of GSH-Px, 
MDHAR, and DHAR (Sun et al. 2012) in cucumber. In 
the current experiment, the PEG treatment resulted in the 
increased SOD, APX, GR, GPX, GSH-Px, and DHAR 
activities. However, the increases in H2O2 and MDA 
under the PEG treatment indicate that the production of 
ROS probably exceeded the capacity of antioxidant 
enzymes to eliminate it. In this study, the pretreatment 
with sucrose elevated the activities of SOD, GPX,  
GSH-Px, APX, DHAR, and GR under the PEG-induced 
dehydration. This response was accompanied by the 
increased transcription of Cu/Zn-SOD, GPX and GR 
genes and coincided with the decreased content of H2O2 
and MDA (Table 2). This suggests that sucrose 
pretreatment can increase dehydration resistance of plants 
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by regulating lipid peroxidation via increased activities of 
antioxidant enzymes. 
 Under the PEG treatment, the content of AsA 
decreased and the content of GSH increased. The same 
results of AsA (Lin et al. 2011) and GSH (Huang et al. 
2013) have been observed under salt stress and 
dehydration, respectively. Under the PEG-induced 
dehydration, exogenous sucrose not only enhanced the 
content of AsA and GSH, but also elevated the ratios of 
AsA/oxidized ascorbate and GSH/GSSG (Table 2).  
 The content of proline and soluble sugars in cucumber 
increased under the PEG treatment. Khalid et al. (2010) 
observed the similar results in Pelargonium 
odoratissimum. In the current experiment, the application 
of sucrose increased the proline and soluble sugars 
content under the PEG-induced stress. Similarly, 
pretreatment with ferulic acid enhances the levels of 
proline and soluble sugars under dehydration stress (Li  

et al. 2013). The higher content of soluble sugars in the 
sucrose-pretreated PEG-stressed leaves was confirmed by 
the elevated content of endogenous sucrose, glucose, and 
fructose, and by the enhanced activities of SAI and NI 
(Table 2) indicating that proline and soluble sugars were 
involved when exogenous sucrose protected the 
dehydration-stressed seedlings. 
 In conclusion, the pretreatment with 90 mM sucrose 
increased RWC and alleviated growth inhibition under 
the PEG-induced dehydration. Furthermore, it elevated 
the activities of SOD, GPX, DHAR, MDHAR, APX,  
GSH-Px, GR, SAI, and NI, and enhanced the content of 
AsA, GSH, proline, soluble sugars, endogenous sucrose, 
glucose, and fructose, but decreased the content of MDA 
and H2O2 in the dehydration-stressed leaves. We 
conclude that the sucrose pretreatment regulated 
antioxidants, proline, and soluble sugars, thus mitigating 
the dehydration stress of cucumber. 

 
 
References 
 
Bajji, M., Lutts, S., Kinet, J.M.: Water deficit effects on solute 

contribution to osmotic adjustment as a function of leaf 
ageing in three durum wheat (Triticum durum Desf.) 
cultivars performing differently in arid conditions. - Plant 
Sci. 160: 669-681, 2001. 

Baque, M.A., Elgirhan, A., Lee, E.J., Paek, K.Y.: Sucrose 
regulated enhanced induction of anthraquinone, phenolics, 
flavonoids biosynthesis and activities of antioxidant 
enzymes in adventitious root suspension cultures of 
Morinda citrifolia (L.). - Acta Physiol. Plant. 34: 405-415, 
2012. 

Bates, L.S., Waldren, R.P., Teare, I.D.: Rapid determination of 
free proline for water-stress studies. - Plant Soil 39: 205-
207, 1973. 

Batta, S.K., Singh, R.: Sucrose metabolism in sugarcane grown 
under varying climatic conditions: synthesis and storage of 
sucrose in relation to the activities of sucrose synthase, 
sucrose phophate synthase and invertase. - Phytochemistry 
25: 2431-2437, 1986. 

Bernt, E., Bergmeyer, H.U.: Inorganic peroxides. - In: 
Bergmeyer, H.U. (ed.): Methods of Enzymatic Analysis. Pp. 
2246-2248. Academic Press, New York 1974. 

Bradford, M.M.: A rapid and sensitive method for the 
quantitation of microgram quantities of protein utilizing the 
principle of protein-dye binding. - Anal. Biochem. 72: 248-
254, 1976. 

Dhindsa, R.S., Plumb-Dhindsa, P., Thorpe, T.A.: Leaf 
senescence: correlated with increased leaves of membrane 
permeability and lipid peroxidation and decreased levels of 
superoxide dismutase and catalase. - J. exp. Bot. 32: 93-101, 
1981. 

Doulis, A.G., Debian, N., Kingston-Smith, A.H., Foyer, C.H.: 
Differential localization of antioxidants in maize leaves. - 
Plant Physiol. 114: 1031-1037, 1997. 

Elstner, E.F., Heupel, A.: Inhibition of nitrite formation from 
hydroxylammonium chloride: a simple assay for superoxide 
dismutase. - Anal. Biochem. 70: 616-620, 1976. 

Foyer, C.H., Halliwell, B.: The presence of glutathione and 

glutathione reductase in chloroplasts: a proposed role in 
ascorbic acid metabolism. - Planta 133: 21-25, 1976. 

Guri, A.: Variation in glutathione and ascorbic acid content 
among selected cultivars of Phaseolus vulgaris prior to and 
after exposure to ozone. - Can. J. Plant Sci. 63: 733-737, 
1983. 

Hameed, A., Goher, M., Iqbal, N.: Drought induced 
programmed cell death and associated changes in 
antioxidants, proteases, and lipid peroxidation in wheat 
leaves. - Biol. Plant. 57: 370-374, 2013. 

Hoque, M.A., Banu, M.N.A., Okuma, E., Amako, K., 
Nakamura, Y., Shimoishi, Y., Murata, Y.: Exogenous 
proline and glycinebetaine increase NaCl-induced 
ascorbate-glutathione cycle enzyme activities, and proline 
improves salt tolerance more than glycinebetaine in tobacco 
Bright Yellow-2 suspension-cultured cells. - J. Plant 
Physiol. 164: 1457-1468, 2007. 

Huang, Y.W., Nie, Y.X., Wan, Y.Y., Chen, S.Y., Sun, Y., 
Wang, X.J., Bai, J.G.: Exogenous glucose regulates 
activities of antioxidant enzyme, soluble acid invertase and 
neutral invertase and alleviates dehydration stress of 
cucumber seedlings. - Sci. Hort. 162: 20-30, 2013. 

Hwang, S.Y., Lin, H.W., Chern, R.H., Lo, H.F., Li, L.: Reduced 
susceptibility to water logging together with high-light 
stress is related to increases in superoxide dismutase and 
catalase activities in sweet potato. - Plant Growth Regul. 27: 
167-172, 1999. 

Kampfenkel, K., Van Montagu, M., Inzé, D.: Extraction and 
determination of ascorbate and dehydroascorbate from plant 
tissue. - Anal. Biochem. 225: 165-167, 1995. 

Khalid, K.A., Teixeira da Silva, J.A., Cai, W.: Water deficit and 
polyethylene glycol 6000 affects morphological and 
biochemical characters of Pelargonium odoratissimum (L.). 
- Sci. Hort. 125: 159-166, 2010. 

Lee, B.R., Muneer, S., Park, S.H., Zhang, Q., Kim, T.H.: 
Ammonium-induced proline and sucrose accumulation, and 
their significance in antioxidative activity and osmotic 
adjustment. - Acta Physiol. Plant. 35: 2655-2664, 2013. 



SUCROSE PROTECTS CUCUMBER FROM DEHYDRATION 

153 

Li, D.M., Nie, Y.X., Zhang, J., Yin, J.S., Li, Q., Wang, X.J., 
Bai, J.G.: Ferulic acid pretreatment enhances dehydration-
stress tolerance of cucumber seedlings. - Biol. Plant. 57: 
711-717, 2013. 

Li, D.M., Zhang, J., Sun, W.J., Li, Q., Dai, A.H., Bai, J.G.: 5-
Aminolevulinic acid pretreatment mitigates drought stress 
of cucumber leaves through altering antioxidant enzyme 
activity. - Sci. Hort. 130: 820-828, 2011. 

Lin, S.H., Liu, Z.J., Xu, P.L., Fang, Y.Y., Bai, J.G.: Paraquat 
pre-treatment increases activities of antioxidant enzymes 
and reduces lipid peroxidation in salt-stressed cucumber 
leaves. - Acta Physiol. Plant. 33: 295-304, 2011. 

Loreti, E., Poggi, A., Novi, G., Alpi, A., Perata, P.: A genome-
wide analysis of the effects of sucrose on gene expression in 
Arabidopsis seedlings under anoxia. - Plant Physiol. 137: 
1130-1138, 2005. 

Mutlu, S., Karadağoğlu, Ö., Atici, Ö., Nalbantoğlu, B.: 
Protective role of salicylic acid applied before cold stress on 
antioxidative system and protein patterns in barley apoplast. 
- Biol. Plant. 57: 507-513, 2013. 

Nishikawa, N., Kato, M., Hyodo, H., Ikoma, Y., Sugiura, M., 
Yano, M.: Effect of sucrose on ascorbate level and 
expression of genes involved in the ascorbate biosynthesis 
and recycling pathway in harvested broccoli florets. - J. exp. 
Bot. 56: 65-72, 2005. 

Ozaki, K., Uchida, A., Takabe, T., Shinagawa, F., Tanaka, Y., 
Takabe, T., Hayashi, T., Hattori, T., Rai, A.K., Takabe, T.: 
Enrichment of sugar content in melon fruits by hydrogen 
peroxide treatment. - J. Plant Physiol. 166: 569-578, 2009. 

Perveen, S., Anis, M., Aref, I.M.: Lipid peroxidation, H2O2 
content, and antioxidants during acclimatization of Abrus 
precatorius to ex vitro conditions. - Biol. Plant. 57: 417-
424, 2013. 

Ramel, F., Sulmon, C., Bogard, M., Couée, I., Gouesbet, G.: 
Differential patterns of reactive oxygen species and 
antioxidative mechanisms during atrazine injury and 
sucrose-induced tolerance in Arabidopsis thaliana plantlets. 
- BMC Plant Biol. 9: 28, 2009. 

Ramel, F., Sulmon, C., Cabello-Hurtado, F., Taconnat, L., 
Martin-Magniette, M.L., Renou, J.P., Elamrani, A., Couee, 
I., Gouesbet, G.: Genome-wide interacting effects of 
sucrose and herbicide-mediated stress in Arabidopsis 
thaliana: novel insights into atrazine toxicity and sucrose-
induced tolerance. - BMC Genomics 8: 450, 2007. 

Ramiro, D.A., Guerreiro-Filho, O., Mazzafera, P.: Phenol 
contents, oxidase activities, and the resistance of coffee to 
the leaf miner Leucoptera coffeella. - J. chem. Ecol. 32: 

1977-1988, 2006. 
Rolland, F., Baena-Gozalez, E., Sheen, J.: Sugar sensing and 

signaling in plants: conserved and novel mechanisms. - 
Annu. Rev. Plant Biol. 57: 675-709, 2006. 

Rosenwasser, S., Rot, I., Sollner, E., Meyer, A.J., Smith, Y., 
Leviatan, N., Fluhr, R., Friedman, H.: Organelles contribute 
differentially to reactive oxygen species-related events 
during extended darkness. - Plant Physiol. 156: 185-201, 
2011. 

Sun, W.J., Nie, Y.X., Gao, Y., Dai, A.H., Bai, J.G.: Exogenous 
cinnamic acid regulates antioxidant enzyme activity and 
reduces lipid peroxidation in drought-stressed cucumber 
leaves. - Acta Physiol. Plant. 34: 641-655, 2012. 

Uemura, M., Steponkus, P.L.: Modification of the intracellular 
sugar content alters the incidence of freeze-induced 
membrane lesions of protoplasts isolated from Arabidopsis 
thaliana leaves. - Plant Cell Environ. 26: 1083-1096, 2003. 

Wan, Y.Y., Chen, S.Y., Huang, Y.W., Li, X., Zhang, Y., Wang, 
X.J., Bai, J.G.: Caffeic acid pretreatment enhances 
dehydration tolerance in cucumber seedlings by increasing 
antioxidant enzyme activity and proline and soluble sugar 
contents. - Sci. Hort. 173: 54-64, 2014. 

Ward, J.M., Kühn, C., Tegeder, M., Frommer, W.B.: Sucrose 
transport in higher plants. - Int. Rev. Cytol. 178: 41-71, 
1998. 

Wen, X.X., Zhang, D.Q., Liao, Y.C., Jia, Z.K., Ji, S.Q.: Effects 
of water-collecting and -retaining techniques on 
photosynthetic rates, yield, and water use efficiency of 
millet grown in a semiarid region. - J. integr. Agr. 17: 1119-
1128, 2012. 

Wu, Q.S., Srivastava, A.K., Zou, Y.N.: AMF-induced tolerance 
to drought stress in citrus: a review. - Sci. Hort. 164: 77-87, 
2013. 

Xu, P.L., Guo, Y.K., Bai, J.G., Shang, L., Wang, X.J.: Effects 
of long-term chilling on ultrastructure and antioxidant 
activity in leaves of two cucumber cultivars under low light. 
- Physiol. Plant. 132: 467-478, 2008. 

Xue, T., Hartikainen, H., Piironen, V.: Antioxidative and 
growth-promoting effect of selenium on senescing lettuce. - 
Plant Soil 237: 55-61, 2001. 

Yemm, E.W., Willis, A.J.: The estimation of carbohydrates in 
plant extracts by anthrone. - Biochem. J. 57: 508-514, 1954. 

Zhu, Z., Wei, G., Li, J., Qian, Q., Yu, J.: Silicon alleviates salt 
stress and increases antioxidant enzymes activity in leaves 
of salt-stressed cucumber (Cucumis sativus L.). - Plant Sci. 
167: 527-533, 2004. 

 
 




