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INTRODUCTION

Maize and soybean are the main grain crops in Northeast 
China (NEC). The maize and soybean belt of  NEC 
includes Heilongjiang, Jilin, and Liaoning Provinces, as 
well as Inner Mongolia, and accounts for ~34% and 43% 
of  the total production and 31% and 43% of  the growing 
area in China, respectively. Crop production in NEC is 
mainly rainfed, and droughts occur due to annual and 
seasonal fluctuations in precipitation. Within the areas 
where these crops grown, available water resources have 
become the most limiting factor. The Food and Agriculture 
Organization (FAO) has reported that practically 60% of  
total available water resources in the world are consumed 
by agriculture (Lin et al., 2012). To meet the demand of  
human consumption, the world’s irrigated area would need 
to be increased by more than 20% and the irrigated crop 
yield would need to be increased by 40% by 2025 (Kevin 
et al., 2007). Irrigation plays an important role in feeding the 

world and provides opportunities for population expansion 
(Johan et al., 2007).

Partial root-zone drying (PRD) is a novel irrigation technique 
that has the potential to reduce water use significantly, while 
maintaining yields comparable to those of  full irrigation 
(Kirda et al., 2004). This method requires that part of  the 
root is exposed to drying soil while the remaining part is 
irrigated. The wet and dry sides of  the roots are alternated 
according to the crop types, growing stages and soil water 
balance (Loveys et al., 2000; Davies et al., 2002; Ebrahimian 
et al., 2013).

PRD has been used to explore plant growth, nutrient 
uptake and water use efficiency (WUE) (Ashinie et al., 
2016; Kusakabe et al., 2016; Liu et al., 2015). Plant dry 
biomass significantly decreased under fixed partial root-zone 
irrigation (FPRI) and deficit irrigation (DI) for maize (Wang 
et al., 2016). Compared to conventional irrigation (CI), PRD 
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decreased plant biomass accumulation by 6.7% Under 
appropriate fertilization and watered conditions (Li et al., 
2010b). Spatially variable water application with PRD causes 
change of  soil moisture within the rhizosphere, influencing 
N availability and plant N uptake (Han, 2013). Some studies 
have reported that PRD significantly improved N uptake, 
with increases of  15 to 100% compared to FPRI, when N 
application was combined (Zhang et al., 2014; Li et al., 2017). 
Nitrogen use efficiency under PRD was significantly greater 
than under CI (Ebrahimian et al., 2013; Zhang et al., 2014).

There are numerous studies on plant physiological responses 
under PRD (Basile et al., 2016; Ennahli et al., 2015). Zhou 
et al. (2007) showed that PRD increased soluble sugar 
content and decreased malondialdehyde (MDA) content in 
the leaves of  lily during the period of  cut flower. Li et al. 
(2010a) found that PRD had a slight decreasing effect on 
the proline and MDA contents as well as the superoxide 
dismutase (SOD) and peroxidase (POD) activities of  maize, 
but recovery to the levels of  CI was rapid after full irrigation. 
FPRI significantly reduced SOD and POD activities and 
increased proline and MDA contents (Tan et al., 2006). 
Hu et al. (2010) reported that leaf  SOD activity of  maize 
plants was decreased under CI and PRD. By contrast, the 
high SOD activity in maize leaves under FPRI remained 
after rewatering. The leaf  MDA content was higher during 
a water deficit and remained higher after rewatering under 
FPRI than those under CI and PRD. However, to the 
best of  our knowledge, the effect of  PRD under different 
N fertilizer treatments on physiological responses, such 
as osmotic substances, membrane lipid peroxidation, 
compatible solutes and antioxidant enzyme activity, are 
not well documented. We attempted to investigate the 
effect of  PRD and N fertilizers on the growth, membrane 
lipid peroxidation, compatible solutes and activities of  
antioxidant enzymes in the leaves of  maize and soybean as 
well as how this information contributes to further gains in 
the efficient production of  maize and soybean.

MATERIALS AND METHODS

Experimental setup
The experiment was conducted in a rain-shelter of  the 
Northeast Institute of  Geography and Agroecology, 
Chinese Academy of  Sciences from May to August in 
2016. The soil field capacity was 25%. The experimental 
PVC pots (25 cm diameter and 40 cm depth) were evenly 
divided into two vertical compartments by plastic sheets 
such that water exchange between the two compartments 
was prevented. A section of  plastic (5 cm in width and 
height) was removed from the middle of  the sheets at 
the top of  the pots where the seed tubers were planted. 
The pots were filled with 18.2 kg of  naturally dried soil. 
At the third leaf  stage, maize and soybean seedlings were 

transplanted into the pots. Before the treatment, each side 
of  the pots reached more than 90% of  the field water 
capacity to ensure that seedling root growth was robust.

Water and N fertilizer treatments
The treatments were composed of  three water irrigation 
techniques (full irrigation (FI), DI and PRD) and two 
N fertilizer treatments (normal N fertilizer treatment 
(2 g Pot-1 N) and high N fertilizer treatment (3 g Pot-1 N)). 
Before filling the pots, the N fertilizer was mixed thoroughly 
and homogeneously with the soil. For all pots, 2 g pot-1 
P and 2 g pot-1 K were mixed into the soil to meet the 
macronutrient requirements for plant growth.

Four weeks after transplanting, the plants were subjected to 
(1) FI and maintained at field capacity; (2) PRD, irrigated 
with 60-70% of  the total water applied to only one side 
of  the roots, alternating the sides every 7 days; and (3) DI, 
in which the same amount of  water as PRD was evenly 
irrigated to the two soil compartments. The experiment 
was a complete randomized design with 6 replicates for 
each treatment, and this yielded 72 pots in total (36 pots for 
maize, 36 pots for soybean). The water treatments lasted 
for 36 days, during which period each soil compartment 
of  the PRD plants had experienced three dry/wet cycles. 
The water used for irrigation was tap water with negligible 
concentrations of  nutrients.

Parameter measurements
Plant samples were collected at the end of  the water 
treatments. Plant dry biomass, including leaves, stem and 
roots, was recorded after oven-drying until constant weight. 
Fresh leaves were placed into separate bags, and frozen in 
liquid nitrogen, quickly stored at -80 ºC refrigerator, and 
measuring physiological properties.

MDA was measured according to the TBA reaction (Zhang 
and Zhang, 2006). The proline content was determined 
using sulfosalicylic acid (Zhang and Zhang, 2006). The 
soluble sugar content was determined by the anthrone 
method (Zhang and Zhang, 2006).

The soluble protein content was determined by Coomassie 
brilliant blue, G-250 (Zhang and Zhang, 2006). The SOD 
activity was measured according to nitroblue tetrazolium 
(NBT) (Zhang and Zhang, 2006). The POD activity was 
determined using guaiacol oxidation (Zhang and Zhang, 
2006). The APX activity was determined by monitoring 
the decrease in absorbance at 290 nm as ascorbate was 
oxidized (Zhang and Zhang, 2006).

Data analysis
The data were statistically analyzed by two-way analysis 
of  variance (ANOVA). The means were compared by 
Duncan’s test at the 5% and 1% levels (SPSS version 16.0).
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RESULTS

Plant growth
As shown in Table 1, plant biomass of  maize and soybean 
were higher under FI than under PRD and DI. Under 
water stress, plant growth suffered inhibition. Compared 
to FI, PRD reduced the leaf, shoot and root dry mass 
of  maize by 44, 105 and 160%, and DI by 51, 212 and 
218%, respectively, with the normal N fertilizer treatment 
(2 g N Pot-1). With the high N fertilizer treatment (3 g N 
Pot-1), PRD reduced dry mass by 99, 122 and 98%, and 
DI by 118, 152 and 218%, respectively. PRD inhibited less 
leaf, shoot, root and total dry mass than DI.

For soybean, compared to FI, under normal N fertilizer 
and high N fertilizer treatment, PRD decreased the dry leaf  
mass by 29 and 64% and DI by 43 and 68%, respectively. 
PRD decreased the dry shoot mass by 40 and 23% and DI 
by 30 and 20%, respectively. The magnitude of  the change 
was less than that of  maize.

Lipid peroxidation
Leaf  MDA contents of  maize and soybean were affected by 
water treatments (Table 2, Fig. 1). The leaf  MDA content 
under PRD and DI was always higher than that under FI. 
Compared to FI, PRD and DI under normal and high N 
fertilization levels increased the MDA content of  maize by 
16, 18, 26 and 25%, respectively (Fig. 1a). For soybean, these 
markedly increased by 32, 21, 61 and 44%, respectively, with 
a greater increment than in maize (Fig. 1b). However, leaf  
MDA contents of  maize and soybean were not affected 
by N treatments and interaction of  N × water (Table 2).

Osmotic adjustment
Significant effects of  water, N and N × water treatments 
were found on the leaf  proline content of  maize (Fig. 2, 
Table 2). DI under normal and high N fertilization levels 
markedly enhanced he leaf  proline content of  maize by 
19 and 16%, respectively. PRD enhanced the content 

by 6.4 and 62%, respectively (Fig. 2a). PRD under the 
high N fertilization level more significantly increased the 
leaf  proline content than under the normal N fertilization 
level. PRD and DI under the two N fertilization levels of  
soybean accumulated significantly more proline compared 
to FI. PRD dramatically enhanced proline by 104 and 47%, 
and DI enhanced it by 70 and 95% (Fig. 2b). A significant 
interactive effect of  N × water on proline was observed.

PRD treatment of  maize had the highest soluble sugar 
content of  all of  the water treatments, and compared with 

Table 1: Plant biomass of maize and soybean at two N (2 and 3 g pot) and three water treatments. FI, full irrigation; DI, deficit 
irrigation; and PRD, partial root‑zone drying (unit, g)
N levels (g pot) Water treatments Leaf Shoot Root Total

Maize Soybean Maize Soybean Maize Soybean Maize Soybean
2 FI 39.35 16.57 41.40 20.84 92.10 7.55 172.86 44.96

DI 25.99 11.56 13.28 16.01 29.00 6.82 68.27 34.38
PRD 27.28 12.83 20.19 14.93 35.36 7.22 82.84 34.98

3 FI 51.46 18.67 47.37 19.64 75.10 7.3 173.93 45.62
DI 23.66 11.11 18.77 16.34 26.85 7.67 72.28 35.12
PRD 25.82 11.34 21.29 15.99 38.02 7.98 85.12 35.31

Source of variation
N ns ns ns ns * ns ns ns
Water ** ns ** ** ** ns ** *
N×Water ns ns ns ns ** ns ns ns
* P<0.05; ** P<0.01; ns, not significant by Duncan’s test.

Fig 1. Leaf malondialehyde (MDA) content of maize (a) and soybean 
(b) plants at two N (2 and 3 g pot) and three water treatments. FI, full 
irrigation; DI, deficit irrigation; and PRD, partial root-zone drying. Bars 
represent the means±SE.

ba

Fig 2. Leaf proline content of maize (a) and soybean (b) plants at two 
N (2 and 3 g pot) and three water treatments. FI, full irrigation; DI, 
deficit irrigation; and PRD, partial root-zone drying. Bars represent 
the means±SE.

ba
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FI, PRD under the two N fertilization levels increased 
the soluble sugar content by 8.78 and 44%, respectively. 
By contrast, DI decreased the content by 8.45 and 23%, 
respectively (Table 2; Fig. 3a). With an increase of  the N 
fertilization level, soluble sugar content under PRD and DI 
decreased. Unlike maize, under the N fertilization levels, 
the leaf  soluble sugar content in soybean under PRD and 
DI decreased compared to FI (Fig. 3b). With the increase 
in nitrogen content, the soluble sugar content under PRD 
and DI increased. There was a significant difference at the 
interaction of  N × water (Table 2).

Compared to FI, the leaf  soluble protein content of  maize 
under the two N fertilization levels was found to increase 
under PRD, but declined under DI (Fig. 4a). The variation in 
the high N fertilizer treatments was more distinct than that 
of  the normal N fertilization level. Water treatments and N 
fertilizers caused a significant difference in the leaf  soluble 
protein content of  maize (Table 2). However, the two N 
treatments provided the statistically same results for soybean.

Antioxidant enzyme activities
PRD caused a decrease in SOD activity, and DI triggered 
SOD activity intensely in the normal N fertilization level 
of  maize (Fig. 5a). Increments in the high N fertilization 
level induced SOD activity and were more explicit than 
those for the normal N fertilization level. Therefore, this 
change was found to be significant (Table 2). The highest 
SOD activity was observed from DI of  soybean under the 
normal N fertilization level; it increased SOD activity by 
97% compared to FI, while PRD reduced SOD activity 
by 49% (Fig. 5b). The interaction of  N × water caused a 
significant difference in SOD activity (Table 2).

POD activity exhibited a similar trend to that of  SOD 
activity for maize; PRD caused a reduction in POD 
activity, and the highest POD activity was observed from 
DI at the normal N fertilization level of  maize (Fig. 5c). 
Increased POD activity was observed under PRD and DI 
at the high N level. For soybean, PRD and FI at the high 
N level caused statistically similar results regarding the 
POD activity, while DI elevated the POD activity (Fig. 5d). 
The normal N fertilization level induced the same trend as 
maize. The interaction of  N × water in maize was found 
to be significant, while in soybean, it was observed to be 
stable and statistically the same (Table 2).

APX activity in both PRD and DI presented a rising trend in 
maize and soybean, compared to FI; DI remarkably increased 
by 74% at the normal N fertilization level of  maize, and 
PRD increased by 39% (Fig. 5e). With an increase in the N 
fertilization level, APX activity decreased. The increment 
in DI was more distinct than in PRD for soybean (Fig. 5f). 
APX activity at the normal N fertilization level for soybean 
was slightly lower than that for the high N fertilization level.

DISCUSSION

This study showed that PRD and DI affected the growth 
of  maize and soybean. Plant biomass of  maize and soybean 

Table 2: Output of two‑way ANOVA for the effects of N and 
water treatments and their interaction on the physiological 
parameters of maize and soybean plants

N Water N×Water
Maize

MDA ns ** ns
Proline ** * *
Sugar ** ** ns
Protein ** ** **
SOD ns ** *
POD ns ** *
APX * ** ns

Soybean
MDA ns ** ns
Proline ns ** **
Sugar * ** *
Protein ns ns **
SOD ns ** **
POD ns ** ns
APX * ** ns

*P<0.05; **P<0.01; ns, not significant.

Fig 3. Leaf soluble sugar content of maize (a) and soybean (b) plants 
at two N (2 and 3 g pot) and three water treatments. FI, full irrigation; 
DI, deficit irrigation; and PRD, partial root-zone drying. Bars represent 
the means±SE.

ba

Fig 4. Leaf soluble protein content of maize (a) and soybean (b) plants 
at two N (2 and 3 g pot) and three water treatments. FI, full irrigation; 
DI, deficit irrigation; and PRD, partial root-zone drying. Bars represent 
the means±SE.

ba
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markedly decreased more under PRD and DI than under 
FI. This indicates that plant growth suffered inhibition 
under water stress. Importantly, the degree of  inhibition 
under PRD was less than under DI. In addition, maize 
growth was inhibited much more than soybean under 
water stress. However, plant growth was not affected by 
N fertilizer treatments. It has been reported that plant 
growth is greatly restrained under water stress. A previous 
investigation indicated that drought treatments caused 
strong reductions of  biomass (Rollins et al., 2013). Wang 
et al. (2008) demonstrated that the maximum biomass 
accumulation of  maize was obtained under well-watered 
conditions, but a severe water deficit caused a 50% reduction 
under CI; such reduction was much smaller under APRI, 
similar to this study. Li et al. (2017) advocated that PRD 
improved biomass accumulation more compared to non-
PRD treatments. A previous study demonstrated that total 
dry mass accumulation was high under higher fertilization 
than low fertilization treatment (Li et al., 2010a). The effect 
of  APRI on plant biomass accumulation depended on the 
fertilization level as well as the duration and stage under 
which APRI was conducted (Liang et al., 2013).

Water stress leading to damage to plants can be determined 
by physiological methods, such as measuring lipid 
peroxidation, because membrane destruction is a 

consequence of  active oxygen (Mohammad et al., 2016). 
MDA is often considered to be the secondary product 
and an index to reflect the degree of  membrane lipid 
peroxidation (Ali et al. 2005). This study showed that the 
MDA content in leaves increased under PRD less than 
under DI for maize and soybean and that soybean had 
a greater increment than maize. The increasing in MDA 
content might be a feedback mechanism responding to 
restraining the activities of  antioxidant enzymes, thus 
inducing possible damage to membranes. However, the 
MDA content at the high N fertilization level remained 
lower than that at the normal N fertilization level, which 
indicated that the presence of  N fertilizer could slightly 
alleviate the peroxidation of  membrane lipids. More studies 
have found that the MDA content was increased with the 
drought intensity (Sofo et al., 2004; Zhang et al., 2015). 
Bai et al. (2006) showed that membrane lipid peroxidation 
significantly increased at all stages. Qi et al. (2008) indicated 
that FPRI significantly increased leaf  MDA content, but 
APRI only had a slight effect. Li et al. (2010b) demonstrated 
that both APRI and FPRI increased leaf  MDA content and 
FPRI increased more significantly than APRI.

Osmotic adjustment is considered to be an important 
mechanism of  water stress for plants. When a plant is 
subjected to water stress, osmotic adjustment occurs 
to decrease its water potential to maintain a beneficial 
gradient of  water flow. Leaf  proline accumulation is a 
sensitive physiological indicator that is used to study the 
responses of  plant to water stress (Rejeb et al., 2014). 
In this study, under PRD and DI, maize and soybean 
accumulated significantly more proline compared to FI. 
The proline content accumulated in leaves, and water 
stress was improved via osmotic adjustment. PRD under 
the normal N fertilization level increased the leaf  proline 
content less than DI for maize. By contrast, PRD under the 
high N fertilization level enhanced the leaf  proline content 
less than DI for soybean. The variation in leaf  proline 
suggested that the effect of  PRD on plants was weaker 
than DI, so there was no need to synthesize additional 
proline for osmotic protection. However, PRD under the 
high N fertilization level enhanced the leaf  proline content 
more than DI for maize, and PRD under the normal N 
fertilization level increased the leaf  proline content more 
than DI for soybean. The leaf  proline content of  soybean 
accumulated to a significantly greater degree than that of  
maize. This trend clearly indicated that maize had more 
positive physiology than soybean and could reduce the 
intensity of  water stress. The leaf  proline content was 
significantly different under the interaction of  the water 
treatments and N fertilizers. It is probable that the leaf  
proline content leads to a trade-off  between water stress 
and nitrogen fertilizers in plants. Lobato et al. (2008) 
demonstrated that the accumulation of  proline in soybean 

Fig 5. Activities of leaf superoxide dismutase (SOD) (a, maize and b, 
soybean), peroxidase (POD) (c, maize and d, soybean) and ascorbate 
peroxidase (APX) (e, maize and f, soybean) at two N (2 and 3 g pot) 
and three water treatments. FI, full irrigation; DI, deficit irrigation; and 
PRD, partial root-zone drying. Bars represent the means±SE.

b

c d

f

a

e
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leaves was increased by 67% under water deficit. Teixeira 
and Pereira (2006) showed that the proline content was 
significantly increased in all organs of  potato under water 
stress. These previous results are similar to our results.

Plants can actively accumulate soluble sugar when subjected 
to water stress, which regulate the osmotic potential of  
plants to enhance the plant water-holding capacity and 
alleviate osmotic stress (Song and Wang, 2002). After water 
stress, for maize, the leaf  soluble sugar content and soluble 
protein content showed an upward trend under PRD. By 
contrast, DI showed a downward trend. Furthermore, 
with an increasing nitrogen content, the soluble sugar 
content under PRD decreased less compared to DI. 
The leaf  soluble sugar content in PRD was decreased 
less compared to DI for soybean, and with an increasing 
nitrogen content, the soluble sugar content increased under 
PRD was similar to that of  FI, but DI was still lower than 
FI. Some of  the drought responsive leaf  soluble sugar 
content constantly increases during water stress, and the 
soluble sugar content of  maize increased with increasing 
drought stress (Wei et al., 2010). Under the normal N 
fertilization level, PRD resulted in a decrease compared to 
DI in the soluble protein content of  soybean. In the high 
N fertilization level treatments, the soluble protein levels in 
PRD showed an upward trend. The total protein content 
in leaves was decreased under drought stress (Fazeli et al., 
2007). By decreasing the water potential, the total soluble 
protein content first increased and then decreased in roots 
and leaves (Nayer and Reza, 2008).

The present results showed that PRD caused a decrease 
and DI triggered an increase in SOD activity for maize and 
soybean, except for the high N fertilization level in maize. 
POD activity exhibited a similar trend with SOD activity at 
the normal N fertilization level. By contrast, PRD enhanced 
POD activity at the high N fertilization level of  maize and 
soybean. These results suggested that the decrease in SOD 
and POD activities is closely linked to the accumulation 
of  MDA (Li et al., 2011). The decrease in these enzyme 
activities led to an accumulation of  lipid peroxidation, 
thereby inducing damage to membranes. It was reported 
that water stress increased the activities of  SOD POD (Bai 
et al., 2006; Pan et al., 2006; Fazeli et al., 2007). However, 
other literatures have reported no change or decrease in 
SOD and POD activities in response to water stress (Boo 
and Jung, 1999; Zhang and Kirham, 1996). Xue et al. (2016) 
indicated that in rice leaves, water stress not only increased 
the MDA content but also lowered the SOD and POD 
activities. Qi et al. (2008)reported that FPRI and APRI 
treatments enhanced leaf  SOD activity. Moreover, the 
fertilization level may affected SOD activity, but unaffected 
POD activity. Sun et al. (2001) found that the SOD and 
POD activities were increased at a suitable nitrogen level 

under water stress. SOD converts toxic O2- radicals to H2O2, 
which must be scavenged to O2, and water by antioxidant 
enzymes, such as POD and APX (Ozkur et al., 2009). This 
study found that in DI, APX activity presented a rising 
trend for maize and soybean compared to PRD, which 
was in agreement with the results by Reddy et al. (2004). 
APX activity was not hampered by water stress, as high 
APX activity was present in DI. Along with the increase 
in N fertilizers, APX activity decreased in maize under DI, 
but in soybean, the activity increased. Mirzaee et al. (2013) 
indicated that water stress increased the APX activity in 
both shoots and roots of  canola. A similar result was found 
in rice (Kunder et al., 2016). These results suggested that 
fertilization regulated increased tolerance to water stress.

CONCLUSIONS

PRD and DI significantly decreased the biomass of  maize 
and soybean, but PRD decreased the biomass less than DI. 
PRD and DI increased the leaf  MDA content and with a 
smaller increment of  PRD than DI. PRD reduced SOD, 
POD and APX activities of  maize and soybean. PRD 
elevated soluble sugar and proline content of  maize and 
soybean at two N fertilization levels, Moreover, soluble 
sugar content, APX activity of  maize and soybean and 
proline and protein contents of  maize were significantly 
affected by N treatments. The present study revealed that 
PRD could mitigate damage caused by water stress in maize 
and soybean by regulating osmotic substances, membrane 
lipid peroxidation, compatible solutes and the activities of  
antioxidant enzymes.
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