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ABSTRACT
Background: Drought is the main restricted agent for growth and development of soybean and the physiological characteristics of
different parts of soybean leaves changed significantly.
Methods: To explore the impacts of drought stress on the physiological characteristics of leaves in different parts of soybean, in this
study, Williams 82 was used as the experimental material and drought stress was simulated by a watering nutrient solution containing
10% PEG-6000. Under different treatment time conditions, the superoxide dismutase (SOD) activity and proline (Pro) content in
different parts of soybean leaves were determined.
Result: The results indicate that the SOD activity and Pro content in the upper and bottom leaves of soybean increased significantly
under drought stress conditions and with the increase in drought stress time, the SOD activity in the upper and bottom leaves of
soybean increased first and then declined and the content of Pro increased gradually. In general, soybean relief drought damage by
increasing SOD activity and Pro content under drought stress. This study offered the theoretical foundation for exploring the mechanism
of soybean drought resistance.
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INTRODUCTION
Soybean is a significant grain and oilseed crop in the world,
it is rich in nutrients, including isoflavones, oligosaccharides,
saponins, phospholipids, vitamins and so on (Song et al.,
2023). At present, some countries use soybean ink in prints.
Soybean plays an important role in the world. Drought is
common in many parts of the world (Islam et al., 2022), it
has the characteristics of high frequency, wide influence
range, large follow-up influence, long duration and shows a
normal development trend (Hussain et al., 2016). Therefore,
plants are inevitably exposed to drought during their growth,
they will generate a large number of hazardous substances,
such as reactive oxygen species (ROS) and reactive nitrogen
(RNS) under drought conditions (Chen et al., 2022). These
harmful substances will destroy the structure of cell
membranes in plants, cause damage to cell physiological
function and produce lipid peroxidation and eventually,
caused cells death (Kunert et al., 2016). Heilongjiang is one
of the main soybean-producing areas in China, the
precipitation in the growing season is between 350-480mm
and more than 85% of the annual precipitation is
concentrated from July to September. In recent years, due
to lack of rain during May to June, is posing a great challenge
to the growth of soybean. Drought in seedling stage resulted
in a significant decrease in the quantity of branches of
soybean, the increase of reactive oxygen species in the body
damages the oxidized body of soybeans, which leads to a
decrease in soybean yield (Chun et al., 2021, Buezo et al., 2019).
Plants regulate the accumulation and breakdown of
metabolites and there are response mechanisms for
protection in the face of drought stress and among them,
superoxide dismutase (SOD) is a key antioxidant enzyme

(Shao et al., 2005) and proline (Pro) is a key osmotic
regulator (Gill et al., 2010).

SOD is an antioxidant enzyme capable of converting
superoxide free radicals into less active substances (Wang
et al., 2012). Under sufficient moisture conditions, the
antioxidant enzyme system of plants is usually in equilibrium.
However, under water stress, the water pressure inside the
plant water potential will drop, resulting in a large number
of superoxide anion free radicals (Wang et al., 2016). If
unattended, the loss of soil moisture in an arid environment
leads to the decrease of water absorbed by plant roots, which
breaks the balance of water and air pressure inside plants
and this environment increases, the activity of SOD activity
to deal with the oxidative stress response caused by drought
stress (Wei et al., 2020). Studies have shown that 10% PEG
simulated drought stress and soybean seedling leaf SOD
activity increased (Wang et al., 2019).
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Proline, as a multifunctional amino acid, has many
functions such as stabilizing protein, cell membranes and
subcellular structures under stress and protect cell function
by scavenging ROS. Proline has strong water solubility,
which form polymers with some compounds in cells and
has the function of water retention and scavenging hydroxyl
radical, slowing down the process of cell membrane
peroxidation to resist drought stress (Filippou et al., 2014).
Studies have shown that proline is the most effective
substance to regulate osmosis in plants, therefore, the
change in free proline content can be used as an important
indicator to measure the abiotic stress of plants. Under high
osmotic stress conditions, the synthesis of proline in plants
has increased (Hayashi et al., 2000). Studies have shown
that under the treatment of high concentrations of sucrose
and glucose, the accumulation of proline in leaves increased
(Larher et al., 1993).

Due to the difference in growth times of plant leaves,
the bottom leaves usually senescence earlier than the upper
leaves. In the process of aging, the changes in SOD activity
and Pro are worth exploring. Especially under drought stress,
the changes in SOD activity and Pro content in the upper
and bottom leaves of soybean are unknown. Therefore, it
was focused on Williams 82, to explore the changes of
superoxide dismutase and proline in the upper and bottom
leaves of soybean under drought stress and sufficient
irrigation conditions. Analysis will be done for their
differences when soybean is at five leaves stage under
aridity stress. This study will provide a scientific and effective
theoretical basis and reference for understanding the
antioxidant mechanism of plants under drought stress
especially in soybean.

MATERIALS AND METHODS
Trial design
The experiment was conducted from June to September
2022 within the rooftop glass rain shelter at the production
internship base of Northeast Agricultural University (4544
43.87 N, 12643050.42 E). The test variety was Williams 82,
which is native to the United States and was the first soybean
variety selected for soybean genome sequencing. The test
was carried out by sand culture method, a circular plastic
bucket with a height of 35 cm and an inner diameter of 30
cm was selected. A gauze was put on the bottom of the
barrel and each barrel is filled with 18 kg of washed sand.
Six soybean seeds with full grains and uniform size were
selected for sowing, three seedlings with consistent growth
in each barrel were left after seedling. After the true leaves
grew out, 500 mL of Hoagland’s nutrient solution was
irrigated every day to meet the growing needs of plants,
Hoagland’s nutrient solution is a nutrient solution dedicated
to plant cultivation. It contains different kinds of nutrient
elements, which can effectively promote plant growth, but
also make plants healthier and stronger and improve plant
resistance (Waheed et al., 2019). Two processing methods
were emplaced in the test. At the five-leaf stage of soybean

growth, 500 mL of nutrient solution mixed with PEG-6000
(10%) was irrigated every day to simulate drought stress
and the nutrient admixture without PEG-6000 was used as
the control group (CK), each treatment was repeated three
times. Samples were collected and stored on the 1 d, 3 d, 5 d,
7 d and 9 d after irrigation. The sampling time was 8:00-
9:00 a.m. every day and the fourth and fifth compound leaves
(upper leaves) and the first and second compound leaves
(bottom leaves) were taken. The upper and bottom leaves
of normally watered soybean were recorded as CK-up and
CK-down, respectively, the upper and bottom leaves of PEG-
irrigated soybean were recorded as drought-up and drought-
down, respectively. After sampling, the samples were quickly
frozen in liquid nitrogen and then transferred to -80C ultra-
low temperature refrigerator for preservation.

Index determination
SOD activity was determined by the colorimetric method
(Hayat et al., 2012) and Pro content was determined by the
ninhydrin hydrate colorimetric method (Gao, 2006).
Contribution analysis

Note: SOD: SOD activity (different leaf parts and
different days-blank group). The relative variation (%) of Pro
was calculated by the same method.

Data statistics
Excel 2019 was used for collation and charting; data analysis
was performed using SPSS25.0 multivariate analysis of
variance.

RESULTS AND DISCUSSION
SOD is involved in the formation of the number one line of
defense against active oxygen radicals, under drought stress
conditions, changes in SOD activity and Pro content have
been used as indicators of changes in plant redox status
(Moran et al., 1994, Schwanz et al., 2001). In an aridity
environments, SOD activity and Pro content in the upper
and bottom leaves of soybean were significantly increased.
Under water stress of plants, calcium signaling, ABA
signaling, ROS and other signaling pathways will be
activated, thereby activating the production of SOD. The
production of proline is also considered to be related to the
drought signaling pathway, such as water deficiency leads
to increased cytoplasmic osmotic pressure, which cause
proline accumulation.

Effects of drought stress on SOD activity in soybean
leaves
The SOD activity of soybean leaves is shown in Fig 1. With
the prolongation of treatment time, the SOD activity of leaves
in both parts increased first and then tapered off, reaching
peak on the seventh day of the treatment. On days 1-3 of

SOD relative magnitude of change (%) =

SOD
SOD

SOD
SOD

+ POD
POD
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treatment, the SOD activity of soybean leaves had shown
that the control group increased rapidly and the drought
treatment group increased slowly; in the treatment of 5-7
days, the drought treatment group increased faster than the
control group. The SOD activity of the two parts of soybean
leaves increased the fastest in 3-5 days.

The SOD activity of soybean leaves in two parts (upper
and lower) was higher in the drought group than in the control
group under drought stress. On the 1, 3, 5, 7 and 9th days of
treatment, the SOD activity of the upper leaves in the drought
group (Drought-up) increased by 51.65%, 18.01%, 10.57%,
22.75% and 18.90%, respectively, compared with the upper
leaves in the control group (CK-up); the SOD activity of the
lower leaves in the drought group (Drought-down) increased
by 38.44%, 1.07%, 17.49%, 29.71% and 24.65%,
respectively, compared with the lower leaves in the control
group (CK-down). Except for the third day, the differences
at other treatment times were significant, indicating that
drought stress could induce the expression of SOD activity.
In both treatment groups, the SOD activity of soybean leaves
showed that the lower leaves were greater than the upper
leaves. Compared with CK-up, the SOD activity of CK-down
increased by 18.02%, 28.27%, 7.35%, 0.54% and 1.87%
on days 1, 3, 5, 7 and 9 th, respectively. Compared with
Drought-up, the SOD activity of Drought-down increased
by 7.75%, 9.85%, 14.07%, 6.23% and 5.27% on days 1, 3,
5, 7 and 9th, respectively. The difference was significant on
days 3 and 5 in the control group and on days 5, 7 and 9th in
the drought group.

In this study, the SOD activity in the upper leaves of
soybean was lower than that in the bottom leaves in CK,
the difference caused by leaf senescence. Studies have
shown that the bottom leaves senescence earlier than the
upper leaves and SOD activity in senescent leaves was
significantly higher than that in tender leaves (Wen and
Zhang, 2022). The upper leaves of CK and the bottom leaves
of CK gradually approached after 5 days, because the fifth

leaf gradually transformed into old leaves with the
occurrence of new leaves. The SOD activity in upper leaves
of soybean in drought treatment was always lower than that
in the bottom leaves. The antioxidant system like SOD
eliminates the accumulation of ROS in leaves and ensure
the function of chlorophyll and the greenness of leaves (Del
Río, 2015). SOD activity in the bottom leaves of soybean
was higher than that in upper leaves under drought stress,
it ensures the function of leaves and delays the senescence
of leaves. Studies have shown that SOD enzyme activity in
the bottom leaves of spring maize after silking is higher under
different cultivation modes (Menezes-Benavente et al.,
2004). At the seedling stage of soybean drought treatment,
SOD activity increased, but after 10 days of drought
treatment, SOD activity was decreased (Dong et al., 2019).
The SOD activity in drought-treated tomato leaves increased
by 74.3% (Wang et al., 2022) and reached a significant level.
The reason for the above situation may be that short-range
drought stress can induce the expression of SOD enzyme,
so that plants have certain drought resistance, however, with
the prolongation of stress time, the active oxygen in leaves
continued to increase, ROS cause damage to plant tissues,
thereby affecting the SOD activity, result in the drought
resistance of plants was inhibited. Our results are similar to
previous studies.

Effects of drought stress on pro content in soybean
leaves
As shown in Fig 2, the proline (Pro) content in soybean
leaves gradually increased with the extension of treatment
time. The trend of Pro content changes in the two parts of
soybean leaves tended to be consistent. Moreover, the Pro
content in both parts of the leaves showed that the drought
treatment group was higher than the control group. On the
1, 3, 5, 7 and 9th days of treatment, compared with CK-up,
the Pro content of Drought-up increased by 46.54%,
113.56%, 70.91%, 43.84% and 56.70%, respectively.

Fig 1: Effects of drought stress on SOD activity in soybean leaves.

Note: ‘a’ is a bar graph and ‘b’ is a fitting graph. The X axis is the number of days of treatment, CK-up,

CK-down is the upper and bottom leaves of normal watered soybean, Drought-up, Drought-down is the

upper and bottom leaves of PEG-6000 watered soybean.
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Compared with CK-down, the Pro content of Drought-down
increased by 115.07%, 57.50%, 78.97%, 23.14% and
47.75%, respectively. This indicates that soybeans will
accumulate a large amount of Pro under drought stress
conditions to improve their adaptability to drought stress. In
both treatment groups, the Pro content of soybean leaves
showed that the upper leaves were higher than the lower
leaves. The difference in the control group was not
significant. Compared with CK-down, CK-up increased by
77.12%, 36.96%, 24.94%, 15.90% and 11.03% on days 1,
3, 5, 7 and 9th, respectively. Compared with Drought-down,
Drought-up increased by 20.95%, 46.16%, 19.38%, 35.34%
and 17.57% on days 1,3,5,7 and 9 th respectively. In both
treatment groups, the Pro content of soybean leaves showed
that the upper leaves were higher than the lower leaves.
Except for the first day of drought treatment, the differences
were significant on other days.

Osmotic regulation is an important coping mechanism
of plants to water and salt stress. It can reduce the osmotic
potential of plant tissues by accumulating low molecular
weight organic solvents and inorganic ions, minimizing water
loss and maintaining water absorption (Parida and Das, 2005).
Under stress conditions, the increase of Pro is an adaptability
of plants, which can control their water balance and ensure
that plants are not or less damaged by stress, Pro
accumulation is a protective response of plants to drought
stress (Ashraf and Follad, 2007). In this study, it can be found
that the impact of drought treatment on the proline metabolism
of soybean is different. Early stages of drought treatment
(such as the third day of treatment), proline content in upper
leaves increased significantly after drought treatment,
indicating that drought stress was more sensitive to the
synthesis and accumulation of proline in this part. With the
passage of drought treatment time, the accumulation of
proline in the bottom leaves gradually increased and reached

the summit on the 9th day, this shows that with the raise of
drought treatment time, Pro synthesis may have different
responses in different parts and this helps to understand the
response mechanism of plant vulnerability and also helps to
carry out plant regulation and cultivation. This is similar to
the results of other scholars on barley (Singh et al., 1972).

Analysis of variance
In order to further explore the independent effects of drought,
days and leaf parts on the measured indicators, we used
multivariate analysis of variance to analyze different
influencing factors. It can be seen from Table 1 that the sig
values corresponding to drought, days and F values of leaf
parts are less than 0.05, which indicates that there are
significant effects on drought, days and leaf parts. The
interaction between leaf parts and drought, the interaction
between leaf parts and days and the interaction between
drought days had significant effects on SOD activity. The
interaction of leaf position, drought and days had no
significant effect on SOD activity and proline content.

Relative change amplitude analysis
The relative changes of SOD and Pro in different parts of
leaves under drought stress in different days are shown in
Table 2. With the extension of drought treatment time, in
the early stage of drought treatment (1-3 d), the relative
variation of SOD in upper leaves was higher than that in
bottom leaves. In the late stage of drought treatment (5-9 d),
the relative change of SOD in bottom leaves was higher
than that in upper leaves, which infers that in the process of
resisting drought stress, the effect on leaves was small in
the early stage of stress, the upper leaves of SOD played a
major role, due to the extension of stress time and the role
of upper leaves gradually decreased. The increase of SOD
in bottom leaves was greater than that in upper leaves, which
played a major role in resisting drought stress.

Fig 2: Effects of drought stress on pro content in soybean leaves.

Note: ‘a’ is a bar graph and ‘b’ is a fitting graph. The X axis is the number of processing days. CK-up,

CK-down were upper and bottom leaves of normal watered soybean, Drought-up, Drought-down were

upper and bottom leaves of PEG-6000 watered soybean.
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With the extension of drought treatment time, under
drought treatment for 1 d, the relative variation of Pro in
bottom leaves was higher than that of upper leaves. In the
middle and late stages of drought treatment (3-9 d), the
relative variation of Pro in upper leaves was higher than
that of bottom leaves. It indicated that the bottom leaves of
Pro played a major role in the process of resisting drought
stress, the role of upper leaves gradually decreased in the
later stage of stress. The increase of Pro in upper leaves
was greater than that in bottom leaves, which played a major
role in resisting drought stress.

CONCLUSION
In this experiment, Williams 82 was used as the material to
determine the SOD activity and Pro content in the upper and
bottom leaves of enough water and drought stress at different
periods. The results proved that SOD activity of soybean
leaves increased at first then reduced, with the prolongation
of drought stress time and the bottom leaves were higher
than the upper leaves. The content of Pro increment with the
elongation of drought stress time and the upper leaves were
higher than the bottom leaves, leaf position, drought, days
and SOD activity, Pro content showed a significant correlation.
This finding indicates that in actual production, it is necessary
to delay the senescence of the bottom leaves, thereby
increasing the yield of soybean. In the experiment, a
comparative method was used, soybean was subjected to
drought stress and leaves at different positions were studied.
There is a lack of other antioxidant enzymes and amino acid

Table 2: The relative changes of SOD activity and Pro content in different parts of leaves.

Treatment 1 3 5 7 9

SOD-up 23.15% 14.42% 8.68% 20.70% 15.26%
SOD-down 18.93% 1.04% 13.54% 24.23% 19.01%
Pro-up 21.56% 50.14% 37.71% 34.07% 34.64%
Pro-down 36.36% 34.40% 40.07% 21.00% 31.09%

Note: Relative magnitude of change (%): It indicates the regulation ability of SOD and Pro in drought resistance regulation. SOD-up is
the SOD of upper leaves, SOD-down is the SOD of bottom leaves and Pro is expressed in the same way. Table 2 shows the difference
in the relative changes (%) of SOD and Pro in the leaves of two parts of soybean under drought stress.

Table 1: Multifactor analysis of variance.

                                               SOD                                     Pro

F Sig. F Sig.

Leaf position 52.185 0.001 37.955 0.001
Drought 277.529 0.001 125.454 0.001
Days 253.745 0.001 92.793 0.001
Leaf parts * drought 0.175 0.678 5.3 0.027
Leaf parts * days 2.851 0.038 1.612 0.19
Drought * days 10.792 0.001 3.666 0.012
Leaf position * drought * days 2.595 0.051 1.248 0.292

Note: Analysis of variance, using the F test method, the F value in the result represents a specific value obtained by the F test formula
and the corresponding p value is obtained according to the numerical table, which is sig. The sig value <0.05 indicates that it affects the
result, otherwise it has no effect. ‘*’ representative ‘and’.

metabolism-related indicators in the experiment. In the next
experiment, the determination of nitrogen metabolism and
antioxidant enzymes should be the center.
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