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Abstract

Aluminum (Al) is one of the main toxicants that affect crop growth in acidic soils. Melatonin (MT) is an important
steroidal hormone that can increase the plant’s stress resistance. However, the regulatory mechanism of Al stress in plants
remains unclear. This study investigated the effects of MT on the growth, antioxidant system, and photosynthesis of soybean
seedlings under Al stress. Results showed that, compared with the control group, Al stress resulted in lower superoxide
dismutase, catalase, and peroxidase activity, increased accumulation of malondialdehyde in the leaves of soybean seedlings,
increased membrane permeability, and significant decrease in the photosynthetic rate, transpiration rate, and stomatal
conductance of seedlings. The fresh weight and dry weight of the seedlings decreased by 22.0% and 18.1%, respectively, and
the growth was significantly inhibited. Foliar application of MT could effectively increase the anti-oxidative enzyme activity of
soybean seedlings under Al stress, reduce the degree of membrane lipid peroxidation, relieve Al damage to chloroplast PSII,
enhance its photosynthetic performance, and significantly increase the dry weight and fresh weight of the seedlings.
Consequently, the damage caused by Al stress was effectively alleviating and the growth of seedlings was promoted.
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the plant height, weight, and dry weight to reduce by
different degrees, thereby affecting their normal growth
Aluminum (Al) is the most abundant metal element in
and development. Al toxicity is still an important obstacle
the earth’s crust, but it is not a necessary nutrient for plant
to restricting soybean production in acidic soils (Azmat &
growth and development (Chen et al., 2010a). In the
Hasan, 2008).
alkaline or neutral conditions, the Al in the soil exists
MT belongs to the family of guanamines. Lerner et al.,
mostly in the form of insoluble oxides or silicate
(1958) extracted MT from the bovine pineal gland and
precipitates. It is relatively less toxic to the plant growth
determined its chemical structure. The chemical name for
and development, and generally does not cause negative
MT is N-acetyl-5-methoxytryptamine (Jiang & Zu, 2015;
effects. However, when the soil is acidic, insoluble Al can
Wei et al., 2015). The study of MT mainly focused on the
be converted into soluble Al and released into the soil
animal field at the early stage, indicating that it has the
solution. As a result, the content of active Al in the soil is
effects of enhancing animal immunity and delaying
continuously increased, thereby inhibiting the elongation of
senescence. In recent years, MT has been found to promote
the root system of the plant, reducing its capability to
plant seed germination and plant growth and to enhance the
absorb water and nutrients, and ultimately affecting the
plant’s resistance to high temperatures and salt damage.
plant’s growth, development, yield, and quality (Chen et al.,
However, the effects of exogenous MT on alleviating Al
2010a; Yao et al., 2014). Statistics show that acid soils
stress damage are still rarely reported (Li et al., 2012; Xin
dominate the south of China, accounting for more than 20% et al., 2017; Wang et al., 2016). To this end, the effects of
of the country’s land area. In addition, the application of
MT on the growth, antioxidant system, and photosynthesis
substantial amounts of physiological acid fertilizers and the
of soybean seedlings under Al stress were studied to
frequent occurrence of acid rain in recent years have further
confirm the protective mechanism of MT and provide
exacerbated the acidification of soil in China. Moreover,
reference for the reduction of Al stress damage by MT.
the content of soluble Al in the soil has continued to
increase, thereby leading to an increasing inhibition of plant
Materials and Methods
growth (Chen et al., 2010b). As a result, Al stress has now
become an extremely important obstacle to limiting the
Material cultivation and treatment: Al-sensitive soybean
normal growth of crops in acidic soils.
(BD2) was used as the material, and the single factor
Soybean (Glycine max) is a legume crop with a long
randomized block design was utilized in the experiment.
history in China; it is rich in amino acids and vitamins. As
Rounded, full, intact seeds were selected and sterilized with
a type of vegetable, grain, grass, and fertilizer crop, the
0.1% mercuric chloride solution for 15 minutes and then
soybean is favored by people; it plays a key role in the
washed four times with distilled water. Three seeds were
agricultural production in our country (Lu & Zhu, 2005;
sown in one nutrient pot filled with brand new vermiculite,
Lu & Zhu, 2006). Studies have shown that although
and 1/2 Hoagland nutrient solution was used for cultivation.
soybean has strong adaptability and is widely cultivated
After the emergence, one plant per pot was retained. When
and known as the pioneer crop for the improvement of
the first ternated compound leaf emerged, soybean
acid soil in China, its tolerance to Al toxicity in acidic
seedlings with comparable size and growing condition were
soils has a certain limit. Al stress causes the
selected and experimented on three treatments, namely, CK:
photosynthetic rate of soybean seedlings to decline and
control, Al: Al stress, and MT+Al: Al stress+100 mmol/L
Introduction
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MT. During treatment, the control group was cultured with
1/2 Hoagland nutrient solution; the Al treatment group was
cultured with1/2 Hoagland nutrient solution that contained
300 μmol/L Al chloride; the MT+Al treatment group was
treated with a certained amount of corresponding MT, and
the CK and Al groups were sprayed with the corresponding
amount of fresh water on the first day and once every three
days afterwards. The spray was performed three times, and
the nutrient solution in each treatment was irrigated once
every two days. The required indicators were measured
after nine days of treatment. Thirty seedlings were treated
each time and repeated three times.
Experimental measurement: The study referred to the
previous method (Lu & Zhu, 2005) to measure the growth
indices, the previous method to measure membrane
permeability, MDA content, superoxide dismutase (SOD),
and peroxidase (POD) activity (Li, 2000), and the
Dhindsa’s method to measure CAT enzyme activity
(Dhindsa et al., 1982). The generation rate of the
superoxide anion and hydrogen peroxide content is
presented in the references (Lu et al., 2012a).
CIRAS-3F portable photosynthesis instrument of
the PP-SYTEMS company was used to measure
photosynthetic parameters and determine the net
photosynthetic rate (P n), transpiration rate (T r), stomatal
conductance (Gs), and intercellular CO 2 concentration
(Ci) of the third functional leaf of the seedlings (Lu et al.,
2012b). An open gas circuit was used for measurement,
the light intensity was controlled at 1000 μmol·m-2·s-1,
and the chamber temperature, reference chamber CO 2
concentration, and relative humidity were controlled at
25°C, 80 μmol·L-1, and 60%-70%, respectively. The
fluorescence-induced kinetic curve was measured with a
continuous excitation fluorometer (Handy PEA,
Hansatech, UK).
Data analysis: The data were analyzed using SPSS 17.0
software. Multiple comparisons were performed using
Duncan’s new complex-difference method. Data statistics
and mapping were performed using Microsoft Excel 2003.
Results
Effect of MT on the growth of soybean seedlings
under Al stress: Table 1 shows that under Al stress, the
growth of soybean was significantly inhibited, and the
total fresh weight, upper dry weight, lower dry weight,
and total dry weight of the seedlings were decreased by
22.0%, 37.3%, 26.9%, and 18.1%, respectively,
compared with the soybean seedlings that grow normally.
However, under Al stress, after spraying with MT, the

seedlings showed better growing conditions compared
with those under Al stress alone, and the total fresh
weight, upper dry weight, lower dry weight, and total
dry weight increased significantly by 14.3%, 24.0%,
11.8%, and 22.1%, respectively.
Effect of MT on the antioxidant enzyme activity of
soybean seedlings under Al stress: Compared with
the control group, SOD, POD, and CTA activities in
soybean seedlings under Al stress were significantly
decreased by 37.1%, 43.0%, and 37.2%, respectively.
However, compared with seedlings under Al stress
alone, SOD, POD, and CAT activities in the leaves of
grafted soybean seedlings after foliar spraying of MT
were significantly increased by 22.9%, 33.9%, and
29.6%, respectively. Evidently, the foliar spray of MT
on the soybean seedlings under Al stress can regulate
the antioxidant enzyme activity, thereby increasing the
resistance of soybean seedling plants to Al stress, and
effectively protecting the growth of soybean seedlings
(Fig. 1).
Effect of melatonin on the superoxide anion
production rate and hydrogen peroxide content in
soybean seedlings under Al stress: Under Al stress, the
production rate of superoxide anion (O2-.) in soybean
seedlings was increased to 81.6% higher than that of the
control group. At the same time, the hydrogen peroxide
(H2O2) content was also increased by 78.7% compared
with the control group, thereby indicating that the active
oxygen metabolism was unbalanced. The production rate
of O2- and H2O2 content after melatonin treatment
increased significantly compared with the control group.
However, the increases were significantly less than those
under Al stress alone, at only 69.9% and 66.7%. Evidently,
MT can significantly reduce the production rate of H 2O2
and O2-.in soybean seedlings under Al stress and the
damage caused by active oxygen (Fig. 2).
Effect of MT on MDA content and membrane
permeability of soybean seedlings under Al stress:
Compared with the control group, the MDA content and
relative electrical conductivity (REC) of soybean
seedlings under Al stress increased by 87.7% and 95.6%,
respectively, and the difference was significant (Fig. 3).
However, after MT treatment, the MDA content and REC
of soybean seedlings were decreased by 33.2% and 22.6%,
respectively, compared with those under Al stress alone.
The results showed that MT could reduce the membrane
lipid peroxidation and cell membrane permeability of
soybean seedlings under Al stress, thereby increasing their
tolerance to Al stress.

Table 1. Effects of MT on growth of soybean seedlings under Al stress.
Treatment
CK
Al
Al+MT

Fresh weight/g
14.89 ± 0.52a
11.62 ± 0.93c
13.28 ± 1.52b

Dry weight/g
2.66 ± 0.09a
1.86 ± 0.18c
2.28 ± 0.17b

Dry weight of shoot/g
2.31 ± 0.09a
1.61 ± 0.15c
2.00 ± 0.15b

Note: Small letters mean significant difference among treatment at 0.05 level. The same below

Dry weight of root/g
0.35 ± 0.02a
0.25 ± 0.02c
0.28 ± 0.02b
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compared with those under Al stress alone. The
intercellular CO2 concentration (Ci) was lower than that
under Al stress alone and was significantly different from
that of the control group (Table 2).
Effect of MT on the chlorophyll fluorescence curve of
soybean seedling leaves under Al stress: Although the
initial phase fluorescence Fo (point O) increased to
varying degrees after the Al stress treatment and the MT
treatment, the increase after the MT treatment was lower
than that after the Al stress treatment alone, thereby
indicating that the MT treatment would reduce the
number of active reaction centers on soybean leaves and
thus mitigate the damage of Al stress to the leaf reaction
center. The value of Fm, that is, the fluorescence intensity
at the maximum fluorescence point (point P) represents
the photochemical activity of PSII and reflects the
electron transport status of PSII. Al stress and MT
treatment reduced the Fm value of the leaves by 23.1%
and 8.6%, respectively, compared with that of the control
group. Therefore, Al stress significantly reduced the
photochemical activity of chloroplast PSII, thereby
reducing the light energy absorbed per unit area of the
leaf. Moreover, MT treatment mitigated the effect of Al
stress on the photochemical activity of the chloroplast
photosynthetic system PSII (Fig. 4).
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Fig. 1. Effects of MT on SOD，POD and CAT activities in
leaves of soybean seedlings under Al stress .

Effect of melatonin on photosynthetic exchange
parameters of soybean seedlings under Al stress: The
net photosynthetic rate (Pn), stomatal conductance (gs),
and transpiration rate (T r) of soybean seedlings under Al
stress were significantly decreased by 19.8%, 16.8%, and
17.1%, respectively, compared with the control group.
Although the intercellular CO2 concentration (Ci) was
decreased by 5.31% compared with the control group, the
difference was not significant. After foliar spraying of MT,
Pn, gs, and Tr of soybean seedlings were significantly
increased by 11.3%, 18.5%, and 13.7%, respectively,
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Fig. 2. Effects of MT on the O2-.production rate, H2O2 contents
of soybean seedlings under Al stress.
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Fig. 3. Effects of MT on MDA and cell membrane permeability of soybean seedlings under Al stress.

Fig. 4. Effect of MT on the chlorophyll fluorescence curve of soybean seedling leaves under Al stress.

Table 2. Effects of MT on photosynthetic gas exchange parameters of soybean seedlings under Al stress.
Treatments
CK
Al
Al+MT

Pn/(μmol·m-2·s-1)
19.96 ± 0.91a
16.00 ± 1.29c
18.13 ± 0.15b

Gs/(mmolH2O·m-2·s-1)
441.7 ± 25.7a
367.3 ± 12.7b
435.3 ± 20.0a

Discussion
Under normal environmental conditions, the
production and elimination of reactive oxygen species
(ROS) are in a dynamic equilibrium. When plants are
subjected to stress, the self-regulating homeostasis in cells
is disrupted, leading to the production of large amounts of
ROS, such as O2- and H2O2, which cause increased
membrane lipid peroxidation and inhibit plant growth or
even cause death of the plant. MDA, as a product of
membrane lipid peroxidation, can cause damage to the
membrane structure, resulting in increased membrane
permeability that impedes normal metabolism and growth.
The relative electrical conductivity of MDA and cell
membranes, to a certain extent, reflect the degree of
damage of the cell membrane (Rosenbaugh et al., 2012).
Studies have shown that SOD, POD, and CAT are the
most important antioxidant enzymes in plants. When

Tr /(mmolH2O·m-2·s-1)
8.8 ± 0.30a
7.3 ± 0.20 b
8.3 ± 0.10 a

Ci/(μmolCO2 mol-1)
314.0 ± 8.7a
297.3 ± 12.6ab
281.3 ± 3.5b

plants are under stress, SOD, POD, and CAT activities
also change. SOD is the first barrier to eliminate ROS.
When stress occurs, the level of superoxide anion in
plants is increased. When SOD eliminates superoxide
anion, it also produces singlet molecular oxygen with
strong oxidizing capability and singlet molecular oxygen
H2O2. POD and CAT can effectively prevent the
accumulation of hydrogen peroxide in plants, thereby
eliminating its potential damage to the plant cell
membrane structure, and the elimination of H2O2 in plants
depends on the interaction of two protective enzymes
CAT and POD (Fariduddin & Chalkoo, 2011).
Gao et al., (2014) found that the stem diameter, plant
height, and dry fresh weight of cucumber seedlings
significantly increased after spraying with exogenous MT
under low temperature and low light. Moreover, the
activities of SOD, POD, CAT, and APX were significantly
increased; the electrolyte permeability of seedling leaves
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were increased, and the MDA accumulation was decreased.
These findings proved that exogenous MT could improve
cucumber seedlings' resistance to low temperature. Xu et al.,
(2011) found that MT could significantly increase the
activity of antioxidant enzymes in cucumber seedlings,
reduce H2O2 content, decrease MDA and membrane
permeability, inhibit ROS production in cucumber seedlings,
improve the antioxidant system, protect the integrity of lipid
membrane, enable normal physiological metabolism and
enhance photosynthetic capacity of seedlings, and improve
cucumber seedlings’ capability to withstand high
temperatures. Zhang et al., (2014) found that exogenous MT
could increase SOD, POD, CAT, and other antioxidant
enzymes in Pennisetum alopecuroides under salt stress,
reduce MDA content, reduce the damage caused by ROS,
promote dry matter accumulation, and enhance the antiNaCl stress capability of P. alopecuroides. In the present
study, compared with the control group, Al stress resulted in
a decrease in superoxide dismutase and catalase activity in
leaves of soybean seedlings, an increase in peroxidase
activity and MDA accumulation, and an enhancement of
membrane permeability. Foliar spraying of MT can
effectively increase the antioxidant enzyme activities of
soybean seedlings under Al stress, enhance the antioxidant
system of seedlings, reduce the MDA toxicity of seedlings,
reduce the degree of membrane lipid peroxidation, and
improve the resistance of seedlings, thereby effectively
mitigating the damage caused by Al stress.
Photosynthesis is the largest material energy
conversion on earth. Its strength plays a crucial role in
crop yield. Photosynthetic rate can directly reflect the
strength of photosynthesis of plants, and this rate is an
important indicator of whether the photosynthetic system
is operating normally (Anuradha & Rao, 2009). Xu et al.,
(2016) found that exogenous MT could increase the
content of chlorophyll in seedlings, and the increase in P n
could alleviate the damage of high temperature stress to
the photosynthetic system of cucumber; thus, the damage
caused by high temperature to cucumber seedlings is
mitigated. Yu et al., (2015) used the red long eggplant as
the experimental material and found that the appropriate
concentration of MT could promote the increase of
chlorophyll content and Pn to enhance the photosynthetic
capacity of the eggplant seedlings and to improve the
resistance of eggplant seedlings to high temperature. Ye et
al., (2015) confirmed through experiment that by
improving the antioxidant capacity of wheat seedlings,
MT could inhibit oxidative damage, maintain a relatively
high chlorophyll content, enhance the P n of wheat
seedlings, enhance their photosynthetic performance, and
significantly increase the dry weight and fresh weight of
seedlings, thereby promoting the growth of seedlings and
enhancing their photosynthetic capacity. In the present
study, compared with the control group, Al stress led to a
significant decrease in the photosynthetic rate, stomatal
conductance, and transpiration rate of soybean seedlings.
MT could slow down the decline of the photosynthetic
rate, stomatal conductance, and transpiration rate of
soybean seedlings under Al stress, enhance their
photosynthetic performance, and thus promote seedling
growth and effectively mitigate the Al damage.
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Chlorophyll fluorescence technology is an important
method to measure the stability of photosystem during the
photosynthesis of leaves under stress. The heat dissipation
of the PSII antenna pigment often leads to a decrease in
F0, whereas the destruction or reversible deactivation of
the PSII reaction center can cause an increase in F0,
resulting in photoinhibition. This study found that Al
stress significantly reduced the photochemical activity of
chloroplast PSII, resulting in a decrease in effective light
energy absorption and photosynthetic efficiency. A
treatment with appropriate concentration of MT could
effectively mitigate the damage to PSII caused by Al
stress and maintain the operation of PSII electron transfer.
Conclusion
In summary, Al stress led to increased SOD, CAT,
and POD activities, as well as increased MDA
accumulation and membrane permeability. Moreover, Al
stress significantly decreased photosynthetic and
transpiration rate, decreased dry weight and fresh weight,
and significant inhibition of the growth of soybean
seedlings. Foliar application of MT can effectively
increase the anti-oxidative enzyme activity of soybean
seedlings under Al stress, reduce their membrane lipid
peroxidation, mitigate the damage to chloroplast PSII
caused by Al, enhance their photosynthetic performance,
and significantly increase the dry weight and fresh
weight of seedlings. Such change led to effective
mitigationof the damage caused by Al stress and
promotion of seedling growth.
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