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Abstract: Drought and salt stress are important limiting factors that affect crop growth and yield.
As a newly recognized plant hormone, melatonin can participate in the regulation of plant stress
tolerance and enhance the tolerance of plants to adversity. In this study, the effects of melatonin
(150 µmol·L−1) on agronomic traits, osmotic adjustment substances, antioxidant enzyme activities,
and reactive oxygen species content in C. esculentus under different salt (0 and 200 mmol·L−1 NaCl),
drought (70% field capacity, 50% field capacity), and salt–drought (200 mmol·L−1 NaCl + 50% field
capacity) stress conditions were determined using a pot experiment. Spraying with 150 µmol·L−1

of melatonin effectively improved the plant height, number of blades, biomass, and root growth of
C. esculentus seedlings under salt, drought, and combined stress. In addition, this treatment also
increased the relative water content, superoxide dismutase, peroxidase, and catalase activities, and
soluble sugar content of the blades and decreased the relative electroconductivity conductivity and
proline, malondialdehyde, hydrogen peroxide, and superoxide anion contents. A comprehensive
analysis showed that spraying the plants with exogenous melatonin could increase the activity of
antioxidant enzymes and the accumulation of osmotic adjustment substances in C. esculentus blades
under salt and drought stress, effectively remove excessive reactive oxygen species, alleviate oxidative
damage, and enhance the ability of C. esculentus to resist salt and drought stress.

Keywords: melatonin; Cyperus esculentus L.; salt and drought stress; morphological index;
physiological characteristics

1. Introduction

As the most widely distributed abiotic stress factors in the world, drought and salinity
stress can significantly inhibit plant growth, development, and crop yield, have adverse
effects on global agricultural productivity, and seriously endanger the sustainable develop-
ment of agriculture [1,2]. According to the statistics, about 33% of the world’s arable land
is affected by periodic or unpredictable drought, and 20% of arable land is affected by salt
stress, especially in arid and semi-arid areas affected by global climate change [3,4]. It is
expected that the occurrence of drought and salinity stress will increase in the future [5]. In
recent years, due to global climate change, the occurrence of drought stress has mostly been
accompanied by the occurrence of salt stress, and the combined stressors usually cause
more damage to crops than a single stressor, resulting in a serious reduction in global crop
yields [6,7]. Therefore, exploring the effects of salt and drought stress on crop growth and
taking certain measures to improve the tolerance of crops to drought and salinity stress has
become urgent to increase crop yield.

To cope with the adverse environmental stress caused by the external environment
and to maintain cell homeostasis and the normal growth and development of a plant, a
series of physiological changes occur in the plant [8]. Drought stress and salt stress are
two important abiotic stress factors that limit plant growth [9]. Drought and salt stress
can cause a decrease in a plant’s number of blades, plant height, root growth, plants’ fresh
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weight, and their dry weight [10,11]. Although Cyperus esculentus L. itself has a certain
level of salt and drought tolerance, stress conditions increase the threshold of reactive
oxygen species, which means that C. esculentus plants use physiological, biochemical, and
molecular mechanisms to cope with these pressures in the face of external drought and
salinity stress [12]. In the process of salt and drought stress, all of the key processes in
plant growth, such as photosynthesis, protein synthesis, energy metabolism, and osmotic
regulation, are affected to varying degrees [13]. Both drought and salt stress can cause ion
toxicity in cells, resulting in osmotic imbalances in plants and thus affecting plant growth
and development [14]. Moreover, stress will also lead to a continuous increase in the active
oxygen content in plants and a decline in their own defense mechanisms, which will cause
membrane lipid peroxidation in plant cells and even apoptosis in severe cases [15]. To
resist reactive oxygen species, plants begin to produce antioxidants. As a response, plant
enzymes (such as superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT)) and
non-enzymatic defense mechanisms (such as osmotic regulators) are activated [16].

In recent years, people have begun to widely use exogenous plant hormones to
improve plant stress resistance and yield, and exogenous MT has become a topic of interest
in plant science research. Melatonin (N-acetyl-5-methoxytryptamine, MT) is a tryptophan-
derived indole compound that was first discovered in animal tissues, and it plays an
important role in many physiological processes in humans and animals. Studies on plants
have found that it exists in almost all plants as a natural plant hormone [17,18], and some
studies have found that melatonin is present in different parts of plants (e.g., roots, stems,
blade, fruits, flowers, and seeds), and analogous to mammals, MEL levels in plants are
highest in young seedlings and low in mature vegetative tissues, with concentrations
increasing during seed production and maturation [19,20]. As a plant growth regulator, MT
plays a protective role in the regulation of plant growth and development and in resistance
to external stress, such as the occurrence of plant morphological organs, delaying blade
senescence, promoting plant growth, and improving plant stress resistance [21]. It has
been shown to enhance the stress resistance of maize, cotton, wheat, soybean, and rice
under low temperature, drought, and salinity stress [22–24]. Studies have shown that MT
can reduce excessive reactive oxygen species in plants by increasing both the antioxidant
content and antioxidant enzyme activity and by regulating the osmotic pressure balance
and the expression of related stress-resistant genes, thereby protecting plant cells from
oxidative damage and alleviating stress [25]. Exogenous MT can enhance the salt tolerance
of rice by scavenging excessive reactive oxygen species produced by plants under salinity
stress and maintaining a dynamic balance of Na+/K+ [26]. Melatonin pretreatment can
also improve the germination ability of rice seeds under drought stress and alleviate the
inhibitory effect of drought stress on rice growth by improving the antioxidant system [27].

C. esculentus is a perennial herb developed from tubers and it belongs to the Cyperaceae
family [28]. It is an important food crop in most parts of the world [29]. These tubers
contain a variety of dietary components that are necessary for the human body, such
as minerals, fibers, carbohydrates, fatty acids, proteins, and vitamins, and have a high
nutritional value [30]. Compared with oil palm, cottonseed, and soybeans, the advantages
of C. esculentus mainly manifest in its wide adaptability, short growth period, shorter
growth cycle, and higher biomass and oil content [31]. It is a new type of economic crop
used for grain, oil, feed, medicine, and other uses [28]. It grows all over the world because
of its high yield and broad prospects for comprehensive utilization [32]. It has a certain level
of drought tolerance and salt tolerance; thus, it is widely planted under arid saline–alkali
soil conditions [33].

At present, C. esculentus is an emerging oil crop. The regulatory mechanism of ex-
ogenous MT on the growth of C. esculentus seedlings under drought and salt stress is still
unclear. We previously studied the effects of exogenous MT on seed germination and the
aboveground and underground growth of C. esculentus under salt and drought stress and
combined stress. It was confirmed that exogenous MT promoted seed germination and
the aboveground and underground growth of C. esculentus under salt and drought stress
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(not published). However, the physiological mechanism by which exogenous melatonin
affects the growth of C. esculentus is still unclear. Therefore, in this study, 150 µmol·L−1 MT,
200 mmol·L−1 NaCl, and 50% soil water content were used to treat C. esculentus seedlings,
and then, the morphological indexes, osmotic adjustment substances, antioxidant system,
and enzyme activity of C. esculentus seedlings were determined. This study is based on
the hypothesis that an improvement in C. esculentus’ tolerance to drought and salt stress
can be achieved by applying exogenous MT. Our objectives were (1) to explore the effects
of salt, drought, and salt–drought stress on the growth and biomass accumulation of C.
esculentus seedlings and roots under salt and drought stress, as well as the effects of salt
and drought stress on cell osmotic adjustment, membrane lipid peroxidation, and the
antioxidant enzyme system of C. esculentus blades; (2) to study the effects of exogenous
melatonin on the growth and development of C. esculentus under combined salt, drought,
and salt–drought stresses; (3) to elucidate the physiological mechanisms by which MT
regulates the growth of C. esculentus seedlings under salt and drought stresses.

2. Materials and Methods
2.1. Plant Materials and Treatments

The tests were carried out at the experimental station of the College of Agriculture
at Shihezi University. Experiments used salt (NaCl, analytically pure, purchased from
Shanghai McLean Biochemical Technology Co. Shanghai, China) and MT (analytically pure,
purchased from Shanghai McLean Biochemical Technology Co. Shanghai, China). The
experiment used a plastic flowerpot with an inner diameter of 45 cm and a height of 40 cm
for outdoor potting cultivation (the soil source used in the experiment was salty natural soil
from the Shihezi area), using ‘C. esculentus No. 1’ as the plant material, which was provided
by the 54 regiment of the Third Division of Xinjiang Production and Construction Corps.
Seeds of C. esculentus with full particles of the same size were soaked and disinfected with
5% sodium hypochlorite for 10 min, rinsed with distilled water five times, and immersed in
distilled water at 35 ◦C in the dark for 48 h to fully imbibe the water. Filter paper was used
as the germination bed. The seedlings were cultivated in the dark in a constant temperature
incubator at 35 ◦C, and the same amount of distilled water was added every other day. All
plastic flowerpots were buried in the ground to avoid direct sunlight and to maintain the
soil temperature. Small holes were left at the bottom of the flowerpots, and gauze was
placed over the holes to prevent the roots from growing out of the flowerpots. Sieved
soil was mixed with perlite (2:1) and placed in the flowerpots, and the pots were watered.
After 5 days of germination on filter paper, seeds with similar signs of germination were
selected. The roots were rinsed with distilled water and the plants were moved into plastic
flowerpots. There were four plants per pot, and seeds were sown at a depth of 3 cm. There
were eight treatments and three repetitions of each treatment, for a total of 24 pots. The
pots were watered regularly after sowing, and the weighing method was used to control
the soil moisture content at 70% of the field water-holding capacity. Soil moisture was
maintained to prevent soil compaction. P2O5 (2.1 g) and K2O (1.75 g) were applied as base
fertilizers at the seedling stage.

Treatment began after the plants entered the tillering stage (30th day after sowing).
Gradually, drought stress was initiated when the soil water content was 50%. Salinization
and drought treatment began at 20:00, and after 2 days of salinity drought stress treatment,
every day at 20:30, half of the seedlings were treated with 150 µmol·L−1 MT solution
(Table 1). Melatonin was dissolved in an appropriate amount of absolute ethanol in the
dark (anhydrous ethanol was added to melatonin continuously with constant stirring until
melatonin was completely dissolved and then we stopped adding anhydrous ethanol to
the melatonin) and then diluted with distilled water. Based on the results of a previous
experiment (data not published), 150 µmol·L−1 MT can effectively alleviate drought and
salinity stress. Spraying should be carried out in such a way that the mist vapor just beads
up on the blade surface and drips down naturally. In the control group, distilled water was
used instead of MT solution to perform the same operation. Applications were carried out
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for a total of 7 days. The stress conditions were set to medium intensity (drought: 50% soil
water content, and salinity: 200 mmol·L−1 NaCl) because this level of stress was compared
with each stressor alone, and the combined stress produced the same growth inhibition.
Finally, photographs and measurements of related indicators were acquired.

Table 1. Combination of exogenous melatonin and salt drought stress in pot experiments.

Treatment Melatonin Content
(µmol·L−1)

NaCl Content
(mmol·L−1)

Field Capacity
(%)

CK 0 0 70
S 0 200 70
D 0 0 50

SD 0 200 50
CKM 150 0 70
SM 150 200 70
DM 150 0 50

SDM 150 200 50

2.2. Measurement Items and Methods
2.2.1. Determination of Plant Morphological Indicators and Biomass

For each treatment, 3 plants of essentially uniform and representative growth were
selected. They were taken back to the laboratory and washed with clean water. Plant height,
number of blades, and fresh weight (FW) were determined. The aboveground part of the
plant was separated from the root system. An LI-3100C (LI-Cor, USA) digital blade area
meter was used to measure the blade area of the plant. The roots were placed on A4 paper.
After scanning, WinRHIZO (version 4.0b, Rengent Instruments Inc., Regent, Canada,) root
analysis system software was used to analyze the average root diameter (ARD), total root
length (RL), root surface area (RSA), root volume (RV), and other indicators. After the root
structure was observed, the plant samples were placed in a 105 ◦C constant temperature air
blast drying oven for 30 min and then dried to a constant weight at 80 ◦C. Finally, their dry
weight (DW) was measured.

2.2.2. Indicators of Osmoregulation in Blade

The relative water content (RWC) of the blades was determined using the drying
weighing method [34]. The proline (Pro) content was determined using the acid ninhy-
drin method [35]. The soluble sugar (SS) content was determined using the anthrone
chromogenic method [36].

RWC(%) =
FW − DW
TW − DW

× 100%

FW: blade fresh weight; TW: blade saturated water weight; DW: blade dry weight.

2.2.3. Antioxidant System Activity of Blade

The malondialdehyde (MDA) content was determined using the thiobarbituric acid
method [35]. The relative electrical conductivity (REC) was measured using a DDS-HA
conductivity meter [34]. The hydrogen peroxide (H2O2) content was determined using
the potassium iodide method [35]. The superoxide anion (O2·−) content was determined
following the hydroxylamine hydrochloride oxidation method [36]. The superoxide dismu-
tase (SOD) activity was determined using the NBT photoreduction method, the peroxidase
(POD) activity was determined following the guaiacol method, and the catalase (CAT)
activity was determined by colorimetry [35].

REC(%) =
S1 − S0
S2 − S0

× 100%

S0: blank conductivity; S1: conductivity after immersion; S2: conductivity after boiling.



Agronomy 2024, 14, 1009 5 of 17

2.3. Statistical Analysis

Excel 2010 software was used to collate the data, and Origin 2021 was used to generate
the figures. SPSS 27.0 data statistical software was used to perform significance analysis,
analysis of variance, and correlation analysis, and the differences between treatments were
compared using the LSD significance test method. Different letters in figures indicate
significant differences at p < 0.05.

3. Results
3.1. Effects of Exogenous Melatonin on Morphological Indicators and Biomass in C. esculentus
under Salt and Drought Stress

After seven days of treatment at the tillering stage, salt and drought stress significantly
inhibited the growth of C. esculentus seedlings, and applying 150 µmol·L−1 MT solution to
the blade significantly mitigated the inhibitory effects of the stresses on seedling growth
(Table 2). Compared with the CK treatment, the plant height, number of blades, and DW
of plants under CKM treatment showed no significant differences (p > 0.05), and the FW
significantly increased by 12.77% (p < 0.05). Compared to the CK treatment, the plant
height, number of blade, FW, and DW of plants under S treatments decreased by 22.23%,
34.56%, 34.79%, and 48.74%; under D treatments the parameters decreased by 24.23%,
33.33%, 36.72%, and 40.34%; under SD treatments the decreased by 25.16%, 29.63%, 43.95%,
and 57.14%, with significant differences (p < 0.05); and there were no significant differences
in plant height, number of blades, FW, or DW between the S and D treatments, and the
FWs and DWs of the plants were significantly lower following the SD treatment than the
S and D treatments, which indicated that salt, drought, and salt–drought stress all have
significant inhibitory effects on plant growth, and the combined stresses exacerbated the
inhibition of plant growth. The plant height, number of blades, FWs, and DWs of the plants
under the different stress treatments significantly increased after foliar MT application.
Compared with those of plants under S treatment, the plant height, number of blades, FWs,
and DWs of the plants under the SM treatment increased by 14.92%, 39.62%, 24.23%, and
60.66%, respectively (p < 0.05). Compared with those of plants under the D treatment,
the plant height, number of blades, FWs, and DWs of the plants under the DM treatment
increased significantly by 15.19%, 55.56%, 44.10%, and 35.92%, respectively (p < 0.05), and
the number of blades increased by 3.70% compared with that of the plants under the CK
treatment, although the difference was not significant (p > 0.05). Compared with those of
the plants under the SD treatment, the plant height, number of blades, FWs, and DWs of
the plants under the SDM treatment were significantly increased by 14.67%, 14.05%, 30.88%,
and 47.06% (p > 0.05); this increase was the lowest. There was no significant difference
in the number of blades in the SM and DM groups compared to the CKM group, but
the plant height, number of blades, FW, and DW were significantly lower in the SDM
treatment group than in CKM group, and significantly lower than in the SM and DM
groups, suggesting that melatonin was able to alleviate the stresses caused by salt, drought,
and salt–drought stress on plant growth, but the alleviating effect was weakest on the
growth of the plants affected by salt–drought stress.

Table 2. Effect of melatonin on the agronomic traits of Cyperus esculentus at the tillering stage under
salt and drought stress.

Treatment Plant Height
(cm)

Number of
Blade Fresh Weight (g) Dry Weight (g)

CK 32.07 ± 0.43 a 27.00 ± 0.82 ab 11.90 ± 0.54 b 2.38 ± 0.15 a
S 24.94 ± 0.46 c 17.67 ± 2.05 d 7.76 ± 0.15 f 1.22 ± 0.07 d
D 24.30 ± 0.93 c 18.00 ± 0.82 d 7.53 ± 0.40 f 1.42 ± 0.03 cd

SD 24.00 ± 1.06 c 19.00 ± 0.82 cd 6.67 ± 0.50 g 1.02 ± 0.06 e
CKM 31.87 ± 1.58 a 27.33 ± 1.25 ab 13.42 ± 0.28 a 2.50 ± 0.16 a
SM 28.66 ± 1.81 b 24.67 ± 1.70 b 9.64 ± 0.26 d 1.96 ± 0.09 b
DM 27.99 ± 0.61 b 28.00 ± 1.63 a 10.85 ± 0.21 c 1.93 ± 0.03 b

SDM 27.52 ± 0.75 b 21.67 ± 0.47 c 8.73 ± 0.34 e 1.50 ± 0.06 c
Note: Different lowercase letters indicate significant differences between treatments at p < 0.05.
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The indexes of root morphogenesis also changed to different degrees after the stress
treatments (Table 3). Salt and drought stress and their combination had no significant effect
on the ARD of plants, and there was no significant difference in the ARD after exogenous
application of MT under each stress treatment. The S, D, and SD treatments significantly
reduced the RL, RSA, and RV in the root system of the plants compared to CK (p < 0.05),
with SD showing the highest reductions of 45.37%, 52.16%, and 61.81%, suggesting that
salt and drought stress significantly inhibited the growth of the plant root system, and the
combined stress exacerbated the effects on plant root growth. Compared with CK, the RL,
RSA, and RV following the CKM treatment were not significantly different. Compared with
S, the RL, RSA, and RV following SM treatment increased by 18.37%, 42.12%, and 52.49%,
with significant differences (p < 0.05). The RSA under SM treatment increased by 8.70%
compared with that under the CK treatment, with significant differences (p < 0.05), and
the RV increased by 7.82% compared with that following CK treatment. Compared with D
treatment, the RL, RSA, and RV following DM treatment increased by 51.62%, 53.67%, and
54.80%, respectively, with a significant difference (p < 0.05). The RSA and RV increased by
1.76% and 1.38%, respectively, compared with under the CK treatment, but the difference
was not significant (p > 0.05). Compared with the SD treatment, the RL, RSA, and RV of
SDM increased significantly (p < 0.05) by 67.52%, 96.38%, and 128.51%, respectively. This
shows that the application of exogenous melatonin significantly promoted root growth
under salt, drought, and salt–drought stresses in C. esculentus: spraying the plants under
salt stress with melatonin had the smallest effect on root growth, and spraying the plants
with melatonin under salt–drought stress had the greatest effect on root growth.

Table 3. Effect of melatonin on root morphogenesis of Cyperus esculentus at the tillering stage under
salt and drought stress.

Treatment RL (cm) RSA (cm2) RV (cm3) ARD (mm)

CK 1312.11 ± 47.72 a 307.64 ± 15.06 b 6.52 ± 0.48 a 0.81 ± 0.08 a
S 997.71 ± 47.02 c 235.28 ± 8.83 c 4.61 ± 0.59 c 0.76 ± 0.04 a
D 812.93 ± 46.90 d 203.72 ± 10.67 d 4.27 ± 0.69 c 0.78 ± 0.08 a

SD 716.84 ± 69.56 e 147.16 ± 11.13 e 2.49 ± 0.32 d 0.77 ± 0.07 a
CKM 1338.24 ± 52.85 a 307.61 ± 12.24 b 6.95 ± 0.47 a 0.81 ± 0.06 a
SM 1180.98 ± 52.16 b 334.39 ± 21.48 a 7.03 ± 0.55 a 0.78 ± 0.04 a
DM 1232.57 ± 56.32 b 313.05 ± 28.15 ab 6.61 ± 0.47 a 0.82 ± 0.07 a

SDM 1200.82 ± 65.05 b 288.99 ± 27.19 b 5.69 ± 0.67 b 0.78 ± 0.04 a
Note: Different lowercase letters indicate significant differences between treatments at p < 0.05. RL: root length;
RSA: root surface area; RV: root volume; ARD: average root diameter.

3.2. Effects of Exogenous Melatonin on the Osmotic Regulation Index of Blades in C. esculentus
under Salt and Drought Stress

Compared with the CK treatment, the RWC of the blades of C. esculentus seedlings
under salt, drought, and salt–drought stress decreased by 14.39%, 15.37%, and 21.16%,
respectively, and the difference was significant (p < 0.05) (Figure 1). There was no significant
difference between the RWC of the plants following the S, D, and SD treatments, but the S
treatment led to the smallest decrease and the SD treatment led to the largest decreases,
suggesting that salt–drought stress exacerbates water loss from C. esculentus blades.

There was no significant difference in RWC between the CKM and CK treatments
(p > 0.05). The RWC under the SM treatment increased by 12.26% compared with that
under the S treatment, and the difference was significant (p < 0.05), and it recovered to
96.11% of that under CK treatment. Compared with the D treatment, the RWC under the
DM treatment increased by 16.78% (p < 0.05), and it reached 98.83% of that under the CK
treatment. The RWC of SDM treatment increased by 21.15% compared with that under
the SD treatment, and the difference was significant (p < 0.05), which was 95.51% of that
under the CK treatment. There was no significant difference in RWC among the plants
that received the SM, DM, and SDM treatments, but the SDM treatment led to the highest
increase in RWC, indicating that exogenous melatonin could significantly increase the RWC
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of C. esculentus blades under salt and drought stress, and it had the most significant effect
during salt–drought stress.
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Figure 1. Effects of exogenous melatonin on blade relative water content of Cyperus esculentus
seedlings under salt and drought stress. Note: Different lowercase letters indicate significant differ-
ences between treatments at p < 0.05.

Compared with the control, the Pro content increased by 18.78%, 26.45%, and 11.47%,
and the SS content increased by 24.95%, 12.64%, and 16.63% under salt, drought, and
salt–drought combined stress, respectively. The difference was significant (p < 0.05). Pro
increased the most under the drought stress and least under the salt-drought stress; the
amount of SS increased the most under salt stress and least under drought stress. This
indicated that under salt stress the plant mainly resisted the stress by increasing the
amount of Pro, and drought stress mainly resisted the stress by increasing the amount
of SS, and the increase in the amount of SS in the C. esculentus blades was higher than
the increase in the amount of Pro under salt–drought stress. The amounts of Pro and
SS under the CKM treatment were not significantly different compared to those under
the CK treatment (p > 0.05) (Figure 2). The amounts of Pro and SS increased to different
degrees in all treatments after melatonin application, with the highest increase in Pro
content being 16.96% under SDM treatment and the lowest increase being 11.88% under SM
treatment, which was significant (p < 0.05); the highest increase in SS content was 36.21%
under SM treatment and the lowest increase was 11.40% under SDM treatment, which was
significantly different (p < 0.05). The greatest increase in Pro content was observed under
the SDM treatment and the smallest increase in Pro content was observed under the SM
treatment; the greatest increase in SS content was observed under the SM treatment and
the smallest increase in SS content was observed under the SDM treatment. The results
showed that melatonin had the most significant effect on Pro under salt–drought stress,
and melatonin had the most significant effect on SS under salt stress.
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Figure 2. Effects of exogenous melatonin on proline and soluble sugar contents in the blade of
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3.3. Effects of Exogenous Melatonin on the Antioxidant System Activity of Blades of C. esculentus
under Salt and Drought Stress

Compared with the CK treatment, the MDA content and REC under salt, drought,
and salt–drought stress increased to a certain extent (Figure 3). Compared with the CK
treatment, the MDA content and REC under S treatment significantly increased by 49.25%
and 32.80%, respectively (p < 0.05). The MDA content and REC of the C. esculentus blades
under the D treatment significantly increased by 91.35% and 25.08%, respectively (p < 0.05).
The MDA content and REC of the blades under SD treatment significantly increased by
72.84% and 24.62%, respectively (p < 0.05). There was no significant difference in MDA
content between the plants subjected to the D and SD treatmetns, and the MDA content
following the S treatment was significantly lower than that following treatment with D and
SD; there was no significant difference in REC between the S, D, and SD treatments, but
S led to the highest increase. The REC and MDA content were not significantly different
following the CKM treatment compared to the CK treatment (p > 0.05). Comparing the
stresses, the MDA content and REC were most reduced following the DM treatment, by
55.02% and 17.71%, respectively (p < 0.05); and were least reduced following the SM
treatment, by 26.05% and 10.97%, respectively (p < 0.05). It has been shown that the
exogenous application of melatonin was able to significantly (p < 0.05) reduce the MDA
content and the REC of blades of C. esculentus under stress conditions, and had the strongest
regulatory effect on C. esculentus’ MDA and RWC under drought stress.
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The H2O2 and O2·− contents in the blade of C. esculentus were increased to a certain
extent under salt, drought, and salt–drought combined stress (Figure 4). Compared with
the CK treatment, the H2O2 and O2·− contents significantly increased by 135.38% and
68.40%, respectively, under the S treatment, by 153.22% and 82.14%, respectively, under the
D treatment, and by 109.92% and 56.91%, respectively, under the SD treatment (p < 0.05).
Both H2O2 and O2·− were significantly higher following the D treatment than the S and
SD treatments, and there was no significant difference between H2O2 and S, and O2·−
was significantly lower than S following the SD treatment, indicating that the highest
accumulation of ROS was observed in C. esculentus under drought stress, whereas the
addition of salt stress to drought stress reduced the accumulation of ROS. The difference
in H2O2 content and O2·− content under CKM treatment was not significant (p > 0.05)
compared to that under the CK treatment. Compared to no melatonin application, both
the H2O2 and O2·− contents were reduced the most under SDM treatment, by 24.02% and
58.14%, and the difference was significant (p < 0.05), while the H2O2 content was reduced
the least under DM treatment, by 16.25% (p < 0.05), and the O2·− content was reduced
the least under SM treatment, 54.94% (p < 0.05). It has been shown that 150 µmol·L−1

of melatonin reduced the accumulation of ROS in C. esculentus under salt, drought, and
salt–drought stress, and H2O2 and O2·− responded most strongly to melatonin under
salt-drought stress.
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Figure 4. Effects of exogenous melatonin on H2O2 and O2·− in the blade of Cyperus esculentus
seedlings under salt and drought stress. Note: Different lowercase letters indicate significant differ-
ences between treatments at p < 0.05.

In Figure 5, compared to the CK treatment, the POD activity increased the most and the
CAT activity increased the least in the C. esculentus blades following the S treatment, which
significantly increased by 34.93% and 25.73% (p < 0.05), and the SOD activity significantly
increased by 23.19% (p < 0.05); the POD activity increased the most and the SOD activity
the least following the D treatment, which significantly increased by 59.33% and 11.59%
(p < 0.05), and the CAT activity significantly increased by 23.49% (p < 0.05); and the SOD
and CAT activities were significantly increased by 15.28% and 10.93% (p < 0.05) following
the SD treatment. There was no significant difference in SOD activity among the S, D, and
SD treatments; all POD activities were significantly different, showing that D > S > SD; and
the difference in CAT activity showed that the effects of S and D were significantly higher
than those of SD, and there was no significant differences between the S and D treatments,
indicating that POD was more sensitive to drought stress, and CAT was sensitive to
salt and drought stress. The level of difference in SOD, POD, and CAT activities during
the CKM treatment compared to the CK treatment was not significant (p > 0.05). When
comparing the types of stress, both the SM and DM treatments led to the most significant
increases in SOD activity, 30.59% and 63.64%, and the least significant increases in CAT
activity, 15.24% and 6.21%, with significant differences (p < 0.05); the activities of SOD,
POD, and CAT under the SDM treatment were increased by 20.00%, 30.00%, and 16.38%,
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with significant differences (p < 0.05). It has been shown that 150 µmol·L−1 of exogenous
melatonin significantly increased the SOD, POD, and CAT activities of C. esculentus under
stress conditions, indicating that salt and drought stresses scavenge stress-generated ROS
mainly by increasing SOD activity, and salt-drought stress scavenges stress-generated ROS
mainly by increasing POD activity.
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Figure 5. Effects of exogenous melatonin on antioxidant enzyme activity in the blade of Cyperus escu-
lentus seedlings under salt and drought stress. Note: Different lowercase letters indicate significant
differences between treatments at p < 0.05.

3.4. Evaluation of Stress Resistance of Cyperus esculentus Seedlings
3.4.1. Correlation Analysis

To explore the relationship between the growth of C. esculentus seedlings and the
physiological and metabolic indexes of C. esculentus and to evaluate the resistance of
C. esculentus seedlings to salt and drought stress under MT treatment, a Pearson correlation
analysis was carried out among various traits (Figure 6). The correlation between the
morphological indexes of C. esculentus reached a significant level (p < 0.05). The correlation
between each morphological index and the RWC reached a significant level (p < 0.001), and
the correlation between POD, CAT, and H2O2 reached a significant level (p < 0.001). The
correlation with O2·− reached a significant level (p < 0.01). Between the indicators, a certain
correlation was observed in the relevant data matrix; thus, the growth effects overlapped.
Therefore, the evaluation of the sustained release effect of MT should be combined with
multiple indicators for reliability.
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3.4.2. Principal Component Analysis

To better analyze the relationships between the growth of C. esculentus and the physi-
ological and metabolic indexes of C. esculentus, a principal component analysis was per-
formed on the parameters, and two principal components with eigenvalues > 1 were
extracted. The eigenvalues were 10.961 and 5.068. The proportion of variance was 60.897%
and 28.156%, and the cumulative variance contribution rates reached 60.897% and 89.053%,
which met the analysis requirements. As shown in Figure 7, plant height, number of blades,
FW, DW, RL, RSA, RV, ARD, and RWC played a major role in the first principal component.
The number of blades, RL, RSA, RV, ARD, RWC, Pro, SS, MDA, REC, SOD, CAT, and H2O2
were the main factors affecting the second principal component. The treatments were
ranked by calculating the comprehensive score (F), where F = F1 × 60.897% + F2 × 28.156%.
As shown in Table 4, the comprehensive scores of the effects MT on morphological and
physiological metabolism indexes under salt and drought stress were 0.08, −0.19, −0.23,
−0.34, 0.11, 0.21, 0.27, and 0.09, and the ranking among the treatments was as follows:
DM > SM > CKM > SDM > CK > S > D > SD. According to the ranking, it can be seen that
the composite scores of the treatments with exogenous melatonin were all higher than those
without melatonin; this suggests that the treatments with exogenously applied were supe-
rior to the treatments without the application of melatonin when evaluated by all indicators
combined. According to the ranking, MT application had a significant mitigating effect on
the growth and physiological metabolism of C. esculentus under salt and drought stress.
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4. Discussion

In this study, the effects of salinity, drought stress, and their combined stress on plant
morphology, osmotic adjustment substances, and the activity of the antioxidant system of
C. esculentus and the alleviating effect of exogenous MT on stress were investigated. Adding
salt stress to drought stress exacerbates the inhibitory effects of stress on plant growth.
The application of exogenous MT alleviated the growth inhibition of plants caused by salt,
drought, and their combined stress by regulating osmotic balance, increasing antioxidant
enzyme activity, and reducing the reactive oxygen species content in plants.

The most intuitive manifestation of the effects of salt and drought stress on plants
is that growth and development are significantly inhibited [16]. The results of this study
showed that drought, salt, and salt–drought combined stress had a significant inhibitory
effect on the growth of C. esculentus seedlings and root growth and reduced the biomass
accumulation of C. esculentus seedlings, and the combined stress led to a higher inhibition
of the growth of C. esculentus than the single stresses of salt and drought. Foliar spraying
with 150 µmol·L−1 MT solution effectively reduced the severity of salt and drought stress
on the growth inhibition of C. esculentus seedlings, which was mainly manifested in the
increase in the plant height, number of blades, FW, and DW of seedlings to varying degrees
(Table 2). The results of this study are similar to those of previous studies on canola [37],
maize [38], cotton [39], and strawberries [40]. The RL, RSA, RV, and ARD of plants have an
important regulatory effect on the growth and development of the aboveground part [41].
In this study, compared with the control, salt, drought, and salt–drought combined stress
significantly reduced the RL, RSA, and RV of C. esculentus seedlings, while exogenous MT
application increased the RL, RSA, and RV of the seedlings (Table 3). This is similar to
Zhu et al.’s finding in oilseed rape that stress promotes root growth through the uptake
of exogenous MT [42]. The above results showed that MT application enhanced the salt
tolerance and drought resistance of C. esculentus under field conditions.

For the sake of coping with physiological drought caused by abiotic stress, osmotic
adjustment, a physiological mechanism to promote stress adaptation, is produced in plants.
It has been shown that proline can reduce the accumulation of reactive oxygen species in
plants and enhance their antioxidant enzyme activity, thus reducing the oxidative damage
caused by the accumulation of reactive oxygen species in plants, etc. [43]. Therefore, proline
accumulation usually enhances plants’ tolerance to osmotic stress [44]. Soluble sugar is
an important nonstructural carbohydrate in plants that contributes to plant adaptation
to adversity stresses [45]. As an important osmotic adjustment substance in plants, its
accumulation in plants reduces the cell water potential and enhances the water-holding ca-
pacity of cells, thereby reducing the damage caused by physiological drought to plants [46].
Therefore, the content of these substances in plant cells can be used as a standard to judge
the adaptations of plants that allow them to resist abiotic stress. Previous research results
have shown that, under salt and drought stress conditions, the large accumulation of Pro
and SS in plants increases the concentration of plant cell sap, maintains the normal turgor of
plant cells, and prevents plants from experiencing excessive water loss due to physiological
drought caused by an adverse external environment, thus enhancing the plant’s resistance
to adversity [47]. RWC is considered a suitable indicator of blade water status, which
is reduced under water stress and causes changes to cell membranes [48]. In this study,
the RWC of the blades of C. esculentus seedlings under drought, salt, and salt–drought
stress was significantly reduced, and the Pro and SS contents of C. esculentus seedlings
under salt and drought stress were significantly increased in both. The RWC, Pro, and
SS contents of C. esculentus under salt and drought stress were lower than those under
salt and drought stress (Figures 1 and 2), indicating that salt-drought stress had a lesser
effect on the osmoregulation of C. esculentus than a single stress, simultaneous salt and
drought treatments reduced the accumulation of osmoregulatory substances in C. esculentus.
The osmoregulatory substances in A could be reduced by the simultaneous treatment of
salt and drought. After spraying exogenous MT on the blades of C. esculentus seedlings,
the RWC and SS and Pro contents significantly increased (Figures 1 and 2). The increase
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in Pro and SS contents was helpful in reducing the cell osmotic potential, maintaining
intracellular turgor, and reducing the damage caused by physiological drought caused by
external abiotic stress. The increase in the RWC of the blades further confirmed the results
of this study, which are similar to the conclusions drawn by Zhao et al. in their research on
maize [49]. In summary, exogenous MT can maintain the cell osmotic balance by regulating
the cells’ osmotic potential, thereby maintaining the stability of the osmotic potential inside
and outside the cell membrane and improving the salt tolerance and drought resistance of
C. esculentus seedlings.

Abiotic stress leads to oxidative stress in plants, with a high accumulation of active
oxygen, resulting in lipid peroxidation, antioxidant enzyme activity is activated, and
cell membrane integrity loss in plants. Plants respond to stress conditions by activating
antioxidants to inhibit the ROS levels in plant cells [50]. As one of the products of membrane
lipid peroxidation, MDA is usually used to judge the stability of the cell membrane and the
degree of oxidative damage [8]. REC is often considered to be a good index for reflecting
the permeability of the cell membrane and the integrity of the cell membrane under stress;
therefore, it is easily affected by environmental pressure [51]. With the increase in drought
and salt stress, the increase in lipid peroxidation in the plant blades is related to ROS
production, including H2O2 and O2·− [52]. It has been reported that exogenous MT can
reduce the amount of ROS produced during salt stress [53], drought stress [49,54], and
senescence [55]. Improving the plant’s antioxidant capacity has always been considered
the main role of MT in plant stress resistance [53]. As an antioxidant and free radical
scavenger, MT can remove ROS from crops by activating antioxidant enzyme activity in
plants, effectively reducing H2O2 and O2·− accumulation in blades and roots, thereby
protecting membrane lipids from stress and reducing MDA levels [56]. In this study, salt
and drought stress rapidly increased the MDA, H2O2, and O2·− contents in C. esculentus
seedlings, and the REC was significantly higher (Figures 3 and 4), thus affecting the normal
growth and development of seedlings. In this study, the effect of drought stress alone on
cell membrane lipid peroxidation was higher than that of salt stress alone, and the effect
of combined stress was the smallest. It is speculated that the removal of active oxygen
metabolism in seedlings under combined stress may be activated. However, exogenous
MT application significantly reduced the ROS accumulation caused by abiotic stress and
reduced the REC of the cells in the plants (Figures 3 and 4). Since a decrease in ROS content
can reduce the oxidative damage of the blade cell membrane of C. esculentus seedlings
under MT treatment, it is speculated that the MDA content in seedlings under abiotic
stress is lower than that of C. esculentus seedlings without MT treatment. To verify this,
we measured the MDA content in the seedlings. The results showed that, under stress
conditions, the MDA content in MT-treated seedlings was significantly lower than that in
untreated seedlings (Figure 3). In summary, these findings indicate that MT can alleviate
membrane damage caused by excessive ROS accumulation in plants.

To resist the oxidative stress induced by an adverse environment, a relatively complete
antioxidant enzyme system has evolved in plants; this is very important for the improve-
ment of plant tolerance to abiotic stress [57]. Antioxidant enzymes play an essential role in
scavenging superoxide ions, resisting lipid peroxidation, and reducing membrane dam-
age [47]. Studies have shown that ROS production increases the activity of antioxidant
enzymes in plants under oxidative stress [58,59]. It has been confirmed that MT can en-
hance the activity of antioxidant enzymes in plants under abiotic stress [55,60]. The results
of this study showed that the SOD activity in plants under a single stressor was lower
than that under combined stress, but the POD and CAT activities in plants under a single
stressor were higher than those under combined stress. This may be due to the activation
of scavenging reactive oxygen species metabolism in seedlings under combined stress;
therefore, ROS accumulation in a certain range did not exceed the threshold of abiotic
stress-induced damage. Therefore, the SOD activity produced under combined stress
was higher than that produced under a single stressor, but the sensitivities of POD and
CAT to stress were higher than that of SOD. When the stress level was too high and the
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reactive oxygen species content in the plants exceeded the tolerance range of the plants, the
activity of the protective enzymes began to decrease. After exogenous MT application, the
antioxidant enzyme activity in plants increased significantly, and the activity of antioxidant
enzymes under a single stressor was higher than that under combined stress (Figure 5).

The results confirmed that a decrease in membrane lipid peroxidation in seedlings
under abiotic stress can be achieved by applying MT to enhance the activity of antioxidant
enzymes so that cells can maintain normal metabolism and alleviate the effects of abiotic
stress on plants. The above results show that MT plays an important role in protecting
plants from adverse stress conditions and in preventing oxidative stress-induced damage
at the cellular level [61].

The effect of melatonin on plant growth and their metabolic physiology under salt,
drought, and combined salt and drought stress is not due to a single factor; it is related
to several factors with varying degrees of influence. Therefore, correlation analysis and
principal component analysis of multiple growth and metabolic-physiological indicators are
particularly important. In this experiment, the correlation between all of the morphological
indicators of C. esculentus plants was found to be at highly significant level, and a highly
significant positive correlation was found between morphological indicators and RWC,
suggesting that better plant growth is associated with an increase in RWC; there was a
very significant negative correlation with POD, CAT, H2O2, and O2·−, which indicates that
better plant growth in terms of antioxidant enzymes is associated with reduced POD and
CAT activities, in terms of reactive oxygen species it is mainly related to a reduction in H2O2
and O2·− content; therefore, the above relevant indexes can be used to evaluate the effect
of melatonin on salt and drought tolerance in C. esculentus. The first principal component
in the principal component analysis synthesized information from the indicators of plant
height, number of blades, FW, DW, RL, RSA, RV, ARD, and RWC. The second principal
component synthesized the information of the indicators of Pro, SS, MDA, REC, SOD,
POD, CAT, H2O2, and O2·−. Among them, plant height, number of blades, FW, DW,
RL, RSA, RV, and ARD are important indicators reflecting the plant growth status, and
RWC is an important indicator reflecting the degree of water deficit in the crop, which
suggests that C. esculentus is mainly able to resist salt and drought stress by increasing
the water content in its blades. In the second principal component, Pro, SS, and REC
were shown to be osmoregulation indicators, MDA, H2O2, and O2·− were indicators of
reactive oxygen content, and SOD, POD, and CAT were indicators of antioxidant enzymes,
indicating that melatonin can increase osmoregulation substances, improve antioxidant
enzyme activities, and reduce reactive oxygen content in C. esculentus, thereby resisting salt
and drought stresses. In addition, from the results, it can be seen that melatonin application
was able to mitigate the effects of salt, drought, and salt-drought stresses on the growth
and physiological metabolism caused by C. esculentus.

5. Conclusions

In summary, salt, drought, and salt–drought stress all inhibited the plant growth
of C. esculentus, decreased RWC, increased REC, increased the content of Pro, SS, and
MDA, H2O2, O2·−, and increased the activities of SOD, POD, and CAT, indicating that
the osmoregulatory substances in C. esculentus increased under the stress conditions, the
cellular ROS content increased, and antioxidant enzyme activities increased, and the effects
of the combined stresses on C. esculentus growth and physiological metabolism were
higher than those of a single type of stress. The application of exogenous melatonin under
salt stress, drought stress, and salt–drought stress can promote plant growth, increase
RWC, osmoregulatory substance content, and antioxidant enzyme activity, and reduce the
electrolyte extravasation rate and ROS content; therefore, the application of exogenous
melatonin can alleviate the effects of salt stress, drought stress, and salt–drought stress on
C. esculentus.
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