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Abstract

Melatonin is an indolamine bioactive molecule that regulates a wide range of physiological processes during plant

growth and enhances abiotic stress tolerance. Here we examined the putative role of exogenous melatonin application
(foliar or root zone) in improving drought stress tolerance in soybean seedlings. Pre-treatment of soybean seedlings with
melatonin (50 and 100 pM) was found to significantly mitigate the negative effects of drought stress on plant growth-
related parameters and chlorophyll content. The beneficial impacts against drought were more pronounced by melatonin
application in the rhizosphere than in foliar treatments. The melatonin-induced enhanced tolerance could be attributed

to improved photosynthetic activity, reduction of abscisic acid and drought-induced oxidative damage by lowering the
accumulation of reactive oxygen species and malondialdehyde. Interestingly, the contents of jasmonic acid and salicylic
acid were significantly higher following melatonin treatment in the root zone than in foliar treatment compared with the
control. The activity of major antioxidant enzymes such as superoxide dismutase, catalase, polyphenol oxidase, peroxidase
and ascorbate peroxidase was stimulated by melatonin application. In addition, melatonin counteracted the drought-
induced increase in proline and sugar content. These findings revealed that modifying the endogenous plant hormone
content and antioxidant enzymes by melatonin application improved drought tolerance in soybean seedlings. Our findings
provide evidence for the stronger physiological role of melatonin in the root zone than in leaves, which may be useful in the
large-scale field level application during drought.
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Introduction

In the natural environment, plants are exposed to a wide
range of abiotic and biotic stresses such as flooding, drought,
heat, salinity, heavy metals and pathogenic microbes, which
affect the growth, development and yield of agricultural
crops and consequently impact global food security. In this

context, drought stress is a crucial problem in arid and semi-
arid environments. Drought stress reduces the productivity
of crops by impairing physiological and biochemical
processes, such as photosynthesis, translocation, respiration,
and growth promoters. Drought stress can induce various
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negative effects on plants at the cellular level by altering
the redox homeostasis, which can lead to oxidative damage
in plants. Overproduction of ROS such as superoxide anion
(0,"), hydroxyl radical (*OH) and hydrogen peroxide (H,0,) and
the resulting oxidative stress can lead to lipid peroxidation,
electron leakage and membrane damage, as well as damage
to proteins and nucleic acids, inhibition of the closure of
stomata and changes in photosynthetic and enzyme activity
(Polle 2001; Asada 2006; Jaspers and Kangasjarvi 2010; Maksup
et al. 2014). To overcome drought-induced damage, plants
activate their defence system by enhancing the accumulation
of antioxidant enzymes (ascorbate peroxidase, superoxide
dismutase, catalase and guaiacol peroxidase) and non-
enzymes such as glutathione, carotenoids, a-tocopherol and
ascorbic acid, and activating defence mechanisms involving
osmotic adjustment and stomata regulation (Shi et al. 2016).

Plants respond to external environmental stimuli such
as drought stress via plant growth regulators, including
the phytohormone melatonin. Melatonin is an important
animal hormone that has been reported to activate various
signalling events during plant responses to abiotic and biotic
stress conditions, and thus melatonin helps safeguard plants
under these stresses (Ahmad et al. 2019). Several studies
have reported the positive role of melatonin in inducing
stress tolerance in plants. For example, melatonin was found
to induce tolerance in crops under various abiotic stress
conditions such as heavy metals (Posmyk et al. 2008), high
temperature (Xu 2010; Shi and Chan 2014), salinity (Zhang
et al. 2014) and leaf senescence (Hernandez-Ruiz et al. 2005;
Tan et al. 2013; Zhang et al. 2015). During stress, melatonin
enhances multiple adaptive responses, such as increasing
the stomatal conductance, photosynthetic rate, transpiration
rate, mineral uptake, exudation of organic acid anions and
phenolic compounds, hormonal regulation, sugar metabolism
and ROS scavenging, and regulates the antioxidant enzyme
activity that can alleviate oxidative damage to lipids, proteins
and nucleic acids (Li et al. 2015; Manchester et al. 2015; Shi
et al. 2015b; Ahammed et al. 2019). Moreover, it has also been
reported that melatonin positively enhanced the assimilation
of carbon, increased the chlorophyll level and promoted seed
germination by enhancing starch degradation in response to
cold stress in wheat plants (Li et al. 2018).

Soybean is an important crop and is widely grown, with
the total production comprising more than 320 million metric
tonnes (Kunert et al. 2016). Soybean is susceptible to drought
stress (Basal and Szabd 2020), and studies have demonstrated
that drought stress causes a significant reduction in seed
yield of up to 24-50 % (Hardeland et al. 2012; Sadeghipour and
Abbasi 2012, Ku et al. 2013; Cao et al. 2019; Dong et al. 2019;
Zhang et al. 2019). Compared with the benefits of melatonin
under various abiotic stress conditions, the underlying
mechanism of melatonin in alleviating drought stress has
rarely been investigated in crops, especially in soybean. To our
knowledge, very few studies have systematically discussed the
alleviating role of melatonin in plants grown under drought
stress conditions. Specifically, little is known about whether
foliar or rhizospheric application of melatonin improves
stress tolerance or not. In the current study, we aimed to
evaluate the effects of melatonin on growth, antioxidants and
phytohormone activity in the amelioration of drought stress
in soybean seedlings. The cross-talk between melatonin and
soybean stress tolerance mechanisms such as the antioxidant
system and phytohormones in response to drought stress is
also discussed.

Materials and Methods

Soybean seeds were provided by the soybean genetic resource
centre Kyungpook National University, Daegu, Republic of Korea.
Melatonin was purchased from Sigma-Aldrich (CAS NO 73-31-
4). The seeds were first surface-sterilized with 2.5 % sodium
hypochlorite for 10 min, washed three times with autoclaved
distilled water and then germinated. At the VC stage (unifoliate
leaf emerged), uniformly germinated seedlings were selected
and transferred to plastic pots filled with horticultural substrate
containing peat moss (10-15 %), coco peat (45-50 %), perlite (35-40
%) and zeolite (6-8 %) with NO, (~0.205 mg/g), NH* (~0.09 mg/g),
KO (~0.1 mg/g) and PO (~0.35 mg/g) (Khan et al. 2019a) and grown
in a growth chamber at 24-28 °C, 14/10 h day/night, relative
humidity 55-65 % and light intensity 1000 pEm2 s~ from sodium
lamps. Plants were exposed to melatonin treatment using foliar
spray or root irrigation for 5 days (5 mL of 50 or 100 pM melatonin,
twice a day) before exposure to drought stress. Plants grown
in normal conditions (without any stress) were supplied with
300-350 mL of water/week and 5 mL of 50 or 100 pM melatonin
for 5 days. At the V2 stage (second fully developed trifoliate leaf),
the plants were divided into two groups treated as follows: well-
watered with foliar and root irrigation, and drought conditions
with foliar and root irrigation. The well-watered plants were
further divided into: (i) well-watered without any treatment
(control), (ii) well-watered plus 50 pM melatonin foliar spray
(FMS50), (iii) well-watered plus 100 pM melatonin foliar spray
(FM100), (iv) well-watered plus 50 pM melatonin root irrigation
(RM50) and (v) well-watered plus 100 pM melatonin root
irrigation (RM100). The drought-stressed plants were further
divided into: (i) drought stress without any treatment (control),
(i) drought plus 50 pM melatonin foliar spray (FMS50), (iii)
drought plus 100 uM melatonin foliar spray (FM100), (iv) drought
plus 50 uM melatonin root irrigation (RM50) and (v) drought plus
100 pM melatonin root irrigation (RM100). Drought was imposed
by withholding water until the soil moisture content reached
30-35 % field capacity (FC) for 7 days. Soil moisture content was
measured on a daily basis using DEMETRA, E.M. System Soil
Tester (Tokyo, Japan). After completion of the stress period, the
chlorophyll content of plants was measured using a SPAD 502
(Soil Plant Analysis Development) chlorophyll meter (Kinica
Minolta, Tokyo, Japan), after which the plants were harvested,
the root and shoot lengths were measured using a scale, then
snap-frozen in liquid nitrogen and stored at —-80 °C until further
analysis.

Determination of antioxidant enzymatic activity

CAT activity was measured using a previously described method
(Halo et al. 2015; Bilal et al. 2018), which involved calculation
of H,0, absorption reduction at 240 nm. The reaction buffer
contained 15 mM hydrogen peroxide and 50 mM potassium
phosphate buffer at a pH of 7.0. Then, 100 pL of the enzyme
extract was added to the reaction mixture to initiate the reaction.
The H,0, level in the reaction mixture was measured after 1 min
using the extinction coefficient of 40 mM~' cm™?, which indicated
CAT enzyme activity.

SOD activity was determined using a previously described
method (Giannopolitis and Ries 1977), which consisted of
evaluating the ability of SOD to photochemically decrease
nitroblue tetrazolium (NBT). SOD activity units were determined
as the amount of enzyme required to cause 50 % inhibition of
the reduction of NBT, as monitored at 560 nm.

POD and PPO activities were determined using the guaiacol
method (Zhang and Kirkham 1994), which was performed
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by adding 0.1 mL of the supernatant to the reaction mixture
containing 1.0 mL of 2 % H,0,, 2.9 mL of 50 mM phosphate
buffer (pH 5.5) and 1.0 mL of 50 mM guaiacol. Phosphate buffer
was used as the control without enzyme. Absorbance was read
at 470 nm for 3 min, and POD activity was calculated as unit
change per minute.

To measure the APX activity, 100 mg of plant sample
was extracted with 1 mL of 50 mM phosphate buffer (pH
7.0) containing 1 mM ascorbic acid and 1 mM EDTA. The
homogenates were centrifuged at 4830 x g (4 °C) for 15 min. The
supernatant was mixed with phosphate buffer solution (pH 7.0),
15 mM ascorbic acid and 0.3 mM H,0,, and the reaction mixture
was read at 290 nm. To determine the reduction in GSH content,
a previously described method (Ellman 1959; Asaf et al. 2017)
was used.

Relative water content

The relative water concentration (RWC) was measured according
to a previously described method (Turk and Erdal 2015). Briefly,
the fresh weight (FW) of the sixth leaf was measured after
sampling. Leaf segments were immersed overnight in distilled
water, and turgid weight (TW) was again measured, after which
the leaf segment was oven-dried at 75 °C to measure dry weight.
The RWC was calculated using the formula RWC (FW - DW)/(TW
— DW) x 100, with three replicates.

Determination of soluble protein, soluble sugar and
proline content

The soluble protein content was measured as described
previously (Ashraf and Iram 2005). Briefly, 0.5 g of fresh leaf
sample was homogenized with 10 mL phosphate buffer (pH
7.0) and centrifuged at 10 000 x g for 20 min. SERVA Blue-G was
added to the extract, and the absorbance was read at 570 nm
using a standard curve (in mg g-%/FW): the obtained results were
calculated by (C x Vt) = (W x Vs x 100), where C represents the
protein content, Vt represents the total volume of the reaction
mixture, Vs represents the volume of the supernatant and W
represents the weight of the fresh plant sample. Proline content
and soluble sugar content were measured using previously
described methods (Tiwari et al. 2010; Huang et al. 2019).

Extraction and quantification of the phytohormones
ABA, SA and JA

Endogenous abscisic acid (ABA) was quantified and extracted
as described previously (Qi et al. 1998), with slight modifications
as reported in recent studies (Khan et al. 2020a; Bilal et al.
2020). ABA was extracted from the aerial parts of the plant
(freeze-dried plant samples, 0.3 g), and a chromatograph
was run using the Me-[2H6]-ABA standard. The fraction was
methylated with diazomethane for detection, and ABA was
quantified using GC-MS (6890N network gas chromatograph,
Agilent Technologies). The software from ThermoQuset Corp.
(Manchester, UK) was used to monitor signal ions (m/z 162 and
190 for Me-ABA and m/z 166 and 194 for Me-[2H6]-ABA).
Endogenous SA was extracted and quantified using previously
described methods (Seskar et al. 1998; Khan et al. 2020a). Briefly,
0.3 g of a freeze-dried plant shoot was treated with 100 % CH,0H
(methanol) and centrifuged at 10 000 x g. The methanolic
extracts were dried using a vacuum drier. After drying, the
pellets were suspended in 2.5 mL of 5 % trichloroacetic acid (TCA)
and centrifuged at 10 000 x g. The resulting supernatant was
separated using ethyl acetate, cyclopentane and isopropanol
(ratio of 100:99:1 v/v) and dried using nitrogen gas, followed

by quantification by HPLC (Shimadzu fluorescence detector
Shimadzu RF-10AXL) at 305 and 365 nm, equipped with a C18
reverse-phase HPLC column (HP Hypersil ODS, MA, USA). The
flow rate was maintained at 1.0 mL min-.

Endogenous JA was extracted and quantified as described
previously (Khan et al. 2019b, c). Briefly, 0.3 g of frozen and
ground plant sample was treated with extraction solution
(70:30 v/v acetone and critic acid) and 50 ng of JA standard (9,
[10-2H2]-9, 10-dihydro-JA). The extract was allowed to evaporate
using a rotary evaporator. The aqueous solution was then
filtered/extracted three times using 30 mL diethyl ether. The
resulting extraction solution was loaded onto a solid-phase
cartridge, and then the cartridge was washed twice with 5 mL
of trichloromethane and 2-propanol (2:1 v/v). The bound JA and
the standard were washed with 1 mL of diethyl ether/acetic
acid (98:2 v/v). Subsequently, the sample was first methylated
and then analysed by GCMS (6890N network GC system). The
fragment ion was examined at m/z = 83 AMU relative to base
peaks of JA and [9, 10-2H2]-9, 10-dihydro-JA.

Determination of H,0,, MDA and electrolyte leakage

H,0, content was measured using a previously described
method (Velikova et al. 2000; Yu-Na et al. 2020). Briefly, 0.1 g of
leaf sample was ground and extracted using 5 mL of 0.1 % TCA
and centrifuged at 12 000 x g for 15 min. Next, 0.5 mL of the
supernatant was collected, and 1 mL of 1 M potassium iodide
and 0.5 mL of 10 mM phosphate buffer (pH 7.0) were added,
and the absorbance was detected at 390 nm. The H,0, content
was estimated using the extinction coefficient (¢) 0.28 mM cm™
and expressed as uM g DW. Lipid peroxidation in leaves was
determined by measuring the levels of malondialdehyde (MDA)
as described elsewhere (Khan et al. 2020c). Briefly, 0.1 g of fresh
plant tissue was ground with 10 mL of 5 % TCA and centrifuged
at 4000 x g for 10 min at 4 °C. The resulting supernatant was
suspended with 4 mL of TBA, heated at 90 °C for 25 min and then
immediately cooled down at 4 °C. The sample was centrifuged,
and the supernatant was read at wavelengths of 532 and 600 nm.
The MDA content was calculated as pmol/g* of FW. Electrolyte
leakage was determined using an electrical conductivity meter
(Twin Cond., Horiba, B-17) as described previously (Han et al.
2017).

Statistical analysis

All experiments were performed in triplicate, and data collected
from each replicate were pooled together. Mean values are
presented with standard error. Significant differences in mean
values between each treatment were analysed by one-way
analysis of variance, followed by Duncan’s multiple range test
using the Statistical Analysis System (SAS 9.1). The GraphPad
Prism software (version 6.0, San Diego, CA, USA) was used to
describe the results graphically.

Results

Melatonin affects key growth factors, biomass and
chlorophyll content

The results of this study showed that drought stress led to
a significant decrease in root/shoot lengths and fresh/dry
weights. However, melatonin application had significant effects
on plant growth and development. Under normal conditions,
melatonin treatment by foliar and root irrigation (FMS50,
FM100, RM50 and RM100) resulted in a slight increase in root
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and shoot length, biomass and chlorophyll content compared
with control plants. In drought-stressed control plants there
was a significant decrease in root length by 46.6 %, shoot
length by 34.6 % and fresh and dry weights by 53.1 % and 46.8
%, respectively, compared with those in well-watered control
plants. Foliar application of melatonin FM50 resulted in a slight
increase in shoot and root length and plant biomass, whereas
FM100-treated plants showed significant increases in shoot
length (26.78 %), root length (32.7 %), fresh weight (74.1 %), dry
weight (70.5 %) and chlorophyll content (19.5 %) compared with
drought-stressed control plants in a concentration-dependent
manner (Table 1; Fig. 1). Moreover, the application of melatonin
via root irrigation (RM50 and RM100) promoted plant growth
and development by significantly enhancing the shoot length
(44.2 and 55.7 %, respectively), root length (41.4 and 81.1 %,
respectively), fresh weight (32.2 and 96.7 %, respectively), dry
weight (35.2 and 94.1 %, respectively) and chlorophyll content
(20.1 and 36.9 %), respectively, compared with those in plants
under drought conditions and treated via foliar application in a
concentration-dependent manner (Table 1; Fig. 1). These findings
suggest that the application of melatonin via root irrigation has
more positive effects on plant growth and development under
stress conditions than foliar application, and 100 M melatonin
application can provide more effective protection against
drought than 50 pM melatonin. The root irrigation method also
resulted in a significantly higher chlorophyll content and plant
biomass.

Melatonin activates antioxidant enzymes

Melatonin functions as an antioxidant enzyme activator and
protects plants from oxidative damage. In the present study, the
effect of drought stress on antioxidant enzyme (SOD, CAT, PPO,
POD, APX and GSH) activity in soybean plants with or without
melatonin treatment was determined. The results showed a
significant reduction in SOD, CAT, PPO, POD and APX activity in
plants without melatonin treatment compared with melatonin-
treated plants under drought conditions. Under normal
conditions, melatonin treatment by foliar and root irrigation

(FM50, FM100, RM50 and RM100) resulted in a slight increase in
antioxidant enzyme activity. Similarly, plants treated with foliar
application of melatonin (FM50) showed a slight increase in SOD
and CAT activity, and FM100-treated plants showed significant
increases in SOD (50.5 %) and CAT (68.7 %) activity compared
with control plants under drought conditions. Moreover, root
irrigation with melatonin (RM50 and RM100) significantly
enhanced SOD (27.07 and 77.07 %, respectively) and CAT (35.03
and 96.1 %, respectively) activity compared with that in drought-
treated control plants (Fig. 2A and B). The activity of POD and
PPO did not differ in plants treated with FM50 and drought-
treated control plants under the stress condition, whereas
plants treated with FM100 showed significant increases in POD
and PPO activity by 50.2 and 31.9 %, respectively, compared with
drought-treated control plants. Root irrigation with melatonin
was more efficient than foliar application of melatonin, as
it increased the activity of POD and PPO by 27.2 and 22.7 %,
respectively, in plants treated with RM50, and by 75.7 and 55.9
%, respectively, in plants treated with RM100 compared with
drought-treated control plants in a concentration-dependent
manner (Fig. 2C and D). In addition, melatonin application
resulted in significant increases in the activity of APX and GSH
in FM100- (by 55.8 and 85.7 %, respectively) and in RM100-treated
plants (by 74.9 and 96.3 %, respectively) compared with drought-
treated control plants. The maximum APX and GSH activity was
observed in plants treated with FM100 and RM100, with higher
levels than other treatments (Fig. 2E and F). This result suggests
that 100 pM melatonin application by root irrigation was the
most efficient at inducing drought stress tolerance in plants
and protecting them from oxidative damage.

Effects of melatonin on H,0,, MDA and electrolyte
leakage accumulation

Hydrogen peroxide is produced by cellular metabolism, and is
an indicator of the ROS scavenging capacity of plants under
stress, wherein melatonin is a highly effective ROS scavenger.
The results of this study show that H,0, production in soybean
plants significantly increased in drought-stressed control plants

Table 1. Effects of exogenous melatonin application on the growth attributes and chlorophyll content of soybean plants with/without drought

stress.

Treatment SL RL FW DW CHL (SPAD)
Well-water

Control 20.06 + 1.6d 15.1+1.7c 6.7 +0.9b 3.2 +0.4c 36.6 + 0.8¢c
FM50 21.1+1.7cd 16.06 + 1.02c 6.7 +1.0b 3.4 +0.4c 36.8 + 0.6c
FM100 23.4 + 1.4bc 16.3 + 1.0bc 8.6 +0.9ab 4.8 £ 0.5b 39.1+1.4b
RM50 25.06 + 2.0ab 18.6 +1.1b 8.7 + 1.05ab 4.9 +0.6b 36.8 +0.9c
RM100 26.7 +1.5a 21.2+1.3a 10.7 +1.7a 6.7 +0.5a 423+ 1.4a
Drought

Control 13.1+1.9d 8.06 + 1.3c 3.1+0.6¢c 1.7 +0.3c 26.8+1.9¢c
FMS0 14.01 + 1.0cd 8.4+ 1.3c 3.3+0.6¢c 1.7 £+ 0.4c 29.03 £ 1.9¢c
FM100 16.6 + 1.5bc 10.7 +1.2b 5.4 +0.7ab 2.9 +0.2ab 32.03+1.9b
RM50 18.9 + 1.5ab 114 +1.5b 4.3 £ 0.6bc 23+0.2b 33.1+1.3b
RM100 20.4 + 1.6a 14.6 + 2.0a 6.1+ 0.5a 3.3+0.2a 36.7 + 1.6a

Control (well-watered and drought stress without any treatment,) FM50/FM100 (50 pM/100 pM foliar Melatonin application well-watered and Drought), RM50/RM100
(50 pM/100 pM root-irrigated Melatonin application well-watered and Drought). Shoot length (SL/cm), Root length (RL/cm), Fresh weight (FW/g), Dry weight (DW/g)
and Chlorophyll content (CHL/SPAD). Each data point is the mean of at least three replicates. Mean (+ SE) followed by the different letter (s) are significantly different

from each other as evaluated by DMRT.



Imran et al. — Exogenous melatonin induces drought stress tolerance | 5

FM50

Well

Water

Drought

Control FMS50

Drought

FM100

FM100 RMS50 RM100

f ol

RMS0 RM100

Figure 1. Effects of melatonin application on the phenotypic appearance of soybean plants grown under normal and drought stress conditions.

compared with well-watered control plants. Foliar application
of melatonin (FM50 and FM100) reduced the accumulation of
H,0, by 15.9 and 44.0 %, respectively, compared with drought-
stressed control plants, whereas plants that were root-irrigated
with melatonin (RM50 and RM100) showed a more effective
reduction of H,0, accumulation, by 27.9 and 52.0 %, respectively,
compared with drought-treated control plants (Fig. 3A).

To evaluate the effects of drought stress and melatonin
treatment on membrane integrity, MDA levels and electrolyte

leakage were investigated. The results showed that drought
stress significantly enhanced the MDA content and electrolyte
leakage, whereas in plants subjected to foliar and root irrigation
with melatonin (FM50, FM100, RM50 and RM100), there was a
significant decrease in MDA content by 21.6, 48.9, 27.9 and
60.1 %, respectively, and in electrolyte leakage by 10.4, 27.6,
19.1 and 39.1 %, respectively, compared with drought-stressed
control plants (Fig. 3B and C). Furthermore, root irrigation
with melatonin resulted in a more effective reduction in MDA
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Figure 2. Effects of exogenous application of melatonin on antioxidant enzyme activity: (A) Superoxide dismutase, (B) Catalase, (C) Polyphenoloxidase, (D) Peroxidase,
(E) Ascorbate peroxidase and (F) GSH content in soybean plants under normal and drought stress conditions. Each data point represents mean + SD (n = 3). Bars with

different letters are significantly different from each other, as evaluated by DMRT.

content and electrolyte leakage than foliar application. These
findings suggest that root irrigation with 100 pM melatonin
was more effective at scavenging ROS accumulation than foliar
application.

Relative water content

Relative water content (RWC) is the primary factor indicating
the water status and ability of plants to survive under stress
conditions. The results of this study showed a significant
decrease (49.4 %) in RWC during drought stress in drought-
treated control soybean plants compared to that in well-watered
control plants. In contrast, plants treated with melatonin via

foliar and root irrigation showed a significant improvement in
RWC under the drought stress (Fig. 4). The most effective increase
in RWC was observed in FM100 and RM100, with the increase in
RWC values being 49.9 and 68.2 %, respectively, compared with
those in drought-treated control plants (Fig. 4). Compared with
foliar application, root irrigation with 100 pM melatonin led to a
greater increase in RWC.

Melatonin improves phytohormone contents

We investigated the possible role of melatonin in response to
phytohormones during drought stress. The results showed that
under normal conditions, melatonin did not induce abscisic acid
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Figure 4. Effects of exogenous application of melatonin on relative water
content (RWC) in soybean plants under normal and drought stress conditions.
Each data point represents mean + SD (n = 3). Bars with different letters are
significantly different from each other, as evaluated by DMRT.

(ABA) accumulation, with no significant difference compared
with the well-watered control plants, whereas in the drought-
treated control plants, there was a significant increase in ABA
accumulation by 102.7 % compared with that in well-watered
control plants. Furthermore, plants treated with foliar application
of melatonin (FM50 and FM100) showed a slight decrease (8.7

and 25.7 %, respectively) in ABA accumulation compared with
drought-treated control plants. The root irrigation method
was more effective at reducing ABA production; plants treated
with RM50 and RM100 showed a significant reduction (14.2 and
33.6 %, respectively) in ABA production compared to drought-
treated control plants (Fig. 5A). Salicylic acid (SA) also has a well-
established physiological role in plant growth and development.
The results of the present study showed that under normal
conditions, melatonin treatment had no significant effect on SA
content compared with well-watered control plants. However,
under stress conditions, a slight difference was observed in
SA content in FM50- and RM50-treated plants, whereas the
FM100- and RM100-treated plants showed a significantly
higher accumulation of SA, by 70.1 and 90.3 %, respectively,
compared with that in drought-treated control plants (Fig. 5B).
Similarly, exogenous melatonin application by both foliar spray
(FM100) and root irrigation (RM100) significantly increased
the accumulation of jasmonic acid (JA) by 52.5 and 62.6 %,
respectively, under the drought conditions (Fig. 5C).

Effects of melatonin on soluble sugar and proline
contents

Proline and soluble sugar are compatible solutes that can
balance water potential, improve cytoplasmic osmotic pressure,
protect the membrane system and thereby reduce water loss
from cells. The results of the present study showed that drought
stress considerably increased the soluble sugar and proline
contents, which led to biochemical alterations in soybean
plants. Moreover, the soluble sugar and proline contents were
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Figure 5. Effects of melatonin application on the plant phytohormones: (A)
Abscisic acid, (B) Salicylic acid and (C) Jasmonic acid in soybean plants under
normal and drought stress conditions. Each data point represents mean + SD
(n = 3). Bars with different letters are significantly different from each other, as
evaluated by DMRT.

significantly decreased in melatonin-treated plants to a variable
degree. Compared with drought-treated control plants, FM50-
treated plants showed no significant differences and RMS50-
treated plants showed slight decreases in sugar and proline
contents by 22.5 and 25.6 %, respectively. In contrast, plants
treated with FM100 showed significant decreases in soluble
sugar and proline contents by 46.3 and 42.8 %, respectively,
compared with drought-treated control plants. Moreover, the
application of melatonin by root irrigation (RM100) caused a
significant reduction of 52.9 % in soluble sugar content and 43.6

% in proline content compared with drought-treated control
plants (Fig. 6). These results suggest that the soluble sugar,
protein and proline in the shoots of soybean plants adopt
different strategies to avoid drought stress, and that exogenous
melatonin application may reverse these changes, with the root
irrigation method having a better protective effect than the
foliar application method.

Discussion

Drought is the one of the major environmental factors that can
restrict plant growth and development; it can also cause a wide
range of physiological, anatomical and morphological effects
in plants (Liu et al. 2015). In the present study drought stress
reduced soybean plant growth and development by reducing the
efficiency of photosynthesis and plant biomass and increasing
ROS accumulation and the MDA level, while melatonin
application increased the soybean growth parameters and
chlorophyll content in plants exposed to drought stress (Table 1;
Fig. 1). Similarly Han et al. (2017) reported that exogenous
melatonin application significantly improved the growth
and development of rice seedlings, and enhanced the rate of
photosynthesis and photosystem II activity by enhancing the
antioxidant enzyme activity, which alleviated the accumulation
of ROS and MDA induced in cells by cold stress. Under stress
conditions, the chlorophyll content was significantly decreased,
whereas melatonin application effectively inhibited its
degradation and increased the chlorophyll content to improve
plant photosynthesis (Shi et al. 2015c). Chlorophyll is involved in
photosynthesis and plays an essential role in the transmission
and absorption of light energy (Arnao and Hernandez-Ruiz
2009). The results of this study indicate that the application of
an optimum concentration of melatonin significantly enhanced
the biosynthesis of chlorophyll and increased the plant root and
shoot length and biomass. We also found that the root irrigation
method of melatonin application was more effective than the
foliar application method and reduced the effects induced by
drought stress in soybean plants.

Under stress conditions, plants generate more ROS that
lead to the induction of peroxidation of membrane lipids and
oxidative damage (Kar 2011), and in response to this oxidative
damage, plants evolve tolerance mechanisms to maintain cell
homeostasis and resist the abiotic stress (Yildiztugay et al. 2017,
Khan et al. 2020b), and activate several enzymes, including POD,
CAT, APX and SOD to protect against oxidative damage. The
balance of these antioxidant enzymes is the key to inhibiting
the production of ROS (Yildiztugay et al. 2017). Furthermore SOD
plays a vital role in scavenging ROS and converting the O, to O,
and H,0, after which CAT and POD break down the H,0, into
water molecules (Hu et al. 2016). Accordingly, the present study
showed that drought-stressed plants exhibited a decline in the
activity of antioxidant enzymes, whereas plants treated with
100 pM by foliar or root irrigation showed significant increases
in the activity of SOD, CAT, PPO, POD and APX and inhibition of
H,0, accumulation under stress conditions. In contrast, control
soybean plants exposed to drought stress showed increased
accumulation of H,0, and decreased activity of CAT, PPO, POD,
APX and SOD (Fig. 2). Similarly Li et al. (2015) reported that during
drought stress plants increase the H,0, and electrolyte leakage
levels whereas melatonin pre-treated plants reduced the
H,0, and electrolyte leakage levels and increased antioxidant
enzyme activity. The reduction in H,0O, content might be related
to the antioxidant enzyme activity in melatonin-treated plants.
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The major function of melatonin, along with its effects on
antioxidant enzyme activity, may be to maintain intracellular
H,0, accumulation at a steady level (Cui et al. 2017). Moreover,
100 pm exogenous melatonin alleviated ROS accumulation
and cold-induced oxidative damage through the scavenging
of ROS and enhancing the activity of antioxidants in bermuda
grass (Shi et al. 2015a). In the current study, 100 pM exogenous
melatonin application clearly alleviated oxidative damage
in soybean leaves, especially when using the root irrigation
method, which suggests that under drought stress, exogenous
melatonin treatment effectively protected the cell membrane
against oxidative damage. Moreover, the different methods
of foliar spray or root irrigation at different concentrations
resulted in different patterns of increased antioxidant enzyme
activity.

Melatonin is a hydrophilic and lipophilic molecule that can
distribute in the cytoplasm and lipid membranes and locate
in the hydrophilic side of the lipid bilayer (Catald 2007; Huang
et al. 2019). Melatonin molecules arrange themselves parallel to
the lipid tail at low concentrations and parallel to the bilayer
at high concentrations, which suggests that the organization of
melatonin in lipid membranes is dependent on its concentration
(Huanget al. 2019). Han et al. (2017) reported significant increases
in lipid peroxidation during cold stress. Melatonin scavenges
ROS in plants under drought stress and can protect the cell wall;
this fact was supported by the present study results, wherein
there was a reduction in MDA level, electrolyte leakage and H,0,
accumulation in melatonin-treated plants (Fig. 3). Furthermore
Li et al. (2018) reported that 100 pm melatonin enhanced plants’
tolerance to cold, drought and salt by reducing the ROS burst,
maintaining photosynthetic efficiency, decreasing the MDA level
and enhancing antioxidant activity in tea plants. H,0, is directly
involved in the regulation of stomatal movement, and thus the
opening and closing of stomata represent the physiological
responses of plants to drought stress (Savchenko et al. 2014).
The accumulation of ABA in plant cells is associated with the
formation of ROS. With lower production of endogenous ABA, the
accumulation of H,0, is also reduced. Therefore, the relationship
between ABA and H,0, plays an important role during drought
stress (Liu et al. 2010; Ye et al. 2011). The high production of ABA
can promote ROS formation and cause oxidative damage, such
as leaf peroxidation, electrolyte leakage, Chl degradation and

reduced photosynthetic performance (Jiang and Zhang 2002).
Moreover melatonin application induced the expression of
the ABA catabolism gene CYP707 and downregulated the ABA
biosynthesis gene NCED, resulting in decreased ABA levels
(Zhang et al. 2014). This was confirmed in the present study
where, under normal conditions, exogenous application of
melatonin did not alter ABA accumulation, whereas under stress
conditions, melatonin application suppressed the accumulation
of ABA (Fig. 5). Similar results were reported by (Li et al. 2015),
who found that melatonin application caused a reduction in
the ABA content through the regulation of ABA catabolism and
biosynthesis genes.

Jasmonic acid and salicylic acid, the plant signalling and
growth-regulating molecules, also play a significant role in
resistance to abiotic and biotic stress. JA plays a vital role in
abiotic stress tolerance by enhancing photosynthetic efficiency
and antioxidant metabolism (Rincon-Pérez et al. 2016). JA is
involved in responses such as stomatal regulation, activation
of the antioxidant system and accumulation of amino acids
and soluble sugar (Wagner et al. 2013). In the present study,
melatonin application significantly enhanced the JA level, thus
minimizing water loss. Similarly, Savchenko et al. (2014) reported
that JA regulates the stomata and controls water loss. SA is a
phenolic compound that has a great potential to influence seed
germination, root initiation, transpiration and photosynthesis
(Verma and Agrawal 2017). Kareem et al. (2019) reported that SA
enhanced wheatbiomass and upregulated the CBF14 gene, which
improved the wheat plants’ biomass grain weight under drought
stress. Similarly Sharma et al. (2020) reported that melatonin
positively upregulated JA accumulation during drought stress.
Melatonin also enhances the SA level in response to drought
stress. SA regulates the plant’s physiological response and plays
an important role in response to environmental conditions such
as drought (Khan et al. 2012), cold (Ilyas et al. 2017) and salinity
(Ndamukong et al. 2007). It was reported that in arabidopsis
pathogen infection was induced at higher melatonin and SA
levels, while the SNAT (N-acetyltransferase) knockout mutant
caused a reduction in the melatonin and SA levels (Li et al.
2015). During stress conditions melatonin increased the SA and
NO levels in tobacco plants (Zhao et al. 2019). Although SA and
melatonin have been demonstrated to have an important role
in plants’ physiological and molecular responses to biotic and
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abiotic stresses and share the same biosynthesis pathway and
precursor (chorismic acid), these regulatory molecules have
not been directly compared (Hernandez-Ruiz and Arnao 2018;
Albacete 2020). However, our results suggest that melatonin
interacts with other plant hormones to tolerate stress and plays
a vital role in plant defence against abiotic stress.

Drought stress may cause the instability of cell membranes,
and osmotic regulation is the basic response to this stress
(Huang et al. 2019). Therefore, the levels of the two osmotic
regulators proline and soluble sugar often increase under stress
conditions (Huang et al. 2019), as confirmed in the present
study, wherein exogenous melatonin application substantially
reduced the accumulation of proline and soluble sugar under
the drought stress condition, and 100 pM melatonin application
by root irrigation was more effective than foliar application
(Fig. 6). Based on the results of this study and those of previous
studies, it can be stated that during drought stress, exogenous
melatonin application promotes plant growth and development,
activates the antioxidant enzymes and reduces ROS
accumulation; moreover, the mitigation potential of exogenous
melatonin application is related to its concentration based on
the application method.

Conclusion

This study demonstrated that the melatonin-induced
improvement in drought stress tolerance in soybean plants
was associated with enhanced functioning of the antioxidant
defence machinery and the scavenging of H,0,, which alleviated
the oxidative impairment induced by drought stress. Exogenous
application of melatonin, especially at 100 pM concentration,
significantly improved the growth of soybean plants by
inhibiting membrane injury and reducing H,0, concentrations
under moderate and severe drought stress. These effects are
probably achieved by regulating the activity of the antioxidant
enzymes SOD, CAT, GPX and APX. Melatonin reduced oxidative
damage and improved water status, enabling the plants to
maintain a higher total chlorophyll content. In addition, the
possible cross-talk between melatonin and phytohormones may
play a crucial role in drought stress tolerance in soybean plants,
providing additional insights into melatonin signal transduction
in plants subjected to drought stress, although the complex
molecular system operating during drought stress enabled by
melatonin needs to be further examined in detail. Furthermore,
the root zone application of melatonin resulted in significantly
higher physiological and phytohormonal regulation than foliar
application. This could be an essential factor determining
melatonin application at large-scale field levels. The findings
of this study provide evidence for the physiological role of
melatonin and serve as a platform for its possible application in
agricultural or related fields of research.
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