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Editorial on the Research Topic

The potential role of melatonin in the regulation of abiotic stress
in plants

Melatonin (N-acetyl-5-methoxytryptamine) is a dynamic molecule with a diverse
range of functions in plants. Initially, melatonin was discovered in the bovine pineal gland
in 1958. Melatonin was discovered in higher plantsn 1995 (Dubbels et al., 1995). Afterward,
the multiple functions of melatonin have shown its significant promise in the field of plant
physiology (Shi et al., 2017). Recently, melatonin has gained recognition as a versatile
natural protector for crop plants, effectively mitigating both abiotic and biotic stresses
(Tiwari et al., 20205 Altaf et al., 2021a). Melatonin plays a significant role as an antioxidant
in plants, thereby enhancing their ability to withstand various stressors such as heat,
drought, heavy metal exposure, salinity, chilling temperatures, as well as viral and fungal
infections (Altaf et al., 2021a; Tiwari et al., 2021a; Tiwari et al., 2021b).

Furthermore, melatonin exerts its influence on plant physiology by regulating essential
processes like rhizogenesis (the formation of lateral roots and root primordia), carbon
assimilation, stomatal conductance, photochemical efficiency of photosystems, RuBisCO
accumulation, chlorophyll molecule breakdown, and the ascorbate-glutathione (AsA-
GSH) cycle in stressed plants (Moustafa-Farag et al,, 2020; Sharma et al., 2020). The
predominant mechanism through which melatonin exerts its anti-stress effects is
enhancing the plant’s antioxidant defense mechanisms and aiding in scavenging ROS.

In the current scenario, climate change significantly influences agricultural
productivity. Abiotic stress is the major agricultural constraint since it interferes with
plant growth and yield (Hayat et al., 2023). Plants are exposed to various abiotic stresses,
such as heavy metals, drought, temperature fluctuation, acid rain, salinity, and nutrient
deficiency (Lal et al., 2023). Abiotic stresses significantly affect seed germination, flowering,
root architecture, leaf photosynthesis, and seedling growth, ultimately reducing plant
growth, yield, and quality (Rhaman et al., 2020). Therefore, it is crucial to have an area of
research that includes plant physiological, morphological, and metabolic responses to
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determine the effect of abiotic stressors and identify possible defense
mechanisms and mitigating approaches.

Application of plant growth regulators has become prevalent in
agricultural crop production, enhancing yield quality and
alleviating abiotic challenges’ impact (Altaf et al., 2023b).
Melatonin regulates various plant physiological functions such as
seed germination, photosynthetic efficiency, root architecture
system, mineral nutrient uptake, maintained redox homeostasis,
secondary metabolites production and balanced antioxidant
enzymes system in plants (Altaf et al, 2021b). Compelling
evidence shows that melatonin positively regulates the abiotic
stress tolerance in plants. The majority of these studies propose
that melatonin plays a dual role in plant defense mechanisms.
Firstly, it appears to act as the frontline defense against reactive
oxygen species (ROS), effectively neutralizing free radicals and
preventing their harmful effects. Secondly, melatonin is involved
in the second line of defense by regulating the expression of various
genes that respond to stress conditions. This dual function positions
melatonin as a crucial factor in helping plants cope with
environmental challenges (Altaf et al., 2023a).

This Research Topic focuses on the potential role of melatonin
in regulating abiotic stress in plants. We aim to ask whether and
how melatonin regulates plant growth and stress responses and how
the melatonin network interacts with other signalling pathways.
This Research Topic contains seven original research and two
review articles.

Zhao and Hu described the potential functions of melatonin in
plants, including seed germination, leaf photosynthesis, root
architecture system, redox homeostasis, antioxidant defence
system, and seedling health index, as well as the influence of
melatonin on plant growth and stress response. Melatonin acts as
a growth regulator and bio-stimulator, enhancing plant tolerance to
abiotic stress by improving nutrient uptake, osmolyte production,
and cellular membrane stability. The review by Zhao and Hu
provides valuable insights into how melatonin can be used to
develop stress-tolerant horticultural crops in changing
environments. Ahmad et al. highlighted melatonin’s interactions
with nitric oxide and indole-3-acetic acid (IAA), which regulated
physiological, morphological and metabolic functions. As a result of
its endogenous application and regulatory roles involving NO and
IAA, melatonin is capable of enhancing plant resilience and
productivity under abiotic stresses.

The potential roles of melatonin were also revealed in different
plant species under abiotic stress in this Research Topic. In
common bean, Zhang et al. revealed that exogenous melatonin
application significantly increased cell wall regulation pathway,
plant growth, shoot length, and root morphological traits under
salt stress. Melatonin treatment improved salt tolerance in over 65%
of germplasm materials, and specific markers associated with cell
wall synthesis enabled the prediction of melatonin-responsive
varieties. This research suggests that melatonin can enhance salt
tolerance in common bean by influencing the cell wall and
providing markers for selecting stress-tolerant varieties. In barley,
Jiang et al. found that rhizospheric melatonin supplementation
favorably controlled the photosynthetic carbon assimilation and
redox homeostasis in response to low temperatures. Similarly,
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exogenous melatonin reduced the impacts of drought stress in
groundnuts by boosting endogenous melatonin concentration,
which increased the antioxidant system and photosynthetic
properties (Shreya et al.). Ghorbani et al. observed that melatonin
application efficiently improved plant growth and biomass
production, pigments content, proline production, antioxidant
defence system, nitrogen metabolism, ion homeostasis, and
reduced ROS production, electrolyte leakage and sodium
accumulation in tomato seedlings under salinity stress. Awan
et al. consistently noticed that melatonin markedly increased seed
germination, biomass production, radical length, proline
accumulation, and antioxidant enzymes system and reduced
oxidative damage in soybean under salinity, heat and drought
stress. In soybean, Jahan et al. found that spray treatment of
melatonin considerably improved leaf gas exchange
characteristics, enhancing water uptake efficiency, protected
photosynthetic capacity, and balanced photosystems I and II and
decreased ROS production under osmotic stress. Zulfigar et al.
revealed that preharvest melatonin treatment is viable for
enhancing the cut tuberose’s postharvest quality. Various
melatonin concentrations were tested, and all treatments
significantly extended vase life by up to 4 days. Melatonin also
improves various physiological characteristics, including increased
levels of soluble proteins and sugars, enhanced catalase activity, and
reduced oxidative stress markers, suggesting that melatonin
preharvest application may be a useful tool for improving
tuberose flower quality after harvest.

While this research presents promising results, further research
is needed to address underlying questions. The focus of this study
on melatonin’s role in regulating abiotic stress offers a new
perspective and provides a basis for future research. It’s crucial to
recognize that, beyond this specific Research Topic, we eagerly
anticipate uncovering additional novel insights in the future
regarding the potential role of melatonin in plant stress
regulation. Abiotic stressors have a unique physiological response
to melatonin treatments, so future research should investigate how
these treatments can be optimized for various crop species. This will
enable tailored strategies to enhance stress tolerance in diverse
agricultural contexts.
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Rhizospheric melatonin application has a positive effect on the tolerance of
plants to low temperature; however, it remains unknown whether the
rhizosphere microorganisms are involved in this process. The aim of this
study was to investigate the effect of exogenous melatonin on the diversity
and functioning of fungi and bacteria in rhizosphere of barley under low
temperature. The results showed that rhizospheric melatonin application
positively regulated the photosynthetic carbon assimilation and redox
homeostasis in barley in response to low temperature. These effects might
be associated with an altered diversity of microbial community in rhizosphere,
especially the species and relative abundance of nitrogen cycling related
microorganisms, as exemplified by the changes in rhizosphere metabolites in
the pathways of amino acid synthesis and metabolism. Collectively, it was
suggested that the altered rhizospheric microbial status upon melatonin
application was associated with the response of barley to low temperature.
This suggested that the melatonin induced microbial changes should be
considered for its application in the crop cold-resistant cultivation.
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Introduction

Melatonin (N-acetyl-5-methoxytryptamine) is an important
signal molecule regulating various physiological processes in
plants under abiotic stress, including scavenging reactive oxygen
species (ROS) as an antioxidant (Arnao and Hernandez-Ruiz,
2009), activating antioxidant defense systems (Tan et al., 2012),
modulating the expression of stress response genes (Li et al,
2021), and regulating photosynthetic carbon assimilation (Li
etal, 2016). Though the original sites of melatonin biosynthesis
are mitochondria and chloroplasts in higher plants (Tan and
Reiter, 2019), both foliar and rhizospheric melatonin application
has been shown to enhance the tolerance of plants to abiotic
stress, such as low temperature and drought (Li et al., 2016;
Nawaz et al., 2016). For instance, exogenous melatonin increases
the tolerance to low temperature of bermudagrass by enhancing
endogenous melatonin level and antioxidant enzyme activities
(Fan et al,, 2015). Spaying melatonin benefited the growth of
barley plant under low temperature by promoting
photosynthetic carbon assimilation, activating ROS scavenging
capacity and optimizing carbohydrate metabolism (Zhao et al.,
2015; Li et al.,, 2016). In addition to a direct effect on root and
shoot physiology, rhizospheric melatonin application could also
affect some other processes in soil, such as rhizospheric
microbial status, which may play key roles in the process of
melatonin-induced stress tolerance.

The rhizosphere is the home of an overwhelming number of
microorganisms (Philippot et al., 2013), where the soil
microorganisms interact most intensely with plant roots,
establishing beneficial associations which could mitigate the
adverse effects of abiotic stress on plant (Toju et al., 2018). For
example, microbial populations that thrive when exposed to
abiotic stress, known as “defense biomes”, can benefit plant
stress tolerance (Liu et al., 2020). A. chroococcum has favorable
effects on Dodonaea viscosa seedlings, resulting in improved
plant growth and seed germination under salinity stress (Yousefi
et al., 2017). Pseudomonas and Mesorhizobium strains assist to
improve growth and symbiotic performance of liquorice
(Glycyrrhiza uralensis Fish.) under abiotic stress
(Egamberdieva et al., 2016). Plant-associated microbiomes play
a role in determining plant fitness (Goh et al, 2013; Xu et al,,
2018) and a number of microbial members have important
functions as partners in the environmental adaptation and
metabolisms in plants, such as enhanced nutrient uptake,
nitrogen fixation and defense responses (Bano et al, 2021).
Therefore, the species and abundance of rhizosphere
microorganisms are closely related to plant growth and
induction of stress tolerance (Mendes et al., 2013; Geng et al,,
2018). In addition, as one of the most active components in the
soil ecosystem, microorganisms drive the cycles of carbon,
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nitrogen, phosphorus and sulfur in soil, which also directly
modulates plant growth and their responses to abiotic stress
(Koide et al.,, 2011; Eisenhauer et al., 2012; Purahong and
Kriieger, 2012).

Soil metabolites, including sugars, amino acids, organic
acids, and phenolic compounds, can reflect the changes in
important metabolic pathways for soil microbial community
(Withers et al., 2020). Metabolic profiles in rhizospheric soils are
comprised of a great variety of chemicals, which recruit specific
microbial species to form complex relationships with plants
(Philippot et al., 2013; Kuzyakov and Razavi, 2019), could be
used to characterize soil functional alterations and facilitate the
investigation of the link between soil microbial community and
soil metabolites (Ding et al., 2021).

Low temperature induces a series of physiological changes in
plants, including inactivation of many metabolic enzymes,
disturbance of the metabolic regulations, and modifications of
the carbohydrate metabolism and photosynthetic properties (Li
et al, 2014a; Li et al, 2014b). To explore the relationship
between melatonin and microbial diversity and its implications
in modulating the response of low temperature stress in barley
plant, the diversity of bacterial and fungal microbial, rhizosphere
soil metabolome, the enzymatic profiling related to carbohydrate
metabolism, redox homeostasis and melatonin metabolism in
barley plants were investigated. It was hypothesized that (i)
Rhizospherically applied melatonin would significantly alter the
diversity of microbial community and re-program the
rhizosphere soil metabolites under low temperature; (ii)
Melatonin induced the changes of low temperature response
in barley would be associated with the nitrogen-cycling related

rhizosphere microorganisms.

Materials and methods
Plant material and cultivation conditions

The seeds of spring barley cv. Steptoe were sterilized with 80%
ethanol and 1% sodium hypochlorite solution and washed with
sterile water. Four seeds were sown in each pot (15 cm in diameter
and 10 cm in height, with 2 drainage holes) with 1 kg soil. The
characteristics of soil used were: pH 7.1, organic carbon 10.98 g
kg™, total nitrogen 1.61 g kg™', available nitrogen 141 mg kg’,
available phosphorus 62.8 mg kg™', available potassium 147 mg
kg . The plants were grown in the growth chamber at 26°C/20°C
(day/night, 22,000 Lux/0 Lux, 12 h/12 h). The relative humidity in
the growth chamber was 60% =+ 5%. After 21 days of sowing, half of
the plants were rhizospherically treated with 1 mmol/L melatonin
(MT), while the rest were treated with water as the control (N). The
melatonin treatment (100 mL per pot) was applied once every
three days for 30 days, and the total melatonin content was 232.28
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mg/kg soil. Twelve hours after the last melatonin application, half
of the MT plants and the control plants were exposed to a 48-hour
low temperature treatment (2 + 0.5°C). Therefore, four treatments
were established: NT_N, normal temperature + water; NT_MT,
normal temperature + 1 mmol/L melatonin; LT_N, low
temperature + water; LT_MT, low temperature + 1 mmol/L
melatonin. Six pots were included in each treatment.

The root samples were gently rinsed several times with tap
water, then washed with sterile water, followed by drying on
sterilized filter paper. The last fully expanded leaves samples and
roots samples were collected immediately after the low
temperature treatment and then were snap frozen in liquid
nitrogen and stored at -80°C. The roots were carefully taken
out of the pots, shaken to remove loosely adhering soil, and then
about 1 mm of soil from the roots was retained as rhizosphere
soil (Edwards et al., 2015). The rhizosphere soil samples were
carefully collected and screened using a 2.0 mm sterile sieve and
snap frozen in liquid nitrogen and stored at -80°C.

Chlorophyll a fluorescence measurement

Three fully expanded leaves from different plants in each
treatment were selected for the dark-adapted imaging of
maximal photochemical efficiency (Fy/F,,) using a FluorCam
(FC 800MF, Photon Systems Instruments, Brno, Czech
Republic). Just after the end of low temperature treatment, the
chlorophyll a fluorescence (OJIP) transient of the same leaves for
chlorophyll a fluorescence imaging was measured using a
portable fluorometer (Fluorpen FP100, Photon System
Instruments, Drasov, Czech Republic).

Analysis of melatonin metabolism
enzyme activity and related metabolites

Concentrations of melatonin and the metabolites related to
melatonin synthesis (tryptophan, tryptamine, serotonin, N-
acetylserotonin) and activities of key enzymes (tryptophan
decarboxylase (TDC), tryptamine 5-hydroxylase (T5H),
serotonin N-acetyltransferase (SNAT), N-acetylserotonin O-
methyltransferase (ASMT), caffeic acid O-methyltransferase
(COMT)) in roots were detected using enzyme-linked
immunosorbent assay (ELISA) kit by an EpochTM Microplate
Spectrophotometer (BioTek Instruments, Inc., Winosky,
Vermont, USA). All measurements were determined in triplicate.

Measurement of antioxidant
enzyme activities

According to the protocol of Fimognari et al. (2020), the
activities of key antioxidant enzymes in roots, i.e., ascorbate
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peroxidase (APX), catalase (CAT), cell wall peroxidase
(cwPOX), dehydroascorbate reductase (DHAR), glutathione
reductase (GR), glutathione S-transferase (GST),
monodehydroascorbate reductase (MDHAR), peroxidase
(POX), superoxide dismutase (SOD), were measured using an
EpochTM Microplate Spectrophotometer (BioTek Instruments,
Inc., Winosky, Vermont, USA) with a semi high-throughput 96-
well assay format. The enzyme activities were normalized by
fresh weight. The unit of antioxidant enzyme activity was nkat
g! FW. All measurements were determined in triplicate.

Measurement of carbohydrate
metabolism enzyme activities

According to the protocol of Jammer et al. (2015), the activities
of 13 key primary carbohydrate metabolism enzymes in leaf and
root samples, i.e,, ADP-glucose pyrophosphorylase (AGPase),
aldolase (Ald), cytoplasmic invertase (cytInv), cell wall invertase
(cwlnv), fructokinase (FK), glucose-6-phosphate dehydrogenase
(G6PDH), hexokinase (HXK), phosphofructokinase (PFK),
phosphoglucoisomerase (PGI), phosphoglucomutase (PGM),
sucrose synthase (SuSy), UDP-glucose pyrophorylase (UGPase),
vacuolar invertase (vacInv), were determined using an EpochTM
Microplate Spectrophotometer (BioTek Instruments, Inc.,
Winosky, Vermont, USA) with a semi high-throughput 96-well
assay format. The enzyme activity was normalized by fresh weight.
The unit of carbohydrate metabolism enzyme activity was nkat g*
FW. All measurements were determined in triplicate.

Concentrations of total soluble sugars,
sucrose and reducing sugar

The root samples were harvested and oven-dried to measure
the concentrations of total soluble sugar, sucrose and reducing
sugar. Concentrations of total soluble sugar and sucrose in dry
root samples were measured according to the anthrone reagents
method (Fales, 1951). Reducing sugar concentration was
measured following our previous methods (Li et al., 2015).

Determination of urease and nitrate
reductase activities and total nitrogen
concentrations in soil

Fresh soil samples were oven-dried at 37°C and then sieved
by passing through a 50-mesh sieve. The activities of soil urease
and nitrate reductase were tested by assay kits (Boxbio Science &
Technology Co., Ltd., Beijing, China) using an EpochTM
Microplate Spectrophotometer (BioTek Instruments, Inc.,
Winosky, Vermont, USA) following the user manual at 630
nm and 520 nm. Soil samples were thoroughly mixed, and the
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representative sub-samples were extracted immediately using 2
M KClI solution (soil solution ratio: 1:5) and shaken for 1 h on a
rotary shaker (180 rev min™), followed by filtration. The
concentrations of NH,"-N, NO; N and total nitrogen were
measured according to the methods of Shi et al. (2012).

DNA extraction, sequencing, and
microbial community analysis

Soil samples (0.5 g) were used for microbial genomic DNA
extraction with the OMEGA Soil DNA Kit (D5625-01) (Omega
Bio-Tek, Norcross, GA, USA) following the manufacturer’s
instructions for amplification of bacterial 16S V3-V4 and
fungal ITS1 regions. The NanoDrop ND-1000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA) and agarose gel electrophoresis were used to measure the
quantity and quality of extracted DNAs, respectively. The
measurement for each treatment included six biological repeats.

The PCR amplification of the bacterial 16S V3-V4 region
was performed using the forward primer 338F (5’-
ACTCCTACGGGAGGCAGCA -3°) and the reverse primer
806R (5’- CGGACTACHVGGGTWTCTAAT -3’), the forward
primer ITS5F (5- GGAAGTAAAAGTCGTAACAAGG -3’) and
the reverse primer ITS2R (5- GCTGCGTTCTTCATCGATGC
-3’) was for fungal ITS V1 region, simultaneously. Bacteria and
fungi microbial genomic DNA had the same PCR components: 5
UL of reaction buffer (5x), 5 UL of GC buffer (5x), 0.25 UL of Fast
pfu DNA Polymerase (5U/uL), 2 uL (2.5 mM) of dNTPs, 1 uL
(10 uM) of each Forward and Reverse primer, 1 uL of DNA
Template, and 9.75 UL of ddH,O.

The PCR reactions of bacteria microbial genomic DNA were
applied using the following program: 5 min of denaturation at
98°C, 25 cycles of 30 s at 98°C, 30s for annealing at 52°C, and
1 min for elongation at 72°C, and a final extension at 72°C for
5 min. The amplification of fungi microbial genomic DNA were
conducted using the following protocol: 5 min of denaturation at
98°C, 28 cycles of 30 s at 98°C, 30s for annealing at 52°C, 1 min
for elongation at 72°C, and a final extension at 72°C for 5 min.
The resulted PCR products were purified with Vazyme
VAHTSTM DNA Clean Beads (Vazyme, Nanjing, China) and
quantified using the Quant-iT PicoGreen dsDNA Assay Kit
(Invitrogen, Carlsbad, CA, USA). The Illumina NovaSeq 6000
(Hayward CA USA) was used for paired-end sequenced (2 x
250) with the purified amplicons pooled in equimolar (Personal
Biotechnology Co., Ltd, Shanghai, China).

Sequences were then quality filtered, denoised, merged
and chimera removed using the DADA2 plugin (Callahan
et al.,, 2016). Sequence data analyses were mainly performed
with QIIME2 and R packages (v3.2.0). Unique reads with
100% similarity based on the representative 16S or ITS1
sequences were clustered into ASVs (amplicon sequence
variants). Taxonomy was assigned to ASVs using the
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classify-sklearn naive Bayes taxonomy classifier in feature-
classifier plugin (Bokulich et al., 2018) against the SILVA
Releasel132 (http://www.arb-silva.de) for bacteria, while
UNITE Release 8.0 (https://unite.ut.ee/) for fungi Database
(Koljalg et al., 2013). The sequences from the host were filtered
from the bacterial ASV table. ASV-level alpha diversity
indices, such as Chaol richness estimator, observed species,
Shannon diversity index and Simpson index were calculated
using the ASV table in QIIME2 by Kruskal-Wallis test and
visualized as box plots. LEfSe (Linear discriminant analysis
effect size) (http://huttenhower.sph.harvard.edu/galaxy/root?
tool id=lefse_upload) was applied to detect biomarkers at
multiple taxonomical levels with an LDA score
threshold >3.5 from phylum to genus. Microbial functions
were predicted by MetaCyc databases (https://metacyc.org/) at
level 1 and 2.

Soil metabolomic detection and analysis

Soil samples (50 mg) were extracted with 0.5 mL of
acetonitrile: isopropanol: water (3:3:2, v/v/v) mixed solution
(-20°C) and then vibrated at 30 Hz for 2 min and ultrasonic
for 5 min at room temperature. 0.5 mL of acetonitrile,
isopropanol and water (3:3:2, v/v/v) mixed solution (-20°C)
were added to the extraction, and then it was ultrasonic for
5 min at room temperature, centrifuged at 10 000 g for 2 min.
The supernatant was concentrated to dry by vacuum
concentrator. Eighty uL of 20 mg/mL MEOX solution was
added for redissolution through vortex vibration for 30 s, and
then incubated for 60 min (60°C). 100 uL BSTFA reagent was
added into the extraction, and then it was reacted at 70°C for
90 min, 90-100 UL of supernatant were added into the detection
bottle after centrifuged at 12 000 g for 3 min. To correct the
deviation of analysis results of mixed samples and errors caused
by the analyzer itself, quality control (QC) was applied. Twenty
UL of samples were mixed into the QC samples, the remaining
samples were detected by GC-MS. Gas chromatography was
performed to separate the derivatives at a constant flow of 1 mL/
min helium. Mass spectrometry was determined by the full-scan
method with a range from 75 to 650 (m/z). Metabolites with a
VIP value > 1.0 and p-value < 0.05 were selected as the ones
significantly affected by the treatments. A correlation heatmap
was presented to show the correlation between differential
metabolites and biomarkers of bacterial and fungal
microbial communities.

Univariate statistical analysis
All data were firstly tested for homogeneity of variance and

then subjected to one-way ANOVA to detect significant
differences at P < 0.05 level. All data were subjected to
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Duncan-test to determine statistical differences using the SPSS
22.0 (SPSS Inc., Chicago, IL, USA).

Results

Chlorophyll a fluorescence and
carbohydrate metabolism enzyme
activities in leaves

The dark-adapted images of Fv/Fm in barley leaves showed
that low temperature decreased significantly the Fv/Fm value
compared with the normal temperature control (Figures 1A, B).
However, Fv/Fm of melatonin treated plants was significantly

10.3389/fpls.2022.998861

higher than that of the control plants under low temperature.
Low temperature significantly reduced the quantum yield for
photosystem II (PS II) electron transport (¢_Eo), trapped energy
flux per reaction center (TRo/RC) and electron transport flux
per RC (ETo/RC), while increased the absorption flux per RC
(ABS/RC) and dissipated energy flux per RC (DIo/RC), in
relation to the normal temperature control. Under low
temperature, melatonin treated plants had significantly higher
¢_Eo, TRo/RC and ETo/RC than the control plants, while the
DIo/RC was significantly lower in LT_MT plants compared with
LT_N plants.

The activities of key enzymes involved in carbohydrate
metabolism in leaves were significantly affected by the
interaction of melatonin and low temperature (Figure 1C). In
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FIGURE 1

Dark-adapted image of maximum quantum efficiency of photosystem I (Fv/Fm, A), chlorophyll a fluorescence parameters (B), and the primary
carbohydrate metabolism enzyme activities (C) of the last fully expanded leaves as affected by melatonin and low temperature in barley. N, the
control; MT, melatonin treatment; NT, normal temperature; LT, low temperature. NT_N, normal temperature control; NT_MT, normal
temperature + melatonin treatment; LT_N, low temperature control; LT_MT, low temperature + melatonin treatment. Data are presented as
mean + SE (n = 8 in panel (B); n = 3 in panel (C)). Different small letters represent significant differences at P < 0.05. The unit of carbohydrate
metabolism enzyme activity is nkat g™ FW. ¢_E,, quantum yield for PSII electron transport; ABS/RC, absorption flux per RC (reaction center);
DIo/RC, dissipated energy flux per RC (at t=0). AGPase, ADP-glucose pyrophosphorylase; Ald, aldolase; cytinv, cytoplasmic invertase; cwinvy, cell
wall invertase; ET,/RC, electron transport flux per RC (at t=0); FK, fructokinase; Fructose-6-P, fructose-6-phosphate; Glucose-1-P, glucose-1-
phosphate; Glucose-6-P, glucose-6-phosphate; G6PDH, glucose-6-phosphate dehydrogenase; HXK, hexokinase; PFK, phosphofructokinase;
PG, phosphoglucoisomerase; PGM, phosphoglucomutase; SuSy, sucrose synthase; TR./RC, trapped energy flux per RC (at t=0); UGPase, UDP-

glucose pyrophorylase; vaclnv, vacuolar invertase.
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the sucrolytic pathway, low temperature significantly increased
the activity of vacInv but decreased the activity of cwlnv
compared with the normal temperature control. The MT
plants had significantly higher cwlnv activity while
significantly lower vacInv activity than N plants under low
temperature. For the pathway of glycolysis, compared with the
normal control, low temperature only significantly increased the
activities of FK and Ald, while the activities of PGM, PGI, HXK
and PFK were not affected. Under low temperature, MT plants
possessed significantly lower activities of FK, Ald, PGM and PGI
than N plants; however, no significant difference was found in
HXK and PFK activities between MT and N plants. LT_N plants
showed significantly lower activity of enzyme related to starch
biosynthesis (AGPase) and sucrose biosynthesis (UGPase)
compared with NT_N plants, while LT_MT plants had
significantly higher activities of these two enzymes compared
with LT_N plants. For the pentose phosphate pathway, no
significant difference was found in G6PDH activity either
between NT_N and LT_N plants or between LT_N and
LT_MT plants.

Melatonin synthesis and metabolism,
ROS and carbohydrate metabolism
in roots

Low temperature significantly decreased the activities of TDC,
ASMT and COMT, while had no significant effect on T5H and
SNAT activities in roots, in relation to the normal temperature
control (Figure 2A). Under low temperature, the activities of most
tested enzymes were significantly increased in MT roots,
including TDC, T5H, ASMT and COMT, while the SNAT
activity was significantly decreased, compared with that under
control treatment. The concentrations of serotonin and melatonin
were significantly decreased while the N-Acetylserotonin
concentration was significantly increased in the roots of LT_N
plants, in relation to NT_N plants. The concentrations of
serotonin and melatonin in MT plants was significantly higher,
while the N-Acetylserotonin concentration was lower than that of
N plants under low temperature. In addition, no significant
difference was found in the concentrations of tryptophan and
tryptamine among these treatments.

The antioxidant enzyme activity was obviously influenced by
the interactive effects of melatonin and low temperature in
barley roots (Figure 2B). Low temperature significantly
increased the activities of SOD, CAT and GR, while reduced
significantly the APX and GST activities, compared with the
normal temperature control in barley roots. Under low
temperature, the activities of APX and DHAR were
significantly higher, while activities of SOD, CAT and GR
were significantly lower in MT plants compared with N plants.

For the carbohydrate metabolism in roots, low temperature
only significantly reduced the activity of valnv, while had no
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significant effect on the activities of other enzymes in the
sucrolytic pathway (Figure 2C). Under low temperature, MT
plants had significantly higher valnv activity while lower cwInv
activity than N plants. For the pathway of glycolysis, low
temperature significantly reduced the activities of PGI, PFK, Ald
and FK, in relation to the normal temperature control. When
exposed to low temperature, the MT plants had significantly
higher activities of PGI, PFK, Ald and FK, while lower HXK
activity than N plants. In addition, the activities of SuSy, PGM and
UGPase were not affected by either melatonin or low temperature.
Low temperature significantly decreased the concentration of
reducing sugar, and slightly reduced the total soluble sugar
concentration in roots (Figure S1). The concentration of the
total soluble sugars was significantly higher in MT roots
compared with that in N roots under low temperature.

Diversity of bacterial and
fungal communities

To investigate the influence of low temperature and
rhizospheric melatonin application on rhizosphere microbiota
compositions, we compared the alpha diversity and the relative
abundance of bacterial and fungal communities among
treatments. At a threshold of 100% sequence identity and after
filtering out the ASV's of chloroplasts and mitochondria from the
bacterial ASVs table, 595,3 and 529,42 ASVs were identified in
terms of fungi and bacteria, respectively. For fungal
communities, 2516, 2215, 2600 and 1832 ASVs had been
enriched in NT_N, NT_MT, LT_N and LT_MT, respectively.
In addition, in fungal communities, 482 of the common ASVs
were enriched among these treatments and 1203, 966, 1257 and
727 of the unique ASVs were enriched in the rhizosphere of
NT_N, NT_MT, LT_N and LT_MT, respectively (Figure S2A).
For bacterial communities, 21874, 19194, 22819 and 15913
ASVs were enriched in NT_N, NT_MT, LT_N and LT_MT.
Among them, 377,0 of the common ASVs were enriched in all
treatments, while 10212, 8341, 11457 and 7625 of the unique
ASVs were enriched in NT_N, NT_MT, LT_N and LT_MT,
respectively (Figure S2B).

The alpha diversity of microbial communities as affected by
low temperature and rhizospheric melatonin application was
further tested. For fungal communities, the Shannon index and
Simpson index were similar in the rhizosphere of NT_N,
NT_MT, LT_N, and LT_MT at the ASV level (Figure 3A).
However, significant reductions were found in the alpha
diversity index of Chao 1 and observed species in the
rhizosphere of LT_MT compared with LT_N. For bacterial
communities, no significant difference was found in the alpha
diversity between LT_N and NT_N (Figure 3B), while
rhizospheric melatonin application significantly decreased the
alpha diversity indexes (i.e., Chao 1, observed species, Shannon
and Simpson) in bacterial community under low temperature.
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represent significant differences at P < 0.05. The unit for antioxidant enzyme activity and carbohydrate metabolism enzyme activity is nkat g'1
FW. AGPase, ADP-glucose pyrophosphorylase; Ald, aldolase; APX, ascorbate peroxidase; ASA, ascorbic acid; ASMT, N-acetylserotonin O-
methyltransferase, U g™t FW; CAT, catalase; COMT, caffeic acid O-methyltransferase, U g™t FW; cwPOX, cell wall peroxidase; cwinv, cell wall
invertase; cytlnv, cytoplasmic invertase; DHA, dehydroascorbic acid; DHAR, dehydroascorbate reductase; FK, fructokinase; Fructose-6-P,
fructose-6-phosphate; G6PDH, glucose-6-phosphate dehydrogenase; Glucose-1-P, glucose-1-phosphate; Glucose-6-P, glucose-6-
phosphate; GR, glutathione reductase; GSH, reduced glutathione; GSSG, oxidized glutathione; GST, glutathione S-transferase; HXK, hexokinase;
MDHA, monodehydroascorbate; MDHAR, monodehydroascorbate reductase; Melatonin, pg g'1 FW; N-Acetylserotonin, pug g'1 FW; PFK,
phosphofructokinase; PGM, phosphoglucomutase; PGI, phosphoglucoisomerase; POX, peroxidase; Serotonin, ug g™t FW; SNAT, Serotonin N-
acetyltransferase, U g™t FW; SOD, superoxide dismutase; SuSy, sucrose synthase; T5H, Tryptamine 5-hydroxylase, U g FW; TDC, Tryptophan
decarboxylase, U mg'1 FW; Tryptamine, ng g’l FW:; Tryptophan, ng g’1 FW; UGPase, UDP-glucose pyrophorylase; vacinv, vacuolar invertase.

In this study, the fungal community consisted of 14 phyla, 39
classes, 87 orders, 193 families, 363 genera and 480 species, and
the top 10 phyla of fungal community across treatments
accounted for 69.51%, 81.85%, 51.60% and 90.03% of the total
sequences in NT_N, NT_MT, LT_N and LT_MT, respectively
(Figure 3C). Ascomycota, Mortierellomycota and Basidiomycota
were the dominant fungi with a relative abundance > 1% (at least
in one treatment) in fungal community. The proportion of
Ascomycota was significantly higher in LT_MT compared
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with LT_N, and it was the only strain whose abundance
increased under low temperature and melatonin among the
dominant fungi. In addition, the proportion of Ascomycota
was not significantly affected by low temperature. Compared
with NT_N, the relative abundance of Mortierellomycota was
significantly lower in LT_N. Nonetheless, no significant
difference was observed in terms of the proportion of
Mortierellomycota in LT_N, in relation to that in LT_MT. For
the percentage of Basidiomycota, no significant difference was
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the relative abundance of fungal (C) and bacterial (D) community at the phylum level as affected by melatonin and low temperature (n = 6). N,
the control; MT, melatonin treatment; NT, normal temperature; LT, low temperature.

found between NT_N and LT_N, while that of MT plants was
significantly lower than that of the control plants under
low temperature.

The community of bacteria consisted of 41 phyla, 112
classes, 262 orders, 420 families, 812 genera and 369 species.
The top 10 phyla of bacterial community across treatments
accounted for 97.05%, 97.87%, 97.07% and 98.60% of the total
sequences in NT_N, NT_MT, LT_N and LT_MT, respectively
(Figure 3D). Among them, 8 dominant bacteria were found in
the top 10 phyla of bacterial community. Actinobacteria and
Proteobacteria were the bacteria whose proportion showed an
increase trend under low temperature in LT_MT compared with
LT N in dominant bacteria. The other dominant bacteria were
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Acidobacteria, Chloroflexi, Gemmatimonadetes, Rokubacteria,
Bacteroidetes and Nitrospirae, and the percentages of all these
six bacteria were significantly lower in LT_MT compared with
those in LT_N. The other two bacteria in the top 10 phyla were
Patescibacteria and Latescibacteria. All the above bacteria
showed no significant difference between NT_N and LT_N,
except for Latescibacteria whose percentage was significantly
reduced by low temperature.

Under low temperature, Azotobacter was not found in the
rhizosphere of either NT_N or LT_N (0%), but it was
significantly enriched in LT_MT rhizosphere (0.70%) after the
melatonin treatment. The percentage of Azoarcus was
significantly increased in LT_MT rhizosphere (0.51%)
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compared with that in LT_N (0%). The relative abundance of
Gemmobacter, Dechloromonas and Ensifer were significantly
increased by melatonin treatment under low temperature.
However, all the above five bacteria, which were belong to
Proteobacteria, showed no significant difference between
NT_N and LT_N. The relative abundances of Nitrospira and
Rubrobacter were significantly lower in LT_MT, compared
with LT_N.

Biomarkers of fungal and
bacterial community

Linear discriminant analysis effect size (LEfSe) analysis was
applied to identify the microbes as biomarkers with LDA scores
(> 3.5) from the level of phylum to genus in fungal (Figure 4A)
and bacterial (Figure 4B) communities. These biomarkers
showed significant variations in the relative abundances of the
core community and were accompanied by considerable changes
in response to environmental disturbances. A total of 38 fungi
clades exhibited significant variations in NT_N (2 phyla, 1 class,
2 orders, 1 family and 1 genus), NT_MT (3 classes, 3 orders, 4
families and 3 genera), LT_N (1 phylum, 2 orders, 2 families and

10.3389/fpls.2022.998861

2 genera) and LT_MT (1 phylum, 1 class, 1 order, 2 families and
6 genera).

In total, 85 bacteria clades exhibited significant variations in
the rhizosphere of NT_N (3 phyla, 5 classes, 8 orders, 9 families
and 8 genera), NT_MT (I class, 2 orders, 2 families and 1 genus),
LT_N (3 phyla, 10 classes, 9 orders, 7 families and 6 genera) and
LT_MT (2 phyla, 2 classes, 2 orders, 2 families and 3 genera). The
bacteria dominant Acidobacteria, Rokubacteria and Nitrospirae at
phylum level were significantly abundant in NT_N, and the
biomarkers of Nitrospira at class level, Nitrospirales at order
level, Nitrospiraceae at family level and Nitrospira at genus level
belonging to Nitrospirae were also observed in NT_N rhizosphere.
Alphaproteobacteria at class, Rhizobiales at order, Rhodocyclaceae
at family and Azotobacter at genus were significantly abundant in
NT_MT rhizosphere as biomarkers. The proportions of
Bacteroidetes, Gemmatimonadetes and Chloroflexi at phylum
level, and Rubrobacter at genus level were significantly
enriched in LT_N. The bacteria dominant Proteobacteria
and Actinobacteria at phylum level were significantly
abundant in LT_MT rhizosphere. Within Actinobacteria,
Gammaproteobacteria at class, Pseudomonadales at order and
Pseudomonadaceae at family were significantly abundant in the
NT_MT rhizosphere.
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Prediction of functional composition in
the microbial community

The activities of urease and nitrate reductase were
significantly increased in the rhizosphere soil by rhizospheric
melatonin application regardless of temperature treatments
(Figure 5A). The concentrations of NH,"-N and NO; N were
significantly increased by melatonin treatment at normal
temperature. In addition, no significant difference was found
in the total nitrogen concentration among these treatments.

The prediction of functional composition by FAPROTAX
indicated that 7 pathways related to the nitrogen cycle were
observed among the 8 most abundant pathways (Figure 5B).
Low temperature had no effect on the relative abundance of
ASVs in any pathway. However, the relative abundance of ASV's
related to the nitrogen cycle was significantly increased (i.e.,
ureolysis, nitrogen respiration, nitrate respiration and nitrogen
fixation), while that in the pathways related to nitrite oxidation
and nitrification was decreased in LT_MT compared with that
in LT_N.

By predicting the functional composition of the microbial
community with the sequencing of bacteria and fungi using
PICRUSt2, it was found that the major fungal community was
enriched in the biosynthesis pathway, degradation processes,
generation of precursor metabol, glycan pathways and metabolic
clusters (Figure 5C); while the bacterial community was
enriched in the biosynthesis pathway, degradation processes,
detoxification, generation of precursor metabol, glycan
pathways, macromolecule modification and metabolic clusters
(Figure 5D) under these treatments in the level 1 of the MetaCyc
database. The biosynthesis pathways were significantly enriched
under low temperature in fungal community, while the pathway
of degradation was not affected. Nonetheless, for bacterial
community, no significant different was observed in LT_N
compared with NT_N in the above two pathways.
Rhizospheric melatonin application significantly decreased the
reads in the fungal community under low temperature in the
pathways of biosynthesis and degradation, whereas it was
significantly decreased the reads in the pathway of
biosynthesis while increased the reads in the pathway of
degradation in the bacterial community. In addition, the reads
related to the pathways of amino acid biosynthesis was
significantly increased in LT_N compared with NT_N in the
fungi microbial community. Under low temperature, the reads
were significantly enriched in the pathway of amino acid
biosynthesis in LT_N, compared with LT_MT, in level 2 in
both fungal (Figure 5E) and bacterial (Figure 5F) communities;
however, an opposite trend was found in the pathway of amino
acid degradation.
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Correlation between metabolites and
biomarkers of microbial communities in
rhizosphere soil

The soil metabolites pool, which composed of both plant-
secreted metabolites and exogenous metabolites from the
microbial community, was significantly changed by low
temperature and melatonin (Figure 6). Using GC-MS based
non-target metabolomics, a total of 104 metabolites were
identified and semi-quantified in soil samples. Furthermore,
using a statistical threshold of P < 0.05 and VIP (variable
importance in the projection) > 1, 63 differential metabolites
were found in the group of LT_N vs LT_MT. For pathway
analysis of the identified differential metabolites using the KEGG
database, the P < 0.05 and IF (impact factor) > 0.04 were set as
threshold values. The TOP 5 pathways, including 11 specific
metabolites were divided into two categories: 2 pathways related
to amino acid synthesis and metabolism (glycine, serine and
threonine metabolism, biosynthesis of amino acids) and 3
carbon metabolism related pathways (glyoxylate and
dicarboxylate metabolism, carbon metabolism and galactose
metabolism). The metabolites could be annotated into different
pathways: L-serine, glycine, L-threonine and 1,3-
diaminopropane were annotated into the pathway of glycine,
serine and threonine metabolism (P = 0.01, IF = 0.43). The
amino acids biosynthesis pathway (P = 0.01, IF = 0.08) including
L-valine, L-threonine, L-serine, glycine, citrate and alanine.
Glycolate, citrate, L-serine and glycine belonged to the
glyoxylate and dicarboxylate metabolism pathway (P = 0.01, IF
= 0.07). Citrate, L-serine, glycine, alanine and glycolate were
annotated into the pathway of carbon metabolism (P = 0.03, IF =
0.05). The alpha-D-galactosyl-(1->3)-1D-myo-inositol, D-
glucose 1-phosphate and D-Glucose belonged to the galactose
metabolism pathway (P = 0.03, IF = 0.05).

The heatmap presented the relationship between biomarkers
of fungal community and significantly varied metabolites
(Figure 6A). The dominant phylum Ascomycota showed
significantly negative correlations with L-threonine, 1,3-
diaminopropane, alanine, glycolate, alpha-D-galactosyl-(1->3)-
1D-myo-inositol, D-glucose 1-phosphate and D-glucose. The
biomarkers of Nitrospira, Nitrospirales, Nitrospiraceae,
Nitrospira and Nitrospirae all showed significantly positive
correlations with L-threonine, 1,3-diaminopropane, citrate,
alanine, glycolate, D-glucose 1-phosphate and D-glucose
(Figure 6B). The Chloroflexi, Gemmatimonadetes and
Bacteroidetes, Alphaproteobacteria, Rhizobiales showed
significantly positive correlation with glycine, L-threonine, 1,3-
diaminopropane, citrate, alanine, glycolate, alpha-D-galactosyl-
(1->3)-1D-myo-inositol, D-glucose 1-phosphate and D-glucose.
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FIGURE 5
Activities of urease and nitrate reductase and concentrations of NH,"-N, NOs~N and total nitrogen in rhizosphere soil and relative abundance of
rhizosphere microorganisms with different functions under low temperature and melatonin treatment. Activities of urease and nitrate reductase
and concentrations of NH;*-N, NO3 N and total nitrogen in rhizosphere soil among different treatments (A). Prediction of the functional
composition in the microbial community according to FAPROTAX database (B). Fungal (C, E) and bacterial (D, F) microbiota at the level 1 and
the level 2 according to MetaCyc database, respectively. NT_N, normal temperature control; NT_MT, normal temperature + melatonin
treatment; LT_N, low temperature control; LT_MT, low temperature + melatonin treatment. Data are presented as mean + SE (n = 6). Different
small letters represent significant differences at P < 0.05.
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In addition, Proteobacteria, Gammaproteobacteria,
Pseudomonadales and Pseudomonadaceae showed significantly
negative correlations with those metabolites. Rubrobacter
significantly positive correlations with all metabolites except
for 1,3-diaminopropane.

Discussion

Rhizospheric melatonin application
enhanced the low temperature tolerance
by maintaining a better photosynthetic
carbon assimilation

Photosynthesis is a highly sensitive process to low
temperatures (Tan et al., 2008). In the present study, low
temperature reduced the quantum yield of PS II, while
rhizospheric melatonin application alleviated this damage
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induced by low temperature. @_Eo reflects the highest
quantum vyield for PS II electron transport, while TRo/RC and
ETo/RC reflect the trapped energy flux per reaction center and
the electron transport flux per RC, respectively (Chen et al,
2014). Here, these parameters were all significantly enhanced by
rhizospheric melatonin application, indicating that melatonin
helped the plant to maintain a higher photosynthetic efficiency
by alleviating the damage to the photosynthetic apparatus under
low temperature.

Carbohydrate synthesis and catabolism are closely related to
abiotic stress tolerance in plants (Jammer et al., 2015). Here, the
carbohydrate metabolism in both leaves and roots was affected
by the rhizospheric melatonin application. For leaves, in the
sucrolytic pathway, the melatonin treated plants had a lower
vaclnv activity while a higher cwInv activity than the control
plants under low temperature, which was contrary to the trends
in roots. As a soluble acidic invertase, vacInv determines the
sucrose amount stored in vacuole and its remobilization for
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metabolism (Roitsch and Gonzalez, 2004); whereas cwlnv
maintains the extracellular sucrose gradient by breaking down
sucrose (Jammer et al., 2015). Thus, the changes of these two
invertases may result in the fluctuation of sucrose concentration.
For the pathway of glycolysis, lower activities of FK, PGI and Ald
in MT leaves in relation to the control plants under low
temperature indicated that the conversions of fructose and
glucose-6-phosphate to fructose-6-phosphate and fructose-1,6-
bisphosphate to glyceraldehyde-3-phosphate and
dihydroxyacetone phosphate were both depressed. However, in
relation to those in control, the significantly enhanced activities
of PGIL, PFK, Ald and FK in MT roots suggested that fructose
metabolism and glycolysis flux were regulated by melatonin
(Dhatt et al,, 2019), which might contribute to the enhanced low
temperature tolerance in barley. This was also proved by the
higher levels of total soluble sugars in roots of melatonin
treated barley.

In plants, melatonin has a common biosynthetic pathway
from tryptophan through sequential enzymatic steps,
including TDC, T5H, SNAT and COMT/ASMT (Nawaz
et al., 2016). Rhizospheric melatonin application significantly
increased the activities of all these five enzymes except for
SNAT under low temperature, indicating that rhizospheric
melatonin application enhanced the endogenous melatonin
synthesis, which was consistent with results of Sun et al.
(2020). In agreement with the enzyme activities, the
serotonin and endogenous melatonin levels could be related
to the melatonin induced low temperature tolerance, since
serotonin and melatonin are of importance for stress defense
and plant growth (Li et al., 2016; Wan et al., 2018). Besides the
direct effects of rhizospheric melatonin application, it is hard
to rule out the possibility of rhizosphere microorganisms for
enhancing the stress tolerance in plants (Pieterse et al., 2014).

Rhizospherically applied melatonin
altered the diversity of microbial
community related to nitrogen cycling

The alpha diversity refers to the indicators for richness and
diversity of fungal and bacterial species, including Chao 1,
observed species, Shannon and Simpson. The indexes of Chao 1
and observed species both represent richness (Chao, 1984), while
Shannon and Simpson represent the diversity of microorganisms
(Shannon, 1948; Simpson, 1997). Here, two indexes (Chao 1 and
observed species) for fungal communities and four indexes (Chao
1, observed species, Shannon and Simpson) for bacterial
communities all showed significant differences among
treatments, which implied that rhizospherically applied
melatonin changed the richness of fungal communities and
altered both richness and diversity of bacterial communities
under low temperature. Similarly, exogenous melatonin alters
the structure of soil bacteria and has a significant effect on
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bacterial alpha diversity under abiotic stress conditions
(Madigan et al, 2019). In addition, exogenous melatonin
reduces the Shannon diversity of bacterial community and
reprograms the rhizosphere microbial community to modulate
the responses of barley to abiotic stress (Ye et al., 2022), which is
consistent with our findings. However, the release of secondary
metabolism compounds from plants into the soil as root exudates
may also have an indirect effect on rhizosphere microbial diversity
(Wolfe and Klironomos, 2005; Trivedi et al., 2021).

Also, the compositions of fungal and bacterial communities
were modulated by rhizospherically applied melatonin
regardless of temperature regimes, where Ascomycota,
Mortierellomycota and Basidiomycota were the most
dominant phyla in the rhizosphere microorganisms. As the
most common and diverse community of eukaryotes,
Ascomycota is involved in the decomposition of organic
substrates (e.g., dead leaves, wood chips and faeces), and it is
the dominant fungal community in organically improved soils
(Guo et al,, 2018). The significantly higher relative abundance of
Ascomycota in LT_MT compared with LT_N indicated that
melatonin could help to decompose organic substrates.
Meanwhile, Basidiomycota has also been proved to be the
main decomposer that plays an important role in
transformation of soil nutrients and degrade lignocellulose and
organic matter (Yelle et al., 2008). The significant difference in
the relative abundance of Basidiomycota between LT_MT and
LT_N suggested that melatonin had an important effect on
nutrient metabolism in the rhizosphere of barley plants.

Besides fungal communities, some significantly altered
bacterial communities with functioning in nitrogen fixation and
nutrient cycling were also observed in this study. Under low
temperature, MT treatment showed a significantly higher relative
abundance of Actinobacteria and Proteobacteria compared with
the control. As the dominant bacterium with the highest relative
abundance, Actinobacteria is the soil-dwelling organisms with an
important role in the turnover of organic matter, nutrient
recycling and plant growth (Trujillo et al, 2015). Meanwhile,
Actinobacteria is a nitrogen-fixing microorganism that has
received wide attentions (Verma et al, 2009). In addition to
being involved in nitrogen cycling processes, Actinobacteria
from special and extreme habitats probably contain novel taxa
and compounds for enhancing their host tolerance to
environmental stress (Mesa et al, 2017; Qin et al.,, 2018). For
instance, Actinobacteria act as important players in inhibiting the
root growth under infection of pathogens (Bhatti et al., 2017) and
is associated with regulating plant abiotic stress response (Xu et al.,
2021). For another dominant bacterium, Proteobacteria plays a
vital role in nitrogen fixation in the biosphere as well as in the
carbon, sulfur and nitrogen cycles (Kersters et al., 2006). It was
also reported that Proteobacteria has various functions, including
protein and amino acid metabolism, carbohydrate metabolism
and energy metabolism (Jiang et al., 2021). The significantly
increased relative abundances of Actinobacteria and
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Proteobacteria indicated that rhizospherically applied melatonin
regulated the nutrient recycling, nitrogen-fixing and amino acid
metabolism, which might enhance the plant performance under
low temperature. Acidobacteria participates in nitrogen
metabolism and exopolysaccharide production (Kuramae and
de Assis Costa, 2019). The significant changes in the relative
abundance of Acidobacteria also proved that melatonin induced
changes in the fungal and bacterial communities were closely
related to the nitrogen metabolism.

The relative abundances of some other microorganisms
associated with the nitrogen-cycling were also significantly
changed by melatonin under low temperature. Nitrite
oxidation is the main biochemical pathway that produces
nitrate, and this process is catalyzed by nitrite oxidoreductase,
which is encoded by aerobic nitrite-oxidizing bacteria (Daims
et al, 2016), including the dominant phyla Chloroflexi and
Nitrospirae in this study. The favorable effects of Azotobacter
have been reported to provide nutrients to cereals and enhance
plant growth (Sohal et al., 1998; Baghaie and Aghili, 2021). The
genus Azoarcus can secrete auxin (Rasul et al., 1998) and
promote plant growth (Mehnaz et al., 1998; Raittz et al., 2021).
Dechloromonas includes genes for dozens of metabolisms, such
as nitrogen fixation protein, nitrogen regulatory protein, has the
ability to metabolize nitrogen, including nitrogen fixation,
denitrification and dissimilatory nitrate reduction (Zhang
et al, 2021). The significantly increased in the relative
abundance of Azotobacter, Azoarcus and Dechloromonas in
MT treatment further proved that melatonin induced changes
in microorganism under low temperature were closely related to
the nitrogen metabolism, which was beneficial to the plant
growth. The common bacterium genus Nitrospira was
restricted to oxidize nitrite to nitrate in the pathway of
nitrification (Stein and Klotz, 2017). The altered compositions
in the nitrogen-cycling related bacterial and fungal communities
suggested that rhizospherically applied melatonin might actively
coordinate the microbial community to modulate soil nutrients
for optimal plant growth under low temperature.

Nitrogen-transforming microorganisms are generally
classified according to one of the processes, such as nitrification,
denitrification, nitrogen fixation, et al. (Kuypers et al, 2018).
Notably, it has been observed that some pathways were related
to the nitrogen cycle according to the FAPROTAX database in
bacterial communities. The significant decrease in the relative
abundance of nitrite oxidation and nitrification while the
significant increase in that of ureolysis, nitrogen respiration,
nitrate respiration and nitrogen fixation were observed
regardless of temperature regimes, which could be ascribed to
the melatonin application. The activity of soil urease and nitrate
reductase were significantly enhanced by melatonin, indicating
that melatonin promoted the nitrogen cycling in soil. The
concentrations of NH,*-N and NO; N were not affected by
melatonin under low temperature; that might be due to the
complexity of nitrogen metabolism changes induced by

Frontiers in Plant Science

20

10.3389/fpls.2022.998861

melatonin in the barley rhizosphere. It has been well known
that diverse microorganisms can fix dinitrogen gas and denitrify
simultaneously (Stein and Klotz, 2017). Furthermore, by
predicting the functional composition with the reads of bacterial
and fungal communities using the MetaCyc database in level 2, it
was found that the reads related to amino acid biosynthesis was
significantly decreased, while that related to amino acid
degradation was significantly increased by rhizospherically
applied melatonin, which also proved this result.

Melatonin induced changes of
metabolites in synthesis and metabolism
of amino acids pathway in response to
the low temperature tolerance

To verify whether the changes of microbial diversity affect the
rhizosphere micro-environment of barley plants, metabolites in
rhizosphere soil were detected in this study. The pathway
enrichment analysis with the KEGG database was conducted to
elucidate the specific changes in rhizosphere metabolic processes.
The metabolism of glycine, serine and threonine and biosynthesis
of amino acids were the top two altered pathways in the
rhizosphere soil, which were both amino acid synthesis and
metabolic related pathways. Most of the biomarkers of bacteria
and fungi showed significantly positive correlations with the
altered metabolites included in these two pathways. However, all
the biomarkers showed significantly negative correlations with the
metabolites related to amino acid synthesis and metabolism in
response to low temperature and melatonin treatments. Soil
amino acids can be rapidly decomposed by the microorganisms
within a few hours and are an important part of soil nitrogen
cycling (Ma et al, 2021). This suggested that rhizosphere
microorganisms might accelerate the decomposition of amino
acids in the soil to regulate the soil nitrogen cycle in this case.
Modulations in certain metabolic pathways might be a key
strategy for nitrogen-cycling related microbial communities to
help plants adapt to environmental stress.

Conclusion

Rhizospheric melatonin application promoted the low
temperature tolerance in barley, as exemplified by higher
photosynthetic carbon assimilation and better redox
homeostasis. The melatonin treatment obviously changed in the
diversity of microbial community in rhizosphere of barley,
especially the species and relative abundance of nitrogen
cycling-related microorganisms, which was also related to the
changes in rhizosphere soil metabolites in the pathways of amino
acid synthesis and metabolism. The altered rhizospheric microbial
status were associated with the promotion of the performance of
both roots and shoots in barley exposed to low temperature, which
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might be one of the main reasons for modulate the response of
barley to low temperature. Thus, the rhizospheric melatonin
application induced low temperature tolerance in barley may be
associated with the nitrogen-cycling related rhizosphere
microorganisms. These results have important implications for
understanding the role of rhizospheric melatonin in regulation of
plants to improve low temperature resistance.
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Exogenous melatonin enhances
cell wall response to salt stress
in common bean (Phaseolus
vulgaris) and the development
of the associated predictive
molecular markers

Qi Zhang™, Bin Qin', Guang-da Wang', Wen-jing Zhang",
Ming Li*, Zhen-gong Yin?, Xiankai Yuan®, Hao-yue Sun?,
Ji-dao Du**, Yan-li Du** and Pengyu Jia**

1College of Agriculture, Herlongjiang Bayi Agricultural University, Daqging, China, 2Crop Resources
Institute, Heilongjiang Academy of Agricultural Sciences, Harbin, China, *Qigihar Branch,
Heilongjiang Academy of Agricultural Sciences, Qigihaer, China, “*National Coarse Cereals
Engineering Research Center, Herlongjiang Bayi Agricultural University, Daging, China

Common bean (Phaseolus vulgaris) is an important food crop; however, its
production is affected by salt stress. Salt stress can inhibit seed germination,
promote senescence, and modify cell wall biosynthesis, assembly, and
architecture. Melatonin, an indole heterocycle, has been demonstrated to
greatly impact cell wall structure, composition, and regulation in plants under
stress. However, the molecular basis for such assumptions is still unclear. In this
study, a common bean variety, “Naihua” was treated with water (W), 70 mmol/L
NaCl solution (S), and 100 umol/L melatonin supplemented with salt solution
(M+S) to determine the response of common bean to exogenous melatonin
and explore regulatory mechanism of melatonin against salt stress. The results
showed that exogenous melatonin treatment alleviated salt stress-induced
growth inhibition of the common bean by increasing the length, surface area,
volume, and diameter of common bean sprouts. Moreover, RNA sequencing
(RNA-seq) and real-time quantitative PCR (qRT-PCR) indicated that the cell wall
regulation pathway was involved in the salt stress tolerance of the common
bean enhanced by melatonin. Screening of 120 germplasm resources revealed
that melatonin treatment improved the salt tolerance of more than 65% of the
common bean germplasm materials. Melatonin also up-regulated cell wall
pathway genes by at least 46%. Furthermore, we analyzed the response of the
common bean germplasm materials to melatonin treatment under salt stress
using the key genes associated with the synthesis of the common bean cell wall
as the molecular markers. The results showed that two pairs of markers were
significantly associated with melatonin, and these could be used as candidate
markers to predict whether common bean respond to exogenous melatonin
and then enhance salt tolerance at the sprouting stage. This study shows that
cell wall can respond to exogenous melatonin and enhance the salt tolerance
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of common bean. The makers identified in this study can be used to select
common bean varieties that can respond to melatonin under stress. Overall,
the study found that cell wall could response melatonin and enhance the salt
tolerance and developed the makers for predicting varieties fit for melatonin
under stress in common bean, which may be applied in the selection or
development of common bean varieties with abiotic stress tolerance.

KEYWORDS

common bean, melatonin, RNA-seq, cell wall, makers, salt tolerance, regulation

Introduction

Soil salinization has become a global problem (Shabala,
2013), affecting 7% (more than 900 million hectares) of the
available land worldwide. Salt stress is a limiting factor in crop
production and is caused by excessive accumulation of NaCl
(Wang et al., 2018). High concentrations of sodium ions (Na™)
can reduce the osmotic potential of cells, leading to plant
metabolic disorders (Fang et al., 2021). Salt stress affects plants
from the seed germination stage through maturation and
continues until the plant senescence. The sprouting stage has
been reported to be the most sensitive to salt stress (Zhang et al.,
2020). Therefore, there is an urgent need to improve the salt
tolerance of plants, especially at the sprouting stage.

Plants have developed various strategies for dealing with salt
stress, including the expression of salt stress-responsive genes (in
ion transport, osmotic homeostasis, and toxicity resolution) and
altering their physiological structures (such as lipids and cell
wall) to adapt to salt stress (Zhu, 2002; Gong, 2021). The plant
cell wall is a protective barrier that determines the size and shape
of cells through the mechanical control of cell expansion
(Carpita and Gibeaut, 1993), thus playing an integral role in
salt stress tolerance (Endler et al., 2015). The cell wall is the first
line of defense against salt stress (Van Zelm et al., 2020). Salt
stress dehydrates plant cells, causing cellular stress (Monniaux
and Hay, 2016). Overexpressing cell wall-related genes in
transgenic Arabidopsis enhanced salt tolerance (Liu et al,
2016; Chun et al,, 2019). Recent studies have shown that [3-
1,4-galactan (a cell wall component), whose synthesis is
catalyzed by Galactan Synthase 1 (GALS1), also plays a role in
salt stress tolerance. RNA-seq analysis showed that salt stress
affects cell wall biosynthesis pathways (Zhang et al., 2021b).
However, the relationship between cell wall biosynthesis
regulation and salt stress tolerance is still unclear.

Melatonin (MT) was first discovered in the pineal gland of
cattle by the physician Lerner (1959). Since its discovery, MT has
been demonstrated to regulate plant growth and development
processes, such as seed germination, root growth, leaf
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senescence, and abiotic stress responses (Arnao and
Hernandez-Ruiz, 2019). Moreover, MT has been shown to
enhance plant stress tolerance in various ways. For example,
melatonin can induce antioxidant activity, inhibit peroxidative
metabolism and up-regulate ion homeostasis-related genes, such
as NHX1I and AKTI (Rodriguez et al., 2004; Li et al., 2012). Some
studies also showed that melatonin could interact with other
hormones associated with salt stress resistance in plants and
stimulate the expression of defensive transcription factors (luchi
et al, 2001; Zhao et al., 2017). Recently, special focus has been
directed to the regulation of cell wall by exogenous melatonin.
Melatonin content positively correlated with cell wall strength in
various herbaceous peony (Paeonia lactiflora), suggesting a
connection between the cell wall and melatonin (Zhao et al,,
2022). Exogenous melatonin could regulate cell wall
biosynthesis, increase the strength of the cell wall and enhance
the ability to capture ions, limiting ion levels in the cytoplasm to
mitigate the toxic effects (Cao et al, 2019; Sun et al,, 2021).
Melatonin has been widely used in field crops such as wheat (Sun
et al., 2020), soybean (Zhang et al., 2019), and cotton (Li et al.,
2019); however, there are few reports about its application in the
common bean.

Common bean (Phaseolus vulgaris), an important edible
bean, is an annual legume grown in the temperate and
subtropical regions. About 8,000 years ago, the common bean
was cultivated only in Peru and Mexico, but it is currently grown
worldwide. In 2010, the common bean planting area was about
32 million hectares, with an output of 25.42 million tons
(Ganesan and Xu, 2017). However, environmental stresses,
such as salt stress, have affected the growth of common bean
(Popelka et al., 2004; Beaver and Osorno, 2009), necessitating its
improvement for salt stress tolerance. In this study, common
bean was treated with water, salt stress, and exogenous
melatonin under salt stress to explore the regulatory
mechanism of melatonin against salt stress. In addition, we
screened 120 germplasm of common bean for salt stress
tolerance. Also, the molecular markers of common bean were
developed, and the valid markers associated with melatonin
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traits were identified. This study provides theoretical insights
and application value for improving the salt tolerance of
common bean at the sprouting stage through exogenous
melatonin application.

Materials and methods
Plant materials

The common bean (Phaseolus vulgaris) variety ‘Naihua’ was
used in this study, which was a salt-sensitive variety tested by
laboratory and grown in local grown conventional variety. The
validity analysis of 120 common bean germplasm varieties is
listed in Table S1. All the germplasm materials were provided by
the National Cereals Engineering Technology Research Center
(NCETRE, Dagqing, P.R. China).

Plant culture conditions and treatments

The common bean seeds of similar sizes were selected and
sterilized using NaClO for 5 min. The seeds were rinsed thrice
with sterile distilled water. Filter papers were placed into Petri
dishes and soaked with different treatment solutions to form
germination beds. The seeds were then placed in the Petri dishes
(20 seeds per plate) and transferred to an incubator set at 25 °C
without light. Three treatments were set including distilled water
(W), salt stress (S) and exogenous melatonin under salt stress (M
+S). The salt stress concentration was set at 70 mmol/L (Zhang
etal., 2020); The concentration of exogenous melatonin solution
was 100 pmol/L. 2.3228¢g melatonin (WM=232.28, Coolaber,
Beijing, China) was dissolved using 10mL absolute ethanol and
then fixed to 1L to make the storage solution and store in the
dark at 4°C. 100uL of storage solution was added in to 999.9mL
70mmol/L NaCl soultion to make the M+S treatment solution.
Each treatment had five replicates. Samples were collected from
the seedlings on the fifth day after the treatment. Germination
indicators (such as germination rate and vitality index) were
captured as described previously (Zhang et al., 2021¢). The bean
sprouts from the different treatments were scanned using an
Epson V750 root system scanner. Morphological indicators were
analyzed by WINRHIZOPRO-2004a, and images were analyzed
using Image J software.

RNA-seq analysis

The radicles of “Naihua” seedlings were selected in three
biological replicates from the different treatments for RNA-
Seq. Briefly, 0.5 g of the samples were used for total RNA
extraction using the Versatile Plant RNA Extraction Kit
(CW0581, CWBIO, Beijing, P.R. China). The RNA quality
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was determined by 1% agarose gel electrophoresis and
NanoDrop spectrophotometer (NanoDropTM OneC, Thermo,
Massachusetts, U.S.A). RNA samples with good qualities were
sent to Novogene (Beijing, P.R. China) for sequencing.
Novomagic platform (https://magic.novogene.com/) was used
to analyze the obtained RNA-Seq, using the “PhaVulgl_0”
genome from the Ensembl database as the reference.
Thereafter, DEseq (Kvam et al., 2012) was used to analyze
the differentially expressed genes (DEGs) between different
sample groups using the value of fold change (FC) and false
discovery rate (FDR) as the screening criteria under the
settings FC>2 (log,FC=1) and FDR<0.01. The enrichment of
the DEGs was subsequently analyzed based on Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) databases.

Real-time polymerase chain reaction
analysis

The radicles were selected in three biological replicates from
the different treatments for QRT-PCR analysis. Total RNA was
extracted from the samples using Plant RNA Extraction Kit
(CW0559, CWBIO, Beijing, China). The obtained RNA was
used to synthesize single-strand cDNA using the Evo M-MLV
RT Premix (AG11706, Accurate Biology, Hunan, China). The
synthesized cDNA products were diluted 10-fold and then used
for qQRT-PCR, which was performed on a Light Cycler 4801l
system (Roche, Roche Diagnostics, Basel, Switzerland) using
Universal qPCR SYBR Green Master Mix (11184E, Yeasen,
Shanghai, China). Pvactinll was used as the reference gene for
qRT-PCR assay (Borges et al, 2012). The qRT-PCR primers
were designed by Primer Premier 5.0 software and are listed in
Table S2. The relative expression levels of the biological and
technological replicates were calculated using the delta-delta Ct
(272 method (Zhang et al., 2021c).

Construction and selection of molecular
markers

The Perl script-based MISA (MlIcroSAtellite) software was
used to search for the genome-wide MISA sites, using the
“PhaVulgl_0" genome from the Ensembl database as the
reference (Peng and Lapitan, 2005). The markers were
automatically designed by the Linux system-based Primer
Premier software, using the design thresholds described by Qu
and Liu (2013). The designed makers were then named
accordingly using a Perl script. The locations of DEGs
enriched in the cell wall-related GO terms and KEGG pathway
were selected. The start site before and end site after 2000 bp of
the DEGs were marked as the retrieval sites for screening the
molecular markers.
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Genomic DNA was extracted from the bean samples using
the Plant Genomic DNA Extraction Kit (CW0531, CWBIO,
Beijing, P.R. China). The DNA quality and quantity were
determined using 1% agarose gel electrophoresis and
NanoDrop spectrophotometer (NanoDropTM OneC, Thermo,
Massachusetts, U.S.A). The samples were then subjected to PCR
analysis using EasyTaq® DNA Polymerase for PAGE (AP112,
Trans, Beijing, P.R. China) on a T100™ PCR machine
(Hercules, California, U.S.A). Thereafter, the PCR products
were separated on 9% (w/v) denaturing polyacrylamide gel
(Trigiano and Caetano-Anolles, 1998).

Statistical analysis

Analysis of variance (ANOVA) was performed at P<0.05
significance level on the SPSS19.0 software to determine if there
were significant differences between various treatments. Figures
were generated using GraphPad Prism software, while the data
of molecular makers were subjected to single-marker analysis
(Prasad et al., 2003).

Results

Phenotypic characteristics of the bean
sprouts under different treatments

The germination and phenotype indicators of the common
bean were evaluated at the sprouting stage under three
treatments (Figure 1). The germination results showed that
although there was no significant difference in the germination
rate among the three treatments, salt stress significantly
decreased the vitality index, but this was significantly alleviated
by exogenous melatonin (P<0.05). Salt stress inhibited the
growth of common bean by significantly reducing (P<0.05) the
length, surface area, volume, and diameter of common bean
sprouts compared with CK (W). However, the exogenous
melatonin alleviated the effects of salt stress on the common
bean sprouts, as shown by the significant increase (P<0.05) in
length, surface area, volume, and diameter of common bean
sprouts under the M+S treatment. Collectively, these results
illustrate that exogenous melatonin can enhance the phenotype
of bean sprouts under salt stress.

The quality assessments of the RNA-Seq samples are shown
in Table S3. The Q20 values of each sample were all greater than
94.93%, while the Q30 values were all greater than 88.21%.
Moreover, the sequencing error rates of all samples were less
than 0.02%, indicating that the samples were suitable for
subsequent analysis. The raw data generated by RNA-Seq
analysis have been uploaded to the NCBI (National Center for
Biotechnology Information) database, with the accession
number PRINA603150.
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A total of 217 DEGs were identified between S and M+S
treatments based on log2FC>1 and FDR<0.01, among which 150
genes were up-regulated (Table S4) while 67 were down-
regulated (Table S5). We subjected these 217 DEGs to GO and
KEGG enrichment analysis and found that five GO terms were
significantly enriched (Corrected P_Value<0.05), among which
three terms (GO:0009664, GO:0071669, and GO:0005199) were
related to cell wall biosynthesis (Table 1). Therefore, four DEGs
(Phvul.004G098300, Phvul.007G002400, Phvul.007G099700, and
Phvul.008G003200) enriched in these cell wall-related GO terms
were selected for qRT-PCR analysis, which the detailed
information had been shown in Table S6. The results showed
a significant change in the relative expression of these four
DEGs, further illustrating the accuracy of the RNA-Seq data and
the possible involvement of the cell wall-related terms in
response to exogenous melatonin application (Figure 2).

In KEGG analysis, the “Plant-pathogen interaction
(pvu04626)” pathway was the most enriched, with an
enrichment P-value of 0.000. Cyclic nucleotide-gated channel
and calcium-binding protein, which regulate nitric oxide (NO)
for cell wall reinforcement, were the enriched points of this
pathway (Figure 3A). Similarly, we selected four DEGs
(Phvul.001G005200, Phvul.002G329300, Phvul.004G107700,
and Phvul.008G036200) enriched in this pathway for qRT-PCR
analysis, which the detailed information had been shown in
Table S7. The results showed a significant change in the relative
expression of these four genes, illustrating the accuracy of the
RNA-Seq data. This suggested that the cell wall might be the
response point to exogenous melatonin application
(Figures 3B-E). The results of GO and KEGG analysis suggest
that the cell wall may respond to melatonin and enhance salt
stress in common bean.

Regulation of melatonin and cell wall-
related responses in the germplasm
resources

To determine whether exogenous melatonin enhances the salt
tolerance in common bean, we analyzed its change rate at the
sprouting stage of the common bean under salt stress by measuring
the length and diameter of the sprouts. The change rate of
melatonin under salt stress ranged from -0.0739 to 2.5988, as
calculated from the length of the sprouts (Table S8). We found
that 79 germplasm resource materials were positively regulated
(P<0.05), while five were negatively regulated by melatonin. The
remaining 41 materials showed insignificant regulation by
melatonin. The positive regulation rate of melatonin by the
measured sprout length was 65.83%, while the change rate of
melatonin under salt stress ranged from -0.3348 to 1.5485, as
calculated from the diameter of the sprouts (Table S9).
Furthermore, 85 materials were positively regulated (P<0.05). The
positive regulation rate of melatonin by the measured sprout
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diameter was 70.83% (Figure 4). Altogether, these findings showed
that the positive regulation rate of melatonin was more than 65%,
suggesting that most varieties of common bean could have a
positive response to melatonin.

To determine whether the cell wall is a regulatory pathway
for melatonin processing, we selected 47 materials responding
positively to the exogenous melatonin under salt stress for qRT-
PCR analysis. S treatment served as the control. Four cell wall-
related DEGs in GO terms and four DEGs enriched in the
“Plant-pathogen interaction (pvu04626)” pathway by KEGG
were selected for the analysis.
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In the cell wall-related GO terms, the max log,FC value of
Phvul.004G098300 was 6.160 while the values of 35 materials were
greater than one, with a positive response rate of 74.5%; The log,FC
values of 38 materials were greater than one in the expression of
Phvul.007G002400, with a positive response rate of 80.9%; Moreover,
the expression of Phvul.007G099700 showed that 33 materials had
log,FC values greater than one and a positive response rate of 70.2%;
while in Phvul.008G003200, the positive response rate with log,FC
values greater than one was 74.5% (Figure 5).

In KEGG, the log,FC value of Phvul.001G005200 ranged
from 0.067 to 5.787: log,FC value of 22 materials was greater
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with salt) treatments at sprouting stage. Different lowercase letters in the same column indicate significant differences between the treatments
(P<0.05). (A) Expression analysis of the Phvul. 004G098300. (B) Expression analysis of the Phvul.007G002400. (C) Expression analysis of the

Phvul.007G099700. (D) Expression analysis of the Phvul. 008G003200.

than one, and the positive response rate was 46.8%; log,FC value
of 33 materials of Phvul.002G329300 was greater than one with a
positive response rate of 70.2%, the positive response rate of
Phvul.004G107700 was also 70.2%; log,FC value of 31 materials
of Phvul.008G036200 was greater than one, with the positive
response rate of 66.0% (Figure 6). The expression data of the
DEGs enriched in GO and KEGG showed that various DEGs
had different positive response rates. More than half of the genes
responded to melatonin. Altogether, these results indicate that
the cell wall is an essential pathway in response to melatonin and
enhances the salt tolerance of common bean at the
sprouting stage.

TABLE 1 The GO enrichment analysis of DEGs.

GO_ID Description

GO:0009664 Plant-type cell wall organization

GO0:0071669 Plant-type cell wall organization or biogenesis
GO:0005199 Structural constituent of cell wall
GO:0030623 U5 snRNA binding

G0:0017069 SnRNA binding
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Construction and selection of markers

MISA locus was identified, and the markers were developed
based on the common bean reference genome (PhaVulgl_0)
from the ensemble database. A total of 135,015 molecular
markers were developed, and linkage group 3 (LG3)
contained the largest number of molecular markers (15,471).
Additionally, eight LGs had more than 10,000 molecular
markers (Table S10). The locations of DEGs in cell wall-
related GO terms and the “Plant-pathogen interaction”
pathway were selected as conditions using the 2000 bp
interval adjacent to the DEGs. We screened 25 pairs of

Term_type Corrected P_Value
Biological_process 0.0011
Biological_process 0.0011
Molecular_function 0.0050
Molecular_function 0.0145
Molecular_function 0.0156
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(E) Expression analysis of Phvul. 008G003200

markers (Table S11) and found ten makers with
polymorphisms that could be used for trait association
analysis in response to exogenous melatonin. Furthermore,
we selected 40 materials with or without positive melatonin
regulation for association analysis and recorded the data as
melatonin-responsive or non-melatonin-responsive
phenotypes. The PCR-Acrylamide analysis of the ten makers
was also recorded using different codes. The results
showed that two markers: Phvul.001G005200 (1) and
Phvul.007G099700(2), had a significant association in
response to melatonin (P<0.05), and could be used to predict
whether common bean materials interact with exogenous
melatonin under salt stress (Table 2).

Frontiers in Plant Science

Discussion

Salt stress can cause excessive accumulation of ions, increase
osmotic stress, stimulate overproduction of reactive oxygen
species (ROS) and cause toxic effects in plants, thus inhibiting
plant growth (Ubbens et al., 2018; Zhao et al, 2021). In this
study, phenotypic indicators (such as length, surface area,
volume, and diameter) revealed that salt stress inhibited the
sprouting of common bean. Similarly, salt stress significantly
inhibited primary radicle elongation (P<0.05) in maize (Zea
Mays) at the sprouting stage (Li et al., 2021a). In common bean
(P. vulgaris), the length, surface area, volume, and lateral root
were reduced under salt stress compared with the control
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Validity analysis of exogenous melatonin in the common bean
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treatment (Zhang et al., 2021b). Salt stress also restricted the
growth of Chinese Cabbage (Brassica rapa) by reducing the fresh
weight and leaf area (Li et al., 2021b). Exogenous application of
melatonin can be implemented to enhance plant tolerance to
abiotic stress (Sun et al., 2021). Exogenous melatonin enhanced
salt tolerance of Arabidopsis thaliana (Chen et al., 2017), orange
(Citrus aurantium) (Kostopoulou et al., 2015), rice (Oryza
sativa) (Li et al., 2017b), sweet potato (Ipomoea batatas) (Yu
et al,, 2018), tomato (Solanum lycopersicum) (Zhou et al., 2016),
and watermelon (Citrullus lanatus) (Li et al., 2017a). In this
study, phenotypic indicators of common bean seedlings were
assessed after the seedlings were exposed to M+S treatment. The
results showed that exogenous melatonin alleviated the growth
inhibition caused by salt stress at the sprouting stage. This was
consistent with previous studies on other plants (Zhan
et al,, 2019).

In this study, three GO terms related to the cell wall were
identified by RNA-Seq, including plant-type cell wall tissue
(GO:0009664), plant-type cell wall tissue, or related biomass
synthesis (GO:0071669), and structural components of cell walls
(GO:0005199) (Table 1). The “Plant-pathogen interaction”
pathway (pvu04626) was the most enriched in KEGG analysis.
The enriched DEGs suggested its role in the cell wall
reinforcement (Figure 3A). Notably, qRT-PCR analysis of cell
wall-related genes showed similar trends. Collectively, these
results show that exogenous melatonin regulates salt stress by
interacting with the genes related to the cell wall pathway. The
cell wall has also been demonstrated to participate in salt stress
(Endler et al., 2015). Under salt stress, the cell wall acts as the
first barrier, which senses and initiates defense responses to
increase plant salt tolerance (Zhao et al., 2021). Cell wall
biosynthesis, especially remodeling under stress, is a common
response to environmental changes (Endler et al., 2015). Several
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genes related to cell wall are regulated under stress (Zhao et al,
2020). The degree to which the cell wall responds to stress may
affect the salt tolerance of plants (Zhang et al., 2021a). Various
components of the cell wall may play a part in salt stress. For
example, mutation in the genes involved in cellulose synthesis in
the cell wall affects salt tolerance (Zhu et al., 2010). Also, proteins
related to cellulose synthesis have been shown to accumulate in
compartments in response to salt stress (Endler et al., 2015). The
pectin content (cell wall composition) of two salt-extreme soya
bean cultivars revealed the influence of cell wall on salt tolerance
of roots (An et al,, 2014). Lignin is thought to be closely related
to salt stress. Some enzymes (such as phenylalaninammo-
nialyase) in the lignin biosynthetic pathway were altered after
salt treatment (Guo and Wang, 2009; Li et al., 2010). Increasing
the strength of the cell wall could increase its ability to capture
ions (Zhong and Ye, 2007) and reduce damage to the cell (Sun
etal, 2020). The strengthening of the cell wall could increase the
compactness of cellulose and change the physicochemical
properties (such as pectin) of the cell wall components, which
could intercept or adsorb more ions into the cell (Le Gall et al.,
2015). Several studies have shown that exogenous melatonin can
regulate cell wall tolerance to abiotic stress in plants. In
cucumber, cell wall promoted copper ions (Cu®*) chelation,
thus reducing their concentration in the cytoplasm and
mitigating their harmful effects (Cao et al,, 2019). Xie et al
(2020) reported that DEGs were significantly enriched in the GO
terms of cell wall biogenesis (GO:0071554) in rice treated with
exogenous melatonin under salt stress treatment. Additionally,
exogenous melatonin enhanced stress tolerance in radish, and
the cell wall-related terms, including cell wall macromolecule
catabolic and cell wall macromolecule metabolic processes, were
among the enriched pathways (Xu et al, 2020). Exogenous
melatonin also increased antioxidant enzymes to regulate ROS
and altered cell wall polysaccharides to mitigate AI’* toxicity in
wheat (Sun et al,, 2020). In watermelon, exogenous melatonin
regulated the expression of redox reaction and cell wall-related
genes to enhance the tolerance of Cu** (Hu et al, 2020).
Altogether, these studies indicate that exogenous melatonin
regulates the cell wall to enhance plant tolerance to abiotic stress.

Although it has been reported that exogenous melatonin
enhances abiotic stress tolerance in various crops, its effects vary
in different crop varieties (Sun et al., 2020). Han et al. (2022)
reported genotypic differences in the effect of exogenous
melatonin on salt tolerance in common bean. Specifically,
exogenous melatonin significantly enhanced the salt tolerance
of some common bean varieties at the sprouting stage, except for
the variety Xuliyabai. Similarly, not all common bean germplasm
materials responded to melatonin treatment in the present
study. Melatonin enhanced salt tolerance in some germplasm
materials but did not affect some. The effective response rate to
melatonin treatment was 65.83% by sprout length and 70.83% by
sprout diameter, all above 65%. We found that most materials
responded to exogenous melatonin, which enhanced their salt
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tolerance at the sprouting stage. Regulatory mechanisms by
which exogenous melatonin confers salt tolerance in plants
differ with plant species and genotypes (Sun et al, 2021). In
this study, cell wall-related DEGs were found in “Naihua”
common bean variety (GZ-YDO014) through RNA-Seq, and 47
positive materials were used to evaluate the regulatory
mechanisms associated with these DEGs. The results showed
that the regulation rate of all cell wall-related DEGs was more
than 46%, indicating that cell walls could interact with
exogenous melatonin to enhance common bean salt tolerance
at the sprouting stage.

Different varieties of plants exhibit different characteristics
(such as plant height and tolerance to abiotic stress). Therefore,
it is necessary to develop different types of identification and
predictive analytics for practical applications, such as cell
membrane stability (CMS) technique and prediction of
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molecular markers (Pih et al., 1997; Farooq and Azam, 2006).
Molecular markers have co-dominance, high reproducibility,
high polymorphism, low development cost, and rapidity
(Biswas et al.,, 2020). These features make molecular markers
ideal for genetic diversity surveys (Biswas et al, 2018),
population structure analysis (Miyatake et al., 2019),
genotyping (Chen et al,, 2015), linkage mapping (Ambawat
et al, 2016), and plant breeding studies. Molecular markers
were utilized to identify the leaf- and seed-related traits in perilla
(Perilla frut escens) (Lim et al., 2021). Also, Gllc 527 marker was
used for marker-assisted selection of rust resistance in lentil
(Lens culinaris Medikus) (Dikshit et al., 2016). However, there
are a few reports on the markers associated with plant response
to exogenous melatonin. In this study, two pairs of markers were
found to be significantly associated with common bean response
to exogenous melatonin. These two markers could be used as

frontiersin.org


https://doi.org/10.3389/fpls.2022.1012186
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Zhang et al. 10.3389/fpls.2022.1012186

TABLE 2 The molecular markers associated with exogenous candidate markers to determine whether a particular common

melatonin response under salt stress. bean variety can respond to melatonin at the sprouting stage.

The name of SSR makers P-value Significance This study provides useful data for screening of common bean
varieties positively responding to exogenous melatonin.

Phvul.001G005200 (1) 0.048 *

Phvul.001G067400 (1) 0.788 NS

Phvul.002G329300 (2) 0.567 NS Conclusion

Phvul.003G110200 (2) 0.803 NS

Phvul.004G107700 (1) 0.465 NS Exogenous melatonin increased the length, surface area,

Phvul.005G026000 (2) 0.215 NS volume, and diameter of common bean sprouts under salt

Phvul.007G002400 (2) 0.413 NS stress. GO, KEGG, RNA-Seq, and qRT-PCR analyses showed

Phvul.007G084600 (2) 0.803 NS that the cell wall pathway was significantly enriched.

Phvul.007G099700 (2) 0.034 ! Additionally, more than 65% of the germplasm materials were

Phvul.008G031800 (1) 0917 NS

positively regulated by melatonin, as was shown by the length

NS represents no significant difference between the two treatments, and * represents a and diameter of common bean sprouts. Since the eglﬂatlon rate

significant difference between treatments (P<0.05). of all cell wall-related DEGs was more than 46%, we suggest that
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Effects of exogenous melatonin on the expression of genes associated with the “Plant-pathogen interaction (pvu04626)" pathway-related KEGG
terms in common bean germplasm resources under salt stress. The horizontal axis represents the number of resources, while the vertical axis
shows the logx(fold change) values. Logx(fold change) value 1 (red line) is the critical value showing changes in the expression, while the
columns higher than the red line represent the expression level with a significant change (P<0.05). * represents genes with significant different
expression levels between S (salt) and M+S (melatonin and salt) treatments. (A) Expression analysis of Phvul. 001G005200. (B) Expression analysis
of Phvul.002G329300. (C) Expression analysis of Phvul.004G107700. (D) Expression analysis of Phvul.008G036200.
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cell walls might interact with exogenous melatonin to enhance
the salt tolerance of the common bean at the sprouting stage.
Furthermore, two pairs of makers were found to be associated
with melatonin, which could be used as candidate markers for
predicting how varieties of common bean respond to melatonin.
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Melatonin induces drought
tolerance by modulating
lipoxygenase expression, redox
homeostasis and photosynthetic
efficiency in Arachis hypogaea L.
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Melatonin (N-acetyl-5-hydroxy tryptamine), a multipotent biomolecule is
well known for its ability to confer tolerance to several abiotic and biotic
stresses. The regulation of melatonin-mediated drought tolerance in
drought-distinguished varieties can be different due to discriminating redox
levels. The present study was focused on assessing the effects of melatonin
priming against polyethylene glycol (PEG)-induced stress with respect to the
antioxidant system, photosynthetic parameters, lipoxygenase expression, JA
and ABA levels in drought-sensitive (Kadiri-7) and drought-tolerant (Kadiri-9)
varieties. Exogenous melatonin alleviated the drought stress effects in
sensitive variety (Kadiri-7) by increasing the endogenous melatonin content
with an improved antioxidant system and photosynthetic attributes. The
primed stressed plants of the sensitive variety exhibited reduced expression
and activity of the chlorophyll degrading enzymes (Chl-deg PRX,
pheophytinase and chlorophyllase) with a concomitant increase in
chlorophyll content in comparison to unprimed controls. Interestingly,
melatonin priming stimulated higher expression and activity of lipoxygenase
(LOX) as well as enhanced the expression of genes involved in the synthesis of
jasmonic acid (JA) including its content in drought stressed plants of the
sensitive variety. The expression of NCED3 (involved in ABA-biosynthesis) was
upregulated while CYP707A2 (ABA-degradation) was downregulated which
corresponded with higher ABA levels. Contrastingly, priming caused a
decrease in endogenous melatonin content under drought stress in
tolerant variety (Kadiri-9) which might be due to feedback inhibition of its
synthesis to maintain intracellular redox balance and regulate better plant
metabolism. Furthermore, the higher endogenous melatonin content along
with improved antioxidant system, photosynthetic efficiency and LOX
expression associated with the increased levels of JA and ABA in unprimed
stressed plants of the tolerant variety (Kadiri-9) is pointing towards the
effectiveness of melatonin in mediating drought stress tolerance. Overall,
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exogenous melatonin alleviated the adverse effects of drought stress in
sensitive variety while having no add-on effect on drought stress responses
of tolerant variety which is inherently equipped to withstand the given
duration of drought stress treatment.

KEYWORDS

antioxidants, drought stress, groundnut, lipoxygenase, melatonin, photosynthesis

1 Introduction

The non-availability of water to plants is a major concern for
mankind and also for the whole ecosystem. Global temperature
rise and anthropogenic activities including industrialization,
deforestation and urbanization affect rainfall patterns (Warner
and Afifi, 2014) leading to water scarcity. Drought stress, one of
the most limiting factors in agriculture, affects the yield and
quality of the crops (Stagnari et al., 2016). Groundnut, an
economically important legume crop has attained global
importance due to its edible seeds and oil-producing capability
(Stalker, 1997). India, the second largest producer of groundnut in
the world is estimated to experience a fall in production in 2022
(https://www.statista.com/statistics/769471/india-groundnut-
production-volume). Among the various factors that affect its
production, abiotic stress especially aridity is a major factor
responsible for the decline in its yield worldwide (Carvalho
et al, 2017). Therefore, improving the ability of groundnut to
withstand drought stress is a primary concern for researchers.

Drought stress adversely affects the growth and development of
groundnut plants by interfering with various morphological,
physiological and biochemical processes. Lower leaf water
potential, turgor pressure with decreased stomatal conductance,
photosynthetic and transpiration rate under drought affects the pod
development (Reddy et al.,, 2003). In addition, exposure to drought
stress results in the production of reactive oxygen intermediates
(ROIs) from photorespiration, photosynthetic apparatus and
mitochondrial respiration. The over-accumulation of reactive
oxygen species (ROS) in the cells causes oxidative damage by
disruption of cellular integrity, inactivation of enzymes and
protein oxidation (Mittler, 2002). Plants have developed several
defense systems to cope with this oxidative condition viz., non-
enzymatic and enzymatic antioxidant pathways (Jung, 2004;
Ajithkumar and Panneerselvam, 2014), which scavenge the ROS
molecules to maintain cellular redox homeostasis. It is well known
that environmental stresses also lead to an increase in
malondialdehyde (MDA) which is a lipid peroxidation product,
and compatible solutes such as proline and glutamate, which are
used as stress markers in plants (Loggini et al., 1999; Fu and Huang,
2001; Ajithkumar and Panneerselvam, 2014).
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Various approaches viz., conventional breeding, molecular
breeding and genetic manipulation using recombinant DNA
technologies have been used to develop drought tolerant
varieties in different crop plants. In addition to the above, seed
priming with natural and synthetic compounds has proved to be
beneficial in improving drought stress tolerance (Jisha et al,
2013). Recent studies suggest that priming of seeds conferred
better stress tolerance against adverse environmental conditions
by retaining stress memory thereby enabling protection against
oxidative stress (Jisha et al., 2013; Ibrahim, 2016; Farooq et al.,
2019). Groundnut seeds primed with gibberellic acid exhibited
higher antioxidant activity, proline, lesser malondialdehyde and
higher chlorophyll content under salt stress (Erbil, 2021). Zinc
and iron priming significantly enhanced the yield of field-grown
groundnut (Khan et al,, 2017). Seed priming with several agents
(gibberellic acid, hydrogen peroxide, salicylic acid, ascorbic acid
and so on) improved the salinity tolerance of the groundnut
plants (Pal et al., 2017).

Melatonin, an amphipathic molecule was first discovered by
Lerner et al. (1958) as a skin-lightening agent in animals. It has
broadened its horizons to the plant arena due to its ubiquitous
nature. In 1993, melatonin was discovered to be a powerful
antioxidant and free radical scavenger (Tan, 1993). Melatonin is
known to scavenge ROS and reactive nitrogen species (RNS)
which are detrimental to the plant system. Exogenous melatonin
was found to improve several abiotic stress responses viz.,
salinity, drought, high/low temperature and so on (Debnath
etal,, 2019). Various studies have also shown a significant role of
melatonin in promoting physiological processes under abiotic
stresses. Melatonin exhibits a wide variety of effects including
enhancement of germination to delayed senescence of plants.
Zhang et al. (2020) reported that melatonin improved the
germination parameters of seeds and promoted the radicle
growth by increasing the antioxidant enzyme activity,
balancing cellular osmotic potential and reducing lipid
membrane peroxidation against PEG-induced water stress in
soybean. Furthermore, transcriptome analysis of melatonin
treated Arabidopsis revealed altered expression of several
defense-related genes indicating its key role in plant defense
against various environmental stresses (Weeda et al., 2014).
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Transgenic plants overexpressing melatonin biosynthesis-
related genes have been reported to exhibit delayed leaf
senescence (Huangfu et al., 2022).

Phyto-oxylipins, are the products of unsaturated fatty acid
metabolism, and its derivatives (viz., JA) are well known to
actively participate in plant defense mechanisms (Blee, 2002).
Lipoxygenases (LOXs) are a group of enzymes that catalyze the
oxylipin formation from polyunsaturated fatty acids (linoleic
and linolenic acid) in plants (Blee, 2002; Porta and Rocha-Sosa,
2002). They play important roles in plant development and
tolerance to abiotic and biotic stresses (Chen et al., 2022; Mou
et al.,, 2022). LOXs potentially participate in signaling caused by
stressor effects and are considered as a stress biomarkers against
biotic and abiotic stresses (Singh et al., 2022). Lim et al. (2015)
reported that CaLOX-overexpressing Arabidopsis plants
exhibited tolerance phenotypes to drought and high salt
stresses via rapid scavenging of ROS and by inducing high
expression of ABA (abscisic acid) and stress-responsive
marker genes. Similarly, the overexpression of MdLOX
enhanced the salt tolerance in apple calli, and its heterologous
expression increased ROS scavenging capacity in Arabidopsis
(Chen et al., 2022). Hou et al. (2015) found that DkLOX3
overexpression in Arabidopsis caused leaf senescence with
more lipid peroxidation and ROS accumulation under normal
conditions, whereas exposure of such overexpressing lines to
high salinity and drought caused a decrease in the accumulation
of ROS. It was thus suggested that the participation of LOX in
defense pathways is versatile and complicated.

The relationship between melatonin, LOX, JA and ABA is
still elusive due to contrasting reports. Luo et al. (2022) reported
that alleviation of the alkaline stress by exogenous melatonin in
rice seedlings was associated with a decrease in LOX activity and
malondialdehyde content. Similarly, the study of Hu et al. (2020)
revealed that the protective effects of exogenous melatonin on
lateral root formation in response to copper stress in melon
seedlings were due to decreased ROS damage as a consequence of
reduced expression of LOX-related genes and JA levels. Alharbi
et al. (2021) observed that melatonin application alleviated the
salt-stress-induced decline in growth by decreasing ROS levels,
lipid peroxidation, electrolyte leakage and lipoxygenase activity in
seedlings of Glycine max (L.). Intriguingly, Radogna et al. (2009)
showed the pro-radical effects of melatonin mediated by LOX as
they were prevented by a set of LOX inhibitors. Recently, Guo
et al. (2022) showed that melatonin induced the accumulation of
hydrogen peroxide (H,O,), accompanied by upregulation of
melon respiratory burst oxidase homolog D (CrmRBOHD) and
(Ca™")y: signaling to offset ABA action to delay leaf senescence in
melon (Cucumis melo L.).

LOX performs a crucial role in the synthesis of jasmonates,
which are involved in diverse physiological processes including
plants’ stress tolerance (Ahmad et al., 2016). LOX-induced JA in
turn activates MYC2, a positive regulatory transcription factor for
the expression of the anti-oxidant defense genes (Ruan et al., 2019).
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Xing et al. (2020) showed that CmLOXIO0 positively regulates
drought tolerance through JA-mediated stomatal closure in
oriental melon (Cucumis melo var. makuwa Makino). There are
also reports showing that exogenous application of JA imparts
drought tolerance in sensitive cultivar of wheat (Abeed et al., 2021)
and different Brassica species (Alam et al., 2014). Jasmonic acid
(JA) was found to enhance the ABA accumulation under drought
stress (de Ollas et al., 2015). In general, the level of ABA usually
increases during abiotic stress conditions and elevated ABA can
enhance plant adaptation to various abiotic stresses (Tuteja, 2007).
Lietal (2016) reported that the early drought priming induced an
increase in endogenous melatonin production, in the drought-
primed plants than in the nonprimed plants when exposed to cold
stress in barley. It was suggested that the interplay of melatonin
and ABA helps the plants to maintain better water status. The
study of Xing et al. (2019) demonstrated that the improvement in
drought tolerance was due to lipoxygenase-mediated elevation in
ABA content. On the contrary, melatonin treatment lowered the
ABA content thus contributing to improved stomatal performance
(Lietal, 2015), germination (Li et al., 2021) and drought tolerance
(Ahmad et al., 2022).

Despite several reports demonstrating the potential of
melatonin as a phyto-protectant against drought stress in a
range of crops and the regulatory mechanisms by which it
induces drought tolerance, limited information is available on
its role in Arachis hypogaea L., where drought stress greatly affects
its productivity. More research is also needed to shed light on how
melatonin regulates LOX expression and phytohormonal changes
during induction of drought tolerance in plants. Therefore, the
current work is focused on assessing the mechanistic effects of
melatonin priming on antioxidant systems, photosynthetic rate
and lipoxygenase expression including JA and ABA levels in
drought-distinguished varieties of groundnut.

2 Materials and methods
2.1 Plant materials and seed priming

Groundnut (Arachis hypogaea L.) seeds of two varieties viz.
Kadiri-7 (K-7; drought-sensitive) and Kadiri-9 (K-9; drought-
tolerant) were procured from Agricultural Research Station
Kadiri, Anantapur, Andhra Pradesh, India. The pods were sun-
dried for 4 h followed by a brief surface sterilization with 70% (v/v)
ethanol for 3 min and then washed with autoclaved double distilled
water thrice. The seeds were then imbibed with the working
solutions of melatonin (Catalog No. M5250, Sigma Aldrich,
U.S.A.) of varying concentrations (5 uM, 10 pM, 25 pM, 50 uM
and 100 uM) and kept in dark for 24 h. A batch of hydro-primed
seeds served as controls. Seeds were dried overnight at room
temperature in the dark for back-drying. The overnight dried
seeds were evenly placed on moist sterile germination paper to
germinate for 4 days.
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2.2 Growth conditions

The germinated seedlings of equal length were placed in 15 ml
tubes filled with sterilized Hoagland’s nutrient (0.5X) solution. The
tubes were covered with parafilm and a small perforation was made
to allow the seedlings to stand upright, while the radicle was
submerged into the media. The seedlings were allowed to grow in
culture room at 25 + 2°C temperature, 65 + 2% relative humidity
and illuminated under light provided by white fluorescent tube
lights (65 pmol photons m™>s™) under 16:8-h light and dark
photoperiod. The nutrient solution was replenished every 3 days
during the experimental period. Drought stress was induced on
phenotypically uniform 20-day-old seedlings (three fully grown
leaves and with a fourth emerging leaf) using an autoclaved 10%
PEG-6000 (Polyethylene glycol) solution. Plants were grouped into
four treatments viz., unprimed plants without PEG stress (C),
unprimed plants with PEG treatment (S), primed plants without
PEG treatment (PC) and primed plants with PEG treatment (PS).
The unprimed plants without PEG stress (C) and primed plants
without PEG treatment (PC) were raised in Hoagland’s nutrient
(0.5X) solution while unprimed plants with PEG treatment (S) and
primed plants with PEG treatment (PS) were subjected to drought
stress with PEG-6000 for 4 days until the appearance of wilting
symptoms. The fully grown third leaves were collected from the
seedlings of different treatments and used for various experiments,
which have been carried out with three independent batches of
plants, with triplicates per treatment in each batch of plants.

2.3 Determination of endogenous
melatonin content

The melatonin content in leaves of both varieties was
determined according to Arnao and Hernandez-Ruiz (2009)
with minor modifications. The fresh leaves (100 mg) were cut
into small pieces and placed into vials containing 1 ml
chloroform followed by overnight shaking at 4°C in the dark.
The solvent was evaporated at 4°C under N, gas and the
remnant was dissolved in 100 pl acetonitrile followed by a 0.2-
micron polyvinylidene fluoride (PVDF) membrane filtration.
The melatonin content in the two varieties was quantified using
the Shimadzu High-Performance Liquid Chromatography
(Kyoto, Japan) and a C-18 column (Phenomenex KINETEX
250 mm X 4.6 mm). An excitation wavelength of 280 nm and the
isocratic mobile phase consisting of water and acetonitrile
(50:50) at a flow rate of 0.2 L/min were used for detection.
Pure melatonin (Sigma Aldrich, U.S.A.) was used as a standard.

2.4 Measurement of ROS

Histochemical techniques were employed to visualize reactive
oxygen species viz., superoxide ion ( O, ) and H,O, in the leaves
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of control and treated seedlings by nitrobluetetrazolium (NBT)
and diaminobenzidine (DAB) staining solution respectively,
according to Ramel et al. (2009).

To quantify the superoxide radical content, 100 mg of fresh leaf
samples were macerated in 65 mM potassium phosphate buffer
(pH 7.8) followed by centrifugation at 5000 rpm for 15 min. The
collected supernatant was mixed with 10 mM hydroxylamine
hydrochloride and 65 mM phosphate buffer (pH 7.8) in equal
ratio and incubated for 20 min at 25°C under dark conditions.
Then, 3.0 mM o-naphthylamine and 8.5 mM sulphanilamide were
added to the mixture followed by incubation for 20 min. The
absorbance was recorded at 530 nm (Elstner and Heupel, 1976).

The content of hydrogen peroxide was quantified following
the protocol of Alexieva et al. (2001). Briefly, 100 mg fresh leaf
tissue was homogenized in 0.1% trichloroacetic acid and
centrifuged at 12,000 rpm for 15min. The supernatant was
mixed with 1M potassium iodide and 10 mM potassium
phosphate buffer (pH 7) in equal ratio and incubated for 1h
under dark conditions. H,O, concentration was determined by
measuring the absorbance of the mixture at 390 nm and the
values were calculated using a standard curve.

2.5 Antioxidant enzyme assay

To extract crude enzyme for antioxidant enzyme assays,
100-150 mg of the fresh leaf tissue was ground to a fine powder
using liquid nitrogen. The tissue was macerated in 3%
polyvinylpyrollidone (PVP), 1 mM phenylmethyl sulfonyl
flouride (PMSF) and 0.1 mM ethylenediaminetetraacetic acid
(EDTA) in ice-cold 50 mM phosphate buffer (pH 7.0). The
extracts were centrifuged at 4°C for 30 min at 10000 rpm. The
supernatants were used to perform antioxidant enzyme assays
(Gogorcena et al., 1997). Superoxide dismutase activity was
estimated based on the reduction of nitroblue tetrazolium by
light in the presence or absence of protein by following the
methodology of Beauchamp and Fridovich (1971). Catalase
activity was detected based on the catalytic breakdown of
H,0, according to Patterson et al. (1984). Ascorbate
peroxidase activity was estimated by the amount of ascorbate
(AsA) oxidized using the protocol devised by Nakano and Asada
(1981). Peroxidase activity was estimated according to the
method of Lin and Kao (1999).

2.6 Measurement of malondialdehyde
content and electrolytic leakage

The MDA content was estimated as described by Heath and
Packer (1968). Briefly, fresh leaf tissues were homogenized by
adding 0.1% (w/v) trichloroacetic acid (TCA) followed by
centrifugation at 15,000 g at 4°C for 10 min. The supernatants
were collected, mixed with 0.5% thiobarbituric acid, diluted in
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20% TCA in a ratio of 1:3 and incubated in the water bath at
95°C for 30 min. The reaction was terminated by incubating on
ice. The absorbance was measured at 532 and 600 nm. ODggo
value was subtracted from ODs3;, nm and MDA content was
determined using the Lambert-Beer law with an extinction
coefficient (eM) = 155 mM ™' cm™.

Electrolyte leakage was estimated according to Dionisio-Sese
and Tobita (1998) by immersing leaf discs in deionized water in a
test tube and heated for 2 h at 32°C and the conductivity was
measured (EC,). Subsequently, the leaf-containing tubes were
heated at 120°C for 15 min followed by cooling at room
temperature. The conductivity was measured (ECb) and
electrolyte leakage was calculated using the formula as
described below:

Electrolyte Leakage (%) = (EC,/ECy,) x 100.

2.7 Measurement of proline content

Proline content was determined according to Bates et al.
(1973). Briefly, 200 mg of leaf samples were ground using liquid
nitrogen and homogenized in 3% sulfosalicylic acid followed by
centrifugation at 12,000 g for 10 min. One ml of homogenate was
taken and mixed with 1 ml of acid-ninhydrin and 1 ml of glacial
acetic acid in a test tube for 1 h in a water bath at 100°C and then
kept on ice to terminate the reaction. Then, 2 ml toluene was
added to the reaction mixture with vigorous mixing and left at
room temperature for 30 min until the separation of the two
phases. The optical density of the chromophore-containing
toluene (upper phase) was measured spectrophotometrically at
520 nm. The proline concentration was determined from a
standard curve using D-Proline (Sigma-Aldrich, U.S.A.).

2.8 Assessment of
photosynthetic parameters

2.8.1 Determination of chlorophyll-a
fluorescence parameters and
chlorophyll content

The concentration of chlorophyll-a was estimated in fully
expanded third leaves using the DUAL PAM-100 (Waltz,
Germany). The yield of photosystem II (Y(II)), electron
transport rate (ETR), photochemical quenching (qP), non-
photochemical quenching (NPQ), regulated heat dissipation Y
(NPQ) and non-regulated dissipation Y(NO) were estimated at
different photosynthetically active radiation (PAR) values. Prior
to the measurement of chlorophyll-a fluorescence parameters,
the leaf was dark adapted for 15-20 min. The chlorophyll content
was estimated according to Lichtenthaler and Wellburn (1983)
with some modifications. The leaf discs from each sample were
placed in 80% acetone for efficient leaching of pigment followed
by its spectrophotometric analysis at 663 nm and 645 nm.
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2.8.2 Activity assay of chlorophyll
degrading enzymes

The partially extracted chlorophyll was used to determine the
activity of the chlorophyll degrading enzymes as per the protocol of
Iriyama et al. (1974). The chlorophyll degrading peroxidase activity
was estimated at 668 nm according to Aiamla-or et al. (2010) with
minor modifications. Chlorophyllase activity was detected at 665
nm using the methodology described by Fang et al. (1998).
Pheophytinase was determined spectrophotometrically at 667 nm
according to Kaewsuksaeng et al. (2011) with minor modifications.

2.9 Determination of
lipoxygenase activity

LOX activity was assayed according to Surrey (1964) with
some modifications. To partially purify LOX, the crude protein
extract was precipitated using 45% ammonium sulfate and then
the assays were performed. The reaction mixture consisting of 20
mM borate buffer (pH-6.0), 0.25% linoleic acid, 0.25% tween-20
and 100 pg of partially purified enzyme extract in a total volume
of 1.5 ml was incubated at 25°C for 5 min and the reaction was
terminated by the addition of 2 ml of absolute alcohol. The
cocktail was centrifuged and the absorbance of the supernatant
was measured at 234 nm.

For in-gel activity staining, native gel electrophoresis was
carried out according to the procedure described by Aanangi
et al. (2016) with minor modifications. The partially purified
protein (100 pg) was loaded into the wells of the gel and was
allowed to run at 4°C. The gel was then rinsed with 100 mM
phosphate bufter (pH - 6.8) and incubated in 250 uM linoleic acid
solution. The reaction was carried out for 45 min at room
temperature. The gel was later rinsed with the phosphate buffer
followed by incubation with 0.05% o-dianisidine dihydrochloride
solution at room temperature. Then the gel was visualized and
photographed under a white-light illuminator.

2.10 Quantification of JA and ABA

The JA and ABA levels in the leaves were estimated using
Liquid Chromatography-Mass Spectrometry/Mass-
Spectrometry (LC-MS/MS) analysis. About 50 mg leaf tissue
was homogenized in 500 pl solution of propanol, water and
conc. HCI (2: 1: 0.002 vol/vol). The samples were vigorously
shaken on a shaker at 4°C for 30 min. One ml dichloromethane
was added to each sample followed by shaking for 30 min at 4°C.
The mix was then centrifuged at 10000 rpm at 4°C. The lower
phase was filtered and used for quantitative analysis of JA and
ABA (Pan et al.,, 2010). The analysis was performed in Agilent
Q-TOF LC/MS 6520 series system (Agilent Technologies,
U.S.A.) with ZORBAX RX-C;g column (4.6x150 mm, 5 pm,
Agilent) at 24°C. The mobile phase used was water with 0.1%
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formic acid (solution A) and methanol with 0.1% formic acid
(solution B) on a gradient elution mode with 2 pl injection
volume and 0.4 ml/min flow rate. The gradient elution program
used was: 1% B at 0 min to 11 min, 40% B up to next 2 min, 70%
B for next 2 min, 99% B for next 1 min and then again 1% B for
another 4 min. The detected mass range was 100-2000 m/z.

2.11 RNA isolation, cDNA synthesis, and
quantitative real-time PCR

Total RNA was extracted from different samples of two varieties
by CTAB-ammonium acetate method of Zhao et al. (2012). RNA
integrity was analyzed by gel electrophoresis and Nanodrop-2000
UV-vis spectrophotometer (Thermo Fisher Scientific, U.S.A.). The
OD 260/280 readings were obtained by spectrophotometry to assess
the purity and concentration. Two microgram RNA was converted
into cDNA using PrimeScript 1% strand synthesis kit (Takara Bio
Inc., Japan) following the manufacturer’s protocol. The real-time
PCR (Polymerase Chain Reaction) was carried out on Mastercycler
Realplex (Eppendorf, Germany) following the thermocycler
condition of 95°C for 2 min (initial denaturation), 40 cycles of
amplification (95°C for 15 sec, annealing temperature for 20 sec and
72°C for 30 sec). The reaction was terminated and the melting curve
was analyzed to confirm whether the amplicon product is of a single
reaction. Actin4, a housekeeping gene, was used as an internal
control for normalization purposes and the relative fold-change in
expression was estimated using the 244"
Livak and Schmittgen (2001).

method as described by

2.12 Protein extraction and quantification
of LOX by immunoblot

About 100 mg frozen leaf tissue was homogenized in an
extraction buffer containing 50 mM Tris-HCI pH 8.0, 150 mM
sodium chloride, 1 mM phenylmethylsulfonyl fluoride, and 10 mM
iodoacetamide with protease inhibitor cocktail (Chung et al., 2009).
The mix was centrifuged at 12000 rpm at 4°C for 30 min. Two
hundred microgram of protein was loaded into each well of 12%
polyacrylamide gel and then the gel was blotted onto the
nitrocellulose membrane. The membrane was probed with a
primary antibody of lipoxygenase (AS06 128, Agrisera, Sweden)
with the dilution of 1:750. For equal loading control, anti-histone-
H3 (AS10 710, Agrisera, Sweden) was used as primary antibody in
the dilution of 1:2000. HRP-conjugated anti-rabbit antibody was
used as a secondary antibody.

2.13 Statistical analysis

The data obtained are mean values of three independent
experiments with three replicates per treatment in each
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experiment, which were subjected to one-way analysis of
variance (ANOVA). The error bars shown in the graphs depict
the standard deviation of mean values. One-way ANOVA was
performed for the results using the software SigmaPlot (12.0
version). The significance of differences between treatments was
computed using Duncan’s multiple range test (DMRT)
(P< 0.05).

3 Results

3.1 Effect of melatonin on drought
stress tolerance in sensitive and
tolerant varieties

The sensitive variety of groundnut showed wilting whereas
the tolerant variety remained healthy under PEG-induced
drought stress for 4 days. The effectiveness of melatonin in
improving the drought tolerance was examined in Kadiri-7 (K-
7) and Kadiri-9 (K-9) varieties of groundnut that differ in their
tolerance levels. Of the different concentrations of melatonin
used for seed priming, 100 uM was effective in improving the
plant growth in the sensitive variety (K-7) under drought stress
(Figure 1A). The plant height, leaf area and root length of the
sensitive variety increased in 100 uM melatonin primed plants as
compared to other concentrations tested under drought stress
conditions (Supplementary Figure 1). Melatonin at higher
concentrations (125 and 150 uM) led to a significant decrease
in plant height and leaf area while root length remained
unchanged in primed stressed plants as compared to
unprimed stressed plants in K-7 variety. Surprisingly, there
was no significant effect of melatonin (5-100 uM) on the
phenotype of the tolerant variety, K-9, under control and
stressed conditions (Figure 1B; Supplementary Figure 1). Thus,
exogenous melatonin priming had a distinct effect in
ameliorating drought stress tolerance in the sensitive variety
while no add-an effect was observed in tolerant variety after 4
days exposure to drought stress.

3.2 Endogenous melatonin content
in melatonin primed and unprimed
stressed plants

Drought stress caused a decrease in melatonin content by
27.3% in K-7. Exogenous melatonin priming caused a marked
increase in endogenous melatonin content in K-7 under stress as
compared to unprimed stressed plants. However, unprimed
plants of K-9 showed 41.16% increased endogenous melatonin
content under drought stress compared to its control whereas
priming decreased the content by 14.8% compared to unprimed
stressed plants (Figure 2).
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FIGURE 1

Phenotypic changes of melatonin-primed and unprimed plants of drought-sensitive (K-7) and drought-tolerant (K-9) varieties of groundnut
(Arachis hypogaea L.) under optimal conditions and PEG-6000 (10%) induced drought stress. C- Plants grown under optimal conditions in
Hoagland's nutrient (0.5X) solution (control); CS- Plants grown by adding PEG in Hoagland's nutrient (0.5X) solution for 4 days (drought-
stressed); PC- Melatonin primed plants grown under optimal conditions in Hoagland's nutrient (0.5X) solution (primed control); PS - Melatonin
primed plants grown by adding 10% PEG-6000 in Hoagland's nutrient (0.5X) solution for 4 days (primed stress). (A) Drought-sensitive variety,

Kadiri-7 (K-7); (B) Drought-tolerant variety, Kadiri-9 (K-9).

3.3 Effect of melatonin on ROS
accumulation under drought stress

Reactive oxygen species like superoxide anion ( O,) and
hydrogen peroxide (H,0,) are markers of stress induction. NBT
and DAB staining showed higher accumulation of Oy
(Figure 3A) and H,O, (Figure 3B) respectively, in the
unprimed plants during drought stress in the sensitive variety.
However, melatonin priming reduced the accumulation of O,
and H,O, under drought. In contrast, the tolerant variety did not
show any visible differences in the ROS levels in primed as well as
unprimed plants under stress. The content of superoxide radicals
(Figure 3C) and hydrogen peroxide (Figure 3D) significantly
increased in both unprimed K-7 and K-9 under stress. However,
the ROS levels were comparatively higher in drought stressed
plants of K-7 compared to K-9. Melatonin priming considerably
decreased the levels of both the ROS molecules under drought
stress compared to unprimed plants in K-7, whereas no
significant change was observed in K-9 variety.

3.4 Effect of melatonin on
ROS detoxification

The role of melatonin on ROS detoxification was
investigated by performing several antioxidant enzyme activity
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assays viz., superoxide dismutase (SOD), catalase (CAT),
ascorbate peroxidase (APx) and peroxidase (POX). SOD
activity decreased by almost 25% in the unprimed plants
during drought stress conditions as compared to control
plants in K-7 variety. However, its activity increased by 26% in
primed plants in comparison to unprimed ones under stress
conditions. On the contrary, in the tolerant variety K-9, SOD
activity increased by 34.8% in the unprimed plants during stress
while it decreased in primed stressed as compared to unprimed
stressed plants (Figure 4A). The enzyme activities of catalase,
ascorbate peroxidase and guaiacol peroxidase declined
significantly under stress conditions in comparison to control
plants of K-7. Nevertheless, priming significantly increased their
activities under stress conditions, thereby allowing the plants to
combat drought stress more efficiently. However, in the tolerant
variety, CAT, APx and POX activities were comparatively higher
but surprisingly priming decreased the activities of these
enzymes compared to their respective unprimed plants under
stress (Figures 4B-D).

3.5 Measurement of malondialdehyde
content and electrolytic leakage

A marked increase in MDA content was observed under
drought stress in the unprimed plants of K-7. However, the
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FIGURE 2

Effect of melatonin priming on endogenous melatonin content in drought-sensitive (K-7) and drought-tolerant (K-9) varieties with or without
drought stress. Data represents mean values + SD of minimum 3 independent experiments. Different alphabets within the group represent
significant differences among treatments according to Duncan’s multiple range test at P < 0.05.
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FIGURE 3

Effects of melatonin on the accumulation of superoxide radicals and hydrogen peroxide in the leaves of drought-sensitive (K-7) and drought-
tolerant (K-9) varieties after different treatments. (A) Visualization of superoxide radicals in the leaves of different treatments by NBT-staining in
K-7 and K-9 varieties; (B) H,O, accumulation detected by DAB staining in the leaves of K-7 and K-9 varieties after different treatments; (C)
superoxide radical content and (D) H,O, content in the leaves of K-7 and K-9 varieties under stress condition. Data represents mean values +

SD of 3 independent experiments. Different alphabets within the group represent significant differences among treatments according to
Duncan'’s multiple range test at P < 0.05.
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FIGURE 4

Effects of melatonin priming on antioxidant enzyme activities in drought-sensitive (K-7) and drought-tolerant (K-9) varieties with and without
drought stress. (A) SOD activity; (B) CAT activity; (C) APx activity and (D) POX activity. Data represents mean values + SD of 3 independent
experiments. Different alphabets within the group represent significant differences among treatments according to Duncan’s multiple range test

at P < 0.05.

content decreased significantly in primed plants as compared to
unprimed plants under stress. Interestingly, the tolerant variety
exhibited no notable change in MDA content in unprimed and
primed plants under drought stress (Figure 5A).

Electrolytic leakage, a hallmark of stress response, is an
indicator of membrane integrity. The sensitive variety showed
a 125.76% increase in the unprimed plants during stress.
However, priming was found to decrease the leakage levels by
52.4% as compared to unprimed plants during stress treatment.
In the tolerant variety, there was no statistical difference in
electrolytic leakage percentage in unprimed and primed stressed
plants (Figure 5B).

3.6 Proline content

Exposure to drought stress caused a pronounced increase in
proline content in unprimed plants as compared to controls in K-
7. However, the proline content decreased considerably in primed
plants as compared to unprimed plants under drought stress. On
the other hand, the primed plants exhibited higher proline content
than unprimed plants under stress in K-9 variety (Figure 6).

Frontiers in Plant Science

45

3.7 Assessment of photosynthetic
parameters (Chlorophyll a fluorescence,
chlorophyll content and chlorophyll
degrading enzyme activities)

The chlorophyll-a fluorescence characteristic exhibited
marked differences between the two varieties under stress
conditions. Stress condition dramatically decreased the
photosystem II yield Y(II), which reached zero from >131
PAR in unprimed plants of K-7 variety. However, the level
was found to be similar under all PAR values during stress
compared to controls in unprimed plants of K-9 variety. Priming
elevated Y(II) values significantly in primed stressed plants
compared to unprimed stressed in both varieties although K-7
showed more prominent differences (Figure 7A). Drought stress
had a distinct effect on photosystem II electron transport rate
(ETR) in K-7 variety where the values decreased significantly
from =27 PAR and declined to zero from >536 PAR onwards. K-
9 unprimed stressed plants also showed a decrease in ETR (II)
values after =58 PAR compared to unprimed control plants.
Primed stressed plants exhibited higher ETR (II) compared
to unprimed stressed in both varieties (Figure 7B).
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FIGURE 5

Effect of melatonin priming on (A) lipid peroxidation and (B) electrolytic leakage in drought-sensitive (K-7) and drought-tolerant (K-9) varieties
with or without drought stress. Data represents mean values + SD of minimum 3 independent experiments. Different alphabets within the group
represent significant differences among treatments according to Duncan’s multiple range test at P < 0.05.

Non-photochemical quenching (NPQ), photochemical
quenching (qP) and regulated heat dissipation Y(NPQ) levels
were considerably decreased in K-7 plants during stress.
However, K-9 unprimed stressed plants showed no marked
changes in NPQ and Y(NPQ) levels compared to control
plants under stress. Melatonin ameliorated both parameters in
primed stressed plants compared to unprimed stressed plants of
the sensitive variety. In the case of K-9, priming did not exhibit
any beneficial effect (Figures 7C-E). The level of non-regulated
heat dissipation Y(NO) increased notably in unprimed stressed
plants of K-7 compared to control ones. Priming mitigated Y

(NO) level under stress compared to unprimed stressed plants.
K-9 variety also showed a significant increase in Y(NO) level in
unprimed stressed plants from >58 PAR compared to control
plants. The Y(NO) of K-9 primed stressed plants exhibited no
significant change compared to unprimed stressed plants
(Figure 7F). The chlorophyll a and b contents decreased by
31.8% and 45.6% under stress in K-7, respectively. Both the
contents increased significantly in primed plants under stress
conditions. K-9 variety showed 46.2% and 18.8% higher
chlorophyll a and b contents, respectively under stress
compared to controls. Surprisingly, there was no significant
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Effect of melatonin priming on proline content in drought-sensitive (K-7) and drought-tolerant (K-9) varieties with or without drought stress.
Data represents mean values + SD of minimum 3 independent experiments. Different alphabets within the group represent significant
differences among treatments according to Duncan’s multiple range test at P < 0.05.
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Changes in rapid light curves of photosynthetic parameters (A-F) in melatonin-primed or unprimed drought-sensitive (K-7) and drought-tolerant
(K-9) varieties of groundnut in optimal conditions (control) or after exposure to drought stress. (A) Effective photochemical quantum yield [Y (I)];
(B) Electron transport rate of PSII [ETR(II)]; (C) Non-photochemical quenching (NPQ); (D) Photochemical quenching (gP); (E) Regulated heat
dissipation Y(NPQ); and (F) Non-regulated heat dissipation [Y(NO)I. PAR is photosynthetically active radiation.

change in chlorophyll a and b contents in primed stressed plants
compared to unprimed stressed plants of K-9 (Figures 8A, B).
The total chlorophyll content of unprimed K-7 showed a
significant decrease compared to control under stress. But
priming caused a notable increase in the total chlorophyll
content under stress conditions. The tolerant K-9 variety was
found to have significantly higher total chlorophyll content
compared to control but surprisingly priming decreased the
content compared to unprimed plants during stress (Figure 8C).
Drought stress stimulates the chlorophyll degradation process,
which is detrimental to plant survival. The chlorophyllase
(Figure 9A), pheophytinase (Figure 9B) and chlorophyll
degrading peroxidase (Figure 9C) activities increased
significantly in unprimed stressed plants, respectively
compared to controls in K-7 variety. Priming reduced the
chlorophyll degradation as primed stressed plants showed
27.5%, 57.5% and 66.7% decrease in the activities of these
enzymes compared to unprimed stressed plants of K-7,
respectively. Drought stress decreased the chlorophyllase and
chlorophyll degrading peroxidase activities significantly by
16.0% and 33.3% whereas pheophytinase activity did not show
any significant change in unprimed plants of K-9. Surprisingly,
chlorophyll degrading peroxidase and chlorophyllase activities
increased by 65% and 62.7% while pheophytinase activity was
similar in primed stressed plants compared to unprimed
stressed plants.
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3.8 Determination of
lipoxygenase activity

Lipoxygenases are a family of enzymes that are reported to
have a protective role against abiotic and biotic stresses. Drought
stress significantly decreased LOX activity when compared to the
control plants in the sensitive variety. Melatonin priming caused
a marked increase in its activity in K-7 compared to unprimed
stressed plants. On the contrary, drought stressed plants of K-9
variety exhibited higher activity than that of controls. However,
primed stressed plants showed significantly decreased LOX
activity as compared to unprimed stressed plants in K-9
(Figure 10A). The results of in-gel activity also correlated with
the LOX activity assay (Figure 10B).

3.9 JA and ABA quantification

Drought stress significantly reduced the level of JA level as
compared to control plants in sensitive variety. However,
melatonin priming increased its content by 10.1-fold under
stress. Contrarily, the tolerant variety exhibited higher JA
levels in unprimed plants under stress but surprisingly,
priming led to its decrease under stress conditions (Figure 11A).

The ABA content in sensitive variety was lower as compared
to the tolerant variety. Drought stress significantly decreased the
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Effect of melatonin priming on (A) Chl a; (B) Chl b; and (C) total chlorophyll content in drought-sensitive (K-7) and drought-tolerant varieties (K-
9) with or without drought stress. Data represents mean values + SD of minimum 3 independent experiments. Different alphabets within the
group represent significant differences among treatments according to Duncan’s multiple range test at P < 0.05.

ABA content whereas priming enhanced the content by 2.1-fold
in the sensitive variety. The tolerant variety exhibited higher
ABA content under stress whereas priming decreased it by 1.8-
fold (Figure 11B).

3.10 Relative expression of genes related
to drought stress

The expression level of the genes involved in stress
modulation viz., ROS regulation (Fe-SOD, Mn-SOD, Zn-SOD,
CAT, APx and GR); melatonin biosynthesis (TDC, T-5H, SNAT
and ASMT); melatonin receptor (PMTR1); chlorophyll
degrading (PAO, SAG13 and SAG39); chlorophyll
synthesizing (Chl-Syn); lipoxygenases and related (LOXI, 2, 4,
6, 8, 12, 20, 30, 36, AOC, AOS, OPDAR3, MYC2); ABA related
(NCED3, CYP707A2, SnRK2); proline related (P5CS and PDH)
was analyzed to confirm biochemical, physiological and
molecular data (Figure 12A). Drought stress downregulated
the expression of genes of antioxidant enzymes significantly in
K-7 compared to controls. Priming was found to have a positive
effect as it increased the expression of these genes by 3.0, 4.6, 6.5,
16.2, 7.2 and 4.7-fold compared to unprimed plants under stress,

Frontiers in Plant Science

48

respectively. The tolerant variety, K-9 showed increased
expression of these genes under stress in unprimed plants
except for the expression of GR where there was no significant
change in its expression. The expression levels of Fe-SOD, Mn-
SOD and GR were elevated, whereas the expression levels of Zn-
SOD, CAT and APx decreased significantly in primed stressed
plants compared to unprimed stressed plants of K-9 variety
(Supplementary Figures 2A-F). Exogenous melatonin
modulated the expression of melatonin biosynthesis genes
under stress conditions. The expression level of TDC
(Tryptophan decarboxylase), T5H (Tryptophan-5 hydroxylase)
and ASMT (Acetyl seratonin methyl transferase) decreased
significantly whereas SNAT (Seratonin N-acetyl transferase)
showed no significant change in unprimed stressed plants
compared to control stressed plants in K-7 (Supplementary
Figures 3A-D). Priming elevated the expression of TDC, T5H,
SNAT and ASMT notably under stress compared to unprimed
stressed plants of K-7. In the tolerant variety K-9, the expression
level of T5H, SNAT and ASMT genes showed an increase under
stress in unprimed plants, whereas there was no significant
change in the expression of TDC level in unprimed stressed
plants. Interestingly, primed stressed plants either showed no
significant change (TDC and SNAT) or decreased expression
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Effect of melatonin priming on the activities of chlorophyll degrading enzymes in drought-sensitive (K-7) and drought-tolerant (K-9) varieties
under drought stress. (A) Chlorophyllase; (B) Pheophytinase; and (C) Chlorophyll degrading peroxidase. Data represents mean values + SD of
minimum 3 independent experiments. Different alphabets within the group represent significant differences among treatments according to
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Effect of melatonin priming on the activity of lipoxygenase enzyme in drought sensitive (K-7) and drought-tolerant (K-9) varieties under drought
stress. (A) Lipoxygenase activity (spectrophotometric detection) and; (B) in-gel staining activity. Data represents mean values + SD of minimum
3 independent experiments. Different alphabets within the group represent significant differences among treatments according to Duncan’s

multiple range test at P < 0.05.
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Effect of melatonin priming on the contents of (A) jasmonic acid and (B) abscisic acid in drought-sensitive (K-7) and drought-tolerant (K-9)
varieties under drought stress. Data represents mean values + SD of minimum 3 independent experiments. Different alphabets within the group
represent significant differences among treatments according to Duncan’s multiple range test at P < 0.05

(T5H and ASMT) compared to unprimed stressed plants
(Supplementary Figures 3A-D). PMTRI (Plant melatonin
receptor) exhibited similar expression patterns in both the
varieties independent of the treatment (unprimed and primed)
and conditions (optimal or drought) (Supplementary Figure 4).
The expression of chlorophyll degrading genes PAO
(Pheophorbide A oxygenase), SAG13 and SAG39 (Senescence
associated genes) increased significantly by 11.0, 7.2 and 4.3-
folds in K-7 in unprimed stressed plants compared to controls
(Supplementary Figures 5A-D). Although stress caused an

increase in the expression of PAO, SAGI3 and SAG39 genes in
K-9 variety, the levels were lower than the unprimed stressed
plants of K-7 variety. Priming downregulated their expression by
5.1, 4.0 and 4.8-fold in K-7 compared to unprimed plants under
stress. Interestingly, the expression levels of SAG13 and SAG39
genes increased while PAO expression remained unchanged
compared to unprimed stressed plants in K-9 variety. The
chlorophyll synthesis gene (Chl-Syn) expression decreased 2.7-
fold in stressed plants compared to control and increased 7.7-
fold in primed stressed plants compared to unprimed stressed
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plants of K-7. The expression level of the Chl-Syn increased in
unprimed and primed stressed plants as compared to controls
(Supplementary Figure 5A-D). The expression of the proline
biosynthesis gene, P5CS (Pyrolline-5 carboxylase) increased
whereas the expression of the degrading gene, PDH (Proline
dehydrogenase) decreased significantly in unprimed plants of K-
7 exposed to stress. On the other hand, the expression of P5CS
decreased in primed stressed plants while the expression of PDH
increased as compared to unprimed stressed plants. P5CS and
PDH gene expressions increased 1.9-fold and 2.2-fold in
unprimed stressed plants compared to controls in K-9,
respectively. The primed plants showed no change in the
expression of P5CS whereas PDH expression decreased
compared to unprimed plants under stress in K-9
(Supplementary Figures 6A, B).

The lipoxygenase isoforms (LOX1, 2, 4, 6, 8, 12, 20, 30 and 36)
exhibited similar expression patterns (Figure 12B). K-7 showed a
decrease in the transcript levels of these isoforms whereas the
transcript levels significantly increased in K-9 under stress as
compared to their controls. However, priming enhanced the
expression in K-7, whereas in K-9, the levels decreased
considerably compared to their respective unprimed plants
under stress (Supplementary Figures 7A-I). The genes related
to jasmonic acid biosynthesis viz., AOC (Allene oxide cyclase),
AOS (Allene oxide synthase) and OPDAR3 (Oxophytodienoic
acid reductase 3) decreased significantly by 3.0, 12.6 and 2.3-folds
in stressed plants compared to control plants in K-7, respectively
(Supplementary Figures 8 A-C). Melatonin priming significantly
increased their expression compared to unprimed plants under
stress. However, the expression of these genes increased in K-9
under stress as compared to controls. Interestingly, priming
decreased the expression significantly as compared to unprimed
plants under stress. The MYC2 expression level decreased by
2.71-folds in K-7 and increased by 4.3-folds in K-9 stressed plants
compared to their respective control plants. Priming under stress
showed increased expression of MYC2 in K-7 by 6.2-fold, but in
K-9 the expression decreased by 2.5-folds as compared to
unprimed stressed plants (Supplementary Figure 8D). The
expression of ABA biosynthesis gene, NCED3 (9-cis-
epoxycarotenoid dioxygenase 3) was significantly
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downregulated under stress when compared to its control in
the sensitive variety. Priming enhanced its expression under
stress compared to unprimed plants under stress. The tolerant
variety showed higher transcript levels of NCED3 under stress.
However, melatonin priming caused a decline in its expression
under stress (Supplementary Figure 9A). Contrasting expression
pattern was observed for the ABA degrading gene i.e., CYP707A2
(ABA 8-hydroxylase) where a significant increase in its
expression was observed in primed stressed plants of K-7
unlike in K-9 where it decreased under stress. However, its
expression in primed stressed plants was lower in K-7 whereas
it was found to be higher in K-9 variety in comparison to
unprimed stressed plants (Supplementary Figure 9B). SnRK2
(Snf-related protein kinase 2), an important gene in ABA
signaling response, showcased a similar expression pattern as
that of NCED3 (Supplementary Figures 9A-C).

3.11 Immunoblot analysis of LOX

Immunoblot analysis revealed differences in LOX expression
in sensitive and tolerant varieties upon exposure to drought
stress. The intensity of the protein decreased under stress in the
sensitive variety whereas priming increased the intensity of the
protein under stress. In contrast, the intensity of protein
increased in K-9 stressed plants as compared to unstressed
plants whereas it decreased in primed stressed plants than in
primed control plants (Figure 13).

4 Discussion

Plant growth is a complex biochemical and physiological
phenomenon being modulated by several plant growth
regulators such as auxin, cytokinin, jasmonic acid, gibberellins,
abscisic acid, ethylene and brassinosteroids (Gray, 2004). Seed
priming with many of these growth regulators has been proven
to alleviate the adverse effects of abiotic as well as biotic stresses.
Melatonin priming also has been found to assist plants to endure
drought stress by maintaining ROS homeostasis and also by
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Immunoblot analysis of lipoxygenase in melatonin primed and unprimed plants of drought-sensitive (K-7) and drought-tolerant (K-9) varieties of
Arachis hypogaea L. under optimal and drought stress conditions. Lane 1- K-7 control, Lane 2- K-7 stress, Lane 3- K-7 primed control, Lane 4-
K-7 primed stress, Lane 5- K-9 control, Lane 6- K-9 stress, Lane 7- K-9 primed control and Lane 8- K-9 primed stress.
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activating stress-related transcription factors and genes. Here,
the role of melatonin on redox homeostasis, photosynthesis and
lipoxygenase expression to mitigate the negative impacts of
drought in Arachis hypogaea L. was investigated in K-7
(drought-sensitive) variety in comparison to K-9 (drought-
tolerant) of groundnut.

4.1 Melatonin alleviates PEG-induced
drought stress in the sensitive variety

Melatonin priming exhibited beneficial effects on the
morphology of the sensitive variety as evidenced by fewer
wilting symptoms with increased plant height, root length and
leaf area after exposure to 4-days of drought stress treatment as
compared to unprimed stressed plants. However, melatonin-
primed and unprimed plants of tolerant variety (K-9) did not
show any differences in plant height, root length and leaf area
when subjected to the same duration of drought stress treatment.
It can be interpreted that exogenous melatonin has the potential
to improve the drought tolerance only when severe stress is
prevalent as in the sensitive variety after 4 days of exposure to
drought stress, unlike the tolerant variety which was inherently
equipped to withstand this duration of stress treatment
(Figure 1; Supplementary Figure 1). Similar findings have been
reported in cotton where melatonin priming improved the
drought tolerance of sensitive variety while no significant
phenotypic effect was noticed in the tolerant variety of cotton
under drought stress (Supriya et al., 2022).

4.2 Exogenous priming increases
endogenous melatonin content

Previous studies have shown that melatonin plays a
significant role in drought stress tolerance. In this study, the
marked increase in melatonin content with upregulated
expression of genes involved in melatonin biosynthesis in
primed stressed plants of sensitive variety justifies its
implication in stress tolerance. This is further evident by an
increase in the melatonin content in unprimed stressed plants of
the tolerant variety. However, the decrease in melatonin content
in tolerant primed stressed plants compared to unprimed
stressed plants (Figure 2) signify the feedback inhibition,
which is consistent with findings of Bhowal et al. (2021).
Further, down-regulated expression of T-5H and ASMT in this
variety (Supplementary Figures 3B, D) also correlated to the
decreased endogenous melatonin content. The unchanged
expression of PMTRI, which is a receptor of melatonin,
indicates that variation in endogenous melatonin was not due
to differences in the expression of receptor genes (Figure 4 and
12A). This also edicts the ambiguity about the position and/or
function of PMTRI, as suggested by Lee and Back (2020).
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4.3 Priming alleviates oxidative damage
and maintains ROS homeostasis

Plants produce more ROS under drought stress conditions,
which causes oxidative damage to the cells and tissues (Kar, 2011).
Melatonin scavenges these ROS molecules and gets converted into
metabolites viz., AFMK (Nl-acetyl-N2-formyl-5-
methoxyknuramine) and AMK (N1-acetyl-5-methoxykynuramine)
that are also involved in several cascades of reactions to scavenge
other types of ROS, thereby maintaining the redox homeostasis more
effectively (Ressmeyer et al, 2003). The role of melatonin in the
mitigation of hydrogen peroxide levels and the augmentation of
antioxidant systems has been reported in Malus (Li et al, 2015).
Here, the higher accumulation of superoxide and hydrogen peroxide
radicals in leaves of unprimed plants and their decreased levels in
primed plants of K-7 under stress justifies the scavenging property of
melatonin (Figure 3). On the contrary, melatonin primed stressed
plants did not show any notable changes in staining intensity as
compared to unprimed stressed plants in the tolerant variety, K-9
indicating that exogenous priming has no further effect on
ROS levels.

Plants have developed several enzymatic and non-enzymatic
defense systems to combat oxidative damage by minimizing
stress-induced ROS accumulation (Qamer et al., 2021). Buttar
et al. (2020) reported that exogenous melatonin activates the
antioxidant enzymatic activities to reduce stress-induced ROS
bursts in wheat seedlings. In our study, decreased antioxidant
enzymatic activities in the sensitive variety under stress
(Figures 4A-D) correlated with the decrease in the transcript
levels of the genes like Cu-SOD, Mn-SOD, Zn-SOD, CAT, APx and
GR thereby resulting in increased ROS accumulation. Melatonin
aided the activation of the antioxidant defense machinery by
upregulating the expression of these stress-related genes and their
activities to scavenge intracellular ROS (Figure 12A;
Supplementary Figures 2A-F). Thus, melatonin mediated
maintenance of cellular redox homeostasis by elevating the
antioxidative defense mechanism, thereby improving the
drought tolerance of the sensitive variety of groundnut.

4.4 Melatonin ensures membrane
integrity and stability by decreasing lipid
peroxidation and electrolytic leakage

Unregulated intracellular ROS levels under stress condition
lead to membrane lipid peroxidation followed by membrane
rancidity. Electrolytic leakage is caused by lipid peroxidation,
which leads to membrane damage, a repercussion of drought
stress (Jaleel et al., 2007). Our results showed that drought stress
intensifies the generation of ROS in groundnut, resulting in
higher levels of electrolytic leakage and MDA which are crucial
oxidative-damage indicators of cell membrane integrity.
Similarly, Khalvandi et al. (2021) reported that drought stress
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caused damage to the membrane system which increased lipid
peroxidation and plasma membrane electrolytic leakage in
winter wheat. In this research, lipid peroxidation and
electrolytic leakage were alleviated in the sensitive variety upon
melatonin priming under stress. The reason might be the
amphipathic nature of melatonin that tends to spread across
the cytoplasm and lipid membranes. Thus, the interfacially
positioned melatonin inhibits lipid peroxidation in biological
membranes by directly neutralizing hazardous reactants (de
Lima et al., 2010). The reduced lipid peroxidation and
electrolyte leakage in the unprimed tolerant variety during
stress in comparison to the sensitive variety, explains its
inherent ability to tolerate the drought stress (Figures 5A, B).

4.5 Melatonin maintains osmotic
potential by regulating proline levels

Plants tend to cope with environmental stresses by regulating
the osmotic potential and proline is a crucial osmolyte involved in
tolerance to various stresses. Several studies have reported an
increase in intracellular proline levels during exposure to stress in
different plant species (Liang et al., 2013). Similarly, a significant
increase in proline levels was observed under drought stress which
is more pronounced in K-7 as compared to K-9 variety in the
present study. Besides being an osmoprotectant and cellular
stabilizer, it imparted toxic effects if over-accumulated as
observed in tomato, where an imbalance in inorganic ions was
observed (Heuer, 2003). Similar findings have been reported by
Roy et al. (1993) where low concentrations of exogenously applied
proline was effective in ameliorating the adverse effects of salinity
whereas higher concentrations reduced the seedling growth in
rice. Our results showcased higher proline accumulation under
stress which might be due to the repression of the proline catabolic
gene, PDH in mitochondria whose activity might be hampered by
the oxidative burst inside the cell in sensitive variety (Figure 6).
However, the regulated expression of P5CS and PDH might have
contributed to the balanced proline levels in the tolerant variety
under stress. Therefore, our findings suggest a vital role of
melatonin in proline metabolism in plants by maintaining an
equilibrium between the expression of proline biosynthetic (P5CS)
and proline catabolic (PDH) genes (Figure 12A; Supplementary
Figures 6A, B).

4.6 Melatonin inhibits chlorophyll
degradation and senescence

Chlorophyll-a fluorescence has been commonly used to
assess the plant photosynthetic performance under a variety of
stress conditions (Govindjee, 2004). Severe drought stress is
reported to cause photoinhibition in the PSII reaction center
(Sperdouli and Moustakas, 2012). In line with these observations,
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we observed that Y(II), ETR(II), qP and NPQ were reduced
dramatically in the sensitive variety during drought stress.
Melatonin has been reported to boost photosynthetic efficiency
in higher plants under drought stress in cucumber (Zhang et al,
2013). In this study, melatonin priming augmented the yield of
PSII, electron transport rate (ETR) in K-7, similar to the report of
Wang et al. (2013) justifying the role of melatonin in maintaining
better photosynthetic activities under drought. As priming did
not cause any significant change in endogenous melatonin
content in K-9, no change in photosynthetic rate was observed.
Y(NO) and Y(NPQ) are two important components of the
photosynthetic machinery. Higher Y(NPQ) and lower Y(NO)
in primed plants of K-7 justify the proper functioning of its
xanthophyll-carotenoid cycle, similar to the report of Khan et al.
(2019). As such melatonin priming did not cause any changes in
Y(NPQ) and Y(NO) as compared to unprimed plants in the
tolerant variety, K-9 under stress showing no additional effect of
exogenous melatonin on photosynthesis (Figures 7A-F).

Plants have to be protected from free radicals and associated
oxidative stress since chloroplast is the primary location of free
radical production. Chlorophyll degradation leads to senescence
in plants which is detrimental to plant growth and development
(Hortensteiner, 2006). Previous studies have shown that
exogenous melatonin priming induces endogenous melatonin
production (Antoniou et al, 2017). Our findings imply that
exogenous application can alter endogenous melatonin
accumulation in drought-stressed plants of sensitive variety
that can help to retain chloroplast integrity and increase the
net photosynthetic rate. This is further supported by increased
chlorophyll content upon melatonin priming in the sensitive
cultivar under stress (Figures 8A-C). An increased expression of
the chlorophyll synthesis gene (Chl-syn) (Supplementary
Figure 5D) and decreased activities of chlorophyll degrading
enzymes such as chlorophyllase, pheophytinase and chlorophyll
degrading peroxidase upon melatonin priming in the sensitive
variety emphasizes the role of melatonin against chlorophyll
degradation (Figures 9A-C). Similarly, Ma et al. (2018) reported
that drought-induced leaf senescence suppressed by cytokinin
and melatonin, was marked by the down-regulation of
chlorophyll-degradation genes and enzyme activities in
creeping bentgrass (Agrostis stolonifera).

Senescence is a critical measure of chlorophyll degradation.
The expression levels of PAO and senescence-associated genes
(SAG1I3, 39) was found to decrease upon priming in K-7 under
stress (Figure 12A; Supplementary Figures 5A-C). Thus, the
activity of these chlorophyll-degrading enzymes in primed
stressed plants was alleviated, thereby inhibiting senescence
which could be ascribed to the melatonin treatment. Increased
endogenous melatonin concentration could be responsible for
these substantial changes, which leads to improved
photosynthetic machinery. The enhanced photosynthetic
efficiency and lowered expression of chlorophyll degrading
genes under stress conditions in unprimed plants of tolerant
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variety are supportive of its inherent drought tolerance capacity
(Figures 9 and 12A; Supplementary Figure 5).

4.7 Melatonin enhances JA and ABA
biosynthesis by stimulating lipoxygenases
under drought stress

LOXs are non-heme iron-containing dioxygenases
enzymes that catalyze the conversion of polyunsaturated fatty
acids to hydroperoxy fatty acids, which are involved in the
formation of stress-related plant growth regulators such as
jasmonic acid (JA), methyl jasmonate (MeJA) and so on (Blee,
2002). Despite greater substrate availability (linoleic and
linolenic acid) due to a higher rate of lipid peroxidation,
decreased activity and transcripts level of LOX under stress
in unprimed K-7 suggested its catalytic inhibition by thiol
sensitive feedback regulation, as described by Maynard et al.
(2021). The elevated LOX activity and content in primed
stressed plants of K-7 (Figures 10 and 13) can be attributed
to the regulation of ROS levels by the action of melatonin
thereby maintaining lipid peroxidation levels which is enough
to provide the substrate for LOX activity. Additionally, our
findings suggest that the expression of LOX2 is highest among
all other isoforms, which also indicates its exigent role during
osmotic stress as reported by Singh et al. (2022). The tolerant
variety showcased higher LOX activity and content, which can
be correlated to higher melatonin content and its stress
tolerance nature. Surprisingly, lower LOX activity in primed
stressed plants might be due to the lesser substrate availability.
Therefore, endogenous melatonin content shares a direct
relationship with LOX. Overall the study has shown the
significant role of melatonin in modulating the expression of
lipoxygenases under drought stress (Figure 12B).

Abiotic stress responses, including drought, are known to be
mediated by jasmonic acid. The negative effects of drought-
induced membrane damage in barley were found to be mitigated
by JA pre-treatment (Bandurska et al., 2003). Wang et al. (2021)
reported that the genes involved in JA biosynthesis and signaling
were upregulated by drought priming during drought tolerance
in wheat. In consistent with these reports, our studies also
indicated that melatonin increased the jasmonic acid content
(Figure 11A) and expression of genes (LOX, AOS, AOC and
OPDAR3) involved in the jasmonic acid biosynthesis pathway
under stress condition in K-7 (Figure 12; Supplementary
Figures 7 and 8A-C). The JA levels in K-9 also indicate the
direct relationship between LOX and JA under stress condition,
which could be due to higher endogenous melatonin content.

ABA and JA are the key molecules required for stress
tolerance response. Higher levels of JA were found to be
essential in ABA accumulation during drought stress in
Arabidopsis (de Ollas et al., 2015) and rice (Kim et al.,, 2009).
In accordance with these studies, it was observed that melatonin
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enhanced JA biosynthesis via stimulating LOX which further
promoted ABA production in K-7 under stress. However, in K-
9, enhanced levels of ABA in unprimed stressed plants and a
significant decrease in primed plants under stress correlated to
JA content suggesting the involvement of JA on ABA
accumulation under drought condition (Figure 11B). A
correlative expression of Snf-related kinase protein (SnRK2)
was observed in our study (Supplementary Figure 9C) which is
responsible for ABA-mediated dehydration signaling response
(Yoshida et al., 2002). These findings indicate that JA might
function as an upstream modulator in ABA-mediated signaling,
as suggested by Wang et al. (2021) and regulates the tolerance
response under drought stress. Moreover, upregulated
expression of the MYC2 transcription factor has been reported
to positively regulate the genes involved in the antioxidant
defense system (Wang et al, 2021). In consistent with these
reports, melatonin was found to enhance the transcript levels of
MYC2 in K-7 under stress, thereby enhancing its drought stress
tolerance (Supplementary Figure 8D).

The model showing the regulatory differences of melatonin
action between drought-sensitive (K-7) and drought-tolerant
(K-9) varieties under drought stress is depicted in Figure 14 (this
image is made using BioRender).

5 Conclusion

Melatonin is well known for its potential to impart drought
stress tolerance in different plant species due to its capability to
scavenge ROS, enhance photosynthetic efficiency and
modulate the expression of stress-responsive genes. The
virtue of exogenous melatonin on drought tolerance might be
different in sensitive and tolerant varieties as their redox state
differs under drought stress conditions. The present study for
the first time reports the differential effects exhibited by
exogenous melatonin on PEG-induced water stress attributes
in the tolerant and sensitive varieties of groundnut. Melatonin
priming improved drought tolerance by regulating redox
homeostasis, promoting photosynthetic efficiency and
increasing the chlorophyll content in sensitive variety.
Additionally, melatonin-primed stressed plants of sensitive
variety showed higher endogenous melatonin content with
increased LOX expression, accompanied by elevated JA and
ABA levels that could have imparted drought stress tolerance.
However, melatonin priming led to a decrease in endogenous
melatonin content in the tolerant variety under stress
conditions possibly due to feedback inhibition to fine-tune
melatonin biosynthesis required for maintaining ROS
homeostasis towards better plant metabolism. The higher
endogenous melatonin content in unprimed stressed plants
of tolerant variety was associated with the enhanced
antioxidant system, photosynthetic efficiency and LOX
expression along with higher JA and ABA, which further
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FIGURE 14

Differential effects of melatonin priming on drought-sensitive (Kadiri-7, upper) and drought-tolerant (Kadiri-9, lower) varieties of groundnut
under drought stress to alleviate the impact of stress. Melatonin confers the tolerance in Kadiri-7 by improving endogenous melatonin content,
antioxidant system and photosynthetic efficiency. Additionally, melatonin-mediated amelioration of LOX expression and activity in turn increases
the endogenous JA and ABA contents, which also provides stress tolerance. Furthermore, unprimed Kadiri-9 with higher endogenous melatonin
correlates with its inherent tolerance nature. Contrarily, exogenous melatonin priming was found to decrease its endogenous level, possibly as a
consequence of feedback inhibition to fine-tune melatonin biosynthesis and maintain redox homeostasis towards better plant metabolism

under drought stress condition.

substantiates the role of melatonin in drought stress tolerance.
Overall, it can be concluded that exogenous melatonin evokes
drought stress responses differently in sensitive and tolerant
varieties as reflected by its ability to improve the tolerance of
sensitive variety where stress effects are more prevalent in
comparison to the tolerant variety that is inherently capable
to tolerate the stress treatment given in the study. Thus, the
study has advanced our scientific knowledge on the effects of
exogenous melatonin with respect to modulation of LOX
expression, JA and ABA which provides scope for improving
the drought stress tolerance in groundnut.
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Melatonin is a pleiotropic signaling molecule that reduces the adverse effects of
abiotic stresses, and enhances the growth and physiological function of many
plant species. Several recent studies have demonstrated the pivotal role of
melatonin in plant functions, specifically its regulation of crop growth and yield.
However, a comprehensive understanding of melatonin, which regulates crop
growth and yield under abiotic stress conditions, is not yet available. This review
focuses on the progress of research on the biosynthesis, distribution, and
metabolism of melatonin, and its multiple complex functions in plants and its
role in the mechanisms of metabolism regulation in plants grown under abiotic
stresses. In this review, we focused on the pivotal role of melatonin in the
enhancement of plant growth and regulation of crop yield, and elucidated its
interactions with nitric oxide (NO) and auxin (IAA, indole-3-acetic acid) when
plants are grown under various abiotic stresses. The present review revealed that
the endogenousapplication of melatonin to plants, and its interactions with NO
and |AA, enhanced plant growth and yield under various abiotic stresses. The
interaction of melatonin with NO regulated plant morphophysiological and
biochemical activities, mediated by the G protein-coupled receptor and
synthesis genes. The interaction of melatonin with IAA enhanced plant growth
and physiological function by increasing the levels of IAA, synthesis, and polar
transport. Our aim was to provide a comprehensive review of the performance of
melatonin under various abiotic stresses, and, therefore, further explicate the
mechanisms that plant hormones use to regulate plant growth and yield under
abiotic stresses.
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Introduction

Abiotic stresses continuously reduce the growth and yield of
different crops (Zhang et al., 2021a; Ahmad et al, 2022a). The
growing of plants in altered environments often creates abiotic
stresses such as salinity, drought, heat, cold, and heavy metals. The
imposition of abiotic stresses can certainly affect plants’
morphophysiological, biochemical, and molecular activity, from
seed germination to maturity, and, eventually, cause higher losses
in plant yields (Rahman et al., 2022). It has been demonstrated that
about 70% of staple food crop yields are adversely affected by abiotic
stresses (KChan et al., 2015). These stresses induce numerous changes
in the metabolism of plants by producing reactive oxygen species
(ROS), which in turn disturb homeostasis and ion distribution in
plants (Raza et al., 2022). Improving the response of plants to these
stresses is particularly important for sustainable plant production
(Gonzalez Guzman et al.,, 2022). Over the last few decades,
tremendous efforts have been made by research scientists to
enhance plant growth and yields via the extensive application
of chemicals.

Melatonin (N-acetyl-5-methoxytryptamine) is an important
bioactive compound in vascular plants, discovered in 1995 (Dubbels
et al,, 1995). Initially, it was regarded as a powerful antioxidant that
had different beneficial roles in various stages of plant growth and
development (Sheshadri et al, 2018), such as germination (Zhang
et al., 2017), root elongation (Arnao and Hernandez-Ruiz, 2019),
photosynthesis (Li et al, 2017), and leaf senescence (Wang et al,
2022). It has also been a plant hormonewith an important role in
enhancing the growth and regulation of plants (Arnao and
Hernandez-Ruiz, 2019). It is found in various plants tissues, such as
the seeds, roots, leaves, and fruits (Zhang et al., 2017). Thepotential
role melatonin could play in the enhancement of plant growth
andregulation has been widely investigated by scientific researchers
(Sun et al., 2020).

Recently, it has been reported that melatonin increases the fatty
acid content and enhances the profile of alkaloids in coffee and
soybean plants (Ramakrishna et al., 2012). However, the
mechanism of enhanced fatty acid production via melatonin is far
from clear and needs to be further investigated in different crops
under various abiotic stresses. As a multiregulatory molecule,
melatonin regulates the expression of genes involved in plant
growth and development (Byeon and Back, 2014), redox reactions
(Tomas and Montes, 2005), abiotic stress resistance (Boccalandro
et al,, 2011), sucrose metabolism [cell wall invertase (CWIN) and
sucrose synthase (SUSY)] (Solfanelli et al., 2006; Dutta et al., 2013;
Payyavula et al,, 2013), and specialized metabolism [phenylpropanoid
metabolism: phenylalanine ammonia lyase (PAL), chalcone synthase
(CHS), chalcone isomerase (CHI), flavanone 3-hydroxylase (F3H),
dihydroflavonol reductase (DFR), and anthocyanidin synthase
(ANS)] (Weeda et al., 2014). The phytomelatonin receptor PMTRI1
mediates the signaling of ROS, regulates homeostasis or, and delivers
a dark indication to promote night stomatal closure (thus avoiding
water loss during the night), thereby facilitating plant adaptation to
dry land environments (Li et al., 2020). However, what genes
participate in the signaling pathway to promote night stomatal
closure, and how these genes evolved to facilitate plant adaptation
to dry land environments, is still far from clear. In addition, because of
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the limitation of experimental methods, there is still no definitive
evidence showing that melatonin function in plant organs is
significantly enhanced at night as compared with the daytime (Van
Tassel et al., 2001; Xie et al., 2022). The findings of various studies
related to the role of phytomelatonin are of huge significance (Zhang
et al, 2021b). Melatonin gives plants resistance to drought (Wang
etal., 2014), salt (Hernandez et al., 2015), osmotic stress (Zhang et al.,
2013), high temperature (Byeon and Back, 2014), cold (Bajwa et al,
2014), and copper stress (Posmyk et al., 2009a).

It has been confirmed that the application of exogenous
melatonin can mitigate the effects of abiotic stresses in various
crops (Cao et al, 2019). Lower doses of melatonin (i.e., <10 uM)
have been shown to promote seed germination and lateral root
formation in cucumber plants under cold and drought stresses
(Zhang et al., 2013; Simlat et al., 2018). In corn seedlings,
melatonin increased drought resistance by alleviating oxidative
damage and drought-induced photosynthetic inhibition (Ye et al,
2016). The pretreatment of melatonin also increased endogenous
melatonin and inhibited the up-regulation of NCEDI genes, but
selectively up-regulated catabolic genes, such as ABA80xI and
ABA80x3, and abscisic acid (ABA)-related synthesis genes, and
decreased the accumulation of ABA and induced stomatal
reopening in corn under drought stress (Li et al., 2021). In apple
trees, melatonin maintained drought tolerance by regulating the
concentrations of ABA metabolism and stomatal behavior (Li
et al, 2015). In barley, the exogenous supply of melatonin increased
photosynthetic carbon assimilation by improving the antioxidant
defense of organelles under low temperature or drought stresses (Li
et al,, 2016). To date, most of the components in melatonin-related
signaling pathways remain unclear and need to be further
investigated, especially in plants under abiotic stresses (Zhou et al.,
2020). In previous studies, melatonin has been shown to be present at
high concentrations in several crops (e.g., wheat, rice, barley, corn,
grape, oats, and tobacco), and in popular beverages (e.g., tea, coffee,
and wine) (Arnao and Hernandez-Ruiz, 2009; Ramakrishna et al.,
2012; Arnao and Hernandez-Ruiz, 2013; Shi et al., 2015a). Howevet, it
is still unknown if the response of melatonin in plants under various
stresses is the same across different crops.

Therefore, in this manuscript we have aimed to provide a
comprehensive review of advances in our knowledge of the roles,
biosynthesis, distribution, metabolism, functions, and mechanisms of
melatonin in regulating the growth and development of various crops
under abiotic stresses. In addition, the interactions of melatonin with
other phytohormones, such as nitric oxide (NO) and auxin (IAA,
indole-3-acetic acid), are analyzed.

Melatonin biosynthesis

The biosynthetic pathway of melatonin in plants is well
documented (Park et al., 2012; Kang et al., 2013). The concept of
plant-synthesized melatonin was first introduced in an isotope tracer
(Murch et al.,, 2000). The biosynthetic pathway of
phytomelatonin in vascular plants is thought to be similar to that

study
in animals, although there is much debate surrounding this (Murch

et al., 2000; Tan et al., 2013; Zhao et al., 2019). Based on a number of
findings, tryptophan is considered as the initial substrate of melatonin
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synthesis and is involved in four enzymatic steps catalyzed by at least
six enzymes, including tryptophan decarboxylase (TDC), tryptophan
hydroxylase (TPH), tryptamine 5-hydroxylase (T5H), serotonin N-
acetyltransferase (SNAT), N-acetylserotonin methyltransferase
(ASMT), and caffeic acid O-methyl transferase (COMT) (Back
et al, 2016; Sun et al,, 2021) (Figure 1). The two required processes
that contribute to tryptophan are hydroxylation and decarboxylation
for melatonin biosynthesis. They have been identified in herbivorous
plants (Park et al., 2012). Auxin [indole-3-acetic acid (IAA)], which
occurs naturally in plants, is biosynthesized from tryptophan via four
proposed routes, that is, indole-3-acetaldoxime (IAOx), indole-3-
pyruvic acid (IPyA), indole-3-acetamide (IAM), and tryptamine
(TAM). The biosynthesis pathway of auxin from tryptophan is still
unknown and needs to be further investigated in different crops under
abiotic stresses. Serotonin is catalyzed via SNATs to form N-
acetylserotonin, which is then methoxylated by ASMTs to form
melatonin (Wang et al., 2017). Serotonin performs various
important functions in plants, such as growth regulation and stress
defense (Figure 1). Currently, the presence and function of serotonin
in plants is an increasingly popular research area, but to date, there
are only minor studies available about the functions of serotonin
under different abiotic stresses. It has been shown that in rice TDC-
catalyzed decarboxylation of tryptophan is the first step in melatonin
biosynthesis, followed by T5H-catalyzed hydroxylation (Park et al,
2012). The T5H gene is considered an essential gene for serotonin
biosynthesis. It has been found that suppression of the T5H gene in
transgenic rice increases the melatonin concentration, suggesting that
melatonin concentration in plants is not proportional to serotonin
2021).
concentration and the up-regulation of the T5H gene for serotonin

concentration (Sun et al., The increase in melatonin

biosynthesis under abiotic stresses in other crops are still far from
being clearly understood.

10.3389/fpls.2023.1108507

Role of melatonin in plants under
abiotic stresses

The distribution, metabolism, and complex
functions of melatonin in plants under
abiotic stresses

The immunohistochemical localization of melatonin has
demonstrated that the compound is present in the primary roots
and seeds of sunflower and Arabidopsis seedlings (Pelagio-Flores
et al,, 2012; Mukherjee et al., 2014; Figure 2). The accumulation of
melatonin was observed in the oily body of plants, including in the
cotyledon cells of both control and salt-treated seedlings, thus
showing the effect of long-distance signaling, induced by sodium
chloride (NaCl) stress, from roots to cotyledons (Mukherjee et al.,
2014). A study found that NaCl stress induced slower mobilization in
the cotyledons of sunflower seedlings (David et al., 2010). NaCl stress
caused melatonin accumulation in seedling cotyledons, and, as a
result, reduced degradation of the oily body. The mobilization of the
oily body and the activity of fatty acid-metabolizing enzymes are
considered to mitigate the effects of salt stress (David et al., 2010). The
accumulation of melatonin in cotyledons played a positive
antioxidative role, in that it maintained the activity of the enzymes
required for lipid mobilization during seedling growth (David et al,
2010). The accumulation mechanism of melatonin in the oily body of
plants, including in the cotyledon cells of control and salt-treated
seedlings, is less well documented, and further studies are required so
that, ultimately, antioxidant defense systems of various crops can
be improved.

Moreover, melatonin can trigger the accumulation of nitric oxide
via its up-regulation of nitrate reductase expression and down-
regulation of S-nitrosoglutathione reductase (GSNOR) expression.
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FIGURE 1

The regulatory role of biosynthetic melatonin under stress conditions. Tryptophan is the initial substrate of melatonin synthesis and is divided into four
enzymatic steps catalyzed by six enzymes: tryptophan decarboxylase (TDC), tryptophan hydroxylase (TPH), tryptamine 5-hydroxylase (T5H), serotonin N-
acetyltransferase (SNAT), N-acetylserotonin methyltransferase (ASMT), and caffeic acid O-methyl transferase (COMT). Serotonin is catalyzed via SNAT to
form N-acetylserotonin, which is further methoxylated by ASMTs to form melatonin and acts as a growth regulator stress defense molecule. The T5H
gene improves serotonin biosynthesis. TDC catalyzes decarboxylation of tryptophan, and it is considered the first step of melatonin biosynthesis.
Suppression of the T5H gene increases the concentration of melatonin in rice plants and increases yield. Auxin produced naturally in plants is
biosynthesized from tryptophan in four ways: indole-3-acetaldoxime (IAOx), indole-3-pyruvic acid (IPyA), indole-3-acetamide (IAM), and tryptamine

(TAM).
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The distribution and regulatory roles of an exogenous supply of melatonin in mitigating abiotic stresses are divided into three parts. (i) Melatonin
distributed in the roots and seeds. Sodium chloride (NaCl) induces slow mobilization of enzymes and reduces the enzymes' activity in the oily body of
plants in seedlings and roots and, as a result, alters salt stress. The supply of exogenous melatonin enhances the level of plant antioxidants and enzyme
activities. (ii) Salt stress reduces chlorophyll content, but exogenous melatonin improves chlorophyll content, chloroplast gene expression, and protein
content, and, as a result, enhances photosynthesis activity and chlorophyll accumulation. In addition, it enhances plant Pn and CE and, as a result, inhibits
chlorophyll degradation. The improvement of all these traits enhances plant growth and metabolism. (iii) Drought stress causes ROS in plants, which
induces Ch degradation and Ch reduction. The application of endogenous melatonin during drought reduces ROS and O,~ content and, as a result,
increases chlorophyll content and plant growth physiological function. CE, carboxylation efficiency; Ch, chlorophyll; Pn, net photosynthetic rate; ROS,

reactive oxygen species.

The application of melatonin can alter the levels of NO in plants, and,
as a result, affect the level of endogenous melatonin. The molecular
interaction mechanisms of melatonin and NO are indispensable to
different physiological activitiesin plants. However, the molecular
interaction mechanisms of melatonin with NO in plants is still far
from clear (FHe and He, 2020). Melatonin can mediate the crosstalk
between NO and ethylene and regulate the ripening of fruits via N-
nitrosomelatonin (NOMela) signaling (Mukherjee, 2019). In pear
fruits, for example, melatonin reduced ethylene production and
delayed post-harvest senescence by regulating NO synthesis (Liu
et al, 2019). A recent discovery identified that the interaction
between melatonin and NO resulted in the formation of NOMela
(i.e., N-nitrosomelatonin), and the promised roles in plant
morphophysiological activity (Martinez-Lorente et al., 2022).
However, owing to the limited available knowledge on melatonin,
the interaction of these two compounds and fruit ripening occurring
via NOMela in various plants are poorly understood when these
plants are under abiotic stresses. In addition, melatonin induces the
accumulation of TAA via NO and, as a result, affects the formation of
adventitious roots in tomato seedlings (Xie et al., 2022). Melatonin
also regulates the transport and distribution of auxin, in turn
promoting the formation of adventitious roots in tomato plants
(Wen et al., 2016).

Melatonin has been widely shown to promote plant growth and
photosynthetic activity under salt stress (Wang et al., 2016; Figure 2).
Melatonin greatly reduced the decrease in chlorophyll a (Chl a),
chlorophyll b (Chl b), and total chlorophyll (Chls) contents caused by
salt stress, and promoted the net photosynthetic rate (Pn) and
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carboxylation efficiency (CE), showing that it can alleviate
chlorophyll degradation caused by salt stress in plants (Kudoh and
Sonoike, 2002; Yin et al, 2019). Previous studies found that the
contents of Chl a, Chl b, and Chls were much higher in plants treated
with melatonin than in untreated plants, indicating that melatonin
facilitated both chloroplast gene expression and protein content
turnover to promote the accumulation of chlorophyll content (Suo
etal., 2015; Siddiqui et al., 2019). Melatonin can act as an antioxidant
agent, reducing ROS activity and, as a result, inhibits chlorophyll
degradation (Ma et al., 2018; Figure 2). There are studies that indicate
that melatonin reduces the degradation of chlorophyll by down-
regulating the expression of chlorophyll degradation-related genes
during methyl jasmonate-induced senescence (Wang et al., 2019).
However, more studies are needed to identify the various genes and
measure gene expression involved in reducing chlorophyll
degradation in various plants under abiotic stresses.

Interaction of melatonin with nitric oxide

It is essential to study the physiological responses of crops
regulated by the interactions between melatonin and NO to ensure
higher yields of these crops. Melatonin and NO affect several
physiological processes, such as root growth, mitigation of iron
deficiency, and aging (Kaya et al., 2020; Figure 3). The interactions
between the two compounds regulate many genes involved in
hormone synthesis and, as a result, change the levels of
phytohormones (Zhu et al., 2019; Singhal et al.,, 2021). Interactions
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between melatonin and NO have recently been identified under
(Arnao and Hernandez-Ruiz, 2018). A
previous study demonstrated that melatonin triggers the endogenous

conditions of plant stress

accumulation and synthesis of NO, which acts as an antioxidant and
regulates other plant defense mechanisms (Okant and Kaya, 2019).
The G protein-coupled receptor, as a melatonin receptor, mediates
hydrogen peroxide (H,0,) signaling transduction, which is in turn
involved in melatonin-induced stomatal closure in Arabidopsis plants
(Wei et al,, 2018; He and He, 2020). An example of this is melatonin
promoting the production of NO in tomato plants when they were
exposed to alkaline stress. In this situation, NO could be a
downstream signal that plays an crucial role in the tolerance
enhanced by melatonin in tomato plants grown under alkaline
stress (Liu et al, 2015). Melatonin, together with NO, promotes
plant growth and physiological function. The current review
suggests that the mechanism of melatonin’s interaction with NO in
plants under abiotic stress is still not clearly understood, and the
various genes activated as a result of that interaction have not yet
been identified.

@

The interactive role of melatonin with nitric oxide (NO) in mitigating abiotic stress. The application of melatonin in tomato plants enhances NO content
NO further triggers antioxidant enzymes activity in plants, which shows resistance to abiotic stress and enhances root growth, iron deficiency, aging, and
the expression of synthesis genes. In addition, G protein as a melatonin receptor enhances root growth, iron deficiency, aging, and the expression of
synthesis genes mediates hydrogen peroxide (H,O,) signaling transduction that is involved in a melatonin-induced stomatal closure in Arabidopsis.
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Melatonin regulated the transport and
distribution of auxin

Previous studies of the relationship between melatonin and auxin
have focused on their chemical similarity (Arnao and Hernandez-
Ruiz, 2021). Melatonin promotes growth by increasing the
concentration of IAA, synthesis of IAA, and polar IAA transport
(Wang et al., 2016; Figure 4). Various studies have also identified the
ability of melatonin and auxin to regulate root and shoot growth and
to promote photosynthesis in a similar way (Tan et al., 2019; Mao
et al, 2020). A study of plants under drought stress showed that
melatonin encouraged the plants to produce more TAA, which helped
to increase plant growth and yield. During the maturity stage, the
concentration of melatonin decreased, and the increase in IAA
concentration was negligible (Ahmad et al., 2022). This decrease in
TAA concentration seen in plants in the later growth stages is due to
the decreased demand for IAA (Jia et al., 2020). Another similar study
showed that the content of IAA decreased from the early growth to
the maturity stages in plants under drought stress. Thus, it is

Drought
stress

7
elatonin

Maturity stage —‘_ Photosynthesis
Exogenous Melatonin Boost up auxin Yield
S —

FIGURE 4

The interactive role of melatonin with auxin (IAA, indole-3-acetic acid) in mitigating the effects of drought stress. The application of melatonin increases
IAA content in plants. Melatonin and IAA promote plant photosynthetic activity in the same way. When plants are under drought stress, melatonin

interacts with IAA at the maturity stage, and increases plant growth and yield.
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conceivable that plants need higher levels of IAA during seedling
growth. Plants require certain hormones during their growth and
development. Melatonin boosts the TAA levels in plants, and TAA
plays an indispensable role in the growth of plants and their
development from germination to maturity.

TABLE 1 Published examples of melatonin in mitigating abiotic stress in
various crops.

Response of plants

Abiotic . .
etrace treated with melatonin  References
under abiotic stress
i Liu et al.,
Rice Increased salt tolerance
2020
Cao et al.,
Tobacco Increased salt tolerance
2006
Castanares
Salt stress
Melon Increased salt tolerance and Bouzo,
2019
Limonium .
bicol. Increased salt tolerance Li et al.,, 2019
icolor
Grapevine Increased salt tolerance Xu et al,, 2019
Drought Corn Increased drought tolerance Li et al,, 2021
stress Apple Increased drought tolerance Li et al, 2015
Hernande:
Arabidopsis Increased heat tolerance e t_L
Heat et al., 2015
stress
Wang et al.,
Tomato Increased heat tolerance 6 ¢
2018
Posmyk et al.,
Corn Increased cold stress tolerance ‘
2009b
Kolodziejczyk
Cucumber Increased cold stress tolerance yezy
Cold et al., 2016
stress . . Shi et al.,
Arabidopsis Increased cold stress tolerance
2015b
Bermuda Khalid et al.,
Increased cold stress tolerance
grass 2022
Zeng et al.,
Wheat Increased heavy metal tolerance 5
2022
Hasan et al.,
Tomato Increased heavy metal tolerance
Heavy 2019
metal
Yin et al.,
stress Arabidopsis Increased heavy metal tolerance 12022
Maharajan
Rice Increased heavy metal tolerance Jat
et al,, 2022
Malus Wei et al.,
. Increased UV stress tolerance
hupehensis 2019
Other Nawaz et al.,
Mediterranean Increased UV stress tolerance
stresses 2022
Nawaz et al.,
Alpine species Increased UV stress tolerance 3“;0;2 ’

UV, ultraviolet light.
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Salinity

Publishedexamples of melatonin mitigating abiotic stresses in
various species of cropplants are shown in Table 1. Salt stress
decreased chlorophyll content and photosynthetic activity and
enhanced ROS activity and photoperiod regulation (Yin et al,
2019). Melatonin improved thegrowth of green bean seedlings
under salt stress, increased photosynthetic activity, and mitigated
the oxidative damage caused by ROS by improving antioxidant
defense systems in plants (Hasanuzzaman et al, 2020; Elsayed
et al,, 2021). Multiple studies indicate that melatonin plays a vital
role in adaptive responses to salt stress in various plant species (Chen
et al,, 2018; Liang et al.,, 2018). However, most of these studies are
observational and the findings have not been supported by
physiological and molecular research (Liu et al, 2020). In rice,
melatonin enhanced salt stress by enabling K' retention (a vital
component of plant tissue tolerance mechanisms) in the roots of
plants, and by enabling the process that required Oryza sativa (OS)
respiratory burstoxidase homolog F (OsRBOHF)-dependent ROS
signaling to trigger stress-responsive genes, which in turn increased
the expression of K™ uptake transporters (particularly OsHAKS5) in the
tips of roots (Liu et al., 2020). Potassium is an essential element for
plant growth and development, and its reduction has been observed
under salt stress (Chen et al.,, 2018; Liu et al., 2019). These results
correspond with the findings of Huang et al. (2019), who reported
that NaCl-induced respiratory burst oxidase homolog (RBOH)-
mediated production of H,O, may be essential for stress signaling
and plant adaptation to saline stress. However, studies on the role of
OsRBOHF-dependent ROS signaling in the activation of stress-
responsive genes and increased expression of K uptake
transporters in the root tip of plants are lacking, as they have not
been conducted on a large variety of plants under abiotic stresses. In
addition, further research should focus on identifying responsive genes
from OsRBOHF-dependent ROS signaling to increase the uptake of K+
transporter ions in the root tips of different crops under various stresses
(Yu et al.,, 2018).

Melatonin also promotes ethylene biosynthesis, and the
application of melatonin was found to strongly induce MYBI08A
and ACSI genes during grape berry ripening (Xu et al,, 2017). The
MYBI08A and ACSI genes, which perform their function as
transcription and essential genes that participate in the production
of ethylene, were induced by the application of melatonin (Dong et al.,
2011). ACS genes are considered a significant target under abiotic
stresses to regulate ethylene production in plants. The salt-responsive
gene VviACSI has been identified as being responsible for ethylene
production in plants (Xu et al., 2019). In addition, the ACSa and ACS!
genes are significant in that they are considered a primary target for
salt tolerance in corn and tobacco (Cao et al., 2006; Lee and Back,
2016). Melatonin, combined with 1-aminocyclopropane-1-carboxylic
acid (ACC, an ethylene precursor), improved salt tolerance in
grapevine plants. In addition, ethylene production was involved in
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melatonin-induced salt tolerance (Xu et al., 2019). The mechanism and
function of MYB108A, ACSI, ACSa, and VviACSI genes in ethylene
production due to the melatonin induction under abiotic stresses in
different plants is largely unknown.

Drought

Drought stress negatively affects plants’ morphophysiological and
biochemical activity, leading to a decrease in crop yields (Singh et al.,
2015; Chen et al,, 2019). Drought stress is the cause of oxidative stress
and damages plant cells, and, via the higher accumulation of ROS,
decreases stomatal closure and photosynthetic activity, and results in
a deterioration of antioxidant defense systems. The accumulation of
ROS is considered a threat to the survival of plant cells as it leads to
electron leakage, lipid peroxidation, and subsequent membrane
injury, as well as damaged protein and nucleic acid contents
(Maksup et al,, 2014). To prevent this damage, plants have
developed various strategies to regulate their growth under different
environmental stresses (Kim and Kim, 2020). As a new plant growth
regulator, melatonin is thought to be involved in drought stress
responses (Zhang et al, 2015; Li et al, 2021). Drought stress
reduced morphological activity in plants, including that pertaining
to leaf size and the relative water conductivity of corn seedlings.
Meanwhile, both leaf size and relative water conductivity were
significantly enhanced by the application of melatonin (Li et al,
2021). A similar result was revealed by Ye et al. (2016), who reported
that melatonin improved the shoot dry weight and leaf size of corn
seedlings. In plants, physiological processes in leaves, such as
photosynthesis, respiration, and transpiration, are maintained by
stomata, the opening and closing of which are controlled by
complex signal transduction pathways and water balance. In the
presence of drought stress, plants regulate their cellular moisture
content by regulating stomatal closure and reducing their
transpiration rate. However, the density of stomata significantly
increases with the contraction of guard cells, and deteriorates under
drought stress (Xue et al, 2021). In general, the application of
melatonin has shown resistance against the deterioration of stomata
cells and increased its length and width under drought stress in corn
(Lietal, 2021). The contrasting results in the study by Li et al. (2015),
however, demonstrated that drought stress did not reduce stomatal
cell density in apples. Nevertheless, the exogenous supply of
melatonin maintained high turgor pressure and kept the stomata
open. The difference in the findings might be because of the
differences in the regulatory mechanism of melatonin in different
plant species (Li et al., 2021). The present review demonstrates that
melatonin’s quantity, performance, and mechanisms of action differ
from plant species to plant species, but fewer morphophysiological
responses have been documented under drought stress in
different plants.

Heat stress
High levels of heat stress increase endogenous melatonin

concentrations and, thereby, enhance thermotolerance, because of
the potent antioxidant capacity of melatonin in plants (Liang et al.,
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2018; Ahammed et al,, 2019). A previous study on Arabidopsis plants
demonstrated that melatonin increased the seed germination rate
from approximately 30% to 39% under heat stress (Hernandez et al,,
2015). It has been confirmed by the correlation between the synthesis
of phytomelatonin and seed germination that phytomelatonin is
synthesized during the germination of cucumber seeds, and that its
synthesis peaks 14 hours after germination (Zhang et al, 2014).
Nevertheless, further research on various crops is still needed.
Melatonin improved germination capability by promoting soluble
sugar utilization and synthesis of new proteins, and increased amylase
and o-amylase activities in melon and Limonium bicolor seeds
(Castanares and Bouzo, 2019; Li et al., 2019). Recent research has
revealed the mechanisms by which melatonin significantly mitigates
the effects of heat stress on plant seeds. First, because of the high
potency of melatonin, it maintained high viability and germination
capacity (Hernandez et al., 2015). When plants are exposed to high
levels of heat stress, the activities of antioxidant enzymes, such as
superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT),
are increased (Wang et al., 2022), and melatonin inhibits the
accumulation of H,O, (Marta et al., 2016). Melatonin treatment
up-regulates genes, such as GA20ox and GA3ox, which are
involved in gibberellin (GA) biosynthesis. The content of GA,
particularly GA,, is also increased by melatonin. However,
unfortunately, melatonin down-regulates the expression of the
essential gene NECD2, which is mainly involved in ABA
biosynthesis (Zhang et al., 2014; Li et al., 2019). The mechanisms of
the up-regulation and down-regulation of gene expression should be
studied further in plant cells under heat stress.

Furthermore, heat stress can deteriorate the balance between
antioxidants, resulting in ROS accumulation and causing
peroxidative damage to cell membranes (Sun et al, 2021). The
exogenous application of melatonin in tomatoes and rice reversed
the adverse effects of heat stress on plant shoot and root growth
(Wang et al.,, 2018). Melatonin also reduced the damage caused by
heat stress by regulating redox homeostasis, and modulating NO and
polyamine biosynthesis in tomato seedlings (Jahan et al., 2019). In
Arabidopsis plants, the heat shock protein HSPy, and heat shock
factors (i.e., HSFA, and HSFA3,) contributed to the alleviation of
melatonin-mediated heat stress (Shi et al., 2015a). A study
demonstrated that HSPs prevented the cellular proteins of
tomatoes, grown under heat stress, from refolding or degrading
denatured proteins (Xu et al., 2016). Heat shock proteins (HSPs)
can isolate and store unfolded proteins. In addition, HSPs can act as
chaperones by protecting cells against stresses that can induce protein
denaturation and block protein aggregation, and by enhancing the
survival of cells and, in turn, of the cellular activity during high levels
of heat stress. However, our current understanding of how heat shock
proteins and heat shock factors relate to melatonin-mediated heat
stress is limited, and in need of further investigation.

Cold stress

Cold stress is one of the major abiotic stresses that reduces crop
growth and yield, especially in temperate zones and highly elevated
areas (Bhat et al., 2022). Plants exposed to cold stress experience
changes in various physiological, molecular, metabolic, and
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biochemical activities. Examples include variations in membrane
fluidity, metabolism homeostasis, and enzyme activity (Wu et al,
2022). Photosynthesis is a pivotal plant metabolism process, and one
that is highly sensitive to cold stress. This is because low temperature
hinders many major components of photosynthesis (Dahal et al,
2012). Chlorophyll content decreases under cold stress, leading to
chlorosis in leaves (Kaura et al.,, 2022). The chlorophyll content of
leaves provides important information about the effectiveness of
physiological processes in plants in plants (Gitelson et al., 2003).
Plants treated with melatonin had a higher concentration of
chlorophyll than non-treated plants under cold stress (Yang et al.,
2022). Plant growth at low temperatures induces the excessive
production or inefficient deactivation of ROS, such as H,O,,
superoxide anions (i.e., O, ), and hydroxyl radicals (i.e., OH),
which in turn can cause injury to plants (Ghaderian et al., 2015). In
addition, ROS accumulation causes the oxidation of proteins and
peroxidation of lipids within plant cells, resulting in reduced plant
growth (Nahar et al., 2015). For self-defense against oxidative injury
caused by ROS, plants have evolved effective antioxidant systems to
scavenge ROS, such as SOD, POD, and CAT, as well as non-
enzymatic antioxidants, including proline and glutathione (Erdal
et al., 2015; Ghaderian et al., 2015). Several studies have
demonstrated that exogenous melatonin can stimulate plant growth
in various plants, such as corn, and can promote the germination of
cucumber seeds under cold stress (Posmyk et al., 2009b;
Kolodziejezyk et al., 2016). In Arabidopsis plants, melatonin
modulates leaf senescence against cold stress (Shi et al., 2015b).
Melatonin applications enhance the resistance of Bermuda grass to
cold stress by improving cell membrane stability, and by regulating
photosynthesis and metabolic activity (Khalid et al., 2022). Melatonin
played a role as both a first-line defense and internal sensor of
oxidative stress in a study of different species of plants (Igbal and
Khan, 2022). For example, in barley, exogenous melatonin can
enhance photosynthetic carbon assimilation by improving the plant
antioxidant defense systems of organelles under cold stress (Li et al.,
2016). Therefore, the improved performance of primed seeds in terms
of seedling growth and germination might be the result of improved
antioxidant defense systems under cold stress (Cao et al., 2022).
However, an understanding of the growth of waxy corn and other
crop seeds primed with melatonin in response to cold stress is still
limited (Cao et al., 2022).

Heavy metal stress

Certain heavy metals, such as zinc (Zn), cadmium (Cd), iron (Fe),
and copper (Cu), are essential for plant growth and metabolism, but
their accumulation to higher levels can negatively affect plant growth
and yield. Heavy metal stress inhibits plant photosynthetic activity, the
activity of enzymes involved in the Calvin cycle, and carbohydrate
metabolism (Hasan et al, 2019). In addition, higher levels of ROS
accumulation during heavy metal stress inhibit root growth and
promote leaf senescence in turn, chloroplasts (Zeng et al, 2022).
Previous studies have demonstrated that plants treated with
melatonin can improve their growth and yield by improving their
morphophysiological activities under heavy metal stress conditions.
The production of endogenous melatonin in plants can be triggered by
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the application of exogenous melatonin which builds up heavy metal
tolerance (Menhas et al., 2022). Melatonin enhanced plant metabolism
and antioxidant enzymes activity, and triggered the ascorbate-
glutathione cycle to counteract the effects of heavy metal stress
(Moustafa-Farag et al., 2020). In wheat seedlings, exogenous
melatonin increased endogenous melatonin and, as a result,
enhanced root and shoot growth under cadmium (Cd) toxicity (Zeng
etal, 2022). The increase of endogenous melatonin mitigates cadmium
toxicity by balancing H,O, homeostasis and activating antioxidant
defense systems in wheat (Ni et al, 2018). Melatonin effectively
mitigated Cd toxicity by improving H'-ATPase activity and
phytochelatin and glutathione content, and by facilitating Cd
sequestration in tomato plant cells (Hasan et al., 2015). Melatonin
impacted sulfur metabolism, which plays an important role in plant
tolerance against Cd stress (Menhas et al., 2022). In tomatoes,
melatonin deficiency reduced the sulfur concentration and increased
the accumulation of cadmium (Hasan et al., 2019). The overexpression
of melatonin biosynthetic enzymes genes improved heavy metal stress
in Arabidopsis plants (Yin et al., 2022). Similarly, in rice, various gene
families, such as NRAMP, HMA, MTP, YSL, and ZIP, are involved in
heavy metal stress (Maharajan et al., 2022). These genes reduced the
uptake of heavy metals and accumulation in rice grains (Peris-Peris
etal, 2017). Several studies investigating the role of melatonin in plant
morphophysiological activity, antioxidant capacity, and biosynthetic
genes in various crops have recently been undertaken. However, the
role of melatonin in improving these activities, as well as the
transduction pathways of different genes in cotton, rice, and other
crops under heavy metal stress, is still unknown.

Other stresses

Ultraviolet (UV) radiations negatively effects plant growth and
development, andtheir intensity continuously increasing caused by
rapid ozone layer depletion. The higher levels of UV radiation can
substantially reduce crop productivity by hindering plant PSII,
photosynthetic activity, nucleic acids, and biomass accumulation
and portioning (Bera et al., 2022). Plants exposed to higher levels of
UV radiation have reduced expression and synthesis of key
photosynthetic proteins, such as chlorophyll a/b binding proteins
(Khudyakova et al., 2019). Melatonin plays a vital role in mitigating
the negative effects of UV radiation on crop productivity. It has been
demonstrated that exogenous melatonin in Malus hupehensis and
Nicotiana sylvestris plants facilitates the UV-induced damage to DNA
and UV radiation induced by ROS (Wei et al., 2019). Melatonin is
considered a potent antioxidant that protects plants against UV
radiation; it regulates the expression of various UV signaling
pathways, such as transcription factors RUP1/2, HY5, and HYH,
and the ubiquitin-degrading enzyme COP1 (Yao et al., 2021).
Exogenous melatonin improved the expression of RUP1/1, HY5,
HYH, and COP1, which perform a key role in the protection
against UV radiation (Hassan et al, 2022). Hence, melatonin
regulates antioxidant defense systems to prevent plants from the
negative impacts of UV stress (Yao et al, 2021). Endogenous
melatonin is substantially increased in Glycyrrhiza uralensis plants
when their roots are exposed to UV radiation, and as a result plant
DNA damage is reduced (Wei et al., 2019). Similarly, the
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accumulation of endogenous melatonin induces a tolerance response
to UV stress in Mediterranean and alpine species of plants (Nawaz
et al.,, 2022). Although limited research has demonstrated a role for
melatonin in UV stress tolerance (Hassan et al., 2022), more studies
are required to investigate the role of melatonin in regulating various
UV signaling pathways that are involved in mitigating the negative
effects of UV radiation in various crops.

Conclusions and future directions

The impact of abiotic stresses on plant development is considered
a significant threat to agricultural productivity. Plants adopt different
physiological, biochemical, and molecular responses to overcome the
negative effects of abiotic stresses (Ahmad et al., 2022b).
Phytomelatonin has potential to be used as a tool for reducing or
alleviating the adverse effects of abiotic stresses in various crops. The
exogenous application of melatonin is essential for plant growth and
development under abiotic stresses. Phytomelatonin plays a key role
in plant metabolism and the complex mechanism of plant function;
however, the role that melatonin plays in the underlying mechanisms
in plants grown under abiotic stress is still poorly understood.
Moreover, the interaction of melatonin with NO and with TAA/
auxin, and their responses to abiotic stresses, make for attractive
targets in molecular research. The relationship between melatonin
and NO regulates morphophysiological and biochemical activities by
way of the G protein-coupled receptor and synthesis genes.
Furthermore, the mechanism by which G protein regulates the
morphophysiological activity and the different genes involved in the
regulation by melatonin are still unclear. In addition, the interaction
of melatonin with auxin enhanced growth and physiological function
by increasing the levels of auxin, synthesis, and polar transport. In the
later growth stage, the content of auxin is decreased because of the
decreased melatonin concentrations in plants. To grow and achieve a
higher yield, plants need a continuous supply of IAA from sowing to
maturity. In the lateral growth stage, the effects of an exogenous
supply of melatonin, and the mechanism by which melatonin boosts
IAA levels in various crops, are still unknown.

Melatonin has an important role in regulating plant metabolism
and increasing yield under various abiotic stresses. In addition, the
OsRBOHEF-dependent ROS signaling that activated stress-responsive
genes in plants grown under abiotic stress enhanced the uptake of
potassium (K") transporter (OsHAKS5) in the roots. The potassium
transporter OsHAKS plays a vital role in potassium acquisition and
transport from root tissue to the shoots, especially in plants exposed
to low potassium concentrations, enhancing plant metabolism and
physiological function under salt stress. The mechanism of the K"
transporter OsHAKS5 and the activation of gene identification, which
are due to the OsRBOHF-dependent ROS signaling in various crops
under abiotic stresses, however, is poorly understood.

Ethylene in plants is considered a multifunctional phytohormone
that significantly improves plant growth and senescence. However,
the role of genes such as MYBI08A, ACSI, ACSa, and VviACS! in
ethylene production in different plants under various stresses is still
poorly understood.

In addition, serotonin plays a vital function in plants, acting as a
growth regulator and as a stress defense molecule. The relationship of
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melatonin with T5H genes in serotonin biosynthesis under abiotic
stress is still unknown in many plants.

Stomata density is closely associated with plant growth properties,
and photosynthetic activity is improved by melatonin application.
Stomatal cells undergo deterioration when plants are exposed to
drought stress (Salehi-Lisar and Bakhshayeshan-Agdam, 2016). In
contrast, no adverse effects on stomatal density were observed in
apple plants grown under drought stress (Li et al., 2015). The reason
for these different results might be that there are different signaling
pathways in different crops. The mechanisms of this phenomenon in
various crops are still poorly understood. These mechanisms need to
be further investigated under various stresses because the amount
performance, and mechanism of action of melatonin vary among
plant species.

It has been confirmed that, melatonin up-regulates GA20ox and
GA3ox, genes that are involved in GA biosynthesis and result in
increased GA, while down-regulating the NECD2, which is involved
in ABA biosynthesis. The role of melatonin in the up- and down-
regulation of genes involved in the biosynthesis of GA and ABA
under various abiotic stresses remains unclear.

The heat shock proteins of tomatoes protect the plants’ cellular
protein against heat stress due to refolding or degradation of
denatured proteins. However, the response and activity of heat
shock proteins and heat factors in plants with a melatonin supply
under abiotic stresses in different crops is still poorly understood.
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The germination of soybean (Glycine max L.) seeds is critically affected by abiotic
stresses which resulting in decreasing crop growth and yield. However; little is
known about the physiological mechanisms of germination and the potential
role of melatonin on soybean seed germination under drought, salt, cold, and
heat stresses. Therefore, the current study investigated the possible effects of
melatonin to enhance germination indices and other physiological attributes by
alleviating the harmful impacts of these stresses during germination. Seeds of
soybean were pre-treated (seed priming) with melatonin at MT1 (20 pmol L™),
MT2 (50 umol L), MT3 (100 pmol L™, MT4 (200 pmol L™, and MT5 (300 umol L
1) and exposed to the four stresses (drought at PEG 15%, salt at 150mM, cold at
10 °C, and heat at 30 °C) . It was noted that MT1 (20 umol L), MT2 (50 umol L™,
and MT3 (100 pumol L™) remarkably improved the germination potential,
germination rate, radical length, and biomass under given stresses.
Furthermore, MT1, MT2, and MT3 progressively increased the proline to
minimize the impact of drought, salt, cold, and heat stresses. In addition, all
stresses significantly induced oxidative damage however, salt (150 mM NaCl) and
heat (30 °C) stresses highly increased the malondialdehyde content (MDA) and
hydrogen peroxide (H202) as compared to drought (PEG 15%) and cold (10 °C)
stresses. Moreover, MT2 and MT3 significantly enhanced the activities of
antioxidant enzymes such as superoxide dismutase (SOD), catalase (CAT),
peroxidase (POD), and ascorbate peroxidase (APX) to reduce the oxidative
damage in soybean seeds during the germination. Overall, melatonin at 50
pmol Lt and 100 umol L'l considerably mitigated the harmful impacts of
drought, salt, cold, and heat stress by enhancing germination and other
physiological mechanisms of soybean. This study could provide bases to
enhance the melatonin-mediated tolerance of soybean and other related
crops at early growth stages when exposed to abiotic stresses.
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Introduction

Seed germination starts as dry seed absorbs water and ends as
radical protrudes from the seed coat, and it is a crucial stage of a
plant’s life cycle (Xiao et al.,, 2019). A series of metabolic, cellular,
and molecular events are usually involved in this complex process
for the successful establishment of crops at early growth stages
(Zhang et al., 2020). The seed germination stage is significantly
influenced by external environmental factors and is very sensitive to
abiotic stresses such as drought, salt, and low and high
temperatures. Therefore, this stage makes a strong interaction
between growth and the final yield of crops which refers to
economic and ecological importance (Weitbrecht et al,, 2011).
Abiotic stresses cause irregular seedling emergence and lead to
decrease in number of plants and final crop production (Okcu et al.,
2005). Changes in the germination indicators including
germination index (GI), germination potential (GP), and
germination rate (GR) could be considered for the evaluation of
abiotic stress tolerance during seed germination (Zhang et al,
2020). It has been reported that mechanical strength provided by
seed coat increases under stressful condition which directly inhibits
seed germination (Debeaujon et al., 2000). Abiotic stress condition
induces oxidative damage by increasing the excessive production of
reactive oxygen species (ROS) in the plant cell, resulting in cell
death. However, a complex antioxidant defense system efficiently
regulates the oxidative profile by enhancing the activities of
antioxidant enzymes such as superoxide dismutase (SOD),
catalase (CAT), peroxidase (POD), and ascorbate peroxidase
(APX), and reduces the impacts of stresses (Xiao et al., 2019).
Therefore, it is crucial to reduce the impacts of abiotic stresses on
seed germination for better seedling growth and crop yield.

Different conventional methods have been applied to lessen the
deleterious effects of abiotic stresses on seed germination and
radical emergence (Seleiman et al., 2021). Among them, seed pre-
treatment with biological substances, biomolecules, or
phytohormones could be important to enhance seed germination
and tolerance to abiotic stresses (Awan et al., 2021). Melatonin is a
biological molecule produced by L-tryptophan and performs a
variety of physiological functions in plants (Imran et al., 2021).
Recently, melatonin is being widely used by different researchers to
improve growth, productivity, and tolerance of plants under various
types of stresses and found beneficial for plants under normal and
stressful conditions (Wang et al,, 2018). The production of
endogenous melatonin is not enough and cannot significantly
reduce the impact of abiotic stresses due to high degree of
oxidative damage caused by over production of ROS (Fu et al,
2017). Melatonin eftectively regulates seed germination, growth and
development, and antioxidant profile in plants. Furthermore, the
impact of melatonin on seed germination is dose-dependent,
however; its pre-treatment usually promotes seed germination
and seedling emergence even under stressful conditions (Xiao
et al., 2019). Pieces of evidence reported that exogenous
melatonin reduced the malondialdehyde (MDA) content, H,O,,
oxygen radical, and electrolyte leakage in the seedlings under
stressful conditions (Bai et al., 2020; Wei et al,, 2022). Therefore,
the use of melatonin as a seed germination-promoting agent under
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stressful conditions could be crucial for crop growth
and development.

Soybean (Glycine max [L.] Merr.) is one of the most important
economical grain crops cultivated for oil and protein worldwide
(Papadaki et al., 2019; Zhao et al., 2021). Soybean roots have good
nitrogen fixation ability, which can reduce the excessive use of
fertilizer and is beneficial to the sustainable development of the
environment (Meena et al., 2018). Soybeans are used as a major
source of food and for feeding and have high economic value, high
content of protein and oil, minerals, nutrients, and vitamins (Yang
et al., 2018Db). Besides, soybean is also being used in intercropping
with maize and other crops to achieve the goal of safe and enough
production within the limited space (Yang et al., 2014; Yang et al.,
2018a) due to the increasing world population. The worldwide
production of soybean was reported 311.1 million tonnes in 2020
and estimated to reach 371.3 million tonnes in 2030, which
indicated 1.8% more growth rate as compared to 2010-2020
(Siamabele, 2021). According to a conducted survey, soybean
farming increased the agriculture business income by 37.77% and
household income by 18.87% in Indonesia (Roessali et al., 2019). In
2017, the total production of soybean was 14.3 million tonnes in
China and due to less land available for soybean cultivation, China
imported soybean about 95.5 million tonnes to fulfill the need of
soybean (Guo et al.,, 2021). This suggested that soybean farming
(increasing growth rate) could improve its production that can
increase the agriculture business income and household’s income in
China and could be important to economy of China. In addition,
the soybean intercropping with other crops usually creates a low-
light environment that could be a challenge to successful growth
and sufficient production of soybean because it also refers to a
stressful environment (Yang et al., 2017; Yang et al,, 2020).
However, soybean production hardly meets the needs of the
increasing global population. At the same time, unfavorable
environmental settings and a decrease in the germination
potential in terms of low germination rate due to abiotic stresses
negatively affect its early growth which leads to fatal disorders
(Zhang et al., 2020). Soybean is highly sensitive to drought, salt, and
heat stresses that inhibited seed germination, vegetative growth, and
physiological, and biochemical attributes (Zhang et al., 2020; Imran
etal, 2021). Abiotic stresses generally lead to reduce water supply to
seed or germinating seeds which results in slow metabolic processes
and inhibits or prolongs seed germination that negatively affects its
later growth stages (Bai et al., 2020). The protective role of
melatonin pre-treatment on soybean seed germination and
seedling growth under combination of abiotic stresses (drought,
salt, cold, and heat) is still unclear that needs to be investigated for
clear understandings.

Therefore, the present study was designed to investigate the
potential role of melatonin to mitigate the impact of abiotic stress
and promote seed germination of soybean. Moreover, how
melatonin can regulate the different physiological mechanisms
during seed germination of soybean under different types of
stresses is also crucial to be explored for future research work.
This is because, little is known about the pre-treatment (seed
priming) of melatonin on soybean seed germination, its
physiological profile, and antioxidant enzyme activities under
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drought, salt, cold, and heat stresses. Thus, the main objectives of
the current study were to investigate the role of pre-treatment of
melatonin on soybean seed germination indices, seedling growth,
degree of oxidative damage, activities of antioxidant enzyme
activities, and range of tolerance under drought, salt, cold, and
heat stresses

Materials and methods

Plat materials, treatments, and
growth conditions

The seeds of soybean (Glycine max [L.] Merr.) cultivar Nandou-
12 (ND-12) were used in this experiment and obtained from
Nanchong Academy of Agricultural Sciences, Sichuan Province,
China. Healthy and uniform size seeds of the soybean cultivar
“Nandou 12” were surface sterilized by following the method given
by (Awan et al., 2022). After that seeds were air-dried and subjected
to different melatonin (MT) treatments. Moreover, the melatonin
(molecular weight: 232.28) was purchased from Sigma Aldrich with
>99% purity. To make a stock solution of melatonin, the amount of
melatonin 0.232g powder was weighed and dissolved in an
appropriate amount of anhydrous ethanol. Later, deionized water
was added and made the final volume of the solution up to 100 mL
which gave 10,000 umol L', Further dilutions were carried out to
prepare different concentrations of melatonin as CK, MT1 (20 pmol
L), MT2 (50 umol L"), MT3 (100 umol L), MT4 (200 umol L),
and MT5 (300 pmol L), and seeds were dipped in the prepared
concentrations for 12 hours (pre-treatment). After that seeds were
air-dried at room temperature for 10 min and cultivated in petri
plates having moistened blotting paper. A total of 100 seeds were
cultivated for each treatment and placed petri plates in the growth
chambers under growing conditions of 8 hours at night and 12
hours a day.

Drought (PEQG), salt, cold, and heat
stress treatments

All the seed pre-treated with melatonin was separated into four
groups and exposed to these four stresses in petri plates. After
immediate cultivation of soybean seeds into petri plates, the 15%
PEG-6000 by dissolving in distilled water, and 150 mM NaCl by
dissolving in distilled water up to final concentration (150mM),
cold (10°C), and heat (30°C) were given to seeds. For PEG and
NaCl, 10 mL of solution was applied after every 24 hours to each
petri plate except for the control (CK). The germination of seeds
was observed and noted daily and after 7 days, the related
parameters were measured.

Germination indices

Germination indices including germination potential and
germination rate of soybean seeds were measured according to
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the method given by (Cao et al,, 2019; Chen et al,, 2020) under all
given treatments by using the following formulae;

Germination potential (%)
= number of seeds germinated at 3 days/ total no . of seeds

x 100

Germination rate (%)
= number of germinated seeds at 7 days/ total no . of seeds

x 100

Proline content and Electrolyte Leakage

Proline content was measured according to the method given by
(Bates et al., 1973) with slight modifications. The fresh radical
sample (0.5 g) from each treatment was homogenized with 3 mL of
3% (w/v) sulfosalicylic acid and centrifuged. The supernatant was
collected and 2mL of each glacial acetic acid and ninhydrin was
added to the supernatant and heated for 30 min at 100°C in a water
bath. Later, the mixture was placed in an ice bath to stop the
reaction. After cooling, the mixture was again centrifuged at 10,000
rpm for 5 min and absorbance of the mixture was measured at
520nm using a spectrophotometer. The proline content was
expressed as pmol g FW. Moreover, the electrolyte leakage (EL)
of fresh sample material was determined according to the method
described by (Chen et al., 2020).

Determination of malondialdehyde and
hydrogen peroxide

The MDA and H,O, were determined according to the
instructions of the kits (Solarbio, Beijing) as reported by (Gu
et al,, 2018; Zhao et al., 2018). In brief, 0.5 g of sample material
was ground with liquid nitrogen and extraction buffer was added to
it. Later, the reaction mixture was centrifuged at 12,000 g for 10 min
and the supernatant was collected. Finally, the MDA and H,O, were
determined as per manufacturer instructions.

Measurements of antioxidant
enzymes activities

The activities of antioxidant enzymes including superoxide
dismutase (SOD), catalase (CAT), peroxidase (POD), and
ascorbate peroxidase (APX) were measured by following the
instructions of antioxidant enzyme assay kits (Solarbio) as
reported by (Zhao et al,, 2018). In short, 0.5g of the sample was
ground in liquid nitrogen and extracted through an extraction
buffer. Later, the extraction mixture was centrifuged at 12, 000 g
for 10 min, and the supernatant was collected. The activities of
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SOD, CAT, POD, and APX were measured by using
a spectrophotometer.

Statistical analyses

All the data were analyzed by one-way analyses of variance
(ANOVA) using statistics 8.1. Data are the mean of triplicate per
treatment with standard deviation (mean * SD). The statistical
differences among different treatments were achieved by the least
significance difference (LSD) test. The level of significance was
considered at p < 0.05. The graphical figures of the present study
were generated by using Microsoft excel. Principal component
analysis (PCA) among various measured variables of soybean
under different types of stresses was achieved using “past” software.

10.3389/fpls.2023.1149873

Results

The results of the present study depicted that PEG, NaCl, Cold,
and Heat stresses remarkably declined the germination indices
including germination potential, germination rate, radical lengths,
and fresh and dry weights of germinated soybean seeds (Table 1).
However, different concentrations of melatonin differentially
improved the morphology and germination indices by reducing
the harmful effects of these four stresses (Figure 1). Furthermore,
PEG, NaCl, Cold, and Heat stress reduced the germination potential
by 33%, 36%, 36%, and 41% and germination rate by 30%, 27%,
29%, and 36% over the respective controls. The PEG stress
differently influenced the radical length and fresh and dry weight
of soybean seeds during germination on exposure to different
concentrations of melatonin. In addition, NaCl, Cold, and Heat

TABLE 1 Effect of different concentrations of melatonin on germination indices, radical length, and biomass of germinated soybean seeds under PEG,
NaCl, Cold, and Heat stress.

Treatments Germination Germination Radical
Potential (%) Rate (%) Length
(@)

PEG-stress CK 86.0 + 3.4a 86.0 + 3.4a 13.5 + 0.20a 0.71 + 0.008¢ 0.042 + 0.0022b
stress 57.3 +2.3d 60.0 + 2.6¢ 20.6 + 0.31f 0.73 + 0.012c 0.035 + 0.0013¢
MT1 (20uM) 71.7 + 2.6bc 75.0 + 1.7b 183 + 0.16e 0.72 + 0.005¢ 0.041 + 0.0011b
MT2 (50uM) 78.3 + 2.0ab 83.3 +2.3a 154 +0.17d 0.77 + 0.012b 0.043 + 0.0015b
MT3 80.6 + 2.9a 85.3 + 2.4a 21.9 + 0.28b 0.82 + 0.008a 0.049 + 0.0011a
(100uM)
MT4 70.1 + 2.1bc 70.6 + 2.6b 153 + 0.24c 0.78 + 0.006b 0.034 + 0.0015¢
(200uM)
MT5 65.0 + 3.0cd 74.6 + 2.1b 114 + 0.14c 0.72 + 0.006¢ 0.032 + 0.0018¢
(300uM)

NaCl-stress CK 86.0 + 3.4a 86.0 + 3.4a 13.5 + 0.20a 0.71 + 0.008¢ 0.042 + 0.0022ab
stress 55.0 + 3.4f 62.0 + 1.5d 10.9 + 0.20f 0.64 + 0.008b 0.032 + 0.0017¢
MT1 (20uM) 71.3 + 2.0cd 76.3 + 2.1b 14.5 + 0.20de 0.64 + 0.005¢ 0.036 + 0.0018bc
MT2 (50uM) 82.2 + 2.0ab 87.0 + 1.0a 13.8 + 0.03cd 0.68 + 0.003c 0.033 + 0.0022¢
MT3 76.0 + 2.6bc 77.6 + 2.4b 14.8 + 0.20b 0.74 + 0.005b 0.044 + 0.0019a
(100pM)
MT4 65.6 + 1.4de 71.6 + 2.0bc 12,6 + 0.12¢ 0.59 + 0.011a 0.035 + 0.0016¢
(200uM)
MT5 63 + 2.0e 68.0 + 1.7cd 10.7 + 0.21ef 0.49 + 0.012d 0.033 + 0.0018¢
(300uM)

Cold-stress CK 86.0 + 3.4a 86.0 + 3.4a 13.5 + 0.20b 0.71 + 0.008e 0.042 + 0.0022a
stress 54.6 + 2.4e 60.3 + 2.0e 3.9 +0.08d 0.38 + 0.014a 0.021 + 0.0016e
MT1 (20uM) 65.0 + 1.7cd 71.6 + 2.0c 4.4 +0.06a 0.42 + 0.005f 0.025 + 0.0011cd
MT2 (50uM) 70.3 + 2.9bc 72.6 + 2.3bc 4.7 +0.05b 0.47 + 0.011e 0.021 + 0.0014de
MT3 77.0 + 2.0b 79.3 + 2.6ab 5.1 +0.10a 0.52 + 0.032 + 0.0015b
(100uM) 0.008cd
MT4 63.0 + 2.8cd 64.6 + 1.7de 4.7 +0.03¢ 0.47 + 0.006b 0.027 + 0.0010c
(200uM)
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TABLE 1 Continued

Treatments Germination Germination Radical Fresh Dry
Potential (%) Rate (%) Length Weight (g) Weight ()
(cm)
MT5 60.7 + 2.1de 69.6 + 1.2¢d 42 +0.06d 0.4 + 0.008¢ 0.023 +
(300uM) 0.0010cde
Heat-stress CK 86.0 + 3.4a 86.0 + 3.4a 135 + 0.20e 0.71 + 0.008a 0.042 + 0.0022a
stress 50.3 + 1.8d 54.6 + 1.4d 39 +0.11b 029 + 0.017¢ 0.014 + 0.0017e
MT1 (20uM) 59.3 + 1.8¢ 64.0 + 1.0 5.1+ 0.12¢ 0.32 + 0.006e 0.018 + 0.0011de
MT?2 (50uM) 723 +2.1b 75.0 = 1.5b 62+021d 039 + 0.021 + 0.0029cd
0.008¢d
MT3 74.0 + 3.0b 81.6 + 1.4a 8.1+ 0.15a 0.48 + 0.005b 0.030 + 0.0012b
(100uM)
MT4 63.0 + 1.5¢ 66.0 + 1.5¢ 7.3 % 0.08d 0.40 + 0.008¢ 0.023 + 0.0012cd
(200uM)
MT5 70.3 £ 2.3b 73.6 + 2.3b 7.0 £ 0.12f 0.37 + 0.008d 0.024 + 0.0020c
(3004M)

Values are the means + SD (n=3). Different letters show a statistical significance level at p<0.05. Here, uM is indicating (umole L).

stress reduced the radical length by 19%, 71%, and 71% and dry In addition, the combined application of melatonin with PEG at
weight by 22%, 49%, and 65% as compared to the MTI1, MT2, MT3, MT4, and MT5 increased the germination
control, respectively. potential by 25%, 36%, 40%, 23%, and 13%, germination rate by

CK PEG MT1 MT2 MT3 MT4 MTS NaCl MT1 MT2 MT3 MT4 MTS

Drought (15% PEG) Salt (150 mM NaCl)

Cold MT1 MT2 MT3 MT4 MT5 Heat MT1 MT2 MT3 MT4 MTS

Cold (10 °C) Heat (30 °C)

FIGURE 1
Effect of different concentrations of melatonin on the morphological representation of soybean germination PEG (15%), NaCl (150mM), Cold (10 °C),
and Heat (30°C).
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25%, 38%, 42%, 17%, and 24%, over the PEG, respectively. The
applied concentrations of melatonin showed a progressive role
under NaCl, Cold, and Heat stresses. Moreover, the MT1, MT2,
MT3, MT4, and MT5 improved the germination potential by 29%,
49%, 38%, 19%, and 14%, germination rate by 23%, 40%, 25%, 15%,
and 9%, over the NaCl, respectively. Similarly, MT1, MT2, MT3,
MT4, and MT5 enhanced the germination potential by 19%, 28%,
40%, 15%, and 10%, germination rate by 19%, 20%, 31%, 7%, and
15%, over the Cold, respectively. In the same context, MT1, MT2,
MT3, MT4, and MTS5 increased the germination potential by 17%,
43%, 47%, 25%, and 39%, germination rate by 17%, 37%, 49%, 20%,
and 34%, over the Heat, respectively (Table 1). In addition, the seed
priming at different concentrations of melatonin differentially
impacted the fresh and dry biomass of germinated soybean seeds
under drought, salt, cold, and heat stresses. However, the optimized
concentrations of melatonin significantly improved the fresh and
dry biomass of germinated soybean seeds as shown in Table 1.

Among all treated concentrations of melatonin, the 20umol L™
(MT1), 50umol L' (MT2), and 100pmol L (MT3) showed
significant impacts on morphology and germination indices of
soybean seeds as compared to other concentrations under PEG,
NaCl, Cold, and Heat stresses. Therefore, we selected these three
concentrations of melatonin to carry out further analyses.

Proline is an important osmoprotectant that facilitates plants to
withstand stressful conditions (Bai et al., 2020). In the present study,
PEG, NaCl, Cold, and Heat stress increased the proline content by 27%,
39%, 18%, and 46% as compared to the respective control (Figure 2).
However, melatonin at 20umol L*, 50umol L, and 100umol L*
progressively improved the proline content under all these stresses and
maximum enhancement was noticed at 50 pmol L'* and 100 umol L.
Melatonin at 20 wmol L™, 50 mol L™ and 100 pumol L™ improved the
proline by 8%, 19%, and 31% over the PEG (Figure 2A), 6%, 16%, and
27% over the NaCl (Figure 2B), 11%, 25% and 26% over the Cold
(Figure 2C), 9%, 26% and 27% over the Heat (Figure 2D), respectively.
On the other hand, electrolyte leakage (EL) was found to be increased
due to PEG, NaCl, Cold, and Heat stress whereas, the application of
melatonin reduced EL under these stresses. The EL was found to
increase by PEG (151%), NaCl (178%), Cold (182%), and Heat (222%)
over the respective controls (Figure 3). Furthermore, 20 umol LY 50
umol L', and 100 pmol L™ decreased EL by 17%, 31%, and 33% over
PEG, 8%, 25%, and 23% over NaCl, 9%, 26%, and 22% over Cold, and
16%, 29%, and 30% over Heat stress, respectively. Overall, melatonin at
50 pmol L', and 100 pmol L' remarkably improved the proline and
reduced the EL under different types of abiotic stresses.

Moreover, oxidative damage in terms of MDA and H,O, was
found increased due to PEG, NaCl, Cold, and Heat however, melatonin
at different concentrations significantly reduced MDA and H,O, under
these stresses (Figures 4, 5). In the present study, PEG, NaCl, Cold, and
Heat stress increased the MDA content by 105%, 135%, 103%, and
152% as compared to the respective control (Figure 4). However,
melatonin at 20 umol L, 50 umol L, and 100 pumol L™ linearly
decreased the MDA content under all these stresses. Melatonin at 20
umol L', 50 pmol L™ and 100 umol L reduced MDA by 13%, 25%,
and 28% over the PEG (Figure 4A), 11%, 20%, and 25% over the NaCl
(Figure 4B), 12% 29% and 23% over the Cold (Figure 4C), 14%, 23%
and 24% over the Heat (Figure 4D), respectively. On the other hand,
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H,0, was also increased due to PEG, NaCl, Cold, and Heat stresses by
121%, 154%, 105%, and 162% over their respective controls.
Furthermore, 20 umol L™, 50 umol L, and 100 pmol L™ decreased
H,0, by 9%, 27%, and 37% over PEG, 8%, 27%, and 29% over NaCl,
10%, 31%, and 29% over Cold, and 12%, 27%, and 36% over Heat stress
respectively (Figure 5). Overall, melatonin at 50uM, and 100pM
remarkably reduced the MDA and H,0, (oxidative damage) under
different types of abiotic stresses.

In addition, the activities of antioxidant enzymes including
SOD, CAT, POD, and APX were found negatively regulated by
PEG, NaCl, Cold, and Heat stresses whereas melatonin positively
impacted these activities to reduce the effects of oxidative damage.
PEG and Cold increased the SOD by 72% and 6% as compared to
control; however, melatonin at different levels progressively
improved the SOD activity under PEG and Cold (Figure 6).
Moreover, NaCl and Heat decreased the SOD activity by 9% and
5% over the control. In contrast, melatonin at 20 wmol L™, 50 tmol
L', and 100 wmol L increased the SOD by 14%, 30%, and 47%
over NaCl (Figure 6B), and 27%, 32% and 60% over Heat stress
(Figure 6D) respectively. Furthermore, CAT activity was found to
improve due to melatonin under all these stresses (Figure 7).

The melatonin at 20 umol L, 50 umol L, and 100 umol L*
enhanced the CAT activity by 0.3%, 50%, and 36% over PEG, 17%,
40%, and 67% over NaCl, 14%, 30%, and 54% over Cold, and 19%,
54%, and 58% over Heat. In the same line, the POD activity was
differentially regulated by PEG, NaCl, Cold, and Heat stress however,
progressively increased due to different concentrations of melatonin
under all the stresses (Figure 8). PEG and cold decreased the POD
activity whereas; NaCl and Heat increased the POD activity as
compared to the control. Besides, melatonin at 20 pmol L, 50 wmol
L, and 100 wmol L increased the POD activity by 5%, 15%, and 19%
over PEG (Figure 8A), 8%, 30%, and 27% over NaCl (Figure 8B), 2%,
30%, and 34% over Cold (Figure 8C), and 42%, 67%, and 78% over
Heat (Figure 8D). In addition, the APX activity was also found to
increase due to PEG, NaCl, Cold, and Heat stresses, and different levels
of melatonin further boosted the APX activity under these stresses
(Figure 9). Melatonin at 20 umol L, increased the APX activity by
22%, 14%, and 24% over the NaCl, cold, and heat stresses respectively.
Furthermore, 50 ptmol L' increased the APX by 22%, 69%, 36%, and
73%, and 100 umol L' by 49%, 70%, 51%, and 64% over the PEG,
NaCl, Cold, and Heat, respectively. Overall, the melatonin at all levels
improved the activities of SOD, CAT, POD, and APX but 50 pmol L'
and 100 umol L significantly impacted antioxidant enzymes activities
under these stresses.

The loading plots of principal component analysis (PCA)
evaluated the impact of drought, salt, cold, and heat stresses and
exogenous melatonin on different parameters of soybean seeds
during germination (Figure 10). Among all the components, the
two components i.e. component 1 and component 2 covered almost
90-95% of whole dataset that made the largest portion of all
components. The component 1 distributed about 50.67% and
component 2 distributed about 42.12% (Figure 10A), component
1 distributed about 50.71% and component 2 distributed about
37.64% (Figure 10B), component 1 distributed about 59.20% and
component 2 distributed about 37.06% (Figure 10C), and
component 1 distributed about 62.93% and component 2
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distributed about 35.14% (Figure 10D), of whole dataset. All the
measured parameters were dispersed in the dataset of these

two components.

Discussion

Soybean is an important leguminous crop and a major source of
plant protein for humans, and animals intake it as an essential grain,
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oil, and feed (Yang et al., 2018b). Global production of soybean is
facing major challenges to meet the increasing demand of the
world’s population. Climatic changes are critical and devastating
factors to decrease the growth and production of plants (Chaudhry
and Sidhu, 2022). The most sensitive and crucial stage of plant
growth is seed germination (Patane et al., 2016). However, abiotic
stresses including drought, salt, cold, heat, and heavy metals
negatively affect the germination of seeds by influencing the
internal metabolic and physiological processes (Sethy and Ghosh,
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2013; Cao et al,, 2019). This is because a stressful environment leads
to reduce water intake and energy supply to seeds, negative
regulation of ROS, osmoprotectants, antioxidant defense system,
and hormonal balance (Shu et al., 2018; Sharma and Zheng, 2019).
In the same context, the present study suggested that 15% PEG,
150mM NaCl, 10°C cold, and 30°C heat strongly inhibited the
germination of soybean seeds.

Besides, different plant growth regulators have been widely used
to treat seeds before sowing to improve resistance against abiotic

stresses and promote germination (Liang et al., 2018; Bai et al,
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2020). Among them, melatonin is being widely used to enhance
growth and other physiological attributes of different crops and
showing remarkable results under normal stressful conditions
(Wang et al, 2018). Naturally, melatonin is synthesized by L-
tryptophane which is an essential amino acid and is also used for
protein biosynthesis (Arnao and Hernandez-Ruiz, 2014). Therefore,
under normal and stressful conditions proteins stabilize the various
metabolic functions of cells including plants and animals. Previous
studies have reported positive and beneficial effects of melatonin
under normal and stressful conditions in different plants (Sharma
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). Our study depicted that lower concentrations of
melatonin remarkably improved the germination potential (GP),
germination rate (GR), radical length (RL), fresh weight (FW), and
dry weight (DW) however; higher concentrations did not show
remarkable improvements under abiotic stress conditions. Previous
studies revealed that melatonin at 100 uM improved the
germination indices of cotton (Gossypium hirsutum L.) and wheat
(Triticum aestivum L.) under PEG and heat stress ( ;

), 20 uM under salt stress ( ), and 5-
20 uM under cold stress in Stevia rebaudiana ( ). It
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is suggested that melatonin crosstalk with ABA and GA, helps in
breaking seed dormancy, facilitates more water uptake, and
activates secondary messengers to enhance GP, GR, and GI, and
the successful establishment of seedlings under abiotic stresses
( ;

concentrations of melatonin are not beneficial at all because

). Furthermore, the higher

sometimes it becomes the cause of growth inhibition that
depends upon the type of species and duration of melatonin
treatment ( ). Thus, the above presented literature

is in line with the findings of the present study.
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Generally, PEG, NaCl, cold, and heat lead to the generation of
excessive production of ROS, and MDA content as lipid
peroxidation, and increase the electrolyte leakage which results in
the decrease of germination and early growth of seedlings (Chen
et al, 2020; Awan et al, 2021). However, melatonin has been
reported to counteract H,O, and reduce MDA content and EL in
response to abiotic stresses (Wang et al., 2018; Seleiman et al., 2021).
For example, melatonin inhibited the excessive production of ROS
and MDA, and deceased the EL that cause oxidative damage in
tomato (Solanum lycopersicum L.) and maize (Zea mays L.) under
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chilling stress (Liu et al., 2015; Cao et al., 2019), in tomato (Solanum
lycopersicum L.) under heat stress (Jahan et al., 2019), in cotton
(Gossypium hirsutum L.) under drought and salt stresses (Bai et al.,
2020; Chen et al., 2020). It has been reported that H,O, is associated
with embryo elongation during seed germination and melatonin
effectively and positively regulates its content directly or indirectly
inside the cells (Zhang et al., 2014b; Bai et al., 2020). Basically, at the
beginning of seed germination, a series of physiological processes
take place including absorption of water, activation of various
enzymes and hormones, membrane repair activities, and
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degradation of storage substances inside the seeds (Hegarty, 1978;
Ma et al., 2017). So, abiotic stresses lead to inhibition or slow down
these mechanisms and cause oxidative damage whereas melatonin
positively regulates internal homeostasis by reducing secondary
stresses caused by drought, salt, chilling and heat (Bai et al., 2020;
Cao et al,, 2022). Similarly, our results showed that all four stresses
dramatically increased the H,O,, MDA, and EL whereas; melatonin
at 50 wmol L™ and 100 umol L™ considerably decreased the H,O,,
MDA content, and EL under the drought, salt, cold, and heat
stresses in soybean which are consistent with previous findings as in
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tomato (Solanum lycopersicum L.), wheat (Triticum aestivum L.),
chickpea (Cicer arietinum L.), pepper (Capsicum annuum L.), rice
(Oryza sativa L.), and cotton (Gossypium hirsutum L.) (Cao et al.,
2019; Jahan et al., 2019; Bai et al., 2020; Buttar et al., 2020; Korkmaz
et al,, 2021; Raza et al, 2022) Based on these observations, an
optimal level of melatonin could effectively reduce the
overproduction of ROS, MDA, and decrease EL in terms of
oxidative damage and provide protection by activating defensive
system; however, this phenomenon might be dose-, time duration-,
stage-, and species-dependent (Raza et al.,, 2022).
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The accumulation of protective substances/osmoprotectants
plays a crucial role in maintaining internal stability and
protecting cells from abiotic stress damage ( ).
Melatonin has been reported to increase the accumulation of

), salt (
), and heat stress (

proline in response to drought (
), cold (

), and enhanced the germination and early seedlings growth

( ). The present study showed that abiotic stresses

accelerated the level of proline whereas; the application of

melatonin progressively increased the level of proline during seed

Frontiers in

germination under these stresses. These results suggested that
melatonin can positively regulate the osmotic substances inside
the cells and enhance the drought, salt, cold, and heat stress
tolerance. Pre-treatment of melatonin at lower concentrations of
1-100 uM increased proline in cotton under drought (

), in tomato under salt ( ), in maize under
chilling (
Se-stress, and in strawberry (Fragaria x ananassa) under heat stress

), and in brassica (Brassica napus L.) under

( ). Mainly, proline is involved in ROS
detoxification, protecting membrane integrity, cell organelles, and
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osmotic adjustments (Hosseinifard et al., 2022). Thus,
accumulation of proline via pre-treatment of melatonin could
increase resistance against abiotic stresses.

Furthermore, plants possess a complex defensive mechanism to
inhibit the excessive production of ROS and reduce oxidative
damage (Ahammed et al, 2020; Bai et al., 2020; Khan et al,
2023). This defensive system is composed of different antioxidant
enzymes including SOD, CAT, POD, and APX that perform a
variety of defensive functions (Khan et al., 2020). SOD is considered
the first line of defense that can convert O* to H,0,, which is

Frontiers in Plant Science

further converted to water and oxygen through CAT (Li et al., 2017;
Rizwan et al., 2019). The SOD and POD are important antioxidants
that can readily eliminate ROS from cells and protect cell
membrane stability from lipid peroxidation (Xiao et al, 2019).
Pre-treatment of melatonin has been reported to activate the
defense system by increasing the activities of antioxidant enzymes
that scavenge the radicals and minimize the oxidative damage in
response to stressful conditions (Zhang et al., 2014a; Sharif et al,
2018; Bai et al., 2020; Mushtaq et al., 2022). In the present study,
drought and heat stress decreased the activities of antioxidant
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enzymes which might be due to overproduction of ROS and strong
oxidative damage as found in previous studies (Zeng et al.,, 2022).
Moreover, pre-treatment of melatonin progressively enhanced the
activities of antioxidant enzymes and maximum enhancement was
observed at MT2 and MT3 in response to all stresses. These findings
suggest that melatonin increases the tolerance of soybean seeds by
reducing oxidative damage under drought, salt, cold, and heat
stresses. Our findings are consistent with previous studies that
reported the pre-treatment of melatonin at 1-100 uM improved
the activities of SOD, CAT, POD, and APX in cotton under drought

Frontiers in Plant Science

and salt stress (Bai et al., 2020; Chen et al., 2020), alfalfa (Medicao
sativa L.), barley (Hordeum Vulage L.), and corn under cold stress
(Li et al.,, 2016; Cao et al., 2019; Irshad et al., 2021), wheat and
strawberry under heat stress (Buttar et al., 2020; Manafi et al., 2022).
Pieces of evidence revealed that melatonin can enter the seeds
through the seed coat as a result of seed priming and regulate the
various physiological mechanisms inside the seed including,
activation of internal hormonal signaling, stimulation of
secondary metabolites, and regulate the sugar metabolism that is
responsible for early germination under normal and stressful
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The Loading plots of principal component analysis (PCA) of different measured parameters of soybean seed germination at different concentrations
of melatonin under drought (A), salt (B), cold (C), and heat (D) stress. The abbreviations used in the plots are as follows; germination potential (GP),
germination rate (GR), fresh weight (FW), dresh weight (DW), proline (Pro), electrolyte leakage (EL), malondialdehyde (MDA), hydrogen peroxide
(H,0,) superoxide dismutase (SOD), catalase (CAT), peroxidase (POD), and ascorbate peroxidase (APX). Here, uM is indicating (umole L.

condition (Bai et al., 2020; Zhang et al, 2020). Furthermore,
melatonin has been reported to positively regulate the internal
ROS level of seed which is crucial to stimulate the breakage of seed
dormancy and resulting in seed germination under stressful
conditions (Arnao and Hernandez-Ruiz, 2014; Bai et al., 2020).
Based on the previous literature and findings of the present study, it
is suggested that seed pre-treatment with melatonin can efficiently
promote the seed germination of soybean and can potentially
alleviate the deleterious effects of abiotic stresses including
drought, salt, cold, and heat. Lower concentrations of melatonin
at MT1, MT2, and MT3 perform significant functions in improving
the germination, proline accumulation, and activities of antioxidant
enzymes, and reducing the oxidative damage in terms of ROS,
MDA, and EL as compared to higher concentrations under stressful
condition. Similarly, present study depicted that seed priming with
melatonin reduced oxidative stress in terms of H,O,, MDA, and EL,
and enhanced the activities of SOD, CAT, POD, and APX under
different abiotic stresses which promoted the early germination and
improved the germination responses in soybean. In addition, the
effects of melatonin on seed germination, early seedlings growth,
and other physiological attributes are dependent on the type of
abiotic stress, species, type of plants, growth stage, and duration of
stresses (Raza et al,, 2022). It can be concluded that melatonin
shows variable positive effects under different types of stresses.
Thus, further molecular and transcriptome studies would be
required to explore the melatonin-mediated metabolic pathways
and important genes that are responsible to enhance soybean
tolerance against abiotic stresses during germination.
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Conclusion

Abiotic stresses including drought, salt, cold, and heat lead to an
increase in the oxidative damage by increasing the H,0,, MDA, and
EL which results in membrane damage and other secondary stresses
in soybean seeds during germination. Pre-treatment of soybean
seeds with melatonin differentially regulated and positively
improved the germination indices and other physiological
processes. Pre-treatment of melatonin at 20 pumol L™, 50 umol L’
!, and 100 umol L' was found significant in improving germination
potential, germination rate, radical length, fresh weight, and dry
weight of soybean seed germination however, remarkable
alleviation of abiotic stresses was noticed at 50 wmol L™ and 100
umol L. Both these levels significantly increased the activities of
antioxidant enzymes such as SOD, CAT, POD, and APX,
osmoprotectant (proline), and decreased oxidative damage under
abiotic stresses in soybean seed germination. The present study
suggests that these specific concentrations of melatonin (50 wmol L’
' and 100 pmol L") can positively enhance seed germination and
improve tolerance against the given level of drought, salt, cold, and
heat stresses. Furthermore, molecular bases with detailed regulatory
networks of physiological and biochemical mechanisms in the seeds
of different crop plants are needed to be further explored before the
field implication. Besides, this study provides the valuable bases for
the protective and successful germination of soybean with improved
tolerance against abiotic stresses however; future studies are
required to deeply understand the melatonin-mediated stress
tolerance mechanisms in different crops during germination.
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The interactions between nitric oxide (NO) and melatonin in alleviating sodium
chloride (NaCl) toxicity in plants are poorly comprehended. Here, the
associations between the exogenous application of melatonin and
endogenous NO levels in inducing tomato seedlings’ defense response during
NaCl toxicity were investigated. The results indicated that the application of
melatonin (150 puM) increased height (23.7%) and biomass (32.2%), improved
chlorophyll (a (137%) and b (92.8%)), and proline metabolisms, and reduced the
contents of superoxide anion radicals (49.6%), hydrogen peroxide (31.4%),
malondialdehyde (38%), and electrolyte leakage (32.6%) in 40-day-old tomato
seedlings grown under NaCl (150 mM) treatment. Melatonin increased the
antioxidant defense system in NaCl-stressed seedlings by increasing the
activity of the antioxidant enzymes. Melatonin also improved N metabolism
and endogenous NO content in NaCl-stressed seedlings by upregulating the
activity of enzymes implicated in N assimilation. Furthermore, melatonin
improved ionic balance and reduced Na content in NaCl-exposed seedlings by
upregulating the expression of genes involved in K/Na ratio homeostasis (NHX1-
4) and increasing the accumulation of mineral nutrients (P, N, Ca, and Mq).
However, the addition of cPTIO (100 uM; an NO scavenger) reversed the
beneficial impacts of melatonin, indicating the effective function of NO in
melatonin-induced defense mechanisms in NaCl-stressed tomato seedlings.
Therefore, our results revealed that melatonin improves the tolerance of
tomato plants during NaCl toxicity by mediating internal NO.
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1 Introduction

Tomatoes (Solanum lycopersicum L.) are an important
industrial crop that is susceptible to a variety of environmental
stresses. As one of the most important environmental stresses, water
or soil salinity is increasingly a serious menace to crop production
(Ghorbani et al., 2021; Hao et al., 2021). Unless effective
management measures are implemented, roughly 50% of
agricultural lands are anticipated to suffer from salt stress by 2050
(Wang et al., 2022). Excess sodium (Na™) in irrigation water or soil
inhibits photosynthesis, absorption of essential nutrients, and
protein synthesis, resulting in serious disruptions in plant vital
metabolism, development, and yield (Shabala and Pottosin, 2014).
Salt-stressed plants maintain potassium (K*) and Na* homeostasis
through a variety of mechanisms. Sodium/hydrogen antiporters
(NHXs) in the tonoplast regulate the homeostasis of cellular cations,
modulate stomatal function, and maintain cellular pH through
sequestering Na and adsorbing K into vacuoles (Bassil and
Blumwald, 2014). The NHX family includes six members (NHX1-
6) in maize and rice and eight members (NHX1-8) in Arabidopsis
(Khan et al., 2018). NHX1-4 isoforms were specified in tomato that
are implicated in the accumulation of K in vacuoles, with the NHX1
and NHX2 transporters being the most significant (Galvez et al,
2012). Furthermore, NaCl toxicity can lead to the overproduction of
reactive oxygen species (ROS) and damage to various cellular
organelles. These destructive effects induced by salinity are
reduced by the cellular antioxidant defense system, such as
antioxidant enzymes (e.g., peroxidases, catalase, and glutathione
reductase), by diminishing the accumulation of free radicals (Li
et al., 2017; Ghorbani et al., 2018b).

Melatonin is a plant-synthesized indoleamine that has been
discovered to have crucial functions in root and shoot development,
seed germination, and circadian growth rhythms (Murch and Erland,
2021). Melatonin also improved plant adaptation to biotic and abiotic
stresses such as low temperature (Qari et al,, 2022), high temperature
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(Byeon and Back, 2014), cadmium toxicity (Kaya et al, 2019), and
salinity (Ghasemi-Omran etal,, 2021). It has been shown that melatonin
treatment can maintain ionic homeostasis in apple and maize plants
during salinity stress (Li et al., 2012; Jiang et al., 2016). In addition,
melatonin has been indicated to be involved in the adjustment of
phytohormones and signaling molecules such as gibberellin, hydrogen
peroxide (H,0O,), nitric oxide (NO), and abscisic acid in NaCl-exposed
plants (Zhang et al., 2021; Liu et al,, 2015; Liang et al., 2015). NO has a
vital function in plant stress responses as a redox signaling molecule.
Melatonin has been demonstrated to modulate plant adaptation to
different stresses through interaction with NO metabolism (Fancy et al.,
2017; Yan et al.,, 2020; Feng et al,, 2021). Liu et al. (2015) showed that
melatonin reduced the levels of H,O,, free toxic radicals, and
malondialdehyde (MDA) and improved the activities of catalase
(CAT), ascorbate peroxidase (APX), and superoxide dismutase (SOD)
during sodic alkaline toxicity via interaction with NO. Yan et al. (2020)
suggested that the application of melatonin by inducing nitrate reductase
(NR)-synthesized NO up-regulated the H+-pump activity of the vacuole
membrane and plasma membrane and, consequently, maintained K*/
Na* balance in rice under NaCl stress.

Apart from the outstanding defensive effects of NO and
melatonin on the induction of plant adaptation under
environmental stress, there is no accurate information on the
regulatory role of melatonin treatment on NO metabolism in
NaCl-stressed tomatoes and/or the function of melatonin and NO
interaction in the molecular mechanisms of K/Na hemostasis in
tomato plants. Accordingly, we examined the regulation of NO
metabolism by melatonin as well as the cross-talk between NO and
melatonin in the expression of NHXs transporters and the
adjustment of K*/Na™ balance in tomato plants during NaCl
toxicity. In addition, the effects of melatonin and NO interaction
on chlorophyll and proline metabolism, the antioxidant machinery,
and ionic homeostasis in tomato leaves were investigated under
salinity conditions. The findings of this study may provide a new
physiological basis for further elucidating the regulatory
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mechanisms of NaCl toxicity tolerance in tomato plants induced by
the melatonin-NO interaction.

2 Material and methods
2.1 Plant materials and treatments

The surface-sterilized seeds (5% NaClO for 5 min) of tomato
(Solanum lycopersicum var. Super 2270) were germinated in plastic
trays containing autoclaved peat moss (Ghorbani et al.,, 2022). The 20-
day-old tomato seedlings were assigned to hydroponic boxes comprising
nutrient solution (1/2-strength Hoagland solution, pH 6.0) (Hoagland
and Arnon, 1941). Nutrition solutions (Hoagland solution only and
Hoagland solution containing NaCl, melatonin, and cPTIO treatments)
were renewed every 3 days. Tomato seedlings were grown in growth
chambers with a temperature of 25/22°C (14/10 h) day/night, 275 + 25
umol/m?/s fluorescentlight, and 60% humidity. The following treatments
of NaCl (150 mM), melatonin (150 uM), and 2-(4-carboxyphenyl)-4,4, 5,
5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO, 100 uM, as an NO
scavenger) were added to 27-day-old seedlings (7 days after transfer to
hydroponic medium): (i) control; only nutrient solution, (ii) melatonin
150 uM; (iii) melatonin 150 UM + cPTIO 100 uM; (iv) NaCl 150 mM; (v)
NaCl 150 mM + melatonin 150 uM; (vi) NaCl 150 mM + cPTIO 100 puM;
(vii) NaCl 150 mM + melatonin 150 uM + ¢PTIO 100 pM. NaCl
concentration was obtained from the results of previous research
(Ghorbani et al, 2018a), and melatonin and cPTIO concentrations
were obtained based on preliminary experiments. Fourteen days after
the start of various treatments, the plants were collected and held at -80°C
(Ghorbani et al., 2020). Five independent replicates (three replicates for
gene expression) were used for sampling for each trait.

2.2 Photosynthetic pigments and
Fv/Fm index

The procedure of Lichtenthaler (1987) was applied to determine
the content of chlorophyll a, chlorophyll b, and carotenoids using
an acetone (80%) solution and readings at 460, 645, and 663 nm.
After matching the leaves in the dark for 20 min, the Fv/Fm was
detected with a PAM fluorometer (PAM 2500, Walz).

2.3 5-Aminolevulinic acid (ALA) and proline

The leaf content of ALA was specified by estimating the
production of porphobilinogen from ALA at 550 nm, as defined by
Harel and Klein (1972). The Bates et al. (1973) procedure was
employed to specify the contents of proline by sulfosalicylic acid and
readings at 520 nm.

2.4 Hydrogen peroxide (H,0,), superoxide
anion, and malondialdehyde (MDA)

The procedure of Velikova et al. (2000) was used to appraise the
content of H,O, using thiobarbituric acid (TCA, 1%) and reading at
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390 nm. Superoxide anion radicals were quantified using an
extraction solution containing Tris-HCl buffer (50 mM, pH 6.5),
nitrobluetetrazolium (0.2 mM), NADH (0.2 mM), and sucrose (250
mM) and readings at 530 nm, as expressed by Achary et al. (2012).
After homogenization of fresh tomato leaves in trichloroethanoic
acid (10%) and 2-thiobarbituric acid (0.65%) and recording the
optical densities at 532 and 600, the leaf content of MDA was
estimated following the procedure previously explained by Heath
and Packer (1968).

2.5 Determination of nitric oxide (NO)
content and electrolyte leakage (EL)

The procedure of Zhou et al. (2005) was used to specify the
internal level of NO in the leaves using the Griess reagent and the
detection of nitrate (NO*") at 540 nm. After preparing the leaf
pieces and rinsing them with distilled water, the leaf pieces were
placed in tubes containing distilled water on a shaker for 24 hrs.
After recording the electrical conductivity (EC1), the tubes were
autoclaved at 120°C for 20 min, and then EC2 was recorded.
Electrolyte leakage was achieved as per Dionisio-Sese and Tobita
(1998): EL (%) = (EC1/EC2) x 100.

2.6 Extraction and assay of enzymes

An extraction solution including potassium-phosphate buffer
(100 mM, pH 6.8), ethylenediaminetetraacetic acid disodium salt
dehydrate (5 mM), N-vinylpyrrolidinone (2%, w/v), and 0.5% TX-
100 was operated to homogenize tomato leaf. After centrifugation,
the supernatants were utilized to assess the activity of enzymes
(Polle et al., 1994).

The leaf activities of SOD, CAT, glutathione reductase (GR),
and APX enzymes were obtained by following the procedures
previously reported by Foyer and Halliwell (1976); Dhindsa and
Matowe (1981); Aebi (1984), and Nakano and Asada (1981).

The leaf activities of nitrite reductase (NiR), nitrate reductase
(NR), glutamyl synthetase (GOGAT), and glutamine synthetase
(GS) were quantified by Sawhney and Naik (1973); Boland and
Benny (1977); Planchet et al. (2005), and Washitani and Sato
(1977), respectively.

The procedures formerly described by Jain and Gadre (2004);
Costa et al. (2005); Sumithra et al. (2006), and Charest and
Phan (1990) were employed to quantify the activities of ALA
dehydratase (ALAD), chlorophyllase (Chlase), proline
dehydrogenase (ProDH), and Al-pyrroline-5-carboxylate
synthetase (P5CS) enzymes, respectively.

2.7 Chemical analyses

The PFP7 model flame photometry (Jenway, Stone, UK) was
operated to measure calcium (Ca*'), magnesium (Mg>*), and
chloride (CI7) ions in leaves and the concentrations of Na'" and
K" ions in leaves and roots. The phosphomolybdate blue (Murphy
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and Riley, 1962) and Kjeldahl (1883) methods were used to assess
the leaf concentrations of phosphorus (P) and nitrogen
(N), respectively.

2.8 Gene expression

The Qiagen RNeasy kits were employed to extract total RNA
from leaves and roots, following the manufacturer’s instructions.
Superscript reverse transcriptase (Invitrogen) and SYBR green PCR
master mix (Applied Biosystems) were utilized for cDNA synthesis
and qPCR reactions, respectively. The primers for target genes
(Table S1), NHX1-4, and Actin (the reference gene) were designed
with the Primer3 program. The relative transcript level of the target
genes was estimated as per the 2! method with three technical
replicates (Livak and Schmittgen, 2001).

2.9 Statistical analysis
Data analysis was achieved by SAS 9.1, and the results are
displayed as mean + SD (n = 5; n = 3 for gene expression). The data

were computed employing a one-way ANOVA, and the mean
differences were specified as per the LSD test (p < 0.05).

3 Results
3.1 Growth and photosynthetic traits
The results displayed that the application of NaCl (150 mM)

remarkably decreased the height (29.2%) and the total dry weight
(37.1%) compared to control plants. In the absence of NaCl

10.3389/fpls.2023.1135943

treatment, melatonin (150 UM) treatment did not have a
significant effect on the growth and biomass. Regardless,
melatonin caused a significant enhancement in height (23.7%)
and total dry weight (32.2%) of tomato plants versus plants in the
presence of salinity alone. In addition, when cPTIO (100 uM, a NO
scavenger) was applied in the presence of melatonin and NaCl,
plant height and biomass were decreased compared to their
controls (Table 1).

Salinity treatment decreased the levels of chlorophyll a, b, and
carotenoids by 65.3, 59.6, and 45%, respectively, over control plants
(Table 1). In NaCl-exposed plants, melatonin significantly restored
the levels of chlorophyll a, b, and carotenoids by 137.2, 92.8, and
66.4%, respectively, over salinity treatment alone. Nevertheless, in
plants simultaneously treated with salt and melatonin, cPTIO
significantly decreased photosynthetic pigments (Table 1). NaCl
and NaCl+cPTIO treatments significantly reduced Fv/Fm values by
25.9 and 27.4%, respectively, over control plants. Regardless,
exogenous use of melatonin improved Fv/Fm values in seedlings
exposed to NaCl and NaCl+cPTIO by 23.3 and 7.1%, respectively,
over their control treatments (Table 1).

3.2 Metabolism of chlorophyll and proline

In comparison to the control, NaCl- and NaCl+cPTIO-treated
plants had a significant decrease in ALA content. The greatest drop
was observed at NaCl+cPTIO treatment. However, melatonin
supplementation significantly raised leaf accumulation of ALA in
plants treated with salinity and salinity+cPTIO by 50.5 and 18.4%,
respectively, compared to their controls (Figure 1A). Compared with
control plants, the application of NaCl and NaCl+melatonine
treatments significantly enhanced the leaf level of proline by 4.2-
and 5.6-fold, respectively. Regardless, cPTIO application diminished

TABLE 1 Height, total dry weight, chlorophyll a, chlorophyll b, carotenoids, and Fv/Fm value in tomato seedlings treated with melatonin (150 pM) and

cPTIO (100 pM) under NaCl (150 mM) treatment.

Height Total dry weight

(cm) (9)

gFW)

Chlorophyll a (mg/

Chlorophyll b (mg/ Fv/Fm

gFW)

Carotenoids (mg/
gFrw)

CT 20.70 + 3.40 +0.18* 225 +0.11% 0.933 + 0.127° 0.630 + 0.046%° 0.544 + 0.014*
0.87°°

M 21.83 + 3.46 +0.13* 2.23 + 0.09° 0.950 + 0.092° 0.643 + 0.050* 0.549 + 0.012°
0.75

M + cPTIO 20.00 + 3.04 + 0.14° 212 +0.13° 0.907 + 0.084* 0.650 + 0.041% 0.524 + 0.012°
0.82°

S 14.63 + 2.14 + 0.08¢ 0.78 + 0.09° 0.377 + 0.035% 0.347 + 0.035° 0.403 + 0.011°
0.55¢

S+M 18.10 + 2.83 +0.12¢ 1.85 +0.09° 0.727 + 0.055" 0.577 + 0.035" 0.497 + 0.012°
0.63¢

S + cPTIO 13.90 + 2.00 + 0.10¢ 0.64 + 0.06° 0.310 + 0.020¢ 0.313 + 0.025¢ 0.395 + 0.012°
0.40°

S+ M+ 1610 + 2.20 + 0.07¢ 1.02 + 0.08° 0.453 + 0.035° 0.420 + 0.031° 0.423 + 0.010¢

cPTIO 0.364

The same letters in each column display no significant differences at the p < 0.05 based on the LSD test (means + SD, n = 5), CT, control; M, melatonin; S, salinity.
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FIGURE 1

The leaf contents of minolevulinic acid (ALA, A) and proline (B), and the leaf activities of aminolevulinic acid dehydratase (ALAD, C), chlorophyllase
(Chlase, D), pyrroline-5-carboxylate synthetase (P5CS, E), and proline dehydrogenase (ProDH, (F) enzymes in tomato seedlings treated with
melatonin (150 pM) and cPTIO (100 puM) under NaCl (150 mM) treatment. Different letters in each column show significant differences at the p < 0.05
based on the LSD test (means + SD, n = 5), CT, control treatment; M, melatonin; S, salinity

proline accumulation in the leaves of plants subjected to NaCl and
NaCl+melatonine compared to their control (Figure 1B).

NaCl and NaCl+cPTIO treatments significantly downregulated
the activity of ALAD by 39 and 46.5%, respectively, and upregulated
Chlase by 2.1- and 2.2-fold, respectively. However, the exogenous
application of melatonin significantly enhanced the activity of
ALAD and declined the activity of Chlase in seedlings treated
with NaCl+cPTIO and NaCl over their control (Figures 1C, D).

The application of NaCl and NaCl+cPTIO treatments increased
the activity of P5CS and downregulated the leaf activity of ProDH
over control. Regardless, melatonin enhanced the activity of both
P5CS and ProDH enzymes over seedlings treated with NaCl
+cPTIO and NaCl alone (Figures 1E, F).
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3.3 Antioxidant defense machinery

NaCl and NaCl+cPTIO treatments significantly increased the
levels of H,O, by 96.5 and 109.3% and superoxide anion by 172.8
and 192%, respectively, over control plants. However, melatonin
lessened the leaf accumulation of H,O, by 31.4 and 12.5% and of
peroxide anion by 49.6 and 11% in NaCl and NaCl+cPTIO-stressed
plants, respectively, compared to their controls (Figures 2A, B). A
significant enhancement was observed in the accumulation of MDA
at NaCl and NaCl+cPTIO treatments over control, with the highest
boost being seen under the NaCl+cPTIO treatment. In both NaCl
and NaCl+cPTIO-subjected plants, the supplementation of
melatonin significantly lessened MDA accumulation compared to
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FIGURE 2

The leaf contents of hydrogen peroxide (H,O,, A), superoxide anion radical (B), malondialdehyde (MDA, C), and electrolyte leakage (EL, D) in tomato
seedlings treated with melatonin (150 uM) and cPTIO (100 uM) under NaCl (150 mM) treatment. Different letters in each column show significant
differences at the p < 0.05 based on the LSD test (means + SD, n = 5), CT, control treatment; M, melatonin; S, salinity

their controls (Figure 2C). When tomato seedlings were treated
with NaCl and NaCl+cPTIO, electrolyte leakage from leaves
increased significantly by 82.2 and 91.8%, respectively, over the
control. Melatonin application significantly decreased EL (32.6%) in
NaCl-stressed plants but did not induce a significant reduction in
NaCl+cPTIO-treated plants (Figure 2D).

When tomato seedlings were exposed to NaCl and NaCl
+cPTIO treatments for 14 days, the activity of CAT, SOD, GR,
and APX in the leaves was significantly upregulated over control
plants. Regardless, melatonin increased the activity of antioxidant
enzymes in both NaCl and NaCl+cPTIO-treated plants compared
to their controls (Figures 3A, B).

3.4 Nitrogen metabolism

When tomato seedlings were subjected to NaCl toxicity, the level
of NO was 46.2% higher than that of control seedlings. In NaCl-
stressed plants, the exogenous use of melatonin alone and
simultaneously with cPTIO enhanced NO content by 47.3 and
15.7%, respectively, compared to NaCl-exposed plants alone.
Regardless, cPTIO treatment did not induce a significant effect on
NO content (Figure 4A). NaCl treatment alone and simultaneously
with cPTIO upregulated NR activity by 94.9 and 80.3% and NiR
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activity by 45.4 and 25.2%, respectively, over control plants.
However, melatonin application further enhanced the activity of
both NR and NiR enzymes in NaCl- and cPTIO+NaCl-treated plants
compared to their control treatments (Figure 4B). The activitis of GS
and GOGAT displayed significant increases under NaCl and cPTIO
+NaCl treatments compared to control, with the highest boost found
in NaCl-stressed seedlings. In both NaCl- and cPTIO+NaCl-treated
plants, melatonin application significantly enhanced the leaf activity
of GS and GOGAT enzymes over their control ones (Figures 4C, D).

3.5 Mineral nutrients

NaCl treatment alone and simultaneously with c¢PTIO
significantly declined the leaf concentrations of P by 51.3 and
54.4%, N by 39.7 and 43.2%, Ca by 37.7 and 39.7%, and Mg by
48.6 and 50.5%, respectively, over their control. The addition of
melatonin caused a further boost in the leaf concentrations of P, N,
Ca, and Mg in both NaCl- and c¢PTIO+NaCl-treated plants
(Table 2). A 100 and 40% enhancement in the leaf level of ClI was
observed in NaCl- and NaCl+melatonine-treated plants,
respectively, over control. However, cPTIO application caused a
further enhancement in the leaf concentration of Cl in both NaCl-
and NaCl+melatonin-treated seedlings over their control (Table 2).
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FIGURE 3

The leaf activities of catalase (CAT, A), superoxide dismutase (SOD, A), ascorbate peroxidase (APX, B), and glutathione reductase (GR, B) enzymes in
tomato seedlings treated with melatonin (150 pM) and cPTIO (100 uM) under NaCl (150 mM) treatment. Different letters in each column show
significant differences at the p < 0.05 based on the LSD test (means + SD, n = 5), CT, control treatment; M, melatonin; S, salinity.

3.6 Expression of NHX genes

The results showed that NaCl and NaCl+cPTIO treatments
significantly enhanced the relative expression of the NHXI gene in
the leaves and roots of tomato seedlings, with the highest level of NHX1
transcription found in NaCl-stressed seedlings. In both NaCl and NaCl

+cPTIO treatments, melatonin application significantly enhanced
NHX1 mRNA levels in root and leaf tissues compared to their
, B). NaCl and NaCl+melatonin
treatments enhanced the mRNA level of the NHX2 gene in roots by
5.6- and 6.4-fold and in leaves by 2.3- and 5.4-fold, respectively, over
control. In both root and leaf tissues, cPTIO

control treatments (
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FIGURE 4

The leaf content of nitric oxide (NO, A) and the leaf activities of nitrate reductase (NR,
glutamyl synthetase (GOGAT, D) enzymes in tomato seedlings treated with melatonin

B), nitrite reductase (NiR, B), glutamine synthetase (GS, C), and
(150 uM) and cPTIO (100 uM) under NaCl (150 mM) treatment

Different letters in each column show significant differences at the p < 0.05 based on the LSD test (means + SD, n = 5), CT, control treatment; M,

melatonin; S, salinity
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TABLE 2 The leaf concentration of mineral nutrients in tomato seedlings treated with melatonin (150 pM) and cPTIO (100 uM) under NaCl (150
mM) treatment.

CT 1.95 £ 0.09a 13.92 £ 0.31a
M 194 +0.12a 14.02 £ 0.27a
M + cPTIO 1.89 + 0.10a 13.84 £ 0.27a
S 0.95 + 0.14¢ 8.39 + 0.26¢
S+M 1.55 + 0.11b 10.53 + 0.27b
S + cPTIO 0.89 + 0.12¢ 7.91 + 0.18d
S+ M + cPTIO 1.01 £ 0.13¢ 8.84 + 0.28¢

10.45 + 0.24a 6.79 £ 0.24a 7.46 + 0.22¢
10.49 + 0.27a 6.74 + 0.24a 7.38 £ 0.22¢
10.55 + 0.28a 6.86 + 0.31a 7.43 +0.19¢
6.51 + 0.25cd 3.49 + 0.25cd 14.93 + 0.31b
9.44 + 0.31b 5.49 + 0.30b 10.45 + 0.19d
6.30 + 0.27d 3.36 £ 0.23d 15.74 £ 0.24a
6.93 + 0.31c 3.93 +0.20c 14.08 + 0.28¢

The same letters in each column display no significant differences at the p < 0.05 based on the LSD test (means + SD, n = 5), CT, control treatment; M, melatonin; S, salinity.

downregulated the expression level of NHX2 in plants treated with
NaCl and NaCl+melatonin (Figures 5C, D).

The relative expression of the NHX3 gene was significantly
enhanced in the roots and leaves of seedlings exposed to NaCl and
NaCl-melatonin over control. The highest upregulation was
recorded during NaCl+melatonin treatment. In root and leaf,
cPTIO application significantly increased the mRNA level of
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FIGURE 5

NHX3 in NaCl and NaCl+melatonin treatments compared to
their control (Figures 6A, B). A significant upregulation in the
relative expression of the NHX4 gene was found in the roots and
leaves of tomato seedlings under NaCl treatments alone and
simultaneously with ¢cPTIO over the control. In the roots,
melatonin application significantly increased the relative
expression of NHX4 in plants subjected to NaCl and NaCl
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(100 uM) under NaCl (150 mM) treatment. Different letters in each column show significant differences at the p < 0.05 based on the LSD test (means

+ SD, n = 3), CT, control treatment; M, melatonin; S, salinity.
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+cPTIO over controls. Melatonin, on the other hand, had no effect
on the mRNA level of NHX4 in NaCl- and NaCl+cPTIO treated
plants (Figures 6C, D).

4 Discussion

The results showed that NaCl treatment lessened the height and
biomass of tomato seedlings, which is in line with earlier declared
results on tomato (Ghorbani et al., 2018a), rice (Yan et al., 2020),
and cotton (Zhang et al., 2021). NaCl stress has been shown to
disrupt various metabolic pathways in plants by interfering with
water status and nutrient uptake (Abdelaziza et al., 2019; Ghorbani
et al,, 2019). Interestingly, melatonin-induced mitigation of NaCl
stress was evident through endogenous NO content, verified by the
use of cPTIO (a NO scavenger), indicating an inhibition of
melatonin-induced impacts in the presence of NaCl toxicity. The
beneficial impacts of the exogenous application of melatonin on
improving the growth and biomass of various plants have already
been documented (Li et al., 2017; Chen et al., 2018; Alharbi et al.,
2021). Our results confirm evidence of an interaction between
melatonin and NO signaling in diminishing NaCl toxicity in
tomato seedlings.

The application of melatonin induced a positive impact on the
metabolism of photosynthetic pigments during NaCl toxicity, as
evidenced by an increase in ALA accumulation associated with a
subsequent upregulation in ALAD activity. The ALAD enzyme is
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required for the formation of pyrrole compounds by combining two
ALA molecules, which is a crucial precursor for chlorophyll
production (Killiny et al.,, 2018). It has been shown that high levels
of ALA under stressful conditions can have positive impacts on
biomass, the antioxidant defense system, and osmotic regulation
under environmental stress (Wu et al., 2019). Moreover, melatonin
diminished the chlorophyll degradation process in NaCl-stressed
plants by downregulating Chlase activity, which may have
protective effects on the performance of the photosynthetic
apparatus during NaCl stress. Decreased expression of the Chlase
gene by melatonin has been earlier documented by Weeda et al.
(2014). The positive effect of melatonin on chlorophyll metabolism in
NaCl-stressed plants can be caused by reducing oxidative stress and
improving the activity of enzymes involved in chlorophyll
metabolism (Liu et al., 2020), as well as improving ionic
homeostasis and providing more Mg and Fe elements (Yan et al,
2020). However, cPTIO reversed the beneficial impacts of melatonin
on chlorophyll metabolism, indicating the regulatory role of
melatonin-mediated NO in modulating chlorophyll metabolism
during NaCl stress. Additional examinations are needed to specify
the exact role of melatonin and its interaction with NO in the
biosynthesis of intermediates and chlorophyll metabolism.

It has been shown that the accumulation of osmoregulatory
compounds such as proline under environmental stresses maintains
ROS scavenging, cellular osmolality, redox homeostasis, and the
function of bio-macromoleculars in plants, and is a significant help
in improving plant adaptation in stressful conditions (Ghorbani
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et al.,, 2018a). NaCl toxicity enhanced the leaf content of proline by
decreasing ProDH activity and enhancing P5CS activity, which can
be described by putative water stress caused by salinity, as
confirmed by Jiang et al. (2021) and Ghorbani et al. (2018a).
Guan et al. (2020) revealed that upregulating the expression and
activity of enzymes involved in proline biosynthesis (P5CS)
increases proline accumulation and, as a result, improves plant
adaptation to NaCl toxicity. Melatonin, by modulating enzymes in
proline metabolism, provoked a further enhancement in proline
in tomato leaves under NaCl stress, which can play a key function in
enhancing plant adaptation. Similarly, Jiang et al. (2021) showed
that melatonin, by increasing the proline content, protected the
photosynthetic apparatus and improved the biomass of the cotton
plant during salinity. As a result, employing cPTIO, melatonin-
mediated proline metabolism was reversed, confirming the
important regulatory function of melatonin-induced NO in the
regulation of proline metabolism.

One of the serious damages induced by salinity stress is the
excessive production of ROS (H,0, and superoxide anion) in
plants, which causes serious oxidative damage to important cell
components, including biomembranes and the induction of EL.
Plants have machinery to balance the endogenous level of toxic free
radicals. The NaCl treatment increased the accumulation of toxic
compounds such as superoxide anions and H,0,, resulting in
increased MDA and EL, which indicate the induction of oxidative
stress in tomato seedlings. NaCl toxicity-induced oxidative stress in
tomato (Yin et al., 2019) and stevia (Ghasemi-Omran et al., 2021)
plants has also been previously documented. Salinity stress disrupts
the function of the photosynthetic apparatus and induces an
imbalance between the production and consumption of electrons,
causing the transmission of excess electrons to the oxygen molecule
and the generation of ROS (AbdElgawad et al., 2016). However,
melatonin effectively increased the activity of antioxidant enzymes,
thereby reducing the level of ROS and protecting the
biomembranes. The helpful impacts of melatonin on the
antioxidant machinery and the decline of oxidative stress under
salinity stress have already been confirmed by Li et al. (2017) and
Jiang et al. (2021). Sun et al. (2021) indicated that melatonin
upregulated the expression of antioxidant genes, such as SOD,
CAT, APX, and GR, by enhancing the internal contents of NO
and, as a result, reduced oxidative stress and enhanced plant
biomass under salinity, which is in accordance with the findings
of this research. Arora and Bhatla (2017) indicated that melatonin-
mediated antioxidant defense in sunflower plants during salinity
was dependent on NO. The addition of cPTIO prevented the
beneficial impacts of melatonin on the antioxidant machinery,
exhibiting the critical function of melatonin-caused internal NO
in augmenting the defense system of NaCl-stressed tomatoes.

Key enzymes involved in N and NO metabolism (GOGAT), GS,
NiR, and NR) play a crucial function in plant adaptation during
environmental stresses (Chen et al., 2021). Melatonin significantly
increased the leaf activity of enzymes in N assimilation and the leaf
content of NO in NaCl-exposed seedlings, which can effectively
improve the tolerance of tomato seedlings. Similar results have
already been documented by Talaat (2021) and Ma et al. (2021). An
increase in melatonin-induced N metabolism can improve N uptake
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and transfer between source and sink parts, thereby accelerating the
transfer of nutrients between different plant organs under salinity stress
(Talaat, 2021). Melatonin was shown to upregulate the expression of
NiR, NR, GS, and GOGAT genes, which significantly enhanced the
adaptation of the plant during stress (Liang et al., 2018). Due to the
high sensitivity of GS and GOGAT enzymes to oxidative stress,
increasing their activity under melatonin treatment can be due to the
melatonin-caused alleviation of oxidative stress (Bose and Howlader,
2020; Zhao et al, 2021). However, cPTIO reduced the activity of
enzymes in N assimilation in melatonin-treated plants, indicating the
induction of melatonin-mediated N metabolism through the internal
NO content under salinity.

Depolarization of the plasma membrane resulting from the
influx of Na ions into the cell causes a continuous efflux of K from
the cell under salinity stress, which results in a drop in the ratio of
K/Na and, consequently, serious damage to vital cell processes
(Shabala et al., 2006; Munns and Tester, 2008). NaCl treatment
enhanced the accumulation of Na and declined the accumulation of
K in the leaf and root of tomato seedlings, which was associated
with a decrease in the K/Na ratio. Similar results of reducing the K/
Na ratio in tomato (Ghorbani et al.,, 2019) and rice (Yan et al., 2020)
have already been shown. Melatonin effectively reduced Na uptake
and transport to the leaves, which maintained K homeostasis and
increased the K/Na ratio under NaCl stress. Yan et al. (2020) in rice
and Jiang et al. (2016) in maize plants under salt stress reported
similar effects of melatonin’s regulatory role in diminishing Na
uptake and improving the ratio of K/Na. Melatonin also diminished
the translocation of Na to the leaves under salinity, which could be
due to decreased Na loading in the xylem (Yan et al., 2021). A report
showed that melatonin maintained K homeostasis and improved
plant tolerance under salinity by alleviating oxidative stress and
regulating K transporters, including HAKS5 (Liu et al., 2020). NaCl
treatment also reduced the concentration of nutrient minerals (P,
N, Mg, and Ca) in the leaves, which could be due to oxidative stress-
induced damage to biomembranes, as well as disruption of
membrane potential due to the entry of excessive Na levels into
the cellular cytoplasm (Ghorbani et al, 2019; Yan et al.,, 2021).
Melatonin significantly improved the concentration of mineral
nutrients in NaCl-stressed seedlings, which could result in the
reduction of toxic radicals and the stabilization of cell membranes
(Liu et al., 2020). The helpful impacts of melatonin on maintaining
ionic homeostasis under salinity have been earlier confirmed by
Zahedi et al. (2021) and Alharbi et al. (2021). Thus, melatonin
improves plant growth and biomass under salinity stress by
maintaining ionic homeostasis and reducing Na uptake.
Numerous studies have shown that NO treatment effectively
reduces Na uptake, improves K/Na, and increases the uptake of
mineral nutrients in plants under salinity stress (Zhang et al., 2006;
Wang et al, 2009; Hasanuzzaman et al., 2021). The inductive
impacts of melatonin on the maintenance of ionic balance and
the reduction of Na uptake in cPTIO-treated plants were reversed,
indicating that the impacts of melatonin improvement on the
maintenance of ionic homeostasis are achieved through NR-
mediated NO production.

Salinity stress increases the entry of Na into the cell cytoplasm,
which, by damaging cytosolic enzymes, causes a serious disruption
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in the vital processes of the plant (Fukuda et al., 2011). Therefore,
regulating the cytosolic concentrations of Na and K and
maintaining the cytosolic ratio of K/Na under salinity can play a
critical function in enhancing plant adaptation to salt stress. The
three main mechanisms for preventing the cytosolic accumulation
of Na include: inhibiting Na influx into the cytoplasm, inducing Na
efflux, and sequestering Na in vacuoles (Padan et al., 2001). The
NHX gene family, located on the tonoplast membrane, is implicated
in the compartmentalization of Na into the vacuoles, which can play
an important function in reducing the potential toxicity of Na
during salinity (Padan et al., 2001; Fukuda et al., 2011). Increased
expression of NHXI, NHX2, NHX3, and NHX4 genes has been
shown to decline Na toxicity and, consequently, enhance plant
growth under NaCl toxicity (Abdelaziza et al., 2019; Ghorbani et al.,
2019). Tan et al. (2021) indicated that the heterologous expression
of the melatonin-synthesizing gene was increased by enhancing the
expression of NHXs and inducing an efflux of Na in the plants
under NaCl toxicity, which was accompanied by increased growth
and adaptation of the plant under salinity. The results showed that
melatonin significantly increased the relative expression of NHX1,
NHX2, NHX3, and NHX4 genes in the root and leaf of tomato
seedlings during NaCl toxicity, which could play an important
function in Na detoxification by sequestering in vacuoles. Increased
expression of NHX genes in the root was stronger than in the leaf,
which is consistent with a decrease in Na translocation to the leaves.
However, when the melatonin-subjected plants were treated with
cPTIO, the inducible effects of melatonin on the expression of the
NHX gene were inhibited, indicating that melatonin-induced
upregulation of the NHX gene arises through NR-mediated NO
during NaCl stress.

5 Conclusion

Our findings provide crucial insights into the function of
exogenous melatonin and melatonin-mediated internal NO
signaling in handling NaCl adaptation in tomato. The results
confirmed that exogenous application of melatonin by interaction
with endogenous NO increased plant growth and biomass during
NaCl stress, indicating that NO as a signaling molecule may be
involved downstream of the melatonin-mediated defense response
in NaCl-exposed tomato seedlings. To confirm the function of NO
downstream of the melatonin-induced signaling pathway, cPTIO
was used as a NO scavenger, which showed that cPTIO prevented
the beneficial role of melatonin in chlorophyll and proline
metabolism, the antioxidant defense system, ionic homeostasis,
and modulation of NHX gene expression. Therefore, by adjusting
N metabolism and enhancing the internal content of NO, melatonin
improves chlorophyll and proline metabolism, strengthens the
antioxidant defense system, preserves ion balance, and modulates
the expression of transporter genes involved in K/Na homeostasis,
thus improving the growth and tolerance of tomato seedlings under
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NaCl toxicity. In the future, the interaction of other enzymes or
signaling molecules in increasing the tolerance of abiotic stresses
induced by melatonin should be examined.
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Introduction: Melatonin (MLT) is a bioactive molecule involved in the
physiological functioning of plants. Reports related to preharvest applications
of melatonin on the postharvest performance of cut flowers are not available in
the literature.

Materials & methods: This study evaluated the effects of different concentrations
of exogenous MLT [0 mM (MTO), 0.5 mM (MT1), 0.7 mM (MT2), 1 mM (MT3)]
applied preharvest on the physiological characteristics and postharvest
performance of cut tuberose, a globally demanded cut flower.

Results & discussion: The results revealed that all treatments increased
postharvest vase life by up to 4 d. The MT1, MT2, and MT3 treatments
increased total soluble proteins (TSP) by 25%, 41%, and 17%, soluble sugars (SS)
by 21%, 36%, and 33%, an+d postharvest catalase (CAT) activity by 52%, 66%, and
70%, respectively. Malondialdehyde (MDA) and hydrogen peroxide (H,O,)
decreased in all preharvest treatments by up to 23% and 56%, respectively.
Proline concentration decreased in all treatments, particularly MT3 (38%). These
findings suggest that preharvest MLT treatment is a promising strategy for
improving the postharvest quality of cut tuberose.

KEYWORDS

oxidative stress, postharvest, ornamental cut flower, soluble proteins, soluble
sugars, antioxidants
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Introduction

Tuberose (Asparagaceae) is a herbaceous perennial tropical and
subtropical ornamental geophyte native to Mexico. Its tubular,
sweet-scented white flowers are economically important as cut
flowers, fragrance, and aromatic oil. The inflorescence of tuberose
has a spike ranging from 90-120 c¢m, arranged in single or paired,
waxy, highly fragrant flowers (Dole and Wilkins, 2005) that can be
harvested for commercial purposes or used in landscape designs.

The vase life of cut flowers is a critical quality influencing profit
margins for growers in national and international markets (Zulfigar
and Ashraf, 2022). After harvest, the metabolic activities of flowers
remain active in cells, performing crucial processes using stored
substrates in the tissues (Jhanji et al., 2023). Enhanced vase life and
delayed senescence can be attained by maintaining carbohydrate
levels and water absorption and ameliorating oxidative stress
produced by excessive reactive oxygen species (ROS) generation
(Zulfigar and Ashraf, 2022).

Techniques for delaying the senescence of cut flowers can
significantly increase their market potential since postharvest
longevity is a crucial factor for cut flower value (Olsen et al,
2015). Various postharvest treatments using growth regulators,
sugars, signaling molecules, and biostimulants can inhibit
postharvest senescence and increase vase life (Zulfiqar et al,
2020). However, few studies have focused on preharvest
applications of these substances to enhance the postharvest
performance of cut flowers. Recently, preharvest applications of
biostimulants and potassium enhanced postharvest performance of
gladiolus and statice cut flowers by altering postharvest
physiological conditions and mitigating oxidative stress during
senescence (Zulfigar et al., 2020; Khandan-Mirkohi et al., 2021;
Zulfigar and Ashraf, 2022).

Melatonin (MLT; N-acetyl-5-methoxytrytamine) is a multi-
regulatory pleiotropic molecule involved in various physiological
and cellular functions in response to biotic and abiotic stresses
(Zhang et al,, 2018; Arnao et al, 2022). Due to its antioxidant
impact, MLT can prevent oxidative stress in plants (Altaf et al,
2021a; Altaf et al., 2021b; Altaf et al.,, 2022). Treatments with MLT
extended the postharvest quality and shelf life of various
horticultural products (Luo et al, 2020; Wang et al,, 2020; Lin
et al.,, 2022) by regulating gene expression and inducing antioxidant
enzyme production (Zheng et al, 2019; Aghdam et al, 2021).
However, MLT application for improving floricultural products is
in its infancy. A recent study on cut carnations (Dianthus
caryophyllus L) evaluated different MLT concentrations (0.01, 0.1,
and 1 mM) added to the vase solution (Lezoul et al., 2022). The
optimum concentration (0.1 mM) decreased senescence and
increased vase life by up to 10 d compared to the untreated
controls. The authors found that postharvest MLT treatments
improved water relations, lowered metabolic rate, and maintained
membrane stability due to antioxidant activity (Lezoul et al., 2022).

To date, no studies have investigated the effects of preharvest
MLT applications on growth, vase life traits, and oxidative stress-
related characteristics in tuberose plants. Therefore, we hypothesized
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that exogenous MLT improves postharvest performance and delays
senescence in cut tuberose. We assessed the effect of different
concentrations of foliar MLT applications on the growth and
ornamental traits of tuberose plants and the association between
photosynthesis and postharvest flower longevity and enzyme
activities that reduce oxidative stress during senescence.

Materials and methods
Experimental site and plant material

An outdoor pot trial was established in the summer of 2022 at the
Floriculture Research Area of the Islamia University of Bahawalpur,
Pakistan (lat. 29° 23’ 44.5956” N, long.71° 41’ 0.0024” E). The desert
region of Bahawalpur is in the subtropical zone, associated with hot
summers (March-August) and mild winters (December-February).
The physio-chemical traits of the experimental soil were: sandy clay
loam (sand 45%, silt 24%, clay 31%), pH 7.4, 2.78 dSm™! electrical
conductivity, and 4.04 cmol, kg™' cation exchange capacity. Soil
nutrients were: nitrogen (N), 79 g kg™" soil; phosphorus (P), 9.03 g
kg™ soil; potassium (K), 152.54 g kg™ soil. The soil was air-dried,
ground, and sieved (2 mm pore size) ahead of filling 3 L earthen pots
(19 cm and 13 cm top and base diameters, respectively).

Healthy, uniform tuberose bulbs of cv. Single (21-23 mm
diameter) were acquired from a local supplier in Lahore,
Pakistan. One tuberose bulb was planted per pot. There were ten
replicate bulbs for each of the four treatments and four replications
(total 160 plants). Basal N, P, and K fertilizers (6 g pot™!) were
applied manually using 46% urea, 50% muriate of potash (Fauji
Fertilizer Company Limited, Pakistan), and 18% single super
phosphate (Safi Chemicals and Fertilizer (PVT) Limited, Multan,
Pakistan). Second and third applications of these fertilizers at 25 d
and 40 d after planting. The experiment had a completely
randomized design with four treatments: (1) distilled water used
as the control (MTO0), (2) 0.05 mM MLT (MT1), (3) 0.07 mM MLT
(MT2), and (4) 1 mM MLT (MT3). The treatments were applied in
the middle of the growing cycle and 5 d before inflorescence harvest
by manually spraying the leaves until run-off. Before each foliar
spray application, the top of each pot was concealed with
polyethylene sheeting to avoid contamination. Watering was done
manually every four days until harvest.

Leaf gas exchange

Leaf gas exchange traits [net CO, assimilation (A,), and
transpiration (E)] were measured at the onset of the flowering
bud occurrence stage between 7.00 am and 8.00 am on three fully
expanded leaf blades using an infrared gas analyzer (LI-COR 6400,
LI-COR, Lincoln, NE, USA) at 400 pumol m 2 s ! CO, and flow rate
of 300 umol m™* s
time, chlorophyll SPAD values were recorded on the lower, middle,

on eight plants per treatment. At the same

and tip parts of four fully expanded tuberose plant leaves.
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Harvest and vase life

At the initiation of the inflorescence maturity stage, uniform size
and quality inflorescences were cut manually using a sterilized knife
in the early morning (7:00 am to 8:00 am), placed vertically in a
bucket half-filled with distilled water and transferred to the laboratory
within 30 min. In laboratory, the inflorescences were re-cut at 85 cm
length under running distilled water to revert vascular system
blockage and air emboli. Individual inflorescences were placed into
200 mL glass vases containing deionized distilled water. The vases
were covered with aluminum foil to reduce vase water evaporation
and placed on laboratory bench at 26 + 3°C, 65 + 3% relative
humidity, 12 h light period provided by white fluorescent lamps,
and 12 h dark period. Ten cut inflorescences per treatment were kept
for vase life determination. Vase life expiration was calculated as the
number of days from harvest until the flower petals wilted and lost
their visual aesthetic by color change and/or loss of turgidity. Data
were documented daily for 15 d.

Soluble sugar (SS) and total soluble protein
(TSP) contents in leaves

The SS content (g kg™") in 0.5 g tuberose leaves was measured 5
d before inflorescence harvest following the methodology of
Frohlich and Kutscherah (1995), with absorbance measured at
620 nm. The TSP content (g kg'; fresh weight basis) of tuberose
leaves was determined following the methodology of
Bradford (1976).

Hydrogen peroxide (H,O,) and
malondialdehyde (MDA) contents

Cut flower florets (0.5 g) of the inflorescence were taken on day
5 postharvest to assess H,O, and MDA contents following the
methodologies of Patterson et al. (1984) and Hodges et al.
(1999), respectively.

Superoxide dismutase (SOD) and catalase
(CAT) activities

Fresh floret samples (0.5 g) were collected from the
inflorescence on day 5 postharvest to assess SOD and CAT
activities in stored supernatant following the methodologies of
van Rossum et al. (1997) and Chance and Maehly
(1955), respectively.

Proline content
The ninhydrin-oriented method was used to measure leaf

proline concentration (Bates et al., 1973), with absorbance read at
520 nm.
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Experimental lay-out and statistical analysis

Experiments were conducted in a CRD with MLT treatments as
the only factor and were replicated four times. Data were subjected
to one-way ANOVA using SPSS v. 21 (SPSS Inc., Chicago, IL, USA).
Comparisons between treatment means were carried out using the
LSD multiple range test at P = 0.05. Linear regression analysis (y =
ax+b) was performed in Sigmaplot 10 (Systat software Inc. USA) to
highlight the dynamic trends in MLT effectiveness.

Results
Leaf gas exchange and chlorophyll content

MLT did not affect leaf gas exchange and chlorophyll content. All
differences between treatment means were not significant at P = 0.05
(Figure 1). Slight increases in As and E values were recorded compared
to the untreated control plants. For example, plants treated with MT2
had As value of 4.28 pmol m™~. sec, whereas the control plants had 3.03
umol m™2. sec (Figure 1A). Likewise, E values of the MT?2 treated plants
averaged at 0.97 mmol m™ sec, whereas the control plants averaged at
0.68 mmol m™. sec (Figure 1B). SPAD values of the MT2 treated plants
reached 14.99, whereas the untreated control plants 12.41 (Figure 1C).

Vase life

Vase life increased only in MT3 treated plants (Figure 2). Plants
treated with MT3 produced inflorescences with the longest VL of
9.6 d (increase by 41%), compared to the 5.6 d recorded for the
control inflorescences (Figure 2).

Total soluble protein (TSP), soluble sugars
(SS), and proline contents in leaves

Plants treated with MT2 showed a significant increase in TSP and
SS (Figures 3A, B). MT2 treated plants had a TSP mean value of 0.42 g
kg, whereas the untreated controls averaged at 0.33 gkg™* (Figure 3A).
That was an average increase of 41%. Likewise, MT2 treated plants had
a SS mean value of 4.59 g kg ', whereas the untreated controls averaged
at 326 g kg™ (Figure 3B). This increase was by up to 41% between the
MT2-treated and the untreated plants. Additionally, the proline
content in MT2-treated plants was significantly reduced by up to
78%, compared to the controls (Figure 3C). The MT2-treated plants
had a proline content of 22.4 pumol g' FW, whereas the untreated
control plants averaged at 39.8 umol g™ FW (Figure 3C).

Hydrogen peroxide (H,O,) and
malondialdehyde (MDA) contents
H,0, and MDA contents were generally reduced by MLT

treatments (Figure 4). H,O, was significantly reduced in MT3 plants
by up to 56% (Figure 4A). MT3-treated plants had a H,O, content of

frontiersin.org


https://doi.org/10.3389/fpls.2023.1151722
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Zulfiqar et al.
A e
5 _— a a
5 :
s~ 4 A
8 9 - a
F) o 3=
& E C
~N -
o 2 -
o § 2p
A - N
w =3
4 E
r
g y = 0.1935x + 3.223, R? = 0.2131
B 10F 1 1 1 ]
12 a
—~ 10F
g 8 E a a a
- " -
T 0.8
s E :
m — =
o 06
& E E
~ E =
S 0.4 |-
025 y = 0.0561x + 0.6515, R2 = 0.3303
0.0 o 2 2 1 1
c E
20
18 ':— 3
16 |-
o 14
g E
n 12 F
10
8 F
F y = 0.5223x + 12.258, R? = 0.3975
6 =
3 ] ] 1 ]
CONTROL MT1 MT2  MT3
Treatments
FIGURE 1

Net CO, assimilation (A; umol m™2 sec), transpiration (B; mmol m2
sec), and SPAD (C) of tuberose plants treated with preharvest foliar
applications of distilled water (control; MTO) and three concentrations
of melatonin (MLT): 0.05 mM (MT1), 0.07 mM (MT2), and 1 mM (MT3).
Data are means + SE (n = 40). Different letters above the bars indicate
significant differences according to the LSD test at P = 0.05.

12 mmol kg, whereas the untreated control had 18.8 mmol kg
Furthermore, the MT2-treated plants showed a significantly reduced
MDA content by 23% compared to the controls (Figure 4B). MT2-
treated plants showed an average of 107.6 mmol kg'' MDA, whereas
the untreated control 132.3 mmol kg™

Superoxide dismutase (SOD) and catalase
(CAT) activities

SOD and CAT activities were significantly induced by MLT
only in certain cases (Figure 5). SOD was significantly increased by
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FIGURE 2

Vase life (d) of tuberose flowers harvested from the plants treated
with preharvest foliar applications of distilled water (control; MTO)
and three concentrations of melatonin (MLT): 0.05 mM (MT1), 0.07
mM (MT2), and 1 mM (MT3). Data are means + SE (n = 40). Different
letters above the bars indicate significant differences according to
the LSD test at P = 0.05.

up to 54% in the MT2-treated plants (Figure 5A). SOD in MT2-
treated plants was 0.21 units mg" protein and 0.01 units mg™
protein in the untreated control plants (Figure 5A). CAT activity
was increase by up to 70% in the MT3-treated plants (Figure 5B).
CAT in MT3-treated plants was 32.5 units mg ' protein and 9.6
units mg™' protein in the untreated controls (Figure 5B).

Discussion

Numerous studies have discovered that endogenous MLT
content is involved in floral senescence. However, among different
flower species, MLT levels appear to decline during development,
particularly at later phases of senescence (Murch et al., 2009; Zhao
et al, 2017). In the current study, preharvest MLT treatments
enhanced physiological traits and had an anti-senescent effect on
tuberose cut flowers, elongating vase life, particularly in MT3. The
increased vase life was associated with improved biochemical
characteristics, as the MLT treatments controlled antioxidant
defenses postharvest for longer than the control.

Photosynthesis is the primary process for harnessing light
energy to manufacture carbohydrates, and is closely linked to
plant growth. The MLT treatments enhanced photosynthetic
activity in tuberose, evident in the leaf gas exchange properties
(Figure 1A), and in line with similar studies on cotton (Khattak
et al., 2022) and tomato (Altaf et al., 2022). In contrast, Zhao et al.
(2021) reported that MLT treatments did not affect leaf gas
exchange in maize (Zea mays) under normal conditions.
Furthermore, MLT has a protective impact on chlorophyll
(Campos et al.,, 2019; Li et al., 2021; Altaf et al., 2022). The MLT-
treated tuberose plants had more chlorophyll than control plants
(Figure 1C), showing that exogenous MLT inhibits photosynthetic
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FIGURE 3

Total soluble protein (TSP) (A; g kg-1), soluble sugars (SS) (B; g kg-1),
and proline contents (C; mmol g-1 FW) in leaves of tuberose plants
treated with preharvest foliar applications of distilled water (control;
MTO) and three concentrations of melatonin (MLT): 0.05 mM (MT1),
0.07 mM (MT2), and 1 mM (MT3). Data are means + SE (n = 40).
Different letters above the bars indicate significant differences
according to the LSD test at P = 0.05.

machinery damage. An increased photosynthetic capability
provides plants with more energy, allowing them to withstand
stressors like postharvest stress (Fan et al., 2015).

This study is the first to investigate the effect of preharvest
MLT on the vase life of cut tuberose flowers. The prolonged vase
life with preharvest MLT is likely related to enhanced
photosynthesis, soluble sugars and antixodant defense system.
In addition, the increased protein content and antioxidant activity
with preharvest MLT may have reduced the oxidative damage in
tuberose tissues, extending the vase life. At the highest dose
(MT3), this cost-effective preharvest treatment could benefit cut
flower sellers, prolonging tuberose vase life. Lezoul et al. (2022)
reported that MLT improved the vase life of carnation due to its
antioxidative potential. Our results showed improved vase life,
which also shows that MLT mitigates oxidative stress, as reported
by Mazrou et al. (2022).
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FIGURE 4

Hydrogen peroxide (H202) (A; mmol kg-1) and malondialdehyde
(MDA) (B; mmol kg-1) contents in flowers of tuberose plants treated
with preharvest foliar applications of distilled water (control; MTO)
and three concentrations of melatonin (MLT): 0.05 mM (MT1), 0.07
mM (MT2), and 1 mM (MT3). Data are means + SE (n = 40). Different
letters above the bars indicate significant differences according to
the LSD test at P = 0.05

The water balance in petals is crucial for extending the vase life
of cut flowers. Numerous investigations have revealed a strong
connection between water balance and the capacity of cut flowers
for osmotic adjustment (Hou et al., 2018; Zheng and Guo, 2019; Lu
et al, 2020). In plants, the levels of osmolytes, such as soluble
proteins, soluble sugars, and proline, are closely linked with the
ability to modify osmotic pressure. The data increasingly indicates
that exogenous substances could improve water balance by
controlling osmolyte concentrations (Shan and Zhao, 2015). Shan
and Zhao (2015) demonstrated that lanthanum improved water
balance in Lilium longiflorum cut flowers by increasing soluble
protein, soluble sugar, and proline contents, further enhancing the
relative water content of the petals and extending vase life. We
found that MLT increased soluble protein and sugar contents in
tuberose leaves, consistent with Xing et al. (2021) for
chrysanthemum seedlings. Proline, an osmotic adjustment
chemical, in addition to the cell’s antioxidant system, participates
in the defense mechanism against adverse situations (Zulfigar and
Ashraf, 2022). Proline is a non-polar amino acid renowned for its
numerous and significant roles in plant metabolism, particularly in
response to biotic and abiotic stresses (Zulfiqar and Ashraf, 2022).
Under stress, proline functions as a signaling molecule, compatible
osmolyte, non-enzymatic antioxidant, molecular chaperone, and
energy provider (Szepesi and Szollosi, 2018). Studies have shown
that proline content plays a vital role in the postharvest
performance of cut flowers (Aghdam et al., 2019; Sukpitak and
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FIGURE 5

Superoxide dismutase (SOD) (A; units mg™ protein) and catalase
(CAT) (B; units mg™* protein)activities in flowers of tuberose plants
treated with preharvest foliar applications of distilled water (control;
MTO) and three concentrations of melatonin (MLT): 0.05 mM (MT1),
0.07 mM (MT2), and 1 mM (MT3). Data are means + SE (n = 40).
Different letters above the bars indicate significant differences
according to the LSD test at P = 0.05.

Seraypheap, 2023; Zeng et al, 2023). For example, sucrose
application to rose cut flowers prolonged vase life, compared to
non-treated cut flowers, which was associated with proline content
(Zeng et al., 2023).

In the current study, the MLT treatments decreased MDA
content, reflecting a decrease in lipid peroxidation in cut flowers,
hence maintaining membrane integrity. Other studies have shown
that MLT reduces lipid peroxidation while preserving the
membrane stability index (Hassan et al., 2020; Zulfigar and
Ashraf, 2022).

Antioxidant enzymes such as SOD and CAT are the most
important defense enzymes for ROS detoxification in plant tissues
(Hasanuzzaman et al., 2020; Zulfiqar and Ashraf, 2021). The MLT
treatments, especially at 0.07 and 1 mM, increased SOD and CAT
activities in tuberose cut flowers. Horticultural commodities,
including cut flowers, have increased antioxidant enzyme activity,
reducing lipid peroxidation and H,O, concentration during their

Frontiers in Plant Science

106

10.3389/fpls.2023.1151722

postharvest (Lezoul et al., 2022; Mazrou et al., 2022). Several studies
have demonstrated that MLT treatments increased antioxidant
enzyme activities (e.g., SOD and CAT) in horticultural produce
(Sharafi et al,, 2021; Mazrou et al., 2022). In the current study, the
improved antioxidant activities with MLT were related to decreased
oxidative stress, as indicated by the reductions in H,O, and MDA.

Conclusion

The 0.07 and 1 mM preharvest MLT treatments were the most
effective in delaying the senescence of tuberose cut flowers by
improving leaf gas exchange, and TSP and soluble sugar contents
and decreasing proline, H,0,, and MDA contents. Furthermore,
these treatments increased SOD and CAT activities, decreasing
oxidative stress. Preharvest MLT treatments at specific
concentrations could prolong the vase life of tuberose
cut inflorescences.
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Global warming in this century increases incidences of various abiotic stresses,
restricting plant growth and productivity and posing a severe threat to global food
production and security. Different phytohormones are produced by plants to
mitigate the adverse effects of these stresses. One such phytohormone is
melatonin (MEL), which, being a potential bio-stimulator, helps to govern a wide
array of functions in horticultural crops. Recent advancements have determined the
role of MEL in plants’ responses to abiotic stresses. MEL enhances physiological
functions such as seed germination, growth and development, seedling growth,
root system architecture, and photosynthetic efficiency. The potential function of
MEL in stressful environments is to regulate the enzymatic and non-enzymatic
antioxidant activity, thus playing a role in the substantial scavenging of reactive
oxygen species (ROS). Additionally, MEL, as a plant growth regulator and bio-
stimulator, aids in promoting plant tolerance to abiotic stress, mainly through
improvements in nutrient uptake, osmolyte production, and cellular membrane
stability. This review, therefore, focuses on the possible functions of MEL in the
induction of different abiotic stresses in horticultural crops. Therefore, this review
would help readers learn more about MEL in altered environments and provide new
suggestions on how this knowledge could be used to develop stress tolerance.

KEYWORDS

root architecture, ion homeostasis, melatonin, redox balance, horticultural crops

Introduction

Plants, being sessile organisms, face a variety of environmental stresses (low and high
temperature, metal stress, salinity, and drought stress) (Hassan et al., 2022), which have
detrimental impacts on their performance in terms of growth and development (Rasheed
et al,, 2021; Altaf et al., 2023). It has been projected that about 90% of arable land is
susceptible to one of the above-mentioned stresses (Dos Reis et al., 2012). Due to the
devastating impact on the growth and productivity of agricultural crops, global attention has
been diverted to these abiotic stresses. Various developmental functions and processes of
plants, including morphological, physiological, and biochemical, are disrupted by these
abiotic stresses (Marino, 2021; Arnao et al., 2023). Further, environmental stresses cause
significant yield losses through excessive production of reactive oxygen species (ROS),
nutrient deficiencies, decrease in photosynthetic efficiency, reduction in root growth, and
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osmolyte over-accumulation (Figure 1) (Ayyaz et al, 2022; Imran
et al, 2022). With the ongoing changes in climate, these abiotic
stresses are getting intensified, thus calling for the need for
appropriate controlling measures (Gao et al., 2007; Andreotti, 2020;
Shahid et al., 2021). In horticultural crops such as tomato, potato,
pepper, and cucumber, around 70% of total yield losses are due to
effects caused by environmental stresses at different growth phases
(Martinez et al., 2018; Zorb et al, 2018). To promote sustainable
agriculture, different management strategies have been introduced for
achieving the targets (Ahammed and Li, 2023). Such techniques
include plant growth regulators, different osmolyte syntheses, and
accumulation to protect against stress-induced damages for
maintaining cellular homoeostasis and optimum plant growth
(Nawaz et al., 2017; Koza et al., 2022; Peng et al., 2023).

One of the essential plant growth regulators in stressed environments
is melatonin (MEL), which is a small molecule acting as a powerful
antioxidant, thus enhancing the stress resistance of plants against many
environmental stressors (Hoque et al., 2021) (Table 1). This pleotropic
molecule is found in various plant parts of several plant species, such as
broccoli, coriander, mango, cabbage, tobacco, cucumber, and orange
(Badria, 2002; Posmyk et al., 2009; Johns et al., 2013; Aguilera et al., 2015).
MEL is also involved in the regulation of seed germination, seedling
growth, photosynthetic efficiency, root system architecture, leaf
senescence, fruit ripening, stomatal opening, and redox homeostasis
(Figure 2) (Jan et al, 2022). Further, MEL has been well defined as an
anti-stress promoter and growth bio-stimulator for horticultural plants,
particularly in adverse environmental situations, such as cold, heat, heavy
metals, salinity, drought, acidic rain, and UV stress (Sharif et al., 2018;
Aghdam et al, 2021; Wu et al, 2021; Zhao et al, 2022). Plants are
protected against stressful environments by the regulation of gene

>«

expressions mediated by MEL, such as the plants’ “antioxidant defense
system” activation (Jahan et al., 2020) which places MEL among vital bio-
stimulants to improve crop productivity in stress conditions. In stressful
environments, MEL helps to trigger the antioxidant defense system,

which favors the scavenging of ROS and thus acts as a stress protector

10.3389/fpls.2023.1140803

(Moustafa-Farag et al., 2020). Due to this function, MEL is a promising
molecule that can be applied exogenously to alleviate stress. The current
review aims to explore the biochemical and physiological functioning of
MEL in abiotic stress environments, along with its possible mechanism of
action. Further, the future aspect of MEL-regulated stress tolerance of
horticultural crops is also discussed for a detailed overview of the research.

Function of melatonin in
horticultural crops

MEL promotes plant growth and development via different
functions, most of which are related to different abiotic stressors
such as drought, temperature fluctuation, heavy metals, and salinity
(Arnao and Hernandez-Ruiz, 2006; Altaf et al., 2022a). MEL
functions as a growth regulator, bio-stimulator, and potential
antioxidant compound (Arnao and Hernandez-Ruiz, 2014)
(Figure 3). A primary function attributed to MEL in plants is to act
as an antioxidant, providing protection against environmental agents
(Nawaz et al, 2016; Tiwari et al., 2022). However, one important
function of MEL may be the scavenging of free radicals, thereby
protecting plants against oxidative damage (Paredes et al., 2009). MEL
is significantly involved in the process of leaf senescence (Arnao and
Hernandez-Ruiz, 2009). A range of different functions of MEL have
been investigated in horticultural plants, some more thoroughly than
others, but in all cases the data are scarce (Table 2).

Melatonin as abiotic stress regulator in
horticultural crops

Salinity

Salinity has been declared a significant hazard in modern
horticulture, as it impairs and inhibits the growth and development
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FIGURE 1

Effect of abiotic stress on horticultural plants.
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TABLE 1 Exogenous melatonin enhanced abiotic stress tolerance in horticultural plants.

Stress type MEL levels
5uM

100 uM

Scientific name Reference

Capsicum annum L. Korkmaz et al. (2021)

Solanum lycopersicum L. Ding et al. (2017)

200 uM

Cucumis sativus L. Zhao et al. (2017)

Cold 150 pM

Citrullus lanatus L. Li et al. (2017b)

5uM
200 uM
100 uM

100 uM

Solanum melongena L. Yakuboglu et al. (2022)

Cucumis melo L. Zhang et al. (2017¢)
Prunus persica Gao et al. (2018)

Capsicum annum L. Kaya et al. (2022)

100 uM

Fragaria x ananassa Duch. Wu et al. (2021)

Heavy metal 0.1 uM

Citrullus lanatus L. Nawaz et al. (2018)

100 pM
100 pM
1 uM

150 uM

Nicotiana tabacum L. Wang et al. (2019)

Spinacia oleracea L. Asif et al. (2020)
Solanum lycopersicum L. Ali et al. (2021)

Citrullus lanatus L. Li et al. (2017a)

50-150 uM

Cucumis sativus L. Wang et al. (2016)

Salinity
100 and 200 uM

Fragaria x ananassa Duch. Zahedi et al. (2020)

0.1 yM
50 uM
100 uM

100 uM

Malus hupehensis Li et al. (2012)

Vitis vinifera L. Xu et al. (2019)
Cucumis sativus L. Zhang et al. (2013)

Solanum lycopersicum L. Liu et al. (2015a)

100 uM

Actinidia chinensis Liang et al. (2019)

Drought
100 uM

02 uM
100 uM
100 uM
100 uM

Heat
100 uM

Carya cathayensis Sharma et al. (2020)

Vitis vinifera L. Meng et al. (2014)
Camellia sinensis L. Li et al. (2019)
Solanum lycopersicum L. Ahammed et al. (2018)
Cucumis sativus L. Zhang et al. (2013)

Apium Graveolens L. Li et al. (2022b)

100 uM

of plants, mainly through disruption of the soil’s osmotic and ionic
balances (Abdelaal et al., 2020; Zulfigar et al., 2022). With increments
in soil salt levels, an osmotic stress condition develops, which leads to
declining water levels in the soil, thus less water is available for plant
uptake, causing a conditional physiological drought in plants (Chang
et al,, 2014). Recently, MEL has emerged as an effective plant growth
regulator, playing a significant role in the development of abiotic
stress resistance in horticultural crops. Resultantly, several studies
highlighted the stress-mitigating functions of MEL in horticultural
crops under salt stress (Bose and Howlader, 2020). Plants’ antioxidant
system has been reported to improve, and photosynthetic capacity is
seen to get protected with exogenously applied MEL under NaCl
stress in peanut (ElSayed et al, 2020), orange (Hu et al, 2022),
watermelon (Li et al., 2017a), pistachio (Kamiab, 2020), and tomato
(Liu et al,, 2019). According to Li et al. (2012), the photosynthetic
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Fragaria x ananassa Duch. Manafi et al. (2022)

capacity of plants is maintained by the exogenous application of MEL
(0.1 uM) under salinity stress, which leads to significant alleviation of
growth inhibition. Further, the oxidative damage caused by the
scavenging of ROS was also decreased by MEL, and antioxidant
enzymes’ activity was improved, including catalase, peroxidase, and
ascorbate. Salinity exerts its negative impact irrespective of the growth
stage of the plants, and its effects range from seed germination to
plant senescence and occur throughout the life cycle. Seed
germination and plant growth are severely affected by saline stress
(Nawaz et al., 2016; Zhan et al., 2019). In tomato, under salinity stress,
the MEL applied exogenously reduced the uptake of sodium (Na*),
hydrogen peroxide (H,O,) content, and malonaldehyde (MDA)
content, while enhancing enzyme activity, relative water content
(RWC), membrane stability index, gas exchange parameters, and
growth attributes (Ali et al., 2021). Furthermore, MEL pre-treatment
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FIGURE 2
Role of melatonin in horticultural plants.

of cucumber seeds showed an increase in seed germination rate and
seedling growth, along with a 5-fold increase in antioxidant enzyme
activity under salinity stress (Zhang et al., 2014).

MEL supplementation improved growth traits and reduced the
levels of MDA, ROS, and EL (electrolyte leakage), mainly through
upregulating the enzymatic and non-enzymatic antioxidant enzyme
activity. Moreover, in strawberries, MEL improved the phenolic and
photosynthetic content (Zahedi et al., 2020). Importantly, Hu et al.
(2021) revealed efficient reductions in the levels of MDA and ROS,
increases in antioxidant activities, endogenous levels of MEL, proline,
and pigment content, stomatal conductance, and the upregulation of
genes related to redox, salt tolerance, and MEL biosynthesis. In
addition, MEL was seen to escalate the ion homeostasis under high-
NaCl stress in Malus hupehensis (Li et al., 2012). MEL further reduced
ion toxicity by suppressing the accumulation of Na* and Cl™ ions (Liu
et al., 2019). The tomato seedling growth showed significant
improvements with the supplementation of MEL under NaCl
toxicity. Additionally, MEL effectively reduced the activity of
glycolate oxidase, chlorophyll degradation, and ROS levels and

' Melatonin |

Biochemical changes

i} < Decreased oxidative da;ﬁ@

< Increased of antioxidant system :f)

Q@E& AsA-GSH czc’k:\D

caused increases in antioxidant enzyme activity, proline content,
and glycine betaine levels (Siddiqui et al., 2020a). According to
Zhang et al. (2017a), the uniformity of seeds and germination rate
of cucumber seeds increased with the regulation of energy production
with the application of MEL under salinity stress. Additionally, MEL
protects the photosynthetic apparatus from oxidative damage
induced by NaCl stress (Zhang et al, 2020). MEL increases the
antioxidant enzyme, thus leading to a decline in the accumulation
of ROS in the leaves of salt-sensitive cucumber plants. In cucumber,
MT was also reported to suppress the alleviation in maximum
quantum efficiency of photosystem II (PSII) and net photosynthetic
rate and to protect the total chlorophyll content under salinity stress
(Wang et al. 2016).

Drought

Global climate change has intensified drought stress episodes, which
are emerging as a serious threat to crop growth and productivity
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FIGURE 3

Action of melatonin inhorticultural plants as an antioxidant, growth regulator and bio-stimulator
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TABLE 2 Function of melatonin in horticultural plants.

Functions
Improved seed germination
Regulation of circadian rhythms

Modification of root system architecture

Reference
Zhang et al. (2013)
Kolar and Machackova (2005)

Nawaz et al. (2018)

Vegetative development

Regulation of photosynthetic machinery
Role as a potential growth regulator
Enhanced seedling health index
Protection against environmental stresses

Balanced of mineral nutrient homeostasis

Tan et al. (2013)

Jahan et al. (2021)

Murch and Saxena (2002)
Liu et al. (2015a)

Ali et al. (2021)

Sarafi et al. (2017)

Reproductive development

Fruit ripening

Maintenance of ROS homeostasis
Cell protection

Regulation of antioxidant enzymes pool

Arnao and Hernandez-Ruiz (2006)
Arnao and Hernandez-Ruiz (2020)
Siddiqui et al. (2020b)
Ahammed et al. (2020)

Zamani et al. (2020)

Retardation of leaf senescence
Modulation of flowering development

Inhibition of root elongation

Shi et al. (2015)
Paredes et al. (2009)

Park and Back (2012)

worldwide. Horticultural crops are very vulnerable to drought stress
(Gao et al., 2022; Muhammad et al., 2022; Toscano et al., 2023). Drought
stress is reported to cause abnormalities in the physiological and
morphological states of plants (Hanaka et al, 2021). Reduced root
system architecture, cellular membrane integrity, damaged
photosynthetic apparatus, and imbalanced mineral and nutrient
accumulation are highlighted as some of the most important
abnormalities that lead to the complete devastation of a plant facing
drought stress (Tabassum et al., 2021). Melatonin protects horticultural
crops by preventing damage to the root architecture system,
photosynthetic machinery, inducing the antioxidative defense system,
regulating oxidative stress, and some other defense mechanisms (Tiwari
et al., 2020). MEL pretreatment of tomato seedlings grown in field
conditions under drought stress showed effective results, and the
detrimental effects of drought stress were significantly reduced (Liu
et al., 2015a). MEL-supplementation effectively improved seedling
growth, photosynthetic efficiency, activity of antioxidant enzymes, and
decreased oxidative damage (Liu et al, 2015a). Under drought stress,
exogenous MEL application improved the growth, photosynthetic
apparatus, and antioxidant enzyme systems of Chinese hickory plants
(Sharma et al., 2020). In addition, Karaca and Cekic (2019) observed that
MEL supplementation efficiently improved chlorophyll content,
antioxidant enzyme systems, and reduced MDA content in Solanum
Iycopersicum L. under drought stress.

The photosynthetic machinery of tomato seedlings under drought
stress showed significant improvements with the application of MEL
(Ding et al., 2018; Ibrahim et al., 2020). Similar kinds of studies that
indicate the impact of melatonin treatments on minimizing drought-
induced photosynthetic damage have been performed on fenugreek
(Zamani et al., 2020), kiwifruit (Xia et al., 2020), and grapes (Meng
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et al,, 2014). Exogenous melatonin treatment showed several positive
phenomena, such as preventing chloroplast photosynthetic damage
(Wang et al,, 2012). Further, MEL supplementation led to improved
turgor pressure and water content of leaves, along with enacting the
spongy tissue (Meng et al., 2014). The antioxidant defense system of
plants gets triggered, and the scavenging of ROS is efficiently
enhanced by the application of MEL. In horticultural plants, the
mechanisms related to these phenomena are well examined, such as
the scavenging of H,O, by the regulation of the ascorbate-glutathione
cycle (Li et al, 2019; Ibrahim et al,, 2020). In cucumber, the seed
germination rate was improved by the exogenous application of MEL
(Zhang et al., 2013). In Moringa oleifera, the foliar application of MEL
under drought stress showed a beneficial impact on the dry and fresh
weight of shoots and leaves, number of leaves/plants, plant height,
and foliage yield (Sadak et al., 2020). (Sadak et al., 2020). In Coffea
arabica seedlings, the leaf area was reduced by drought stress, which
was alleviated by the supplementation of MEL (Campos et al., 2019).
Plant growth is maintained by the application of MT under drought
stress conditions, mainly by the maintenance of homeostatic balance
and vegetative tissues’ growth (Sharma and Zheng, 2019). The
protective roles of MEL in plants under salinity and drought stress
are summarized in Table 3.

Cold

Plant growth is significantly influenced by temperature. Low
temperature stress lies amid the most detrimental environmental
conditions for plants, resulting in yield and productivity losses
(Malhotra, 2017). Cold stress can negatively affect seedling growth,
root morphology, photosynthetic efficiency, seed germination, and
pigment content (Marino, 2021). Low-temperature stress also has a
negative impact on the metabolic capacity of plants. Plants’ metabolic
capacity is also affected by low-temperature stress. The levels and
activity of enzymes involved in important metabolic pathways are
usually altered in cold-stressed plants, and as a result, the plant
metabolome is completely changed (Khan et al., 2015; Liang et al.,
2020). The development of commercial crop cultivars that are cold-
resistant has been recently focused on by plant scientists. The use of
MEL significantly reduced the adverse effects of cold stress on a
diverse range of plant genera. Wang et al. (2020) reported that MEL
application remarkably improved photosynthesis, metabolites, and
tomato seedling growth under cold stress. MEL application efficiently
improved photosynthetic performance in pepper under chilling stress
(Korkmaz et al.,, 2021). In tomato seedlings, the application of MEL
under cold stress caused significant increases in chlorophyll
fluorescence parameters, pigment content, gas exchange elements,
and growth characteristics (Zhou et al., 2020). Furthermore,
melatonin significantly imparted cold tolerance in Citrullus lanatus
stemically by regulating antioxidant capacity and the expression of
defense genes (Li et al., 2017b). In a recent study, Li et al. (2022a)
reported that MT supplementation efficiently enhanced root growth,
antioxidant enzymes, the photosynthetic system, and reduced
oxidative damage in pepper under cold stress.

MEL supplementation increased seedling growth and cold stress
tolerance by balancing redox homeostasis, stomatal opening, leaf
photosynthetic activity, mineral nutrient accumulation, osmolytes
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TABLE 3 Melatonin enhanced salinity and drought stress tolerance in horticultural crops.

Species

name

Stress

treatment

MEL level

Observation

References

Salinity stress
Strawberry 0, 40, and 80 100 and 200 uM Enhanced strawberry fruit pro.duction, phenolics conte.nt, 'photosynthetic pigment, decreased oxidative | Zahedi et al.
mM stress biomarkers, and boost antioxidant enzymes system. (2020)
0, 50, 100, 150 Hu et al.
Orange 150 mM uM Better plant growth, enhanced photosynthetic efficiency, and pigment content (23262)“
50, 100, 200, Improved photosynthesis, growth, carotenoids, and antioxidant enzymes; reduced MDA, EL, and Zhang et al.
Cucumber 150 mM N
300 uM H,0, level (2020)
Pistachio 25, 50, 100, 0, 25, 50, 75, 100, Enhanced shoot and root growth, chlorophyll content, polyamine level, proline content, nutrient Kamiab
150 mM 125, 150 uM uptake, and antioxidant enzymes activity (2020)
Tomato 160 mM 1.0 pmol Increased RWC, growth traits, gas exchange characteristics, pigments ci)ntent, and .antioxidant Ali et al.
enzymes system; reduced MDA and H202 level; decreased Na" accumulation (2021)
Reduced ROS, and MDA level, increased enzymatic and non-enzymatic antioxidant system and ElSayed et al.
Peanut 150 mM 50, 100, 150 uM K )
proline content (2020)
50, 150, and 500 Reduced oxidative damage, balanced redox homeostasis, protect photosynthesis, and upregulate Li et al.
Watermelon 300 mM L. _
uM antioxidant enzyme system (2017a)
Drought
o 50, 100, and 200 Modified root system architecture, decreased MDA level, enhanced osmoregulation content, increased Liang et al.
Kiwifruit 9 days .
uM photosynthesis (2019)
50, 100, 300, and Improved growth parameters, Enhanced antioxidant enzymes and proline content; reduced H,O, and | Zamani et al.
Fenugreek 7 days
500 uM MDA level (2020)
. . . . Zhang et al.
Cucumber - 100 uM Reduced ROS production, decreased chlorophyll degradation, increased net photosynthetic rate (2013)
Promoted growth, chlorophyll content, proline level, soluble sugar content, and antioxidant enzymes Ibrahim et al.
Tomato - 100 uM
system (2020)
Tobacoo 14 davs 200 UM Promote root system architecture, enhanced nutrient uptake and antioxidant enzymes system, reduced = Liu et al.
Y " H202 and MDA level (2021)

production, and primary and secondary metabolites, as well as
improvements in antioxidant activities and ROS scavenging (Qari
et al,, 2022). MEL alleviates cold-induced adverse effects on tea plants.
MEL pretreatment in tea plants significantly improved growth traits,
photosynthesis, antioxidant profile, and balanced redox homeostasis
under chilling stress (Li et al., 2018). Root pretreatment with MEL
reduced aerial cold-induced suppression of photosystem IT and oxidative
damage in C. lanatus (Chang et al., 2020). Cao et al. (2016) revealed that
in peach fruit, chilling injury was very effectively reduced by the
application of MEL at a dose of 100 pM. In tomato plants under cold
stress, the pretreatment of MEL showed higher levels of non-enzymatic
antioxidants, greater activities of antioxidant enzymes, and reduced
MDA content and EL (Ding et al., 2017). Furthermore, pretreatment
of MEL declined the harmful impact of cold stress and accelerated the
plants’ recovery, primarily by improving photosynthesis and antioxidant
enzyme capacity in the leaves of melon (Zhang et al.,, 2017b). Several
reports revealed that MEL positively modulates the growth of cucumber
(Marta et al,, 2016), tomato (Yang et al., 2018), and watermelon (Li et al.,
2017a). MEL application considerably reduced the adverse effect of cold
stress on eggplant seedlings. MEL supplementation enhanced leaf area,
biomass production, photosynthetic mechanism, activity of antioxidant
enzymes, proline content, and reduced MDA and H,O, levels of
eggplant seedlings under chilling conditions (Yakuboglu et al., 2022).
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Heat

The production of horticultural crops is severely and significantly
hindered by heat stress driven by climate change. High temperature
stress is a major environmental stress that limits plant growth,
metabolism, and productivity worldwide. Temperature affects many
of the biochemical reactions that are important for the steady growth
and development of plants (Hasanuzzaman et al, 2013). High
temperatures are becoming an important concern for sustainable
crop production (Wahid et al, 2012). A few researchers have
investigated the possible role and defensive mechanism of MEL
under heat stress in plants. Recently, Ahammed et al. (2018)
revealed that MEL has been declared a universal regulator of abiotic
stresses, which can possibly increase the heat resistance of plants.
MEL-pretreated tomato plants under heat stress showed improved
root growth, chlorophyll content, activities of enzymatic and non-
enzymatic antioxidants, and decreased oxidative damage. Further,
Jahan et al. (2019) described that MEL efficiently increased polyamine
content and considerably declined levels of MDA and EL in tomatoes.
MEL supplementation effectively reduced the accumulation of ROS
and increased the antioxidant profile in tomato seedlings in a high-
temperature environment (Martinez et al., 2018). Ahammed et al.
(2019) revealed that MEL supplementation significantly reduced
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MDA and EL levels and increased the antioxidant enzyme system in
tomatoes under heat stress. Table 4 shows how MEL protects plants
from heat and cold stress. Research to date has demonstrated the vital
functions of MEL for plant survival and higher productivity of
horticultural crops in high-temperature stress conditions. Yet,
extensive investigations are needed to confirm the possible
mechanisms of heat stress amelioration by MEL in plants.

Heavy metals

Globally, the pollution caused by heavy metals is getting worse
with time, causing a wide range of toxic impacts on horticultural crop
production (Shakoor et al., 2017; Behera et al, 2022). Plants are
probably universally tolerant of heavy metal stress. Regardless of
other stresses, the production of horticultural crops is significantly
and negatively affected by heavy metal stressors, which is becoming a
major concern (Noor et al., 2022). Hitherto work shows that heavy
metal (lead, boron, cadmium, nickel, arsenic, and vanadium) stress
remarkably reduces horticultural crop production (Dodangeh et al.,
2018; Bhat et al., 2019).

One of the recently emerging potential stress-alleviating
hormones is MEL, which may aid in coping mechanisms against
metal-induced toxicity in plants. MEL application remarkably
increased growth characteristics, root morphology, pigment
content, and net photosynthetic rate. Additionally, under vanadium
stress, MEL application in watermelon caused significant reductions
in oxidative damage, increases in antioxidant enzymes, and levels of
relevant gene expression (Nawaz et al., 2018). Under nickel toxicity,
MEL application in tomato reduced the MDA and EL levels and
increased the secondary metabolite content, proline level, leaf

TABLE 4 Action of melatonin in cold and heat stress tolerance.

10.3389/fpls.2023.1140803

photosynthesis, and antioxidant defense mechanism (Jahan et al,
2020). MEL application considerably increased the root architecture
of cucumber seedlings under copper toxicity (Cao et al,, 2019), the
growth status of red cabbage plants under copper toxicity (Posmyk
et al., 2008), the photosynthetic efficiency of radish seedlings under
aluminum toxicity (Tang et al., 2016), the antioxidant enzyme system
in roses under cadmium toxicity (Nabaei and Amooaghaie, 2019), the
mineral nutrient content of strawberry seedlings under cadmium
toxicity (Wu et al., 2021), and lowered the MDA and EL levels in
tomato seedlings under cadmium toxicity (Hasan et al, 2015).
Moreover, previous findings suggested that MEL significantly
reduced iron accumulation from root to shoot in cucumber,
watermelon, and tomato (Ahammed et al., 2020).

Hasan et al. (2018) revealed that under low sulfur conditions,
MEL efficiently enhanced different growth traits, chlorophyll
fluorescence parameters, gas exchange elements, and pigment
molecules, as well as declining the MDA and H,0, levels in tomato
seedlings. Siddiqui et al. (2019) observed that MEL application
significantly improved the photosynthesis and growth of tomato
seedlings under lanthanum toxicity. Further, MEL supplementation
significantly improved aerial biomass production, carotenoid content,
chlorophyll content, and carbohydrate levels in spinach under boron
toxicity. Selenium (Se) toxicity impaired rapeseed growth and
biomass production, decreased photosynthesis, and lowered
photosynthetic pigment content. All these parameters were
remarkably alleviated by MEL application. MEL significantly
reduced cellular membrane damage and ROS formation. MEL
effectively improved proline level, metabolite content, antioxidant
enzymes, and their gene expression levels in Brassica napus under Se
toxicity (Ulhassan et al., 2019). In another study, MEL treatment
considerably enhanced net photosynthetic rate, growth traits, leaf gas

Species Stress treat- MEL "
P Observation References
name ment level
Cold stress
e Altaf et al.
Pepper 10/4°C D/N 5uM Improved chlorophyll content, gas exchange characteristics (2022b)
O
L Cao et al.
Peach 4°C 100 uM Reduced H,0, level and enhanced antioxidant enzymes system (2018)
. Zhao et al.
Cucumber 15/8°C D/N 200 uM Decreased ROS production and upregulated AsA-GSH cycle, (2016)
0
. X X Yang et al.
Tomato 15/6°C D/N 100 uM Enhanced photosynthetic machinery, reduced MDA accumulation (2018)
Melon 12/6°C DIN 200 UM Improved chlorophyll content and ge'ls e'xchange parameters, lowered MDA level and increased Zhang et al.
antioxidant enzymes system (2017¢)
Banana 4°C 100 pM Enhanced ETR, improved antioxidant enzymes system; reduced MDA and H,0,, O, accumulation Liu et al. (2022)
Heat stress
Tomato 0°C 100 M Lowered ROS accumulation, reduced MD{\ p.roduction, enhanced enzymatic and non-enzymatic Jahan et al.
antioxidant system (2019)
Kiwifruit 45°C 200 UM Enhanced AsA-GSH cycle, proline content antioxidant enzymes system, and reduced oxidative Liang et al.
damage (2018)
Radish 35/30°C D/N 29.0 mg Enhanced biomass yield, antioxidant enzymes, carotenoids content Jia et al. (2020)
Celery 38°C 100 pmol Reduced EL and MDA level; enhanced chlorophyll content Li et al. (2022b)
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exchange elements, and maintained macro- and micro-nutrient
content in pepper leaves under B toxicity (Sarafi et al., 2017). MEL
application improved antioxidant enzyme activities and root growth
and reduced the MDA and proline levels in the roots of melon
seedlings under Cu toxicity (Hu et al., 2020). In addition, MEL further
enhanced the antioxidant enzyme system, along with a decline in the
ROS level in spinach seedlings (Moussa and Algamal, 2017). MEL
positively regulates the growth of tobacco under lead stress
(Kobylinska et al., 2017), radish under Cd toxicity (Xu et al.,, 2020),
and pepper under boron stress (Sarafi et al., 2017). Table 5 provides
an overview of the protective functions of MEL in horticultural crops
under heavy metal toxicity.

Acid rain, sodic alkaline toxic, and
chemical stress

The protective role of MEL against acid rain, toxic chemicals, and
sodic alkaline stresses has also been proven. Under acid rain
conditions, the application of MEL on tomato plants leads to
significant reductions in levels of MDA and H,O,, repairing the
chloroplast’s grana lamella, along with escalations in growth
parameters, antioxidant enzymes, pigment molecules, phenolic,
flavonoids, and proline content (Debnath et al, 2018a). Debnath
et al. (2018b) revealed that under stimulated acid-rain stress, the
application of MEL to tomato plants exhibited significant
improvements in yield attributes and quality traits of fruit.
Moreover, pretreatment with MEL led to an increase in antioxidant
enzymes’ activities, total soluble solids, soluble proteins, flavonoids,
phenolics, and carotenoid content, along with remarkable reductions
in MDA levels. MEL application remarkably improved the activity of
antioxidant enzymes, chlorophyll content, and growth, and decreased
the production of H,O, and MDA in fenugreek under lead and acid
rain stress (Xalxo and Keshavkant, 2019). Furthermore, Liu et al.

TABLE 5 Melatonin mitigates heavy metals toxicity in horticultural plants.

Stress treat- MEL

Species

10.3389/fpls.2023.1140803

(2015b) revealed that application of MEL under alkaline stress caused
reductions in Na" levels and enhanced the levels of K" in tomato
leaves, exhibiting the role of MEL in the maintenance of ion
homeostasis and thus increasing the stress resistance of tomato
plants to alkaline stress. The positive role of MEL in the stress
resistance of plants to alkaline stress is due to the regulation of
enzyme activity, and polyamine biosynthesis (Gong et al., 2017). MEL
enhanced the photosynthetic pigment content of pea plants under
paraquat stress (Szafranska et al., 2017). In cucumber seedlings, the
application of MEL under cinnamic acid stress increases plant stress
resistance, mainly by integrating the morphology, mineral nutrient
contents, and signaling crosstalk of plant hormones (Li et al., 2017¢).
The growth of cucumber plants is boosted by the application of MEL,
which modulates mineral nutrient composition and nitrogen

metabolism under nitrate stress (Zhang et al., 2017b).

Future perspectives

The review will also help and encourage plant researchers to deeply
examine the mechanism of stress tolerance mediated by MEL.
Exogenously applied MEL is declared a potential growth regulator for
plants, which aids under abiotic stress conditions by increasing plants’
growth, yield, and quality. Various functions of plants are found to be
associated with MEL, such as the regulation of physiological functions,
including seed germination and seedling growth, along with the
functions of MEL in stress resistance under environmental stressors.
The harmful effects of abiotic stresses are alleviated by the application of
MEL, either directly by scavenging ROS or indirectly by improving the
photosynthetic machinery, enhancing the activities of antioxidant
enzymes, regulating metal transport and growth regulators in plants,
as well as increasing osmotic metabolites. Although MEL has attracted
the interest of plant researchers recently and progress can be seen on the
topic, there are still unexplored MEL signaling pathways that, though

Observation References
name ment level
40 mg Higher chlorophyll content, reduced MDA content, enhanced antioxidant enzymes, low vanadium Nawaz et al.
Watermelon . 0.1 uM
vanadium uptake from root to shoot (2018)
Cucumber 80 UM copper 10 nM Promoted seedling growth, improved antioxidant enzymes. Inhibited ROS accumulation, Cao et al. (2019)
i - . Tang et al.
Radish 200 mg lead 50 uM Enhanced growth, reduced oxidative damage lowered lead accumulation (2021)
Strawberry 100 HM 100 uM Enhanced seedling growth, antioxidan‘t en.zymes, anthocyanin, and chlorophyll content; decreased Wu et al. (2021)
cadmium oxidative stress biomarkers
Tomato 50 UM nickel 100 uM Improved photosynthesis, metabolites'content, an.tioxidant enzymes; reduced oxidative damage and Jahan et al.
lowered Ni accumulation from root to shoot (2020)
) . . Sarafi et al.
Pepper 100 UM boron 1 uM Enhanced mineral nutrient content, and carotenoids content, lowered metal uptake from root to shoot (2017)
i X . Siddiqui et al.
Fava bean 5 UM arsenic 50 uM Enhanced pigment content, gas exchange parameters, reduced ROS production and MDA level (2020b)
0
10 150 Tang et al.
Eggplant @ dmrinfm wmol Improved water use efficiency, gas exchange characteristics (2311%’;)6 !
. 100 Improved leaf photosynthetic efficiency, growth characteristics, and antioxidant enzymes, reduced ROS, Ahammed et al.
Cucumber 90 mg iron
pmol MDA and EL level (2020)
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complicated, need to be investigated under abiotic stresses. There exists a
major gap in the literature about understanding the regulation of
pathways by MEL and associated genes. Moreover, there is a need to
address several major problems. For instance, there is a lack of
understanding regarding the mechanisms of HM uptake,
sequestration, and transportation as regulated by MEL. Future research
should thus aim to deeply investigate the functions of MEL and its
underlying mechanisms to sustain crop production under abiotic
stress environments.
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Drought is one of the most significant abiotic stress threatening to crop
production worldwide. Soybean is a major legume crop with immense
economic significance, but its production is highly dependent on optimum
rainfall or abundant irrigation. As the global climate changes, it is more
important to find solutions to make plants more resilient to drought. The
prime aimed of the study is to investigate the effect of melatonin on drought
tolerance in soybean and its potential mechanisms. Soybean seedlings were
treated with 20% polyethylene glycol 6000 (PEG 6000) and subjected to osmotic
stress (14 days) with or without 100 uM melatonin treatment. Our results revealed
that melatonin supplementation significantly mitigated PEG-induced growth
retardation and increased water absorption ability. Foliar application of
melatonin also increased gas exchange and the chlorophyll fluorescence
attributes by the mitigation of the osmotic-induced reduction of the reaction
activity of photosystems | and Il, net photosynthetic rate (Pn), stomatal
conductance (Gs), transpiration rate (Tr), electron transport activity, and
photosynthetic efficiency. In addition, PEG-induced elevated production of
reactive oxygen species (ROS) and malondialdehyde (MDA) content were
significantly reversed by melatonin treatment. Equally important, melatonin
boosted the antioxidant activities of soybean plants. Moreover, osmotic stress
substantially increased abscisic acid (ABA) accumulation in roots and leaves,
while melatonin-received plant leaves accumulated less ABA but roots content
higher ABA. Similarly, melatonin significantly suppressed ABA biosynthesis and
signaling gene expression in soybean exposed to drought stress. Furthermore,
osmotic stress significantly suppressed plasmalemma (GmPIPs) and tonoplast
aquaporin (GmTIPs) genes expression, and their transcript abundance was up-
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regulated by melatonin co-addition. Taken together, our results indicated that
melatonin potentially improves drought tolerance of soybean through the
regulation of ABA and aquaporin gene expression, increasing photosynthetic
efficiency as well as enhancing water uptake efficiency.

KEYWORDS

Aquaporins, ABA metabolism, soybean, drought, climate change, water use efficiency

1 Introduction

Soybean (Glycine max L.) is an important oil seed legume and
forage crop, rich in protein (40%) and edible oil (20%), cultivated
globally for its valuable seed composition (Sharmin et al.,, 2020).
The annual global soybean production in 2019 was estimated to
exceed 333 million tonnes (FAOSTAT, 2019). Soybean is mainly
grown in tropical, subtropical, and temperate regions (FAO, 2021).
It is very sensitive to water scarcity and suffers greatly in terms of
growth and development under water deficit conditions (Bortoluzzi
et al, 2020). Consequently, global warming and changes in
precipitation patterns pose a significant threat to soybean
production, especially in areas lacking of rainwater or irrigation
(Cotrim et al,, 2021). It is well known that soybean yield can be
reduced under dry conditions (>50%), resulting in substantial
economic losses for farmers and growers (Soltani et al, 2017).
Hence, drought is a significant climatic risk requiring effective
mitigation strategies to sustain the global soybean supply. Over
the past two decades, surface water and groundwater have been
rapidly declining in China, approaching the threshold of
internationally recognized water resources (Chai et al, 2014).
Osmotic stress has profound negative effect on plants growth and
development as well as it substantially decrease the pigment
contents (Altaf et al., 2022). Malondialdehyde (MDA) is a
product of membrane peroxidation and is commonly used as a
prototypical symbol of membrane damage in stressed cells (Wang
et al, 2018). The key antioxidant enzymes superoxide dismutase
(SOD), peroxidase (POD), and glutathione-s-transferase (GST) are
actively participated against stress environments (Alharby and
Fahad, 2020; Alam et al., 2022). The increased antioxidant
enzyme activity can decrease MDA accumulation and reduce
stress-induced cellular structural damage (Ahmad et al, 2014).
Osmotic regulation is an essential physiological process for plants
in response to water deprivation (Igbal et al, 2018). The most
important osmolytes in plants are soluble saccharides and proline,
which are required to maintain stable cellular outcomes under
osmotic stress conditions (Dutta et al., 2019). Under abiotic stress
conditions, increased production of reactive oxygen species (ROS)
changes the phytohormone proteome and regulates the gene
expression (Dalal et al., 2018). Drought stress can cause an
imbalance in intracellular ROS production, leading to modulates
oxidative stress responses (Raja et al., 2017).

Multiple endogenous hormones and metabolic components
collaborate to govern the growth and development of plants
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(Dong et al,, 2019). Abscisic acid is an important phytohormone
that plays a key role in stress responses in different plants, generally
elevates in plants exposed to drought stress which controls stomatal
opening and closing and enhances the hydrophobic water holding
capacity (Hossain et al., 2015). Hence, decrease in stomatal opening
causes lowered CO, assimilation and reduced photosynthesis
activity, which imparts the growth and development of plants
(Mutava et al., 2015; Cohen et al., 2021). Aquaporins (AQPs) are
tiny integral membrane proteins that enable water transport across
cells and contribute to water homeostasis in plants. Numerous
physiological and genetic studies have demonstrated that AQPs are
responsible for short-term alterations in root hydraulics and leaf
water relations (Shivaraj et al., 2021). Among the recognized AQP
subfamilies, members of the plasma membrane intrinsic protein
(PIP) and the tonoplast intrinsic protein (TIP) are widely reported
for their significant role under stress conditions (Shivaraj et al.,
2021; Sudhakaran et al., 2021). Arabidopsis plants exposed to water
deficit condition have shown down regulation of TIPs expression in
leaves but only one PIP (PIP2;5) showed higher expression
(Alexandersson et al, 2010). The expression of the strawberry
FvPIP2;1 and FvPIP2;2 genes was observed both in leaves and
roots, where, FyPIPI;1 expression was only found in roots under
drought stress conditions (gurbanovski et al., 2013). Unlike PIPs,
barley leaves exposed to 14 days of drought stress has shown
differential expression of TIPs (Kurowska et al., 2019).
Interestingly, PIPs and TIPs are widely known aquaporins
involved in transporting H,O, in a stressful environment
(Carvalho, 2008). The efficacy of AtTIPI;1, AtTIPI1;2, and
AtTIP2;3 to transport H,O, has been investigated by applying a
yeast experiment (Bienert et al., 2007). In another study, CsTIP2; I
overexpressed tobacco plants increased drought tolerance, and it’s
strongly associated with the restriction of H,O, production. These
investigations show that TIPs, are involved in the implication of
H,0, into the vacuoles or strengthen the antioxidative system to
quench the excess ROS, ultimately offering drought resilience
to plants.

Many techniques, such as candidate genes, breeding, and multi-
omics approaches, could be used to develop transgenic soybean
lines which are more tolerant to drought stress (Dubey et al., 2018).
Despite the strategies mentioned above, the application of
exogenous hormones and/or biostimulants offers a simpler and
more cost-effective strategy to improve the resilience of plants to
adverse consequences of different abiotic stresses, including drought
stress (Khan et al, 2019; Shahzad et al, 2023). Among them,
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melatonin is a ubiquitous master-class plant growth regulator,
playing significant role in the regulation of plant growth and
development under stressful environments (Tiwari et al.,, 2021).
Melatonin promotes root and shoot formation, inhibits chlorophyll
breakdown/degradation, slows the senescence process, and reduces
ROS generation (Arnao and Hernandez-Ruiz, 2019). Melatonin
markedly improved the ability of tomato seedlings to withstand
drought conditions by improving stomatal conductivity,
photosynthetic rate, quantum PSII (Fv/Fm), transpiration rate,
and electron transport (Liu et al., 2015). Besides this, melatonin
increases the expression of abscisic acid (ABA) catabolism genes
(two CYP707 monooxygenases) while decreasing the expression of
NCED, a vital enzyme in ABA production, leading to sharp
reduction in ABA concentrations under stressful circumstances
(Zhang et al.,, 2014).

The implication of melatonin on aquaporin gene expression has
also been studied in plants, but its findings are very limited. Though
aquaporins are one of the core transporters controlling the
hydraulic conductance of roots (Deshmulkh et al., 2017), and
melatonin assists in mitigating osmotic stress, so melatonin and
aquaporins are inextricably linked with each other (Rajora et al,
2022). Supplementation with melatonin improved the efficiency of
root water absorption in rice through the regulation of plasma
membrane intrinsic proteins (PIPs). Another study on maize
showed that melatonin application enhances entire hydraulic
conductance in particular roots through upregulation of PIPs
expression (Qiao et al., 2020; Tiwari et al., 2021). However, in-
depth studies on the dynamics of aquaporin expression under
osmotic stress in the presence of melatonin are inadequate.
Abscisic acid generally plays an essential function in AQP
modulation and root water uptake in plants confronting diverse
nitrogen forms and/or water deficit conditions (Parent et al., 2009).
Melatonin’s impact on ABA dynamics, including how ABA content
controls AQP expression and water uptake in plants during drought
stress, is still not fully understood. The current study sought to
investigate the potential functions of melatonin in enhancing
drought tolerance, and the mechanism of melatonin-induced
enhanced resilience to drought. We assumed that melatonin
could facilitate higher accumulation of ABA in roots than leaves
in soybean and trigger the expression of AQPs under drought stress
conditions and also justified the dynamics functions of melatonin in
regulating ABA and AQPs under drought stress condition.

2 Materials and methods
2.1 Plant materials and growth conditions

Soybean seeds were procured from Guangxi University,
followed by sterilization in 20% ethanol, and placed in an
incubator for germination. The germinated seeds were sown in
plastic trays (32 holes) filled with growth substrates and cultured at
the Guangxi University greenhouse. The flow rate, humidity, and
temperature in the chamber were kept constant at 250 mol m™> s,
65%, and 26°C, respectively. At the second true leaf stage seedlings
were transplanted in new pots (the diameter of top and bottom were
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in 24 cm and 23 cm, respectively; 9 cm in height; water outlet at the
bottom) containing 3.5 kg mixture of humus soil and sand (1:1).
Soybean seedlings were watered with distilled water (50 mL/pot) as
a control or with polyethylene glycol 6,000 (PEG-6000, Solarbio co.,
Beijing, China) at concentrations of 0%, 10%, 20%, and 30%
concentrations (50 mL/pot). We applied PEG-6000 to induce
osmotic stress. Each group consisted of three replications. The
plants underwent numerous physiological and biochemical
evaluations following the end of each treatment cycle (14 DAT,
data is not shown). Finally, 20% polyethylene glycol (PEG) was
finalized as the optimal concentration for further investigations.

In addition, the concentration of melatonin was selected before
the final experiment. Plants in the control group were well watered
with a % strength Hoagland nutrient solution, in the melatonin
group plants were watered with a % strength Hoagland nutrient
solution and foliar sprayed with 100 mL (100 uM concentration)
melatonin solution and melatonin was applied every three alternate
day (4 times and continue until 12 days of treatment). PEG
treatment group were watered with a % strength Hoagland
nutrient solution plus 20% PEG 6,000, and PEG + melatonin
group were watered with a % strength Hoagland nutrient solution
plus 20% PEG 6,000 plus 100 mL (100 uM concentration) melatonin
solution. The designed parameters were recorded on the 14" day
after the treatment, and samples were harvested for biochemical and
gene expression analysis, followed by storage at -80 °C. At least three
replicates were performed for each treatment and 32 plants were
grown randomly for each treatment.

2.2 Determination of biomass and relative
water content

At least five seedlings from each treatment group were washed
with running water. Excess water was removed from the plant’s
surface by tissues before the stems and roots were separated.
Following that, the fresh weight (FW) was calculated. The
biomass and root-to-shoot ratio of soybean were determined. To
determine the relative water content (RWC) of tissues (Jahan et al.,
2019), leaves or roots with a specified FW were immersed in
distilled water for 5 hours to saturation. The saturated weight
(SW) was determined after the absorption of surface moisture.
Then, they were dried in an oven at 72°C for 48 hours until their
weight was constant (DW). The RWC was determined using the
following formula: RWC = (FW-DW) / (SW-DW) x 100%. A
similar procedure was used to calculate the RWC of the substrate.
All previous measures were performed at least five times.

2.3 Gas exchange measurement

Gas exchange parameters were measured using a Licor-6400
portable photosynthesis system (Li-Cor, USA). Gas exchange traits
of soybean leaves from the top in various treatments were
determined between 9:00 and 11:00 am. The net photosynthetic
rate (Pn), the stomatal conductance (Gs), the transpiration rate
(Tr), and the intracellular CO, concentration (Ci) were recorded
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simultaneously at room temperature of 25°C, an intracellular CO,
concentration of around 400 umol mol™, an 800 ymol m™ s
Photosynthetic photon flux density (Shen et al, 2019). The
carboxylation efficiency (Pn/Ci) was calculated based on the
values of Pn and Ci. The instantaneous water uses efficiency

(WUEI) was calculated using the Pn/Tr formula.

2.4 Measurement of rapid chlorophyll
fluorescence characteristics

Chlorophyll fluorescence is commonly employed to assess the
effects of environmental stressors on the photosynthetic efficiency
of plants. The fast chlorophyll fluorescence parameters of the
middle blades of the 3rd to 5th mature leaves from the apex in
various treatments were observed by a multifunctional plant
efficiency analyzer (M-PEA, Hansatech, UK) and the variables
were estimated according to Cai et al., (2020).

2.5 Measurement of antioxidant enzyme
activity and reactive oxygen species

Tomato leaf and root samples (0.2 g) were homogenized with a
mortar and pestle in 1.6 mL of 50 mM precooled sodium phosphate
buffer (PBS, pH 7.8) on ice and centrifuged at 4°C for 20 min. The
collected supernatant was used as a crude extract to detect
antioxidant enzyme activities. The antioxidant enzyme namely
superoxide dismutase (SOD), peroxidase (POD), and catalase
(CAT) were determined following the method developed by
Kazemi et al., (2010).

Malondialdehyde (MDA) concentration was assessed according
to Altaf et al.,, (2021). Shortly, 0.5 g of leaf and root samples were
homogenized in 5 mL of 5% (w/v) trichloroacetic acid (TCA)
solution and then centrifuged at 4000 x g at 4° C for 10 min
followed by supernatant collection. After that, 2 mL of TCA
containing 0.67% thiobarbituric acid (TBA) solution was mixed
to the collected supernatant followed by boiled in a water bath (100°
C) for 30 minutes and later cooled on ice. The absorbance of aliquot
was recorded at 450, 532, and 600 nm using a spectrophotometer.
The MDA content unit was expressed as mircomoles per gram
of FW.

Hydrogen peroxide content in the roots and leaves of soybean
was examined by Wu et al,, (2022). In brief, leaves (0.2 g) were
sampled and homogenized in 1.6 mL of 0.1% precooled
trichloroacetic acid (TCA) on ice and centrifuged at 4°C at 12000
g for 20 min. The supernatant was collected as the crude extract to
determine the content of H,O,.

Superoxide anion production was estimated as indicated by Du
et al,, (2023) with minor modifications. In short, leaf and root
tissues (0.2 g) were ground in 2 mL of 50 mM phosphate buffer (pH
7.8) followed by centrifugation at 12000 x g at 4°C for 20 min. Next,
0.5 mL of 50 mM phosphate buffer (pH 7.8) along with 0.1 mL of 10
mM hydroxylamine hydrochloride were incorporated in 0.5 mL
supernatant and later incubation at room temperature for 30 min.
Following after incubation, 1 mL of 17 mM sulfanilamide and 1 mL
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of 7 mM naphthylamine were added into the mixture solution and
again incubated for 30 min. The absorbance reading was recorded at
530 nm.

2.6 Determination of ABA content

The endogenous ABA content of the soybean leaves was
evaluated according to Ma et al, (2022). Briefly, 0.3 g leaf and
root samples were homogenized in 3 mL precooled 50%
chromatographic methanol (v/v), and the extracted was incubated
at 4°C for 12 h, followed by centrifugation at 10000 rpm - min " for
10 min at 4°C, and the supernatant was stored at 4°C. 2 mL of
precooled 80% methanol was added to the residue, extracted at 4°C
for 12 h, and centrifuged at 10000 rpm - min™" for 10 min at 4°C.
After that, 2 mL of precooled 100% methanol was mixed to the
residue and extracted for 12 h, and centrifuged as per the above
conditions. Finally, all the extracts were collected and combined,
and PVPP (crosslinked polyvinylpyrrolidone) was added into the
extract at the rate of 0.2 g¢FW™' to adsorb phenols and pigments.
After shaking at 4°C for 60 min, centrifuged the mixed solution like
the above condition. The supernatant was passed slowly through
the C18 column, collected in a centrifugal tube, and then kept in a
freeze-drying machine. Thereafter, 2.5 mL of 50% methanol was
added to the supernatant for dissolution, and passed through the
0.22 pm organic phase ultrafiltration membrane to determine ABA.
The analyses were performed with a Hypersil ODS C18 column
(250 mm x4.0 mm, 5 um) and a two-solvent system including
methanol and ultrapure water (0.5% glacial acetic acid added). The
quantitative value of ABA was calculated by an external standard
calibration curve method.

2.7 Gene expression analysis by RT-PCR

To examine the effect of melatonin on the relative expression of
particular genes in soybean leaves under drought stress, total RNA
was extracted from soybean leaf tissues using the TotalRNA kit, and
cDNA was synthesized after removing genome DNA using
TransScript One-Step gDNA Removal and ¢cDNA Synthesis
Supermix (Transgen Biotech). After reversed transcription, the
cDNA solution was diluted five times and utilized as a template.
The specific primers used in this study are enlisted in Table S1. The
SYBR ® Premix Ex TaqTM kit (Tli RNaseH Plus, TaKaRa,
RR420A) was used for qRT-PCR as a master mix, and the
reaction system was arranged in accordance with the guidelines.
The relative gene expression was quantified following the formula
developed by Livak and Schmittgen, (2001).

2.8 Statistical analysis

All data were statistically analyzed using IBM SPSS 24.0
(Statistical Package for the Social Sciences, SPSS Inc., Chicago, IL,
USA). The least significant difference (LSD) test was used to
examine the differences between treatments and at least three
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replications (n=3) were employed for each treatment Differences
were considered significant at P <0.05. Origin 9.0 software was used
to make figures.

3 Results

3.1 Melatonin improves soybean growth
under osmotic stress

Osmotic stress severely inhibited plant growth, as evidenced by
leaf desiccation, softening petioles, and plant wilting, while foliar
application with melatonin resulted in a significant reduction in
plant growth despite water loss and leaf wilting (Figure S1). Biomass
measurements indicates that osmotic stress significantly reduced
soybean plant growth, but melatonin largely counteracted this
harsh effect. PEG treatment reduced the fresh weight of both
shoots and roots to 77%, and 97%, respectively, than that of the
control (Table 1). In contrast, while melatonin was incorporated,
they were 88% and 126% of the controls and 39% and 40% greater
than when PEG treatment alone was used. Similarly, the dry weights
of the roots and shoots under PEG treatment were 53% and 44%,
respectively, while the application of melatonin increased their dry
weight by 66% and 21%, respectively, compared to their
corresponding control. Based on dry weight, it was determined
that PEG treatment had no discernible effect on the root/shoot ratio
but that melatonin treatment resulted in 41% increase over PEG
treatment alone (Table 1). These findings imply that melatonin has
a significant ameliorating effect on the osmotic stress-induced
growth inhibition of soybean.

3.2 Melatonin enhances gas exchange
characteristics of soybean leaves under
osmotic stress

The gas exchange attributes, namely net photosynthetic rate
(Pn), stomatal conductance (Gs), transpiration rate (Tr), respiration
rate (Ci), and Pn/Ci were significantly influenced by osmotic stress,
and the values of these gas exchange attributes were significantly
reduced by 53%, 69%, 64%, 20%, and 42%, respectively, in soybean
leaves exposed to PEG stress than in control plants (Figure 1). On
the contrary, melatonin supplementation reversed these gas

10.3389/fpls.2023.1193666

exchange characteristics except Ci and increased by 52%, 86%,
46%, and 33%, respectively, indicating that melatonin treatment
potentially mitigates photosynthetic capacity under a stressful
environment. In addition, melatonin treatment further
augmented the WUEi value, which was higher with osmotic
stress (Figure 1).

3.3 Melatonin modulates rapid chlorophyll
fluorescence parameters of soybeans
under osmotic stress

As displayed in Table 2, osmotic stress resulted in a notable
reduction in the maximum photochemical efficiency (Fv/Fm) of
photosystem II (PSII), which decreased by 19% from that of the
untreated plants. However, the application of exogenous melatonin
substantially elevated the Fv/Fm value, which increased by 13% in
comparison with PEG-treated plants (Table 2). The results showed
that the PSII parameters of soybean leaves was damaged under
osmotic stress, while exogenous melatonin alleviated the inhibition
of PSII caused by PEG-stress. In addition, osmotic stress
differentially influenced rapid chlorophyll fluorescence
parameters, reflecting as increased and/or decreased. The Wk (the
inhibition of oxygen evolving complex at the donor side of PSII
reaction center), Mo (the maximal rate of QA reduction at the
receptor side of PSII reaction center), and ¢p, (the quantum yield of
heat dissipation) values were increased in osmotically stressed
soybean plants by 57%,174%, and 58%, respectively, compared
with their corresponding control seedlings, and the y, (the
efficiency that a trapped exciton moves an electron into the
electron transport chain beyond QA), ¢Po (he maximum
quantum yield of PSIIreaction center), RO (the quantum yield
for reduction of end electron acceptors at the PSIacceptor side), Eo
(the quantum yield of electron transport), PIABS (photosynthetic
capacity indexes which are based on absorption), and Pltotal
(photosynthetic capacity indexes based on the total of PSI and
PSII reaction centers) values were decreased by 40%, 35%, 63%,
40%, 76% and 69%, respectively in the same treatment conditions
(Table 2). On the contrary, treatment with melatonin reversed their
values under osmotic stress conditions. According to these findings,
osmotic stress increases the quantum vyield of heat dissipation while
decreasing the electron transfer activities of the PSII reaction center,
donor side and receptor side, and PSI reaction center. Treatment

TABLE 1 Interactive effect of melatonin on biomass production of soybean plants under osmotic stress.

Root/shoot ratio

Dry weight (g)

Treatment Fresh weight (g)

Shoot Root
Control 7.8 0.15° 2.5 +0.08*
Melatonin 8.5 +0.19% 2.7 +£0.07
PEG 3.7 +0.12¢ 1.0 +0.02°
Melatonin+ PEG 52 +0.18° 1.5 +0.04

Root
2.5 + 0.06" 0.45 + 0.05" 0.32+ 0.01°
2.6 +0.08" 0.62 +0.07 * 0.32 +0.02*
0.8 + 0.02° 0.12 + 0.02¢ 0.27 +0.01°
1.3 +0.04° 0.18 + 0.04° 0.28 + 0.01°

Soybean seedlings cultivated on nutrient solution (Control), seedlings cultivated on nutrient solution and foliar sprayed with 100 uM melatonin for 14 days (Melatonin), seedlings treated with
20% PEG 6000 for 14 days (PEG), and seedlings treated with 100 UM melatonin and 20% PEG 6000 for 14 days (Melatonin+ PEG). At least three biological replicates were measured for each
treatment. Difference letters indicate significant variations among the treatments at P<0.05.
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FIGURE 1

Interactive effect of melatonin on gas exchange parameters (A), net photosynthetic rate (Pn); (B), stomatal conductance (Gs); (C), transpiration rate
(Tr); (D), intercellular carbon dioxide concentration (Ci); (E), carboxylation efficiency (Pn/Ci)); (F), water use efficiency (WUE)) of soybean leaf under
osmotic stress. Soybean seedlings cultivated on nutrient solution (Control), seedlings cultivated on nutrient solution and foliar sprayed with 100 pM
melatonin for 14 days (Melatonin), seedlings treated with 20% PEG 6000 for 14 days (PEG), and seedlings treated with 100 yM melatonin and 20%
PEG 6000 for 14 days (Melatonin+ PEG). At least three biological replicates were measured for each treatment. Difference letters indicate significant

variations among the treatments at P<0.05

with melatonin prevents osmotic stress-induced down-regulation of
photosynthetic electron transport in soybean leaves.

3.4 Melatonin triggers PSII reaction center
protein gene expression in soybean leaves
under osmotic stress

The relative transcript abundance of the core protein genes of
the PSII reaction center were differentially expressed under osmotic

stress conditions. The core genes psbA (encoding D1), psbB
(encoding CP47), psbD (encoding D2), and psaA expression in
soybean leaves under osmotic stress were significantly suppressed,
and their expression were reversed after melatonin treatment
(Figure 2). In addition, the relative gene expression of CytB6F was
elevated in soybean leaves under PEG stress, and its expression was
further up-regulated in melatonin-received plants under the same
stress condition, indicating that melatonin has additive effects on
core protein gene expression of PSII reaction center under osmotic
stress environments (Figure 2).

TABLE 2 Interactive effect of melatonin on chlorophyll fluorescence attributes on soybean seedlings under osmotic stress.
Fluorescence Control Melatonin PEG Melatonin+ PEG
FV/FM 76.8 + 0.95 77.5 + 0.88* 62.5 + 0.75° 72.2 + 0.62°
Wi 0.46 + 0.03° 0.44 + 0.04° 0.72 + 0.05" 0.53 + 0.03"
M, 0.68 + 0.04° 0.63 = 0.02¢ 1.86 +0.14° 0.95 + 0.08"
v, 0.68 + 0.02° 0.73 + 0.09° 0.41 + 0.02° 0.45 + 0.03"
WP, 0.86 + 0.11* 0.94 + 0.13" 0.56 + 0.08° 0.76 + 0.10°
Eo 0.52 + 0.08* 0.53 + 0.07* 031+ 0.11° 049 + 0.09°
Do 0.26 + 0.05* 0.25 + 0.04° 0.41 % 0.13* 0.28 + 0.04"
R, 0.19 + 0.02* 0.20 + 0.03* 0.07 + 0.01° 0.18 + 0.03*
Plags 221 +0.18 2.28 + 0.16* 0.54 + 0.08° 2.11 % 0.16"
Plyoa 1.45 + 0.19° 1.54 +0.14° 0.45 + 0.07° 1.26 +0.13°

Soybean seedlings cultivated on nutrient solution (Control), seedlings cultivated on nutrient solution and foliar sprayed with 100 uM melatonin for 14 days (Melatonin), seedlings treated with
20% PEG 6000 for 14 days (PEG), and seedlings treated with 100 UM melatonin and 20% PEG 6000 for 14 days (Melatonin+ PEG). At least three biological replicates were measured for each

treatment. Difference letters indicate significant variations among the treatments at P<0.05.
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Interactive effect of melatonin on gene expression photosystem, aquaporins gene expression of soybean leaf under osmotic stress. Soybean
seedlings cultivated on nutrient solution (Control), seedlings cultivated on nutrient solution and foliar sprayed with 100 uM melatonin for 14 days
(Melatonin), seedlings treated with 20% PEG 6000 for 14 days (PEG), and seedlings treated with 100 pM melatonin and 20% PEG 6000 for 14 days
(Melatonin+ PEG). At least three biological replicates were measured for each treatment. Difference letters indicate significant variations among the

treatments at P<0.05.

3.5 Melatonin maintains relative water
content of soybean seedlings and
substrate under osmotic stress

After 14 days of osmotic stress, the relative water contents of roots
and leaves of soybean seedlings decreased by 37% and 49%,
respectively, compared with their corresponding control, whereas
melatonin-received plants exposed to osmotic stress were uplifted
their RWC content by 31% and 36%, respectively over only osmotic

Frontiers in Plant Science

stress plants (Table 3), indicating that addition of melatonin
significantly increases the water content in soybean under drought
stress. In addition, we also determined the substrate water status. The
relative water content of the matrix after PEG treatment was higher
than that of the control (Table 3), while melatonin addition reduces
water content in the substrate, indicating that PEG treatment blocks
the water absorption so that much more water was left in the substrate,
while melatonin treatment significantly improved water absorption of
plants so that less water was left in the substrate than PEG alone.
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TABLE 3 Interactive effect of melatonin on relative water content in soybean seedlings and substrate under osmotic stress.

Treatment Root RWC (%)
Control 72.6 + 2.54%
Melatonin 73.3 +£2.98*
PEG 456 + 1.52°
Melatonin+ PEG 59.6 + 1.85"

Leaf RWC (%) Substrate RWC (%)

81.2 + 2.12° 62.5 + 0.98"
82.3 +2.32° 61.5 + 1.10°
415 + 1.81° 715 + 1.28°
56.3 + 1.55" 61.6 + 0.84°

Soybean seedlings cultivated on nutrient solution (Control), seedlings cultivated on nutrient solution and foliar sprayed with 100 uM melatonin for 14 days (Melatonin), seedlings treated with
20% PEG 6000 for 14 days (PEG), and seedlings treated with 100 uM melatonin and 20% PEG 6000 for 14 days (Melatonin+ PEG). At least three biological replicates were measured for each

treatment. Difference letters indicate significant variations among the treatments at P<0.05.

3.6 Melatonin triggers free proline content
and its gene expression of soybean
seedlings under osmotic stress

Proline is a compatible osmotic solute in plants. Here, soybean
plants exposed to osmotic stress increased proline contents in leaves
and roots by 20% and 61%, respectively than control plants
(Figure 3A). The exogenous addition of melatonin further
elevated the proline content in both roots and leaves by 1.2- and
1.34 folds, respectively. Consistent with proline content, the core
proline biosynthesis gene delta 1-pyrroline-5-carboxylate
synthetase (P5CS) was highly expressed under drought stress, and
its expression was further increased in melatonin-received soybean
plants under osmotic stress (Figure 3B).

3.7 Melatonin balances antioxidant enzyme
activity and ROS in soybean seedlings
under osmotic stress

After 14 days of PEG treatment in soybean plants, SOD activities
in leaves and roots decreased by 49% and 40%, respectively,
compared with the control group (Figure 4A). On the contrary, the
application of melatonin increased them by 39% and 14%,
respectively. Similarly, under PEG treatment, CAT activities in the
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leaves and roots of the plants decreased by 65% and 56%, respectively,
compared with control, and its activities increased in plants that
received melatonin by 32% and 23%, respectively (Figure 4B).
Consequently, treatment with PEG significantly decreased the POD
activities in the leaves and roots of soybean plants by 45% and 50%,
respectively, compared to control plants, and melatonin treatment
increased their values by 42% and 40%, respectively (Figure 4C).
These findings insight that melatonin treatment boosts antioxidant
activities under osmotic stress.

PEG treatment significantly elevated the MDA content in the
leaf and root of soybean plants by 1.75- and 1.85 times more over
control treatment, and the co-addition of melatonin substantially
reduced the leaf and root MDA content by 1.15- and 1.02 times
more than control plants (Figure 4D). Under PEG stress, the rate of
O, generation in soybean roots and leaves was 5.14- and 2.6 folds,
respectively higher compared with control plants. Conversely, the
production rates of O, in roots and leaves were lower in
melatonin-applied plants when compared to only osmotic-treated
plants (Figure 4E). These results denote that melatonin co-addition
partially but significantly mitigates PEG-induced osmotic stress by
lowering the production of MDA and O, in the leaf and root of
soybean (Figure 4D-E). However, melatonin treatment significantly
inhibits the H,O, content in leaves and roots of soybean plants
under osmotic stress in contrast to only PEG-treated
plants (Figure 4F).
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Interactive effect of melatonin on (A) proline content of soybean leaf and root and (B) GmP5CS expression of soybean leaf under osmotic stress.
Soybean seedlings cultivated on nutrient solution (Control), seedlings cultivated on nutrient solution and foliar sprayed with 100 pM melatonin for 14
days (Melatonin), seedlings treated with 20% PEG 6000 for 14 days (PEG), and seedlings treated with 100 uM melatonin and 20% PEG 6000 for 14
days (Melatonin+ PEG). At least three biological replicates were measured for each treatment. Difference letters indicate significant variations among

the treatments at P<0.05.
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FIGURE 4

Interactive effect of melatonin on antioxidant enzyme activity of SOD (A), CAT (B), POD activity (C), MDA content (D), O, production rate (E) and
H,O, content (F) of soybean leaf and root under osmotic stress. Soybean seedlings cultivated on nutrient solution (Control), seedlings cultivated on
nutrient solution and foliar sprayed with 100 uM melatonin for 14 days (Melatonin), seedlings treated with 20% PEG 6000 for 14 days (PEG), and
seedlings treated with 100 pM melatonin and 20% PEG 6000 for 14 days (Melatonin+ PEG). At least three biological replicates were measured for
each treatment. Difference letters indicate significant variations among the treatments at P<0.05

3.8 Melatonin functions on endogenous
ABA and related gene expressions in
soybean seedlings under osmotic stress

ABA is a pivotal component that plays an essential role in the
regulation of stress conditions in plants. After two weeks of osmotic
stress, the endogenous ABA content was substantially increased in the
roots and leaves of soybeans by 164% and 116%, respectively,
compared with the control group (Figure 5A). Supplementation
with melatonin significantly reduced the endogenous ABA content
in the leaf but increased the root ABA content of soybean by 34% and
20%, respectively, compared with the only osmotic stressed plant. To
understand molecular insight, we also assessed the expression of genes
related to ABA metabolism. The relative gene expression of 9-cis-
epoxycarotenoid dioxygenase 3 (NCED3) and PYL8 were significantly
up-regulated in osmotically stressed plants, and melatonin treatment
inhibited their expression under the same stress conditions
(Figure 5B). In contrast, PEG treatment significantly down-regulated
the expression of CYP707A1 and PP2C-67 and their expression was
further decreased with the supplementation of melatonin under the
same stressful environment (Figure 5B and Figure 2).

3.9 Melatonin regulates aquaporin gene
expressions in soybean seedlings under
osmotic stress

In soybean plants, we sequenced the PIP-and TIP-related genes
in accordance with the conserved sequences of the plant aquaporin
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genes, including PIP and TIP, which are confirmed by National
Center for Biotechnology Information (NCBI). The relative
transcript abundance of PIPI;7, PIP1;8, PIP2;4, PIP2;5, PIP2;6,
PIP2;13, PIP2;14, TIPI;7, TIP2;2, and PIP2;6 genes expression
were down-regulated by 69%, 55%, 45%, 71%, 35%, 39%, 71%,
56%, 70%, 31%, respectively, compared to their corresponding
control treatment (Figure 2); however, their expression was up-
regulated with the supplementation with melatonin by 119%, 67%,
25%, 110%, 31%, 23%, 93%, 57%, 83%, and 28%, respectively, than
the only osmotic stress plants (Figure 2). According to these
findings, osmotic stress significantly inhibited the aquaporin gene
expression in soybean plants, but melatonin treatment greatly
reduced this suppression.

4 Discussion

Climate change poses significant threats to agricultural regions.
Due to shifting climatic circumstances, the negative effects of water
scarcity are not just limited to food security but could also result in
restrictions in other areas of agricultural production. In this
experiment, we investigated the putative role of melatonin on the
drought stress tolerance of soybean seedlings. We observed that
20% PEG 6000 led to severe damage symptoms in soybean plants
and slowed seedling growth, but the addition of melatonin greatly
reduced this retardation effect (Figure SI1 and Table 1). These
findings support earlier studies indicating that melatonin
increases the osmotic tolerance of soybean plants (Ahmad et al,
2019; Altaf et al., 2022). Furthermore, we found that no obvious
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Interactive effect of melatonin on (A) ABA content of soybean leaf and root and (B) gene expression of ABA metabolism of soybean leaf under
osmotic stress. Soybean seedlings cultivated on nutrient solution (Control), seedlings cultivated on nutrient solution and foliar sprayed with 100 pM
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variations among the treatments at P<0.05.

effect was observed on the root-to-shoot ratio of soybean plants
under PEG treatment, whereas melatonin addition significantly
increased the root-to-shoot ratio under osmotic stress (Table 1).
This finding suggests that 20% PEG treatment is obviously enough
to inhibit soybean root growth, whereas melatonin significantly
lessens drought stress-induced root growth inhibition. The fact that
melatonin improved fresh mass substantially more than dry mass
(Table 1) indicates that melatonin enhances the water status of
soybean seedlings exposed to osmotic stress, which can be
corroborated by melatonin elevated RWC of soybean seedlings
(Table 3). Moreover, melatonin also helps to reduce the water
content of the growing substrate, indicating that it facilitates plant
roots to absorb more water. A major improvement in higher RWC
was observed in the melatonin-treated plants and results show the
positive effect of melatonin on the water-retaining ability of the
plants (Ali et al., 2021; Bhardwaj et al., 2022).

There are two basic explanations of the mechanism by which
melatonin enhances drought tolerance in plants, one is increased
photosynthesis. As a result, melatonin pretreatment increases leaf
chlorophyll concentration and improves the gas exchange and
photochemical efficiencies (Arnao and Hernandez-Ruiz 2009;
Arnao and Hernandez-Ruiz, 2019). Melatonin can also augment
the expression of genes related to the Calvin Cycle, including
ribulose-1,5-bisphosphate carboxylase/oxygenase small subunit,
triose-3-phosphate isomerase, fructose-1,6-bisphosphatase,
fructose-1,6-bisphosphate aldolase, and transketolase under heat
stress conditions (Jahan et al., 2021). The findings here
demonstrated that melatonin lessened the osmotic stress-induced
suppression of soybean leaf stomatal conductance and transpiration
(Figure 1). Among the photosynthetic parameters, stomatal
conductance is the rate liming component estimates the rate of
gas exchange (i.e., carbon dioxide uptake) and transpiration (i.e.,
water loss) through the leaf stomata as determined by the degree of
stomatal aperture and most vulnerable to osmotic stress. Plant
growth is impaired by severe drought stress due to a decrease in
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stomatal opening, which limits CO, uptake and hence reduces
photosynthetic activity (Chaves et al., 2009), and/or from changes
in photosynthetic metabolism (Lawlor, 2002). Melatonin on the
other hand helps to decrease stomatal closing and increase rate of
stomatal opening by means of enhancing stomatal conducting
activity (Jahan et al., 2021; Altaf et al., 2022) and thus helps to
increase photosynthesis efficiency and biomass production under
stress conditions. Melatonin supplementation increases drought
tolerance in rapeseed through the enhancement of leaf stomatal
conductance and water use efficiency (Dai et al., 2020). The second
rationale is to strengthen the antioxidant system. Under drought
conditions, tobacco seedlings supplemented with melatonin
exhibited higher activities of SOD, POD, as well as other non-
enzymatic antioxidants, which scavenged excess ROS and reduced
lipid peroxidation production to prevent plant tissues from stress
(Zuo et al., 2014; Chen et al., 2018; Igbal et al., 2018). The findings
of the current study supported the previous arguments. The
carboxylation efficacy, Pn, WUEI, electron transport activities,
and photosynthetic index values of soybean leaves under osmotic
stress were all enhanced by applying melatonin (Figure 1 and
Table 2). These findings are consistent with melatonin-enhanced
leaf photosynthetic performance in other plant species (Wang et al.,
2013; Shi et al, 2015; Ye et al,, 2016), implying the stimulatory
effects of melatonin on the photosynthesis processes under stress
are similar in many respects.

The primary protein compound of the PSII reaction center is
typically a heterodimer made of D1 and D2 proteins generated by
psbA and psbD, respectively (Kiss et al., 2012). The inner light-
harvesting complex comprises the CP43 and CP47 proteins,
encoded by psbB and psbC, respectively (Bi et al., 2016). The
major photochemical reactions are initiated by these protein
complexes, all of which make up the PSII reaction center and
control the absorption and transmission of the light energy received
by the antenna pigments. The PSII reaction center is the central
place of stress damage (Nishiyama and Murata, 2014). In the
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present investigation, we noticed that the expression of the psbA,
psbB, psbD, and psaA genes was significantly suppressed by drought
stress in soybean leaves, whereas the exogenous application of
melatonin entirely reversed this negative effect (Figure 2),
demonstrating that melatonin overturns the suppressive actions
of drought stress on the central protein repair of the PSII reaction
center (Jahan et al., 2021).

Our research also corroborated the notion that melatonin
increases antioxidant enzyme activity. The result revealed that
drought stress enhanced the SOD, POD, and CAT activities in
soybean leaves and roots and melatonin supplementation fostered
this improvement (Figure 4A-C). As a result, melatonin reduced
O, generation along with H,O, and MDA contents (Figure 4D-F)
and uplifted the activity of SOD, POD, and CAT. Accumulated
evidence showed that melatonin increased antioxidant enzyme
activity in different plant species under various stress conditions,
including drought stress (Kaya and Doganlar, 2019; Dai et al., 2020;
Hossain et al., 2020; Sharma et al., 2020), suggesting that melatonin
enhances the antioxidant defenses of soybean leaves to neutralize
ROS and inhibits membrane lipid peroxidation production in
soybean plants, thereby enhancing plant stress tolerance
(Figure 4D-F). The physiological implications of melatonin-
induced reduction in H,O, in soybean leaves under osmotic
stress are also unclear. It is widely understood that an increase in
H,0, in guard cells causes stomatal closure, but melatonin can
inhibit ABA-induced stomatal closure in apple leaves (Li et al.,
2015) and Arabidopsis leaves (Zuo et al., 2014).

The outcome of water stress often increased endogenous ABA
production as a result of both promoting synthesis and inhibiting
catabolism (Li et al., 2015; Li et al.,, 2016). We also observed the
accumulation of ABA in soybean plants under osmotic stress
(Figure 5A). The increase in endogenous ABA content in leaf and
root are likely the consequence of stimulation of synthesis and
inhibition of catabolism because PEG treatment increased NCED3
expression and decreased the expression of CYP707A1 (Figure 5B
and Figure 2) (Lietal,, 2015). PYL8 is an ABA receptor protein gene
involved in ABA signaling (Antoni et al., 2013; Kundu and Gantait,
2017). PYL8 expression was dramatically up-regulated in soybean
leaves by osmotic stress (Figure 5B and Figure 2), showing that
transduction of ABA signaling was facilitated during stress. In
contrast, PYL8 expression was down-regulated in leaves when
treated with melatonin. This may prove that decrease ABA
content in leaf is related with the down-regulation with PYL8
expression. Kwak et al,, (2003) demonstrated that ABA caused an
increase in H,0, by increasing the expression of the NADPH
oxidase gene Rboh (respiratory burst oxidase homologue). Hence,
the inhibition of ABA accumulation, which in turn increases
stomatal conductance, maybe the responsible for melatonin-
induced reduction of H,0, in soybean leaves during osmotic stress.

Osmotic stress substantially suppressed the transcription of
plasma membrane PIPs and tonoplast TIP in soybean leaves
(Figure 2), demonstrating that osmotic stress can readily impede
water transduction in soybean. Conversely, supplementation with
melatonin substantially reduced the suppressive activities of
osmotic stress on the transcription of PIPs and TIPs, revealing
that melatonin enhances water absorption and transportation in
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soybeans, explaining the mechanism underlying melatonin-
improved RWC content in plant tissues. These findings help to
partially explain why melatonin not only stimulates stomatal
opening but also enhances the water balance of plants in
drought-stressed environments. The present findings were also
confirmed by previous investigations, which concluded that
melatonin application triggered the water absorption capacity of
the root through the mRNA regulation of PIP aquaporins in maize
and elevated the TIP aquaporins expression in barley under drought
stress conditions (Kurowska et al., 2019; Qiao et al., 2020). Plant
aquaporin gene expression is stimulated by H,O, under stress
conditions (Prado and Maurel, 2013; Cai et al.,, 2020). Moreover,
ABA plays a significant regulatory role in promoting rice PIPs gene
expression (Lian et al., 2006; Ding et al., 2016). In this study, PEG
treatment increased ABA and H,0, levels in soybean plants, but the
plants still exhibited severe damage symptoms and aquaporin gene
expression was repressed. As a result, we cannot fully validate the
association between ABA and aquaporin gene expression, and it
requires further investigation. On the contrary, the positive effect of
melatonin is evident. In leaves, melatonin treatment reduced ABA
production under osmotic stress, improved stomatal conductance,
and enabled CO, entry, which is advantageous for photosynthesis.
These effects cause plants to continue absorbing and distributing
surface water, ultimately conferring plant drought tolerance.
Proline is an important osmolytes triggers plant adaptability
under osmotic stress. Surprisingly, melatonin application can
promote higher proline accumulation both root and leaf of
soybean seedling even if the intensity of water stress in plants is
not as severe as with PEG treatment alone and the core proline
biosynthesis gene delta 1-pyrroline-5-carboxylate synthetase
expression also increased under osmotic stress (Figure 3). Our
finding indicates that melatonin-induced proline content in
soybean plants is not the product of stress-related damage but
rather an active accumulation of osmotic solutes, which may have
significant implications for increasing tolerance to drought. These
findings, consistent with the earlier study, noted that melatonin-
mediated proline activation promotes drought tolerance via cell
membrane stability and reduced ROS generation (Wang et al,
2019). Collectively, osmotic stress inhibits growth of soybean
seedlings, whereas melatonin application mitigates osmotic stress
induced growth inhibition by means of increasing photosynthesis
efficiency and regulating ABA and aquaporin gene expression.

5 Conclusion

In conclusion, our findings show that exogenous melatonin
application significantly increased plant biomass specifically root
biomass, which might be contribute to improves root water uptake
and conductivity, increases photosynthetic activity amid drought
conditions, and exerts osmotic stress to soybean plants. Under
osmotic stress, the co-addition of melatonin significantly inhibited
excess ROS production and reduced MDA levels, thus-facilitates
reduction of cellular damage. Osmotic stress greatly decreased
antioxidant defense system and melatonin helped to elevated
antioxidant enzyme activities. In addition, melatonin prevents ABA
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synthesis in leaves and increase endogenous ABA content in roots,
thereby boosting ABA signaling and generating less H,0O,
accumulation in plant under osmotic stress, and the latter
stimulates the up-regulation of aquaporin genes (PIPs and TIPs)
expression, thus increasing the stomatal aperture and transpiration
pull. This is advantageous to uptake water, enabling CO, entrance
into mesophyll cells and retaining the photosynthetic efficiency of
leaves. These studies shed light on the underlying mechanisms of
melatonin-mediated improvement of plant drought tolerance. Thus
more studies like field trials can be conducted to unravel the efficacy
of melatonin in reducing drought-induced growth inhibition under
water-limited soil conditions and high-throughput molecular analysis
may be the best alternative to get more insightful mechanisms.
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