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Genotype-dependent resilience mediated 2
by melatonin in sweet corn
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Abstract

Background Water deficits, exacerbated by climate change and unpredictable weather, have become a significant
global challenge to agricultural productivity. In this context, exogenous melatonin treatment is well documented as
a stress alleviator; however, its effects on various biological processes, particularly in less-explored genotypes, remain
understudied. This study aimed to enhance water deficit resilience in sweet corn by applying foliar melatonin to four
genotypes-Messenger, Dessert, Royalty, and Tyson under two levels of water deprivation induced by polyethylene
glycol at 8% and 12% concentrations in a hydroponic, controlled environment.

Results The melatonin treatments were assessed for their impact on various morphological, physiological, and
biochemical parameters under both normal and water-deficit conditions. Under severe water deprivation (12% PEG),
melatonin increased root length by 75%, peroxidase activity by 31% while reducing malondialdehyde content by 34%
in genotype Dessert indicating enhanced antioxidant defense and reduced oxidative damage. Likewise in genotype
Royalty, stomatal conductance increased by 68%, with increasing specific area by 125% on melatonin treatment
under severe water deprivation. The treatment also improved chlorophyll-a content by 93% in Royalty and 37% in
Tyson, while decrease in malondialdehyde levels by 42% in Tyson, indicating reduced oxidative damage under severe
water deprivation. In addition, melatonin increased photosystem Il efficiency (Fv/Fm) in all genotypes with 27%
increase in Royalty and improved quantum yield across all genotypes, regardless of the water deficit level.

Conclusion Overall, melatonin treatment showed genotype-specific and dose-dependent effects in mitigating
water deficit effects, offering a promising strategy to improve crop resilience and productivity in limited water
environments. These results suggest the practical application for integrating melatonin treatments into sustainable
agricultural practices, such as improving water deficit tolerance in sweet corn and potentially other crops, to maintain
productivity under adverse climatic conditions.
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Introduction

Plants are exposed to a variety of environmental stresses
during growth and development in both natural habi-
tats and agricultural settings. Among the many stress-
ors, drought stands out as a severe phenomenon that has
a significant impact on plant productivity. The presence
of water is crucial in different physiological processes,
including growth, development, and metabolism, since
it makes up approximately 80-95% of the total fresh
biomass of the plant [1, 2]. Hence, it is widely held that
drought is the prime environmental determinant impact-
ing many plant species, especially in drought-prone
regions of the world, and the most important threat to
future food security worldwide [3, 4]. Water deficit con-
ditions arise because of less or lack of rainfall resulting
in reduced soil water content and low water potential in
shoot, for example, leaves and stems [5]. It is crucial to
maintain an ideal amount of water for suitable growth
and development of plants. Going beyond such an opti-
mal level of soil moisture variability could be detrimen-
tal to grain yield and quality. Likewise, insufficient water
availability within the rhizosphere curtails plant develop-
ment, which in turn prevents the absorption of nutrients
[6]. Grain crop productivity has lately dropped signifi-
cantly because of insufficient water supply, and the pre-
vailing effects of global warming and climate change are
anticipated to exacerbate the situation [7, 8].

Agricultural practitioners are introducing numerous
approaches to enhance drought stress tolerance, among
them focusing on the use of exogenous regulators, chem-
icals, synthetic hormones, and compounds. These pro-
tective agents hold considerable potential in enhancing
drought resistance across different stages of plant devel-
opment [9].

Melatonin  (N-acetyl-5-methoxytryptamine) is an
indole-based molecule, byproduct of tryptophan and
belongs to a class of low molecular weight phytohor-
mones that serve to enhance plant tolerance to abiotic
stresses [10—12]. Since the late 1990s, when melatonin
was identified in plants, this molecule has been char-
acterized as a very potent antioxidant and an effective
plant growth regulator with very significant roles in crops
under stress, such as wheat, barley, corn, and rice [13]. It
regulates critical processes such as root and bud growth,
leaf aging, photoprotection, and seed germination. Act-
ing as a free radical scavenger, melatonin helps in the
maintenance of redox homeostasis, alleviating the impact
that environmental stressors on plants [14, 15]. Exog-
enous melatonin treatment has been reported to allevi-
ate various stresses in plants by reducing reactive oxygen
species (ROS) levels, enhancing antioxidant enzyme
activity, and protecting cellular structures [16]. Melato-
nin also strengthens plant stress tolerance in grape, mus-
tard, kiwifruit, maize, and, among other species of plants,
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to alleviate the effects of heavy metal, drought, cold, and
salt stress by boosting antioxidant defenses [17-21].
Melatonin enhances the level of chlorophyll and the effi-
ciency of photosystem II while decreasing oxidative dam-
age to improve plant tolerance against stress [22].

Corn, or maize, is a staple cereal grain that is grown all
over the globe because of its environmental tolerance. As
the world’s most important cereal crop, it is ranked third
in terms of importance to human consumption, after
rice and wheat [23]. Farmers are increasingly turning to
specialty corn production, such as sweet corn, for higher
returns and job opportunities, particularly in urban
areas. Sweet corn (Zea mays var. saccharate), boasts
immense market potential and genetic diversity, offering
scope for enhancing its nutritional value. Its popularity
among consumers stems from its unique taste, pleasant
flavor, and sweetness. Specifically bred to enhance sugar
content, sweet corn matures in just 75 to 90 days after
sowing [24]. Sweet corn has a diverse array of physiologi-
cal constituents, including sugars, starch, water-soluble
polysaccharides, proteins, vitamins, and minerals, which
contribute to its nutritional value. Due to its elevated
fiber content and reduced cholesterol levels, it is a ben-
eficial inclusion in a nutritious diet [25]. Sweet corn is
becoming recognized as a superfood for health-conscious
persons due to its nutritional profile, which is equivalent
to that of high-priced vegetables such as cauliflower and
cabbage. Sweet corn may be used in a broad range of cui-
sines throughout the globe, such as salads, pizzas, soups,
syrups, candies, jams, and pastes.

Despite its high calorie content, sweet corn offers a
plethora of health benefits, particularly when cooked.
Contrary to popular assumption, cooked sweet corn
maintains antioxidant qualities even after losing vitamin
C [26]. Being a member of the grass family, sweet corn
is harvested at the milk stage of endosperm develop-
ment, ensuring its kernels are soft, succulent, and sweet.
Unlike field corn, which is harvested when fully mature,
sweet corn is picked when immature, offering a vegetable
rather than grain. There are many kinds of sweet corn
available, and regional tastes vary. The most well-known
kind of sweet corn is still the conventional yellow type.
Variations in sweetness among sweet corn genotypes can
be attributed to genetic differences influencing starch
synthesis; genes such as sugary (SU) and shrunken (SH)
modify the amounts of sugar and starch in kernels [23].

Water shortages, intensified by climate change and
unpredictable weather, pose a significant threat to the
growth and development of sweet corn plants [27]. Water
is essential for a large part of biomass in plants and is
essential for various physiological processes, includ-
ing growth and metabolism. Extended periods of water
scarcity can significantly reduce sweet corn productivity.
Exploring the role of melatonin in mitigating the adverse
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effects of water scarcity on sweet corn is crucial. Melato-
nin, a powerful phytohormone and antioxidant, has dem-
onstrated promising results in enhancing plant tolerance
to various abiotic stresses, including drought [9]. Even
in maize seedlings under drought melatonin reduced
oxidative damage, improved overall plant growth [9].
By understanding how melatonin treatment affects
sweet corn plants under water deficit conditions, we can
develop effective strategies to improve its resilience and
productivity in drought-prone areas. Our research aims
to explore the potential of melatonin treatment in allevi-
ating the effects of water scarcity on sweet corn by apply-
ing melatonin externally to four different sweet corn
genotypes that have not been previously examined in this
context and subjecting them to two levels of water defi-
cit induced by polyethylene glycol (PEG). In hydropon-
ics, PEG works osmotically by reducing water potential,
leading to water being drawn out of plant tissues. This
results in water stress due to depletion of water from
the tissues. This experimental setup is commonly used
to simulate drought stress in plants for scientific studies
[28]. By applying melatonin and inducing water depriva-
tion using controlled concentrations of polyethylene gly-
col (PEG), we will systematically assess the physiological
and biochemical responses of each genotype under both
well-watered and water-deficit conditions. Our aim is to
determine whether the effects of melatonin differ among
genotypes and how it may contribute to improved water
deficit resilience. In this experiment, four sweet corn
genotypes (Zea mays var. saccharata) were evaluated:
Dessert, Messenger, Tyson, and Royalty. Messenger is a
late-maturing genotypes, while Tyson and Royalty are
mid-season, and Dessert ranges from early to mid-early
maturity. Messenger and Dessert are versatile, suitable
for both fresh consumption and processing, whereas
Tyson is primarily cultivated for fresh market sales. These
genotypes exhibit distinct resistance traits: Messenger
is highly wind-resistant, making it suitable for regions
prone to heavy winds; Tyson offers broad-spectrum dis-
ease resistance; Dessert varieties are well-suited for early
planting with strong resistance to multiple diseases; and
Royalty is notable for its stress tolerance and resistance
to specific viruses and rust. In terms of kernel charac-
teristics, Tyson and Dessert are valued for their sweet,
smooth kernels, while Royalty produces robust kernels
with high yield stability [29-31]. Despite these well-
documented traits, data on the water deficit tolerance of
these genotypes remain limited or unavailable. Based on
previous research suggesting the range of PEG concen-
trations used to induce water deprivation, the effects of
a small difference in PEG concentrations, specifically 8%
and 12%, were studied to examine plant responses across
a narrow spectrum of moderate to severe water depriva-
tion [32-35]. This study was designed to address this gap
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by examining their responses to water deficit conditions
and melatonin treatment, leveraging their diverse char-
acteristics to provide a comprehensive understanding of
genotype-specific resilience mechanisms and offer poten-
tial strategies for optimizing sweet corn production in
water-limited environments.

Materials and methods

Plant material

The experiment was carried out at the Faculty of Agri-
cultural and Food Sciences and Environmental Manage-
ment, Department of Applied Plant Biology, University of
Debrecen, Hungary. This study was conducted in a con-
trolled climatic room focused on four sweet corn geno-
types (Zea mays var. saccharata): Messenger, Dessert,
Royalty, and Tyson with maintained relative humidity
between 65 and 75%, 16-8-hour light/dark cycle with a
respective 24—20° C temperature and 300 pmol m~2s ~*
light intensity during daytime. The seeds were rinsed sev-
eral times with tap water before being sterilized with a
6% hydrogen peroxide solution. After 15 min, the seeds
are washed with distilled water and immersed in a 0.01 M
calcium sulphate solution for two hours, then thoroughly
rinsed with distilled water. Healthy and regular sized
seeds were then germinated geotropically between moist-
ened filter sheets at 22 °C. Seedlings (VE growth stage)
(Zadok’s scale 09) [36] with good vigor, were transplanted
into plastic pots (1.7 L) under hydroponic conditions
having the nutritional solution composition indicated by
Marschner et al. [37] and is changed in every three days
with fresh one.

Experimental procedure and treatment pattern

After two weeks, when plants reached the V4-V5 (Zad-
oks scale 14-15) vegetative stage, polyethylene glycol
(PEG 6000, VWR International bvba Geldenaaksebaan,
Leuven, Belgium) was used to induce water deprivation.
The different concentrations of PEG used include 8% and
12% in 6 replicates each. After two weeks, besides visual
symptoms, like leaf rolling and leaf tip burn, at the V6-V7
vegetative stage, nondestructive parameters, relative
chlorophyll content (SPAD values), and stomatal conduc-
tance were measured to confirm the presence of water
scarcity. At this stage, foliar application of 100uM mela-
tonin (Cayman chemical company) treatment was given
to each of three replicates of control, 8% and 12% PEG-
treated plants for seven consecutive days. Each plant was
sprayed once a day in the morning hours, using a nozzle
adjusted to dispense 1 mL of solution per spray. Each
session consisted of three sets of sprays per plant. Thus,
we have six different treatments: control treatment with
optimal conditions for growth (with foliar application of
double distilled water), 100uM melatonin, 8% PEG, 12%
PEG, 8% PEG+100puM melatonin, and 12% PEG+100puM
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melatonin each with three replicates. The total number of
pots was 72 (4 genotypes X6 treatmentsx3 replications).
After melatonin treatment for one week at the V8-V9
vegetative stage (Zadoks scale 18-19), samples were
taken to evaluate several morphological, physiological,
and biochemical parameters.

Morphological parameters

To assess morphological parameters, we measured sev-
eral key parameters, each in three replicates. Root and
shoot lengths were determined using a standard scale.
Root volume was gauged through the water displacement
method. The specific leaf area (SLA) of each plant’s last
fully grown leaves was analyzed by punching out five leaf
discs with known surface area and were dried at 104.5 °C
for 24 h till constant weight was achieved [38]. The SLA
of each leaf was calculated by dividing the leaf area by the
corresponding leaf dry weight [38].

Physiological and biochemical parameters

Relative chlorophyll content (SPAD) values were recorded
at V8-V9 vegetative stage using a SPAD-502Plus (Konica
Minolta, Japan) to evaluate the relative chlorophyll con-
tent each in three repetitions for each treatment, from
the last fully developed leaves.

Photosynthetic pigments, including chlorophyll-a,
chlorophyll-b, and total carotenoids, were analyzed from
the last fully developed leaves using the extraction meth-
ods outlined by Moran and Porath [39] and the spec-
trophotometric measurement techniques described by
Wellburn [40]. The leaf samples were immersed in N,
N-dimethylformamide (DMF) solvent for 48 h to extract
the pigments. The concentrations of the pigments were
then quantified using UV-VIS spectrophotometry with a
Metertech SP-830 PLUS (Taiwan) at specific wavelengths
as detailed by Wellburn [40].

The HPLC method was used to analyze Lutein content
in leaf extract using a Nucleosil C18 column and a UV/
VIS detector (JASCO, Japan). Zeaxanthin was injected as
a standard compound to identify peaks and calculate pig-
ment contents [41].

The chlorophyll-fluorescence measurements were
carried out with PAM-2100 portable chlorophyll fluo-
rometer (Walz Gmbh, Germany). The youngest fully
developed leaves were dark-adapted for 20 minutes. After
dark adaptation, the initial fluorescence (Fo) was excited
by weak light (0.1 pmol m~2 s7!). The maximal fluores-
cence (Fm) was induced by white saturating flash (8000
umol m~2 s71) (fast phase of chlorophyll fluorescence).
Maximum, minimal, and variable fluorescence were
recorded to calculate potential photosynthetic capac-
ity (Fv/Fo) by dividing the variable fluorescence (Fv) by
the minimal fluorescence (F0), maximum photochemical
efficiency of PSII (Fv/Fm) was calculated by dividing the
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difference between the maximum fluorescence (Fm) and
the minimal fluorescence (Fo) by the maximum fluores-
cence (Fm). Also, the actual photochemical efficiency of
PSII (AF/Fm’), also referred as Yield, was recorded [42].

Stomatal conductance was measured with an AP4
porometer (Delta-T, UK) after the calibration under the
present temperature from the last fully expanded leaves
in three repetitions at V8-V9 vegetative stage.

To determine the malondialdehyde (MDA) content of
lyophilized leaf samples trichloroacetic acid (TCA) was
used as an extraction buffer. The process involved mix-
ing crushed leaf powder with 0.1% TCA, centrifuging,
and transferring the supernatant to a tube containing
20% TCA and 0.5% thiobarbituric acid. The mixture was
heated, cooled, and centrifuged again. The absorbance
of the solution was measured at 532 nm, indicating the
MDA content in the original leaf sample [43].

For peroxidase activity lyophilized leaf sample was
homogenized in phosphate buffer, then centrifuged to
generate a clean supernatant. A reaction mixture was
prepared using sodium acetate buffer, hydrogen perox-
ide, and o-anisidine, and a spectrophotometer was used
to measure absorbance at 460 nm, allowing tracking of
absorbance variations over time [44].

Statistical analysis

A completely randomized block design with three repli-
cations and four plants per replica was used to arrange
the pots. Analysis of variance (two-way ANOVA) and
Fisher’s protected least significant difference test was
used by the GenStat Release 12.1 to analyze the differ-
ences between treatments and genotypes. Origin Pro was
used for principal component analysis. (PCA).

Results

Morphological responses to water deprivation and
melatonin treatment

Osmotically stimulated water deprivation via PEG elic-
ited pronounced reductions in both root and shoot
lengths across the evaluated sweet corn genotypes, with
distinct genotypic variability (Table 1). Genotype Tyson
significantly (p<0.05) exhibited the most severe reduc-
tion in root volume, experiencing a decrease of 70.1%
under 8% PEG and 88.7% under 12% PEG, underscoring
its heightened susceptibility to osmotic water depriva-
tion. In contrast, the treatment with melatonin conferred
significant ameliorative effects across all genotypes, with
100% improvement in Tyson under severe water depri-
vation. Specifically, in Dessert, melatonin treatment
resulted in a statistically (p<0.05) significant enhance-
ment of root length by 21.5% under moderate water
deprivation (8% PEG) and an unprecedented 75.3%
increase under severe water deprivation (12% PEG).
Messenger, another genotype, demonstrated consistent
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Table 1 Effects of individual and combined treatments of
melatonin (MEL) and PEG (8% and 12%) on the average (n=3)
root length (cm), shoot length (cm), root volume (ml), and
specific leaf area (cm” g™) in various sweet corn genotypes
(Dessert, Messenger, Tyson, Royalty)

Trait Treatment Dessert Messenger Tyson Royalty

Root Control 5534%  5736% 55.00%®  87.00°A

length
MEL 66.00® 5879 56679 97.00
8% PEG 43308 4285 44.67°8 73,0077
12% PEG 2790 3143%® 34338 6133
8% PEG+MEL 52.60%C 56.80% 4998 80.67°"
12% 4890 41635C 32.89%°  74.83%A
PEG + MEL

Shoot Control 95.00%  91.33% 87.33%C  61.50P

length
MEL 101.33" 86,00 89.44% 6667
8% PEG 85.00"  74.00°® 46.33°C 36,070
12% PEG 4696 6733 3567% 2992
8% PEG+MEL 9880%" 9467%A 5967  4867°C
12% 7990 6567 6033 5283°P
PEG + MEL

Root Control 967°%® 950 13339 6335C

Volume
MEL 7.89°A  g51dA 1032 11674
8% PEG 7.56°% 449 399 200%®
12% PEG 2394 278 150% 167
8% PEG+MEL  10.50%"  10.00% 6908 4338
12% 650  6.03% 300°® 53318
PEG + MEL

Specific  Control 6922 68.14% 75720 91417

leaf area
MEL 67.63"  72.29% 71.29%  99.88%
8% PEG 58.77°% 5253048 33.71%°C 38.77PC
12% PEG 4405 32.16% 19.85C 2824
8% PEG+MEL 7372  66.14% 59.725A 75469
12% 142819 71328 64.44°® 63455
PEG + MEL

*Note: Different small letters indicate significant differences (p<0.05) among
the treatments within each genotype, and different capital letters indicate
significant differences (p < 0.05) among genotypes within each treatment

improvements with melatonin, recording increases
of 32.6% and 32.5% in root length under moderate and
severe water deprivation conditions, respectively.

Shoot lengths were similarly influenced by melatonin,
with Dessert recording a notable increase of 16.2% under
moderate water deprivation and a substantial 70.1%
increase under severe water deficit. Royalty recorded
even more pronounced improvements in shoot length,
with increases of 34.9% under moderate and 76.6% under
severe water deprivation, highlighting the genotype’s
responsive interaction with melatonin under water defi-
cit. The less robust melatonin-mediated improvement
in genotypes like Tyson stems from genetic variability
affecting stress tolerance, hormonal signaling, antioxi-
dant activity, and root system integrity. Understanding
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these differences can help improve genotype-specific
strategies for improving water deficit resilience.

Specific Leaf Area (SLA), an important indicator of
leaf morphology, showed a marked decrease under PEG
treatments, yet was significantly (»<0.05) improved with
melatonin treatment (Table 1). In Dessert, melatonin
induced a 25.4% increase in SLA under 8% PEG and a sig-
nificant 224.2% increase under 12% PEG. Messenger and
Royalty also recorded substantial amelioration in SLA,
further corroborating melatonin’s pivotal role in mitigat-
ing water deficit-induced morphological impairments.

Light-harvesting pigments and photochemical conversion
efficiency

Chlorophyll-a retention under PEG-induced water
deficit revealed distinct genotype-specific responses,
with melatonin significantly (p<0.05) enhancing chlo-
rophyll-a levels across the board. Dessert, a genotype
previously uncharacterized for its water deprivation
tolerance, exhibited a 27.2% increase in chlorophyll-a
content under severe water deprivation (12% PEG) with
melatonin, whereas Messenger demonstrated a robust
36.9% increase, indicative of its strong photosynthetic
resilience (Table 2). Results of Tyson and Royalty were
also noteworthy, where melatonin treatment resulted
in chlorophyll-a level increases of 31.8% and a remark-
able 92.6%, respectively, under severe water deprivation,
underscoring melatonin’s broad-spectrum efficacy in
enhancing photosynthetic pigment stability under water
deprivation.

Chlorophyll-b, essential for the light-harvesting com-
plex in photosynthesis, revealed a substantial variability
among the genotypes (Table 2). Messenger displayed a
pronounced 160.9% increase in chlorophyll-b content
under severe water deprivation with melatonin treat-
ment, suggesting a unique photoprotective mechanism
facilitated by melatonin in this genotype. Tyson also
demonstrated a significant (p<0.05) increase of 187.0%
in chlorophyll-b, further reinforcing the differential geno-
typic response to melatonin. Conversely, Royalty exhib-
ited a reduction in chlorophyll-b, indicating potential
genotype-specific limitations in melatonin’s efficacy in
modulating this pigment.

The analysis of total carotenoid and lutein content, both
critical for photoprotection and antioxidative defence,
revealed significant reductions under PEG induced water
deprivation, with an improvement upon melatonin treat-
ment. Tyson recorded a 60.3% decrease in carotenoid
content under severe water deprivation, which was
remarkably reversed by a 116.7% increase with melatonin
treatment, highlighting melatonin’s restorative potential.
Dessert exhibited a 44.7% increase in carotenoid content
under moderate water deprivation with melatonin, indic-
ative of a strong antioxidative response. Messenger and
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Table 2 Effects of individual and combined treatments of
melatonin (MEL) and PEG (8% and 12%) on the average (n=3)
chlorophyll-a, chlorophyll-b, total carotenoids content (mg g~ ')
and lutein content (ug uL=") in various sweet corn genotypes
(Dessert, Messenger, Tyson, Royalty)

Trait Treatment Dessert Messenger Tyson Royalty

Chloro-  Control 16.32°A  17.10%A 15,0804 14,839

phyll-a
MEL 15948 17.94%A 16519 1345
8% PEG 11.89°% 13,66 13.70°%  9.23°C
12% PEG 1079 12.04°* 11178 7850
8% PEG+MEL  15.1598 1459 15454 13.70<C
12% 13.73%  1648% 14.720A8 1512948
PEG + MEL

Chloro-  Control 6.70%  7.83% 435%  682dA

phyll-b
MEL 507°%®  10.75% 4120 333%
8% PEG 560" 443PA 3048 4.52A
12% PEG 44428 5 70%C 1.85%¢ 7759
8% PEG+MEL 4.06°° 790 576%  4858C
12% 508°F 704 5314 575
PEG + MEL

Total Control 5429 407" 4429 2.49°C

carot-

enoids
MEL 5569  5.10% 501" 3355
8% PEG 210 3.98% 2028 28408
12% PEG 228% 3154 1765 139
8% PEG+MEL 3.04C 4724 391 2975
12% 2.70°¢  401PA 3814 344®
PEG + MEL

Lutein Control 81274 60.63% 71598 8586 A

Content
MEL 1022 79,0208 61.90°¢ 7759
8% PEG 93.259% 70.10% 65.19% 75018
12% PEG 55012  81.75%* 5791 81.64%
8% PEG+MEL 89.75®  97.82°* 7891°C  75.20°P
12% 1024 68.72%C 70.11% 5882
PEG + MEL

*Note: Different small letters indicate significant differences (p < 0.05) among the
treatments of each genotype, and different capital letters indicate significant
differences (p <0.05) among genotypes within each treatment

Tyson recorded a significant (p<0.05) increase in lutein
content, with levels increasing by 39.6% and 21% respec-
tively, under moderate water deprivation with melatonin
treatment, while in Dessert decrease was observed sug-
gesting a genotype-specific enhancement of antioxidative
capacity not previously documented in sweet corn. Fur-
ther, decrease in lutein content in Messenger and Royalty
was recorded under severe water deprivation with mela-
tonin treatment.

Stomatal conductance, a key physiological trait influ-
encing water use efficiency, varied significantly across
genotypes, with melatonin treatment improving this trait
under water deprivation. Messenger exhibited a signifi-
cant (p<0.05) 139.3% increase in stomatal conductance
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under severe water deprivation with melatonin, sug-
gesting an enhanced ability to maintain water retention
and gas exchange efficiency under adverse conditions
(Fig. 1). Similarly, Tyson and Royalty displayed substan-
tial increases in stomatal conductance 168.4% and 68.3%,
respectively validating melatonin’s role in modulating
this critical physiological response across diverse genetic
backgrounds.

Relative chlorophyll content, as indicated by SPAD val-
ues, demonstrated significant (p<0.05) genotype-specific
responses to water deprivation and melatonin treatment
(Fig. 2). The significant results were recorded in Messen-
ger, where SPAD values increased by 100.8% under severe
water deprivation with melatonin, reflecting a significant
stabilization of chlorophyll content under water deficit.

The maximum photochemical efficiency of photosys-
tem II (Fv/Fm) was adversely affected by PEG-induced
water deprivation across all genotypes, yet melatonin
treatment facilitated a notable recovery (Table 3). Tyson
exhibited a 26.0% increase in Fv/Fm under severe water
deprivation with melatonin, suggesting a protective effect
of melatonin on PSII efficiency. The potential photosyn-
thetic capacity (Fv/F0) also varied significantly among
genotypes, with Royalty displaying a 143.0% increase
under severe water deprivation with melatonin, a find-
ing that suggests melatonin not only protects but may
also enhance the recovery potential of photosynthetic
machinery in less resilient genotypes. Similarly, actual
photochemical efficiency (Yield/AF/Fm’) was enhanced
across all genotypes with melatonin, with Dessert show-
ing a 34.6% increase under severe water deprivation,
indicating melatonin’s efficacy in mitigating declines in
photosynthetic performance under water deprivation.

Oxidative biomarkers and antioxidative enzyme dynamics

Malondialdehyde (MDA) content, a reliable marker of
lipid peroxidation and oxidative stress, was significantly
increased under PEG-induced water deprivation, reflect-
ing extensive cellular damage (Fig. 3). However, mela-
tonin treatment effectively mitigated these increases
across all genotypes. In Dessert, melatonin reduced
MDA levels by 16.7% under moderate water deprivation
(8% PEG) and by 34.0% under severe water deprivation
(12% PEG), demonstrating a significant reduction in
oxidative damage. Similarly, Tyson, which exhibited the
highest sensitivity to oxidative water deprivation with
a 140.4% increase in MDA under severe water depriva-
tion, recorded a significant 42.0% reduction in MDA
levels with melatonin, highlighting melatonin’s strong
antioxidative protective effect. Royalty exhibited a more
moderate increase in MDA (31.8% under severe water
deprivation), with melatonin reducing this by 26.5%,
further confirming melatonin’s broad-spectrum efficacy
across different genotypes.
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Fig. 1 Stomatal conductance (mmol H,0 m~s™) of sweet corn genotypes (Dessert, Messenger, Tyson, Royalty) under control, melatonin (100 uM), PEG
(8% and 12%), and combined treatments. Error bars represent the standard error (SE). 12% PEG significantly reduced stomatal conductance (p<0.05),
while melatonin treatment increased, with Messenger recording the highest improvement, Tyson recovered well under severe stress, and Royalty had the
weak but positive response. Different small letters indicate significant differences (p <0.05) among the treatments within each genotype, and different
capital letters indicate significant differences (p < 0.05) among genotypes within each treatment

Peroxidase (POD) activity, a crucial component of the
antioxidative defence system, displayed significant geno-
typic variability in response to PEG water deprivation
and melatonin treatment (Table 4). In Dessert, melato-
nin treatment enhanced POD activity by 115.9% com-
pared to control conditions, with even greater increases
observed under combined PEG water deprivation, where
POD activity increased by 174.1% under moderate water
deprivation. Messenger recorded a similar pattern, with
melatonin boosting POD activity by 134.5%, further
increasing under combined water deprivation conditions,
indicating a robust antioxidative response. In contrast,
Tyson exhibited a more complex response, with melato-
nin decreasing POD activity by 63.4% under control con-
ditions but increasing it by 8.5% under moderate water
deprivation and decreasing by 29.7% under severe water
deprivation suggesting a nuanced interaction between
melatonin and the antioxidative defence mechanisms
in this genotype. Royalty, with a 37.7% increase in POD
activity under moderate water deprivation with melato-
nin, also demonstrated melatonin’s efficacy in restoring
antioxidative capacity under water deprivation.

Discussion

Climate change with projection in temperate regions
signifies a rise in temperature and a decrease in precipi-
tation, which will negatively impact water availability
shortly [45]. A rise in temperature will decrease maize’s
growing season and water requirements. However, with
the temperature rise, there is a projected rise in evapo-
transpiration, resulting in an overall decrease in yield
[45].

In our experiment, the main objective was to evaluate
the alleviating effect of melatonin under water depriva-
tion in four different sweet corn genotypes. Melatonin as
a phytohormone is crucial in enhancing plant tolerance
by mitigating abiotic stresses [10].

Malondialdehyde (MDA), a marker of lipid peroxida-
tion, increased under PEG-induced water deprivation
across all genotypes, with the highest content observed
under 12% PEG treatment. Increased MDA content
reflects high oxidative stress caused by osmotic imbal-
ance. Similar results were recorded under drought, which
increased oxidative stress in plant cells [46].

However, melatonin treatment under PEG-induced
water deprivation decreased the MDA content in all
genotypes, highlighting the potential of melatonin in
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Fig. 2 SPAD values of sweet corn genotypes (Dessert, Messenger, Tyson, Royalty) under control, melatonin (100 uM), PEG (8% and 12%), and combined
treatments. Error bars represent the standard error (SE). PEG significantly reduced SPAD values (p < 0.05), with the lowest values observed under 12% PEG.
Melatonin improved SPAD values under both stress levels (p <0.05), with Tyson showing highest improvement under combined treatments. Different
small letters indicate significant differences (p < 0.05) among the treatments within each genotype, and different capital letters indicate significant differ-

ences (p <0.05) among genotypes within each treatment

alleviating lipid peroxidation. According to Mahmoud
et al. [9], melatonin significantly reduced MDA content
under drought, improving cellular integrity and stability.
Melatonin may regulate antioxidant defenses, helping to
mitigate damage from reactive oxygen species [9]. The
reduction in MDA content relates to increase in peroxi-
dase activity with melatonin treatment, suggesting the
activation of antioxidative defense systems to scavenge
reactive oxygen species and prevent cellular damage.
According to Wang et al. [47], melatonin upregulates
the expression of genes related to antioxidant enzymes,
including peroxidase.

For example, in genotype Royalty, the POD activity
under 8% PEG+MEL treatment coincided with a notable
reduction in MDA levels, indicating a robust antioxida-
tive response.

In our study, potential photosynthetic capacity, maxi-
mum photochemical efficiency and the actual photo-
chemical efficiency of PSII decreased under water deficit
in all genotypes; however, the treatment with melato-
nin alleviated the adverse effect at both concentrations
of PEG used. This could be possible as melatonin treat-
ment can improve non-photochemical energy dissipa-
tion to enhance or change the xanthophyll cycle. Also, it
is reported that melatonin can increase the efficiency of

mitochondrial electrons in plants [47, 48]. The enhanced
POD activity under reduced oxidative stress is likely
responsible for stabilizing photosynthetic machinery, as
reflected in improved chlorophyll fluorescence and pig-
ment stability in all genotypes under severe water depri-
vation with melatonin treatment.

Under normal conditions, melatonin increased rela-
tive chlorophyll content (SPAD) in Dessert, Messenger,
and Royalty, indicating its role in stabilizing chlorophyll
and enhancing photosynthetic performance [49]. In con-
trast, Tyson showed a decrease in treatment with mela-
tonin under normal conditions, which may reflect a
complex interaction between environmental or physi-
ological factors not directly related to melatonin’s usual
effects. Water deprivation, simulated with PEG, reduced
SPAD values, particularly at higher PEG concentrations,
due to decreased chlorophyll content and photosynthesis
under drought stress [50]. Melatonin counteracted this
effect by increasing SPAD across all genotypes, demon-
strating its ability to protect chlorophyll from oxidative
damage [51]. These findings align with studies highlight-
ing melatonin’s role in boosting photosynthetic capacity
by enhancing chlorophyll biosynthesis and reducing deg-
radation under stress conditions [9, 52].
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Table 3 Effects of individual and combined treatments of
melatonin (MEL) and PEG (8% and 12%) on the average (n=3)
Fv/Fm; Fv/FO, AF/Fm in various sweet corn genotypes (Dessert,
Messenger, Tyson, Royalty)
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Table 4 Effects of individual and combined treatments of
melatonin (MEL) and PEG (8% and 12%) on the average (n=3)
peroxidase activity (umol min~' g~ ') in various sweet corn

genotypes (Dessert, Messenger, Tyson, Royalty)

Trait Treatment Genotypes Trait Treatment Genotypes
Dessert Messenger Tyson  Royalty Dessert Messenger Tyson Royalty
Fv/fm  Control 080" 0.80° 078" 081 Per- Control 10.83°¢ 833 2139 2501
MEL 0814 078 081%% 081 oxidase
8% PEG 076" 073 062 074" activity
12% PEG 0719 0719 061 0.64% MEL 2338% 19.53% 7830 26949
8% PEG+MEL  081h  0.80% 081°% 0688 8% PEG 10.92° 17.60% 15.82%8 16.28A
12% PEG+MEL 080 0819 077 082h 12% PEG 1461 1346°C 29.64% 2095
FW/FO Control 3004 397beh 3630 479% 8% PEG+MEL 29.93°* 191799 1716 2241°
MEL 4250 3675 4940A 419 12% 19.09% 19.49% 2085 22.17°4
8% PEG 318°0 2067 17190 281% _PEGAMEL
o A A B 8 *Note: Different small letters indicate significant differences (p < 0.05) among the
12% PEG 246 249 1.60 181 treatments of each genotype, and different capital letters indicate significant
8% PEG+MEL 434 3.97°A 4279 21g# differences (p < 0.05) among genotypes within each treatment
12%PEG+MEL 4067 434 350° 441
AF/Fmv - Control 0754 075% 0.84°A 0,76 Likewise, the effect of melatonin and PEG on total
MEL 075  0.75% 074°h 078 carotenoids, chlorophyll-a, and chlorophyll-b suggest
8% PEG 0.66°® 070 0.70%A 06408 that melatonin enhances plant resilience to water deficit
12% PEG 056 063 056  053%® conditions by supporting antioxidant systems and pho-
8% PEG+MEL 076  0.76% 075 077 tosynthetic machinery. The results recorded for geno-
129%PEG+MEL  0.75% 077 0924 077 types to melatonin treatment for improved carotenoid

*Note: Different small letters indicate significant differences (p<0.05) among
the treatments of each genotype, and different capital letters indicate
significant differences (p<0.05) among genotypes within each treatment

and chlorophyll content are consistent with the previous
study by Nawaz et al. [53], who reported that melatonin
treatment can decrease oxidative damage by stabiliz-
ing photosynthetic pigments and improving antioxidant

30
50
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Q
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Fig. 3 Malondialdehyde content (nmol g‘]) in sweet corn genotypes (Dessert, Messenger, Tyson, Royalty) under control, melatonin (100 uM), PEG (8%
and 12%), and combined treatments. Error bars represent the standard error (SE). PEG treatments significantly increased MDA content (p < 0.05), with the
highest levels observed under 12% PEG, particularly in Tyson. Melatonin significantly reduced MDA levels under stress conditions (p <0.05), with Tyson
showing the strongest reduction under combined treatments. Different small letters indicate significant differences (p<0.05) among the treatments
within each genotype, and different capital letters indicate significant differences (p < 0.05) among genotypes within each treatment
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enzyme activities. Under water deprivation, melatonin
mitigates the adverse effects on pigment concentration,
assisting plants in adjusting to stress by preserving essen-
tial pigments for defense and photosynthesis.

Conversely, the pigment level decline after PEG treat-
ments, suggesting how water deficit may decrease or
inhibit carotenoids and chlorophyll content. This aligns
with the study of Mahmoud et al. [9], that drought stress
affects photosynthetic machinery and promotes enzymes
that damage chlorophyll pigments.

Moreover, an improvement in total carotenoids after
melatonin treatment under high PEG concentration, par-
ticularly in the Tyson and Royalty genotypes, highlights
that melatonin may improve the biosynthesis of protec-
tive pigments that function as photo protectants and
antioxidants. This is consistent with findings by Zhao et
al. [54], that melatonin stimulates the synthesis of carot-
enoids to minimize oxidative stress and stress-induced
photodamage.

Lutein content recorded a varied response among
treatments and genotypes. Melatonin treatment
increased lutein content in Dessert and Messenger, while
a decrease was recorded in Tyson and Royalty under nor-
mal conditions. In Dessert and Messenger, lutein content
increased because of melatonin potential in improving
carotenoid biosynthesis [49, 55]. The variation among
genotypes could be attributed to differences in regulatory
mechanisms of antioxidant defenses or secondary metab-
olites biosynthesis [56, 57]. Under water deprivation,
varied responses were recorded among genotypes; the
increase in lutein content in Messenger and Dessert can
be attributed to stress-induced enhancement of the anti-
oxidant defense system. Moderate PEG-induced stress
often leads to upregulation of secondary metabolites
like lutein, which function as ROS scavengers, thereby
protecting the plant cells from oxidative damage [58,
59]. Application of melatonin at a higher concentration
of PEG, increased lutein content in Dessert and Tyson,
suggesting melatonin’s potential to further activate stress
tolerance mechanisms and antioxidant pathways under
high-stress conditions [12, 60].

Melatonin increased stomatal conductance in Dessert,
Tyson and Royalty under normal conditions indicating
melatonin potential to promote stomatal openings. This
will help plants conduct gas exchange efficiently and
enhance photosynthesis even in stressful conditions. Our
results align with a previous study in maize, where mela-
tonin increases stomatal conductance in drought stress
by protecting the photosynthetic system and reducing
oxidative stress, thus maintaining efficient water use and
carbon dioxide uptake [9]. PEG treatment, especially at
higher concentrations, significantly decreased stoma-
tal conductance, indicating the impact of water deficit
induced by PEG, which mimics the drought by reducing

Page 10 of 14

the water potential and forcing plants to close stomata for
water conservation. Similar results were recorded under
salinity stress, like osmotic stress, resulting in decreased
stomatal conductance to prevent excess water loss [61].
Similar results were recorded in maize, where melato-
nin enhanced water use efficiency by improving stomatal
conductance and photosynthetic capacity [9].

Decrease in oxidative stress and enhanced photosyn-
thetic efficiency translated into enhanced morphologi-
cal traits, such as root volume, shoot length, root length
and specific leaf area. Melatonin improved root growth,
which aligns with the previous research suggesting that
melatonin can improve root architecture through differ-
ent mechanisms like hormonal interactions, especially
auxin. In Arabidopsis, melatonin improved root devel-
opment by influencing auxin signaling pathways, sup-
porting our results of increased root length within the
Dessert genotype on melatonin treatment [55]. Con-
trariwise, the treatment with PEG to induce water deficit
results in a significant decrease in root length, consistent
with the observation of Verslues et al. [62], that absence
of ideal amount of water can cause cell dehydration and
reduce cell expansion in root tissues. In Tyson under 12%
PEG, melatonin did not show a mitigative effect, suggest-
ing responses may vary among genotypes, which could
be genetic differences and how they respond to mela-
tonin metabolism and water deficit, as genetic diversity
plays a significant role in how plants respond to abiotic
stresses [63].

Similarly, melatonin increased the shoot length com-
pared to the control, suggesting its ability to enhance
growth by hormonal regulation via interaction with aux-
ins and gibberellins, which play an essential role in shoot
growth [55]. Water deprivation reduced the shoot length
in all genotypes, with a significant reduction at higher
concentrations of PEG, which aligns with the known
fact that osmotic stress limits water availability and hin-
ders nutrient uptake, leading to stunted growth [62]. The
SLA results recorded showed a general trend where SLA
showed a slight decrease in genotype Dessert and Tyson
but an increase in Royalty and Messenger on application
with melatonin under normal conditions. These results
suggest the potential role of melatonin in modifying leaf
morphology to improve water retention or enhance light
capture under varying environmental conditions. Water
deficit treatments reduced SLA; a higher reduction was
recorded at higher concentrations of PEG. Reduction
in SLA due to water deprivation may be attributed to
water conservation through reduced leaf expansion. This
aligns with the previous study that osmotic stress has an
adverse effect on plant growth and development [64].
However, on the application of melatonin under water
deficit, SLA increased in all genotypes, with a higher
percentage at higher concentrations of PEG, suggesting
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melatonin regulatory and protective role of melatonin
under osmotic stress [65].

The PCA analysis (Fig. 4A—D) underscores the distinct
differences among the four genotypes (Dessert, Messen-
ger, Tyson, and Royalty) in their physiological and bio-
chemical responses to PEG-induced water deprivation
and melatonin treatments. In genotype Dessert (Fig. 4A),
water deprivation treatments (T3, T4) are strongly linked
with high oxidative stress (MDA), highlighting its vulner-
ability to water deprivation, and melatonin treatments
(T2, T5, T6) showed limited improvements in photosyn-
thetic traits (Fv/Fm, SPAD) and antioxidative markers
(POD, lutein). In genotype Messenger (Fig. 4B) moder-
ate tolerance to water deprivation, clustering closer to
MDA under water deprivation, but demonstrates bet-
ter improvement of photosynthetic efficiency and anti-
oxidative capacity with melatonin treatments. Tyson

(Fig. 4C), recorded better resilience, exhibits clear water
deficit mitigation under combined PEG and melato-
nin treatments (T5, T6), with strong associations with
photosynthetic traits (Fv/Fm, SPAD), root volume, and
antioxidative markers (POD, carotenoids). In contrast,
genotype Royalty (Fig. 4D) emerges as the most tolerant
genotype, showing the weakest association with MDA
under water deprivation and the strongest correlations
with yield-related traits (root volume, SLA, total carot-
enoids) and antioxidative markers (lutein, POD), par-
ticularly under combined treatments (T5, T6). The PCA
biplots also reveal that Tyson and Royalty integrate stress
mitigation and productivity more effectively, with tight
clustering of melatonin treatments near yield-related
traits, while Dessert and Messenger show weaker but still
positive responses to melatonin. Overall, the PCA results
highlight clear genotypic differences in water deprivation
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responses, with Tyson and Royalty demonstrating supe-
rior resilience.

Future research

The findings of this study offer significant insights
into role of melatonin in alleviating water deprivation,
although numerous limitations should be addressed. The
experiment was performed under controlled conditions,
which may not entirely reflect the complexity of field
environment. Subsequent trials should emphasize field
studies to ascertain the effectiveness of melatonin treat-
ment under diverse environmental conditions. These
studies should explore the connections between melato-
nin and environmental factors, including soil composi-
tion, irrigation schedules, and regional climatic patterns.
Moreover, integrating molecular methodologies, includ-
ing transcriptome and proteomic analysis, should reveal
the fundamental genetic and metabolic processes stimu-
lated by melatonin. Identifying critical stress-responsive
genes and regulatory networks will enhance deeper
understanding of genotype-specific responses and facili-
tate the development of targeted interventions.

Conclusion

This study reveals the significant potential of exog-
enous melatonin treatment in enhancing sweet corn
resilience to severe water deprivation. By investigating
the responses of four different sweet corn genotypes-
Messenger, Dessert, Royalty, and Tyson this research
highlights the genotype-specific effects of melatonin
treatment, with noticeable improvement in root and
shoot growth, chlorophyll content, photosystem II effi-
ciency, and oxidative stress markers. Genotype Royalty
recorded the high resilience, driven by robust antioxi-
dative defenses and efficient resource allocation. Tyson
relied on pigment stability and enhanced photosynthetic
performance for water deficit tolerance. Messenger
recorded moderate improvements, with photosynthetic
recovery and morphological adaptations as key mecha-
nisms. Dessert exhibited limited responses, benefiting
mainly from partial oxidative stress alleviation. These
findings emphasize the need for genotype-specific strat-
egies and further research to validate effectiveness of
melatonin under field conditions and uncover molecular
pathways for stress mitigation.

Abbreviations
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Fv/FO Potential photosynthetic capacity
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HPLC High Performance Liquid Chromatography
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Page 12 of 14

AF/Fm’  Actual photochemical efficiency of Photosystem I
Acknowledgements

This research was funded by the National Research, Development, and
Innovation Fund of Hungary, grant number TKP2021-NKTA-32, financed under
the TKP2021-NKTA funding scheme. This publication was implemented with
the support of the “Publication Science Support Program” of the University of
Debrecen.

Author contributions

Conceptualization, S.V and T.B.Z; methodology, T.B.Z; material preparation,
data collection, and analysis, T.B.Z,; original draft preparation, T.B.Z;
supervision, S.V, review and editing, M.S, O.B and S.V. All authors commented
on previous versions of the manuscript and approved the final version.

Funding

Open access funding provided by the University of Debrecen. The authors
declare that no funds, grants, or other support were received during the
preparation of this manuscript.

Data availability
All data generated or analysed during this study are included in this
manuscript.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 26 September 2024 / Accepted: 13 December 2024
Published online: 08 January 2025

References

1. AbbasiT, Abbasi SA. Biomass energy and the environmental impacts
associated with its production and utilization. Renew Sustain Energy Rev.
2010;14(3):919-37. https://doi.org/10.1016/j.rser.2009.11.006

2. Brodersen CR, Roddy AB, Wason JW, McElrone AJ. Functional status of xylem
through time. Annu Rev Plant Biol. 2019;70(1):407-33. https://doi.org/10.1146
/annurev-arplant-050718-100455

3. Anjum SA, Xie XY, Wang LC, Saleem MF, Man C, Lei W. Morphological, physi-
ological and biochemical responses of plants to drought stress. Afr J Agric
Res. 2011;6(9):2026-32. https://doi.org/10.5897/AJAR10.027

4. Diatta AA, Fike JH, Battaglia ML, Galbraith JM, Baig MB. Effects of biochar on
soil fertility and crop productivity in arid regions: a review. Arab J Geosci.
2020;13:1-7. https://doi.org/10.1007/512517-020-05586-2

5. Ristvey AG, Belayneh BE, Lea-Cox JD. A Comparison of irrigation-water
containment methods and management strategies between two orna-
mental production systems to minimize water security threats. Water.
2019;11(12):2558. https://doi.org/10.3390/w 11122558

6.  Elemike EE, Uzoh IM, Onwudiwe DC, Babalola OO. The role of nanotechnol-
ogy in the fortification of plant nutrients and improvement of crop produc-
tion. Appl Sci. 2019;9(3):499. https://doi.org/10.3390/app9030499

7. Bal SK, Minhas PS. Atmospheric stressors: challenges and coping strategies.
Abiotic stress management for resilient agriculture. 2017:9-50. https://doi.org
/10.1007/978-981-10-5744-1_2

8. Hafez EM, Seleiman MF. Response of barley quality traits, yield and anti-
oxidant enzymes to water-stress and chemical inducers. Int J plant Prod.
2017;11(4):477-90. https://doi.org/10.22069/1)PP2017.3712

9. Muhammad],Yang L, Ahmad S, Mosaad IS, Al-Ghamdi AA, Abbasi AM, Zhou
XB. Melatonin treatment alleviates stress-induced photosynthetic inhibition
and oxidative damage by regulating antioxidant defense system of maize: A
meta-analysis. Antioxidants. 2022;11(3):512. https://doi.org/10.3390/antiox11
030512

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Zargar et al. BMC Plant Biology

20.

21.

22.

23.

24.
25.
26.

27.

28.

29.

30.

31

32.

(2025) 25:29

Kabiri R, Hatami A, Oloumi H, Naghizadeh M, Nasibi F, Tahmasebi Z. Foliar
application of melatonin induces tolerance to drought stress in Moldavian
balm plants (Dracocephalum moldavica) through regulating the antioxidant
system. Folia Horticulturae. 2018;30(1):155. https://doi.org/10.2478/fhort-201
8-0016

Sharma A, Zheng B. Melatonin mediated regulation of drought stress: physi-
ological and molecular aspects. Plants. 2019;8(7):190. https.//doi.org/10.3390/
plants8070190

Zhang N, Sun Q, Zhang H, Cao Y, Weeda S, Ren S, Guo YD. Roles of melatonin
in abiotic stress resistance in plants. J Exp Bot. 2015;66(3):647-56. https://doi.
0rg/10.1093/jxb/eru336

Liu G, Hu Q, Zhang X, Jiang J, Zhang Y, Zhang Z. Melatonin biosynthesis and
signal transduction in plants in response to environmental conditions. J Exp
Bot. 2022;73(17):5818-27. https://doi.org/10.1093/jxb/erac196

Huang B, Chen YE, Zhao YQ, Ding CB, Liao JQ, Hu C, Zhou LJ, Zhang ZW, Yuan
S, Yuan M. Exogenous melatonin alleviates oxidative damages and protects
photosystem Il in maize seedlings under drought stress. Front Plant Sci.
2019;10:677. https://doi.org/10.3389/fpls.2019.00677

Sun G, Liu L, Wang L, Li B, Jin C, Lin X, Melatonin. A master regulator of plant
development and stress responses. J Integr Plant Biol. 2021;63(1):126-45.
https://doi.org/10.1111/jipb.12993

Mir AR, Alam P, Hayat S. Perspective of melatonin-mediated stress resilience
and Cu remediation efficiency of Brassica juncea in Cu-contaminated soils.
Front Plant Sci. 2022;13:910714. https://doi.org/10.3389/fpls.2022.910714
Wang J, LuY, Xing S, Yang J, Liu L, Huang K, Liang D, Xia H, Zhang X, Lv X, Lin
L. Transcriptome analysis reveals the promoting effects of exogenous mela-
tonin on the selenium uptake in grape under selenium stress. Front Plant Sci.
2024;15:1447451. https//doi.org/10.3389/fpls.2024.1447451

Jiao J, Jin M, Liu H, Suo J, Yin X, Zhu Q, Rao J. Application of melatonin in
kiwifruit (Actinidia chinensis) alleviated chilling injury during cold storage. Sci
Hort. 2022,296:110876. https://doi.org/10.1016/j.scienta.2022.110876

Zargar TB, Mir AR, Alam P, Hayat S. Melatonin alleviates cadmium-induced
toxicity by modulating antioxidant defence mechanisms, growth and photo-
synthesis in Brassica juncea. Russian. J Plant Physiol. 2022,69(6):121. https://do
1.0rg/10.1134/51021443722060279

Muhammad |, Yang L, Ahmad S, Farooq S, Khan A, Muhammad N, Ullah S,
Adnan M, Ali'S, Liang QP, Zhou XB. Melatonin-priming enhances maize seed-
ling drought tolerance by regulating the antioxidant defense system. Plant
Physiol. 2023;191(4):2301-15. https://doi.org/10.1093/plphys/kiad027

Wang J, Yan D, Liu R, Wang T, Lian Y, Lu Z, Hong Y, Wang Y, Li R. The physiologi-
cal and molecular mechanisms of exogenous melatonin promote the seed
germination of maize (Zea mays L) under salt stress. Plants. 2024;13(15):2142.
https://doi.org/10.3390/plants 13152142

Lin S, Song XF, Mao HT, Li SQ, Gan JY, Yuan M, Zhang ZW, Yuan S, Zhang HY,
SuYQ, Chen YE. Exogenous melatonin improved photosynthetic efficiency of
photosystem Il by reversible phosphorylation of thylakoid proteins in wheat
under osmotic stress. Front Plant Sci. 2022;13:966181. https://doi.org/10.3389
/fpls.2022.966181

Swapna G, Jadesha G, Mahadevu P. Sweet corn-a future healthy human
nutrition food. Int J Curr Microbiol Appl Sci. 2020,9(7):3859-65. https://doi.org
/10.20546/ijcmas.2020.907.452

Schultheis RJ. Sweet corn production. North Carolina Cooperative Extension
Service. North Carolina State University; 1994.

Szymanek M. Processing of sweet corn. Trends Vital Food Control Eng 2012
Apr 5:85-98.

Dewanto V, Wu X, Liu RH. Processed sweet corn has higher antioxidant activ-
ity. J Agric Food Chem. 2002;50(17):4959-64.

LiWU, Zhang X, Ashraf U, Mo Z, Suo H, Li G. Dynamics of seed germination,
seedling growth and physiological responses of sweet corn under peg-
induced water stress. Pak J Bot. 2017;49(2):639-46.

Meneses CH, Bruno RD, Fernandes PD, Pereira WE, Lima LH, Lima MM, Vidal
MS. Germination of cotton cultivar seeds under water stress induced by
polyethyleneglycol-6000. Scientia Agricola. 2011,68:131-8.

NEBIH. Csemegekukorica Fajtak Leiré Vizsgélata. Retrieved from https://portal.
nebih.gov.hu (accessed 12 Nov 2024).

Bayer. Messenger Sweet Corn. Seminis. Retrieved from https://www.vegetab
les.bayercom/au/en-au/products/seeds/messengerhtml (accessed 12 Nov
2024).

Thompson M. Sweetcorn ‘Tyson' Retrieved from https://www.thompson-mor
gan.com/p/sweetcorn-tyson-seeds/tmh6780 (accessed 12 Nov 2024).

Hellal FA, EIl-Shabrawi HW, Abd El-Hady M, Khatab IA, El-Sayed SA, Abdelly
C.Influence of PEG induced drought stress on molecular and biochemical

33.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51

52.

53.

Page 13 of 14

constituents and seedling growth of Egyptian barley cultivars. J Genetic Eng
Biotechnol. 2018;16(1):203-12. https://doi.org/10.1016/jjgeb.2017.10.009
Ghosh S, Shahed MA, Robin AH. Polyethylene glycol induced osmotic stress
affects germination and seedling establishment of wheat genotypes. Plant
Breed Biotechnol. 2020;8(2):174-85. https://doi.org/10.9787/PBB.2020.8.2.174
Sarma H, Sen B, Basumatary T, Daimary D, Boro BB, Basumatary D. Impact of
polyethylene glycol-induced osmotic stress on maize germination, growth,
and physiological response. Towards Excellence. 2023;15(3).

TopferV, Melzer M, Snowdon RJ, Stahl A, Matros A, Wehner G. PEG treatment
is unsuitable to study root related traits as it alters root anatomy in barley
(Hordeum vulgare L). BMC Plant Biol. 2024;24(1):856. https://doi.org/10.1186/s
12870-024-05529-z

Zadoks JC, Chang TT, Konzak CF. A decimal code for the growth stages of
cereals. Weed Res. 1974;14(6):415-21. https://doi.org/10.1111/.1365-3180.19
74.tb01084.x

Marschner H, Oberle H, Cakmak |, Rémheld V. Growth enhancement by
silicon in cucumber (Cucumis sativus) plants depends on imbalance in phos-
phorus and zinc supply. Plant Soil. 1990;124:211-9. https://doi.org/10.1007/B
F00009262

Larcher W. Physiological plant ecology: ecophysiology and stress physiology
of functional groups. Springer Science & Business Media; 2003 Jan. p. 22.
Moran R, Porath D. Chlorophyll determination in intact tissues using N,
N-dimethylformamide. Plant Physiol. 1980;65(3):478-9. https://doi.org/10.110
4/pp.65.3478

Wellburn AR. The spectral determination of chlorophylls a and b, as well as
total carotenoids, using various solvents with spectrophotometers of differ-
ent resolution. J Plant Physiol. 1994;144(3):307-13. https://doi.org/10.1016/S0
176-1617(11)81192-2

Mészaros |, Toth VR, Veres S, Véradi G. Changes in leaf xanthophyll cycle pool
and chlorophyll fluorescence of beech forest species and their sun/shade
adaptation.

Schreiber U, Kuhl M, Klimant |, Reising H. Measurement of chlorophyll fluo-
rescence within leaves using a modified PAM fluorometer with a fiber-optic
microprobe. Photosynth Res. 1996;47:103-9. https://doi.org/10.1007/BF0001
7758

Baryla A, Laborde C, Montillet JL, Triantaphylides C, Chagvardieff P. Evaluation
of lipid peroxidation as a toxicity bioassay for plants exposed to copper.
Environ Pollut. 2000;109(1):131-5. https://doi.org/10.1016/50269-7491(99)00
232-8

Roxas VP, Smith RK Jr, Allen ER, Allen RD. Overexpression of glutathione
S-transferase/glutathioneperoxidase enhances the growth of transgenic
tobacco seedlings during stress. Nat Biotechnol. 1997;15(10):988-91. https://
doi.org/10.1038/nbt1097-938

Hirich A, Fatnassi H, Ragab R, Choukr-Allah R. Prediction of climate change
impact on corn grown in the south of Morocco using the Saltmed model.
Irrig Sci. 2016;65(1):9-18. https://doi.org/10.1002/ird.2002

Luo C, Min W, Akhtar M, Lu X, Bai X, Zhang Y, Tian L, Li P Melatonin enhances
drought tolerance in rice seedlings by modulating antioxidant systems,
osmoregulation, and corresponding gene expression. Int J Mol Sci.
2022;23(20):12075. https://doi.org/10.3390/ijms232012075

Wang Q, An B, Wei Y, Reiter RJ, Shi H, Luo H, He C. Melatonin regulates root
meristem by repressing auxin synthesis and polar auxin transport in Arabi-
dopsis. Front Plant Sci. 2016;7:1882. https://doi.org/10.3389/fpls.2016.01882
Liu J, Wang W, Wang L, Sun Y. Exogenous melatonin improves seedling health
index and drought tolerance in tomato. Plant Growth Regul. 2015. https://doi
.0rg/10.1007/510725-015-0066-6. 77:317 - 26.

Arnao MB, Hernandez-Ruiz J. Functions of melatonin in plants: a review. J
Pineal Res. 2015;59(2):133-50. https://doi.org/10.1111/jpi.12253

Ashraf MH, Harris PJ. Photosynthesis under stressful environments: An over-
view. Photosynthetica. 2013;51:163-90.

Tan DX, Hardeland R, Manchester LC, Korkmaz A, Ma S, Rosales-Corral S, Reiter
RJ. Functional roles of melatonin in plants, and perspectives in nutritional and
agricultural science. J Exp Bot. 2012;63(2):577-97. https://doi.org/10.1093/jxb
/err256

Ahmad S, Muhammad I, Wang GY, Zeeshan M, Yang L, Ali |, Zhou XB. Amelio-
rative effect of melatonin improves drought tolerance by regulating growth,
photosynthetic traits and leaf ultrastructure of maize seedlings. BMC Plant
Biol. 2021;21(1):368. https://doi.org/10.1186/512870-021-03160-w

Nawaz MA, Huang Y, Bie Z, Ahmed W, Reiter RJ, Niu M, Hameed S. Melatonin:
current status and future perspectives in plant science. Front Plant Sci.
2016;6:1230. https://doi.org/10.3389/fpls.2015.01230

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Zargar et al. BMC Plant Biology

54.

55.

56.

57.

58.

59.

60.

(2025) 25:29

Zhao D, YuY, Zhao Z, Sharma R, Reiter RJ. Melatonin synthesis and function:
evolutionary history in animals and plants. Front Endocrinol. 2019;10:441357.
https://doi.org/10.3389/fend0.2019.00249

Zhang N, Zhao B, Zhang HJ, Weeda S, Yang C, Yang ZC, Ren S, Guo YD.
Melatonin promotes water-stress tolerance, lateral root formation, and seed
germination in cucumber (Cucumis sativus L). J Pineal Res. 2013;54(1):15-23.
https://doi.org/10.1111/j.1600-079X.2012.01015.x

Foyer CH, Noctor G. Oxidant and antioxidant signalling in plants: a re-
evaluation of the concept of oxidative stress in a physiological context. Plant
Cell Environ. 2005;28(8):1056-71. https://doi.org/10.1111/j.1365-3040.2005.01
327x

Ashraf M. Inducing drought tolerance in plants: recent advances. Biotechnol
Adv. 2010;28(1):169-. https://doi.org/10.1016/j.biotechadv.2009.11.005. 83.
Faroog M, Wahid A, Kobayashi NS, Fujita DB, Basra SM. Plant drought

stress: effects, mechanisms and management. Sustainable agriculture.
2009:153 -88. https://doi.org/10.1007/978-90-481-2666-8_12

Yang XL, Xu H, Li D, Gao X, Li TL, Wang R. Effect of melatonin priming on
photosynthetic capacity of tomato leaves under low-temperature stress.
Photosynthetica. 2018;56(3):884-92.

WeiW, Li QT, Chu YN, Reiter RJ, Yu XM, Zhu DH, Zhang WK, Ma B, Lin Q, Zhang
JS, Chen SY. Melatonin enhances plant growth and abiotic stress tolerance in
soybean plants. J Exp Bot. 2015;66(3):695-707. https://doi.org/10.1093/jxb/er
u392

Liao Q Gu S, Kang S, DuT, Tong L, Wood JD, Ding R. Mild water and salt
stress improve water use efficiency by decreasing stomatal conductance via

62.

63.

64.

65.

Page 14 of 14

osmotic adjustment in field maize. Sci Total Environ. 2022,805:150364. https:/
/doi.org/10.1016/j.scitotenv.2021.150364

Verslues PE, Agarwal M, Katiyar-Agarwal S, Zhu J, Zhu JK. Methods and con-
cepts in quantifying resistance to drought, salt and freezing, abiotic stresses
that affect plant water status. Plant J. 2006;45(4):523-39. https://doi.org/10.11
11/).1365-313X.2005.02593.x

Krasensky J, Jonak C. Drought, salt, and temperature stress-induced meta-
bolic rearrangements and regulatory networks. J Exp Bot. 2012;63(4):1593—
608. https://doi.org/10.1093/jxb/err460

Altaf MA, Shahid R, Ren MX, Naz S, Altaf MM, Khan LU, Tiwari RK, Lal MK, Sha-
hid MA, Kumar R, Nawaz MA. Melatonin improves drought stress tolerance of
tomato by modulating plant growth, root architecture, photosynthesis, and
antioxidant defense system. Antioxidants. 2022;11(2):309. https://doi.org/10.3
390/antiox11020309

Tiwari RK, Lal MK, Kumar R, Chourasia KN, Naga KC, Kumar D, Das SK, Zinta

G. Mechanistic insights on melatonin-mediated drought stress mitigation in
plants. Physiol Plant. 2021;172(2):1212-26. https://doi.org/10.1111/ppl.13307

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Terms and Conditions

Springer Nature journal content, brought to you courtesy of Springer Nature Customer Service Center GmbH (“Springer Nature™).

Springer Nature supports a reasonable amount of sharing of research papers by authors, subscribers and authorised users (“Users”), for small-
scale personal, non-commercial use provided that all copyright, trade and service marks and other proprietary notices are maintained. By
accessing, sharing, receiving or otherwise using the Springer Nature journal content you agree to these terms of use (“Terms”). For these
purposes, Springer Nature considers academic use (by researchers and students) to be non-commercial.

These Terms are supplementary and will apply in addition to any applicable website terms and conditions, a relevant site licence or a personal
subscription. These Terms will prevail over any conflict or ambiguity with regards to the relevant terms, a site licence or a personal subscription
(to the extent of the conflict or ambiguity only). For Creative Commons-licensed articles, the terms of the Creative Commons license used will
apply.

We collect and use personal data to provide access to the Springer Nature journal content. We may also use these personal data internally within
ResearchGate and Springer Nature and as agreed share it, in an anonymised way, for purposes of tracking, analysis and reporting. We will not
otherwise disclose your personal data outside the ResearchGate or the Springer Nature group of companies unless we have your permission as
detailed in the Privacy Policy.

While Users may use the Springer Nature journal content for small scale, personal non-commercial use, it is important to note that Users may
not:

1. use such content for the purpose of providing other users with access on a regular or large scale basis or as a means to circumvent access
control;

2. use such content where to do so would be considered a criminal or statutory offence in any jurisdiction, or gives rise to civil liability, or is
otherwise unlawful;

3. falsely or misleadingly imply or suggest endorsement, approval , sponsorship, or association unless explicitly agreed to by Springer Nature in
writing;

4. use bots or other automated methods to access the content or redirect messages

5. override any security feature or exclusionary protocol; or

6. share the content in order to create substitute for Springer Nature products or services or a systematic database of Springer Nature journal
content.

In line with the restriction against commercial use, Springer Nature does not permit the creation of a product or service that creates revenue,
royalties, rent or income from our content or its inclusion as part of a paid for service or for other commercial gain. Springer Nature journal
content cannot be used for inter-library loans and librarians may not upload Springer Nature journal content on a large scale into their, or any
other, institutional repository.

These terms of use are reviewed regularly and may be amended at any time. Springer Nature is not obligated to publish any information or
content on this website and may remove it or features or functionality at our sole discretion, at any time with or without notice. Springer Nature
may revoke this licence to you at any time and remove access to any copies of the Springer Nature journal content which have been saved.

To the fullest extent permitted by law, Springer Nature makes no warranties, representations or guarantees to Users, either express or implied
with respect to the Springer nature journal content and all parties disclaim and waive any implied warranties or warranties imposed by law,
including merchantability or fitness for any particular purpose.

Please note that these rights do not automatically extend to content, data or other material published by Springer Nature that may be licensed
from third parties.

If you would like to use or distribute our Springer Nature journal content to a wider audience or on a regular basis or in any other manner not
expressly permitted by these Terms, please contact Springer Nature at

onlineservice(@springernature.com



mailto:onlineservice@springernature.com

