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1. Introduction

Crop productivity is increasingly challenged by abiotic stresses such as drought, soil salinity,
heat, and cold, which significantly impact both the quantity and quality of agricultural output
(Bashir et al., 2019). Climate change projections predict exacerbation of these challenges,
with the global population expected to rise from approximately 8 billion today to an
estimated 9.7 billion by 2050 (United Nations, 2023). As arable land faces increasingly
adverse conditions (Cramer et al., 2011), mitigating the effects of these stresses on
agriculture is crucial.

Abiotic stresses can reduce crop yields by up to 60% compared to optimal conditions (Boyer,
1982). The growing frequency of climatic shifts, especially in polar regions, underscores the
importance of understanding and mitigating their impact on global agriculture (Zhang et al.,
2022). Recent studies using advanced machine-learning algorithms report that climate
extremes influence up to 50% of the variability in crop yields worldwide (Vogel et al., 2019).
Such shifts increase exposure to floods, coastal erosion, desertification, and food insecurity
(Fatima et al., 2020).

Addressing these challenges requires immediate, collaborative action. The scientific
community plays a vital role in developing strategies to identify climate-resilient crops,
optimize resource use, and explore plant protective agents that enhance stress tolerance and
provide essential nutrients. This research focuses on investigating various plant protective
agents and light quality interactions to enhance crop stress tolerance, specifically under water

deprivation conditions.

1.2 Objectives

This research aims to explore the role of plant protective agents’ acetic acid, melatonin, and
spermine and light quality in mitigating the effects of water deprivation on crops. The
objectives include:
1. Investigating the impact of acetic acid, melatonin, and spermine on crop stress
tolerance under water deprivation.
2. Examining the effect of light quality in general and under water deprivation to
identify innovative strategies for improving crop resilience.
3. Providing insights that could contribute to developing more resilient crops and

sustainable farming practices in the face of environmental pressures.



2. Materials and Methods

2.1 Experimental Design: Plant Material and Treatment Patterns

Between 2021 and 2024, experiments were conducted at the Institute of Crop Sciences,
Department of Applied Plant Biology, University of Debrecen, Hungary. The studies were
performed in a controlled climate room utilizing hydroponic systems. Optimal growth
conditions were maintained with 65-75% relative humidity, a 16/8-hour light/dark cycle,
temperatures ranging from 24°C during the day to 20°C at night, and light intensity of 300
umol m2s~!. Plants were provided with a modified Hoagland solution as a nutrient source,

replenished every three days (Marschner et al., 1990).
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Figure 1. Sweet corn and spinach plants grown under controlled climate room

In the first experiment, three sweet corn genotypes Messenger, GSS 8529, and Tyson were
grown hydroponically to the early vegetative stage (Zadoks scale 13-14) and subjected to
water deprivation using 5% polyethylene glycol (PEG 6000). On the 25" day after sowing
foliar treatment with acetic acid at two different concentrations (10 mM and 20 mM) was
given for five consecutive days. After the 30" day of sowing non-destructive parameters
were recorded, and the plants were harvested on the 35" day after sowing to analyze morpho-
physiological and biochemical parameters.

The second experiment involved four sweet corn genotypes Messenger, Dessert, Royalty,
and Tyson grown hydroponically and subjected to 8% and 12% PEG for water deprivation
at V4-V5 (Zadoks scale 14-15). Foliar treatment with 100 uM melatonin was given for seven
days at the V6-V7 vegetative stage, with measurements taken at the V8-V9 (Zadoks scale
18-19) stages for various physio-morphological and biochemical parameters.

The third experiment utilized the same four sweet corn genotypes and followed a similar

protocol, with water deprivation induced using 8% and 12% PEG and spermine applied via
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foliar spray at 0.2 mM for seven days at the V6-V7 vegetative stage. After spermine
treatment for one week at the V8-V9 vegetative stage (Zadoks scale 18-19), samples were
taken to evaluate several morphological, photosynthetic, and biochemical parameters.

Additionally, spinach seeds (Spinacia oleracea var. Matador) were surface sterilized and
exposed to 2.5% PEG to induce water deprivation. Germination parameters were monitored
over seven days. Spinach seedlings were also grown under three different light qualities blue
light, normal white light, and red light with UV-C flashes once a week to evaluate the effects

of light quality on growth under optimal and water-deprived conditions.

2.2 Methodology

Germination traits were assessed through germination percentage, mean germination time
(Ellis and Roberts, 1981), and germination rate (Ranal et al., 2009). Growth measurements
included root and shoot lengths, root volume, fresh and dry weights, specific leaf area
(Garousi et al., 2016), and relative chlorophyll content (Konica Minolta, Japan).
Photosynthetic pigments were quantified using UV-VIS spectrophotometry and high-
performance liquid chromatography (HPLC) (Moran and Porath, 1980; Wellburn, 1994;
Mészaros et al., 1995). Stomatal conductance (Delta-T, UK) and chlorophyll fluorescence
(Walz GmbH, Germany) were measured to evaluate photosynthetic capacity and efficiency
(Kitajima and Butler, 1975; Schreiber et al., 1996). Stress responses were analyzed by
measuring malondialdehyde content and peroxidase activity (Baryla et al., 2000; Roxas et

al., 1997).

2.3 Statistical Analysis

Experiments were arranged in a completely randomized block design with three replications,
each containing four plants. Data was analyzed using two-way analysis of variance
(ANOVA) and Fisher's protected least significant difference (LSD) test with GenStat
Release 12.1 in sweet corn experiments.

Germination experiments used a randomized complete block design with 30 seeds per
replicate. Spinach experiments under different light qualities were similarly analyzed, with
three replications per treatment. Differences between treatments were evaluated using SPSS

(Version 26, IBM USA) with ANOVA and Tukey’s Post Hoc test.



3. Results

3.1 Acetic Acid Application And Its Effects On Sweet Corn Genotypes

Under water deficit conditions, this research examined the effects of acetic acid's foliar
application on three sweet corn genotypes (Messenger, Tyson, and GSS 8529). The results
showed that acetic acid can reduce the adverse effects of water deprivation by improving
many physiological and biochemical traits. In a genotype-dependent manner, acetic acid
treatment improved root and shoot lengths, root volume, specific leaf area, chlorophyll
content, photosynthetic efficiency, and antioxidant defense mechanisms.

Acetic acid application significantly affected root development in sweet corn genotypes
under water deprivation. Foliar treatments with 10 mM and 20 mM acetic acid resulted in
substantial increases in specific root length in the Tyson genotype, with enhancements of
152.2% and 131.2%, respectively (Table 1). This improvement in root growth is essential

for better water and nutrient uptake, which is crucial under drought conditions.

Table 1. Effect of foliar spray of acetic acid on the specific root length (cm g') of three sweet corn

genotypes under water deprivation. 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.

Treatment Genotypes
Messenger Tyson GSS 8529

Control 100.57%4 80.08B 75.05%¢

10 mM acetic acid 97.7854 137.502B 64.62°C

20 mM acetic acid 91.12¢A 99.99%B 71.69°C

5% PEG 46.11% 34.50°B 35.84°B

10 mM acetic acid + 5% PEG 49.85°8 87.12¢A 32.15%
20 mM acetic acid + 5% PEG 69.5948 79.75% 38.85%

Acetic acid also enhanced photosynthetic efficiency, as demonstrated by increased
chlorophyll content. Specifically, 10 mM acetic acid increased chlorophyll-a by 68.6% and
chlorophyll-b by 146.6% in the Tyson genotype, while 20 mM acetic acid led to increases
0f 46.4% in chlorophyll-a and 114.7% in chlorophyll-b (Table 2). These results suggest that
acetic acid enhances the plant’s ability to capture light and convert it into energy, thus

improving growth under water deficit.



Table 2. Effect of foliar spray of acetic acid on photosynthetic pigments (mg g') of three sweet
corn genotypes under water deprivation. 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.

Trait Treatment Messenger | Tyson | GSS 8529
Chlorophyll- a Control 13.69%4 | 12.95B | 9.832C
10 mM Acetic acid 12.17°4 ] 10.13B | 11.81%A
20 mM acetic acid 10.14® | 10.16® | 12.49°A
5% PEG 12.50°A | 7.9398 12.3824

10 mM acetic acid + 5% PEG 12.00°4 | 13.37%A | 12.19%4
20 mM acetic acid + 5% PEG 12.47°4 | 11.61°4 | 11.75*

Chlorophyll- b Control 5.89%A 6.48%A 2.93%
10 mM Acetic acid 5.19%A 3.32B 3.60*"

20 mM acetic acid 3.03B 3.156°B 4,05

5% PEG 4,29bA 1.9148 3.98%

10 mM acetic acid + 5% PEG 3.82bcA 4714 3.958A
20 mM acetic acid + 5% PEG 4,458 | 4 10bA 4.292A

Total carotenoids Control 3.8934 2.09B 2.07%8
10 mM Acetic acid 2.39b4 2.13¢A 2.41%4

20 mM acetic acid 1.920B 2.29beA 2.5434

5% PEG 2.62%4 3.25%4 2.78%

10 mM acetic acid + 5% PEG 2.50°A 2.932bA 2.6424A
20 mM acetic acid + 5% PEG 2.59bA 2.49bcA 2.58%A

Acetic acid application reduced oxidative stress, as evidenced by decreased
malondialdehyde (MDA) levels. At 10 mM, MDA levels decreased by 32.4% in Tyson,
10.4% in GSS 8529, and 10.7% in Messenger (Fig.2). The reduction in oxidative stress was
even more pronounced at 20 mM, with decreases of 31.6% in Tyson, 9.7% in GSS 8529,
and 10.6% in Messenger. This indicates that acetic acid effectively mitigates oxidative
damage by enhancing the plant's antioxidant defenses, which is crucial for maintaining

cellular integrity under water deprivation.
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Figure 2. Effect of foliar spray of acetic acid on malondialdehyde content (nmol g2) of three sweet
corn genotypes under water deprivation. 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.

These results indicate that more studies on optimizing acetic acid concentrations for sweet
corn genotypes should concentrate on maximizing stress resilience and growth performance.
Field trials will validate the effectiveness of acetic acid under natural growing conditions,

and its practical relevance in agricultural practices will be evaluated.

3.2 Melatonin Application And Its Effects On Sweet Corn Genotypes

The study focused on the effects of foliar application of melatonin on improving the
resistance of sweet corn to water deprivation caused by polyethylene glycol. Four different
genotypes were tested using two different polyethylene glycol (PEG) concentrations and
melatonin treatment. The recorded results revealed that the application of melatonin
effectively mitigates the adverse effect of water deprivation, resulting in enhancements in a
range of morphological, physiological, and biochemical traits.

Melatonin (100 puM) application significantly improved photosynthetic efficiency under
water deprivation. Specifically, melatonin increased specific leaf area in Messenger and
Tyson genotypes. Under 12% PEG, Tyson exhibited a 64.3% increase in actual
photochemical efficiency (AF/Fm’), demonstrating melatonin’s capacity to enhance

photosynthetic performance under water deprivation (Table 3).



Table 3. Effect of melatonin and PEG treatments on average AF/Fm’ in various sweet corn
genotypes. 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.

Trait Treatment Genotypes

Dessert Messenger = Tyson Royalty

AF/Fm’ Control 0.75A 0.75%A 0.84P¢A 0.76A
100 M mel. 0.75%A 0.75%A 0.74°A 0.78%A

8% PEG 0.66"2 0.70° | 0.70®%A | 0.64"®

12% PEG 0.56%8 0.63*A 0.56% 0.53%

8% PEG + 100 uM mel. 0.76%A 0.76%A 0.75PA 0.77A

12% PEG + 100 uM mel. 0.75%A 0.77°A 0.92°A 0.77°A

Melatonin also improved antioxidant defense mechanisms. Under 8% and 12% PEG,

melatonin application increased peroxidase activity, which is crucial for reducing oxidative

stress. The decreased MDA levels (Fig.3) and enhanced antioxidant enzyme activity indicate

that melatonin bolsters the plant's ability to manage oxidative damage, thus enhancing stress

tolerance. These findings underscore melatonin’s potential as a tool for improving crop

resilience in drought-prone regions.
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Figure 3. Effect of melatonin and PEG treatments on average malondialdehyde content (nmol g*)
in various sweet corn genotypes. 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.




3.3 Spermine Application And Its Effects On Sweet Corn Genotypes

The research explored the impact of the foliar application of spermine on four sweet corn

genotypes (Dessert, Messenger, Tyson, and Royalty) to reveal if it could enhance their

capacity to tolerate water deficits. The results reveal that spermine (0.2 mM) significantly

alleviates the adverse effects of water deprivation across various morphological and

physiological traits, with notable genotypic variations in response.

Spermine application led to enhanced root and shoot lengths, with Tyson showing a 90.6%

increase in shoot length under 12% PEG (Fig.4). These results indicate that spermine

effectively promotes growth and improves resilience under water deficit.
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Figure 4. Effect of spermine and PEG-induced water deprivation on average root [A] and shoot [B]
length (cm) on sweet corn genotypes. 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.
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Spermine also improved photosynthetic performance and reduced oxidative stress. In
Dessert, MDA content decreased by 41.5% under 12% PEG (Fig.5) with spermine
application, while Messenger exhibited a 327.5% increase in chlorophyll-b content. These
findings suggest that spermine enhances photosynthetic efficiency and mitigates oxidative

damage, contributing to better growth and productivity under water-limited conditions.
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Figure 5. Effect of spermine on malondialdehyde content (nmol g™') in water deprived sweet corn
genotypes. 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.

3.4 Effects Of Water Deprivation On Spinach Seed Germination

Water deprivation reduced spinach seed germination percentage from 79% to 63%,
decreased mean germination time by 27.1%, and increased mean germination rate by 34.6%
(Table 4). These results indicate that water deficit delays seed germination and affects

seedling vigor, impacting plant establishment and growth.
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Table 4. The effect of PEG-induced water deprivation on the various germination parameters of
spinach seeds. Different letters indicate significant (p<0.05). differences between treatments.

Traits Treatments

Control PEG
Germination percentage (%) 79.002 63.00°

Mean germination time (day) 3.91° 2.85°

Mean germination rate(day™) 0.26° 0.35°
Coefficient of variation of germination time (%) 52.072 42.612
Coefficient of velocity of germination (%) 26.28% 35.69%
Germination index (day) 9.06° 8.522

Mean daily germination Percent (%) 11.272 9.04°
Peak value for germination(day™?) 16.66° 17.5%
Germination value 194.2% 159.3%

3.5 Light Quality And Its Effects On Spinach plants Under Water Deprivation

Spinach grown under blue light (Light 1) demonstrated significant improvements in root

volume and fresh root weight compared to plants grown under normal white light (Light 2)

at full harvest (Table 5). Blue light also increased chlorophyll-a by 12% and total carotenoids

by 18.1%. In contrast, exposure to red light combined with UV-C flashes (Light 3) severely

impaired growth, reducing root length by 48.8% and fresh root weight by 95.7%. These

findings suggest that blue light enhances growth and stress resilience, while red light

combined with UV-C radiation is detrimental to plant growth.

Blue light improved spinach resilience to water deficit, enhancing both root and shoot

development. In contrast, the negative impact of red light with UV-C exposure highlights

the importance of managing light conditions to optimize plant growth and productivity in

controlled environments.

Table 5. Effect of different light qualities on the growth parameters of spinach. Different letters
among light qualities within a specific harvest indicate significant differences (p <0.05).

First Harvest (25" day after

Full Harvest (35" day after

Traits sowing) sowing)
Light1 | Light2 | Light 3 Light 1 Light2 | Light 3

Root Length (cm) 33.8° | 45.6° | 23.3° 30.42 35.72 39.12
Shoot Length (cm) 12.92 12.42 3.2° 15.72 17.42 11.8°
Root volume (cm®) 6.58° 6.1% 0.3° 33.6° 17.5° 7.8
Fresh root weight (g) | 5.26% 4.4 0.19° 29.42 21.4° 3.3
Fresh shoot weight (g) | 6.772 5.82 0.38° 20.5° 19.5 5.6
Dry root weight (g) 0.23? 0.1 0.01° 0.718 0.6° 0.5
Dry shoot weight (g) 0.60? 0.4° 0.04° 1.83% 1.92 1.36%
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4. New Scientific Results

1. Acetic Acid (10 MM & 20 mM) Foliar Spray

Acetic acid (10 mM and 20 mM) increased specific root length by 152.2% and 131.2%,
respectively, in the Tyson genotype under water deficit; biomass improved by 41.9% in
Messenger and 18.2% in GSS 8529 at 10 mM acetic acid; photosynthetic pigments in
Tyson increased at 10 mM (Chl-a by 68.6%, Chl-b by 146.6%) and at 20 mM (Chl-a by
46.4%, Chl-b by 114.7%); MDA levels were reduced at 10 mM (by 10.7% in Messenger,
32.4% in Tyson, 10.4% in GSS 8529) and at 20 mM (by 10.6% in Messenger, 31.6% in
Tyson, 9.7% in GSS 8529).

2. Melatonin (100 uM) Foliar Spray

Melatonin (100 pM) increased specific leaf area under PEG-induced stress (8% and 12%
PEG) in Messenger and Tyson genotypes; improved actual photochemical efficiency by
64.3% in Tyson under 12% PEG; enhanced antioxidant activity by increasing peroxidase
levels and reducing MDA content under both 8% and 12% PEG conditions.

3. Spermine (0.2 mM) Foliar Spray

Spermine (0.2 mM) increased root and shoot lengths across all genotypes, with Tyson
showing a 90.6% increase in shoot length under 12% PEG; reduced oxidative damage,
as seen by a 41.5% decrease in MDA content in Dessert under 12% PEG; significantly
boosted chlorophyll-b content by 327.5% in the Messenger genotype under 12% PEG

4. Impact of Light Quality on Plant Growth

Blue light (Light 1) significantly promoted root volume and fresh root weight in spinach,
enhancing overall plant growth. In contrast, red light combined with UV-C radiation
(Light 3) severely inhibited growth parameters, including root and shoot lengths and
biomass. The combination of Light 3 and 2.5% PEG-induced water stress proved fatal
to the plants.
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. Practical Utilization Of Results

The results indicate that using foliar acetic acid can be a viable approach to enhance
the ability of sweet corn to withstand water deprivation via increased crop output and
the plant's ability to tolerate stressful conditions. Tailoring treatments based on
specific genotypes maximize development by improving photosynthetic efficiency
and enhancing antioxidant defenses to minimize oxidative damage. The foliar acetic
acid application provides a cost-efficient and environmentally friendly approach to
enhance resistance to water deprivation. Field applications should optimize the
concentration of acetic acid by considering the genotype.

. Acetic acid at both concentrations (10 mM and 20 mM) had beneficial effects in
alleviating the negative consequences of water deprivation. However, the
concentration of 10 mM in genotype Tyson often yielded comparable outcomes in
terms of specific root length, specific shoot length, root volume, chlorophyll content,
and oxidative stress indicators, particularly when used in conjunction with 5% PEG.
This concentration also exhibited a consistent defensive reaction across several
genotypes in the presence of water deprivation. Hence, the 10 mM acetic acid
concentration may be the optimal and well-rounded option for improving the
potential of sweet corn to withstand water scarcity.

Foliar application of melatonin can be utilized in agricultural practices to improve
crop resilience, particularly in water deficit areas. All four genotypes (Messenger,
Dessert, Royalty, and Tyson) reflect improved resilience to water deprivation when
treated with melatonin (100 uM). The study suggests that these genotypes are
suitable for cultivation, especially in water-deficit environments, with the application
of melatonin to enhance stress tolerance.

Foliar application of 0.2 mM spermine significantly enhances stress tolerance in
sweet corn genotypes by mitigating the adverse effects of PEG-induced water
deprivation. The results suggest that spermine can be effectively used to enhance
crop resilience and productivity in water-limited environments, making it a valuable
addition to agricultural practices, particularly in controlled hydroponic systems
making hydroponic farming more resilient to environmental stressors.

Under LED lamps, improving the growth and quality of spinach plants requires
optimized light qualities, ensuring a balanced blue-to-red ratio, and avoiding

exposure to harmful UV-C radiation. Using tools such as SPAD meters and

14



spectrophotometry, farmers can effectively monitor relative chlorophyll content and
photosynthetic pigments to make precise adjustments to lighting and watering in
controlled environment agriculture settings, like vertical farming and hydroponics to
control environmental factors effectively and consistently produce high-quality
spinach.
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