www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Dose and genotype dependent
effects of foliar acetic acid on sweet
corn under water deficit

Tahoora Batool Zargar, Ogba Basal"* & Szilvia Veres

Sweet corn (Zea mays L. var. saccharata) faces significant challenges due to water deprivation caused
by global water scarcity. This study investigates the potential of acetic acid to enhance sweet corn
resilience by modulating morphophysiological and biochemical traits under water deficit conditions.
Three genotypes were subjected to foliar application of acetic acid at altered concentrations under
water deprivation. Water deprivation significantly decreased specific root and shoot length and

root volume in all genotypes. However, acetic acid alleviated these adverse effects, particularly

in Tyson, which exhibited a notable increase, indicating enhanced adaptability to stress. Specific

leaf area increased after treatment with acetic acid; likewise, stomatal conductance showed a
significant increase in Messenger and Tyson on application with acetic acid under water deprivation.
Chlorophyll-a and chlorophyll-b exhibited genotype-specific and concentration-dependent responses
to the treatments, with significant increases observed in Tyson with acetic acid application at 10

mM under water deprivation. Chlorophyll fluorescence parameters varied; while Messenger and GSS
8529 showed non-significant results, Tyson exhibited significant increases in actual photochemical
efficiency, mainly with a low concentration of acetic acid under water deprivation. Acetic acid also
reduced malondialdehyde levels, a marker of oxidative stress, across all genotypes under stress, and
increased peroxidase activity in Tyson and GSS 8529, indicating enhanced antioxidant defences. These
findings suggest that acetic acid application effectively mitigates the effects of water deprivation

by enhancing photosynthetic efficiency, antioxidant defences, and growth parameters, showing
substantial genotype differences. Further research is recommended to optimize acetic acid treatments,
considering genotype-specific responses to maximize stress resilience and growth performance.
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Sweet corn (Zea mays L. var. saccharata) is a specific variety of the corn plant that resulted from a mutation in the
SU locus (sugary gene) of dent corn, which in the endosperm of the corn kernel regulates the conversion of sugar
into starch!. This mutation enhances sugar accumulation, resulting in sweet corn having twice as much sugar
as regular corn’. As the world’s most widely cultivated and economically significant cereal crops it is ranked
third in importance to human consumption, after rice and wheat. Farmers increasingly turn to specialty corn
production, such as sweet corn, for higher returns and job opportunities, particularly in urban areas. Sweet corn
boasts immense market potential and genetic diversity, offering scope for enhancing its nutritional value®. Sweet
corn has diverse physiological constituents, including sugars, starch, water-soluble polysaccharides, proteins,
vitamins, and minerals, contributing to its nutritional value®*.

In addition to being a national favorite in the USA and Canada, sweetcorn is becoming increasingly well-
liked in India and other Asian countries. The Iroquois had a significant role in disseminating sweet corn, referred
to as Papoon, to European immigrants around 1779 and quickly gained popularity in the southern and central
regions of the United States’. In contrast to other corn types that are often harvested when mature at the dent
stage, sweet corn is selectively chosen at the milking stage, making it more appropriate for use as a vegetable
rather than a grain and is highly valuable in the vegetable processing industry (canning and freezing) and is
also famous for fresh consumption. However, global water scarcity significantly affects sweet corn’s productivity.
Despite their high genetic diversity, maize varieties are only somewhat resistant to drought stress; in particular,
the seedling stage of maize is vulnerable to water scarcity>®.
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Addressing this issue and improving water use efficiency and drought tolerance in sweet corn is paramount.
Drought, after pathogens, is the second major limiting factor for plant productivity, which can restrict 25%
of arable land production worldwide’. Plants employ various adaptive strategies, including physiological and
biochemical alterations, to cope with stressful conditions, ultimately impacting their productivity®. Water deficit
conditions pose a critical problem for maize growth, affecting anatomy, morpho-physiological, and biochemical
processes’. Drought-induced osmotic stressors elicit rapid modifications in gene expression and metabolic
processes, facilitating plants’ adaptation to demanding environmental circumstances'®!!. According to Latif
et.al.'? drought stress in maize significantly impairs root development, resulting in reduced root biomass, volume,
and length. In response, the formation of fine roots often increases to enhance water absorption efficiency.
Additionally, water deficit conditions lead to a decrease in root surface area and trigger distinct changes in root
architecture among maize varieties. The stressors mentioned directly affect the control of stomata, resulting
in a decrease in the efficiency of photosynthesis in plants'®. One of the significant consequences is the adverse
impact on the photosynthetic apparatus, often leading to a decrease in chlorophyll content. Additionally, osmotic
stresses by water shortages cause the accumulation of reactive oxygen species (ROS), which later are responsible
for oxidative reactions like chlorophyll degradation, membrane lipid peroxidation, protein denaturation, and
strand breakage of DNA if the imbalance between ROS production and scavenging is not addressed'*.

Recent studies identified an easily accessible and applicable organic acid, acetic acid (CH,COOH), has a good
potential for improving plant’s ability to withstand water deprivation by enhancing the rate of photosynthesis,
uptake of nutrients, and absorption of water!>~!8, The exogenous application of acetic acid improved tolerance
to drought stress in cassava, indicating its potential to ameliorate the effects of drought stress in this crop®.
Likewise, in Arabidopsis thaliana, the enhanced expression of genes associated with acetic acid production
improved drought resistance, suggesting that altering the expression of genes related to acetic acid metabolism
can improve the capacity of plants to withstand water deficit conditions*. According to previous findings, the
interaction of acetic acid with phytohormones, such as jasmonic acid, can influence the chromatin structure and
the expression of genes, which may affect the transcription of stress-responsive genes, thereby improving the
adaptive responses to water stress'>.

An increase in photosynthesis rates, absorption of water, uptake of nutrients, and interaction with
phytohormones to regulate gene expression proposes that acetic acid holds promising potential for agricultural
practices aimed at sustainable crop production under unfavorable environmental conditions!>. By uncovering
the role of acetic acid application in drought stress tolerance and exploring its underlying mechanisms, research
has opened new possibilities for addressing the challenges posed by water scarcity in agriculture and the
environment'.

Currently, the planting of sweet corn as seedlings is widespread. However, the protection of sweet corn
seedlings under water deficit stress with externally applied acetic acid has not yet been investigated. Therefore, it
is hypothesized that the foliar application of acetic acid on different sweet corn genotypes during early vegetative
stages under water deprivation will positively affect plant physiology.

Material and methods

Plant material, growth conditions, and experimental treatments

The experiment was conducted at the Department of Applied Plant Biology, Institute of Crop Sciences, University
of Debrecen, Hungary. It took place in a controlled climate environmental room and focused on three genotypes
of sweet corn (Zea mays L. var. saccharata): Messenger (provided by Seminis), GSS 8529 (provided by Syngenta),
and Tyson (provided by Syngenta). The seeds were washed with tap water multiple times and sterilized by
soaking in 6% H,0,. After 15 min, the seeds were washed with distilled water and soaked in a 0.01 M CaSO 4
solution for two hours, followed by another thorough wash with distilled water.

The seeds were then germinated geotropically between moistened filter papers at a temperature of 24 °C. The
room temperature and humidity were carefully maintained at 24 °C+0.2 °C and 62.5% * 0.5%, respectively. One
week after sowing, seedlings (Zadoks scale 10-11)*! with good vigor were transplanted into plastic pots (1.7L)
under hydroponic conditions. Each genotype had 18 pots (4 plants per pot), with the nutrient solution described
by Marschner et al.?2 being changed every third day.

Two weeks after sowing, when the seedlings had entered the early vegetative phase (Zadoks scale 13-14)%!,
5% polyethylene glycol (PEG6000, VWR International bvba, Geldenaaksebaan, Leuven, Belgium) was used to
osmotically simulate water deprivation for 9 of the 18 pots per genotype. The one-week treatment with PEG
induced mild symptoms of water deficiency, which were checked by relative chlorophyll measurements (SPAD
values) and stomatal conductance to assess the effectiveness of water deficiency.

Subsequently, on the 25th day after sowing, an acetic acid foliar treatment was applied for five consecutive days
using two different concentrations: 20 mM and 10 mM. Pots were arranged following a randomized complete
block design with three independent replicates for each treatment. A total of five different treatments were
given as follows (+control): (1) 10 mM CH,COOH; (2) 20 mM CH,COOH; (3) 5% PEG; (4) 5% PEG +10 mM
CH,COOH (5) 5% PEG +20 mM CH,COOH.

After the 30th day of sowing, relative chlorophyll content (SPAD values), stomatal conductance, and fast
phase of the chlorophyll fluorescence induction curve were recorded. Furthermore, the plants were harvested on
the 35th day after sowing to analyze various physio-morphological parameters (Fig. 1).

Plant growth parameters

Root and shoot length

The length of the roots and shoots was measured using a ruler. This straightforward method involves physically
measuring the distance from the base of the plant to the tip of the root or shoot using a ruler.
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Fig. 1. Experimental timeline from seed sterilization to harvest showing treatment progression.

Root volume
The water displacement technique was used, where the initial and final water levels were measured to calculate
the difference, representing the volume of the roots. (Archimedes’ principle)?*

Dry weights of shoot and root

Three replicate samples from each treatment were dried in an oven set at 70 °C for four days to obtain the dry
weights. The samples were dried until a consistent weight was achieved and weighed on an electronic scale with a
precision of 0.001 g (Ohaus, Switzerland). Specific root (SRL) and shoot (SSL) length, Shoot-to-root ratio (SRR),
and Total biomass were calculated.

Specific leaf area (SLA)

Five leaf discs with known surface area were used for SLA measurement. The fresh samples were dried at 104.5 °C
until a constant weight was gained. The dry weight of all 5 leaf discs was then measured using an electronic scale
with a precision of 0.001 g (OHAUS, Swiss). Finally, the SLA of each leaf was calculated by dividing the leaf area
by the corresponding leaf dry weight?*.

Relative chlorophyll content (SPAD values)
Relative chlorophyll content was measured using a SPAD-502Plus device (Konica Minolta, Japan). For each
treatment, six readings per repetition were recorded from the last fully developed leaves.

Photosynthetic pigments

Photosynthetic pigments, including chlorophyll-a and -b and total carotenoid contents, were extracted following
the methodology described by Moran and Porath®® and determined using the Wellburn,?® method. Samples
were soaked in darkness in the N, N dimethylformamide solvent for 48 h at room temperature. With the help
of UV-VIS spectrophotometry (Metertech SP-830 PLUS, Taiwan), the supernatant was measured after 48 h at
specific wavelengths.

Xanthophyll pool

To analyze the xanthophyll pool (sum of antheraxanthin, lutein, zeaxanthin, and violaxanthin content), the
high-performance liquid chromatography (HPLC) method using a Nucleosil C18 column for separation was
used. The eluents contained a mixture of acetonitrile and water in a 9:1 ratio, containing 0.01% triethylamine and
ethyl acetate. The HPLC system utilized a UV/VIS detector (JASCO, Japan). Zeaxanthin was regularly injected as
a standard compound during the analysis to identify the peaks in the chromatogram and calculate the pigment
contents®’.
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In-vivo chlorophyll fluorescence parameters

The fast phase of chlorophyll fluorescence induction curve parameters was measured in three replicates from
the youngest fully developed leaves with portable chlorophyll fluorometer-PAM-2100 (Walz Gmbh, Germany).
Maximum (Fm), minimal (F0), and variable (Fv) fluorescence were recorded to calculate potential photosynthetic
capacity (Fv/Fo) and maximum photochemical efficiency of PSII (Fv/Fm). The actual photochemical efficiency
of PSII (AF/Fm), also known as Yield, was recorded?®?°

Stomatal conductance
Stomatal conductance was measured using an AP4 porometer (Delta-T, UK) from the youngest fully expanded
leaves with three repetitions.

Peroxidase (POX) activity

A phosphate buffer was used to homogenize lyophilized leaf samples. After that, the extract was then transferred
into an Eppendorf tube and centrifuged for 10 min. In the cuvette, sodium acetate buffer, hydrogen peroxide,
and o-anisidine were added to prepare the reaction mixture, and the prepared sample extract was added to the
cuvette. Careful mixing of the contents was carried out. Immediately, the absorbance of the reaction mixture was
measured at 460 nm using a spectrophotometer (Metertech SP-830 PLUS, Taiwan). Readings were taken every
10 s for a total duration of one minute, enabling to monitor changes in absorbance over time*°.

Malondialdehyde (MDA) Content

Trichloroacetic acid (TCA) was used as an extraction buffer for lyophilized leaf samples. The obtained extract
was centrifuged, and the supernatant was transferred to a tube containing TCA and thiobarbituric acid (TBA).
At 95°C for 30 min, the mixture was heated to facilitate the reaction, followed by immediate ice cooling to stop
further reaction. A second centrifugation step was done to remove any precipitates, and then the absorbance of
the resulting solution was measured at 532nm using a spectrophotometer (Metertech SP-830 PLUS, Taiwan)>!.
The absorbance value at this wavelength corresponds to the concentration of the colored complex, indicating the
MDA content in the original lyophilized leaf sample.

Statistical analysis

A randomized complete block design with three replications and four plants per replica was used to arrange
the pots. GenStat Release 12.1 was used to perform an analysis of variance (two-way ANOVA) and the Fisher’s
protected least significant difference test to analyze the differences between treatments and genotypes to
determine statistical significance.

Results

Plant growth parameters

Specific root and shoot length

The specific root length (SRL) of Messenger, Tyson, and GSS 8529 genotypes was taken as a standard reference
in the control group. When sprayed with 10 mM acetic acid, Messenger and GSS 8529 showed reduced SRL
(2.78% and 13.9%, respectively), while Tyson substantially increased (71.73%). With 20 mM acetic acid,
Messenger and GSS 8529 also experienced decreased SRL (9.43% and 4.47%, respectively), whereas Tyson’s SRL
increased (24.88%). When subjected to 5% PEG treatment, all genotypes recorded a significant decrease in SRL
(Messenger by 54.13%, Tyson by 56.84%, GSS 8529 by 52.25%). However, combining 10 mM acetic acid with 5%
PEG significantly increased SRL for Messenger and Tyson (by 8.1 and 152.5%, respectively, compared to PEG
treatment). At the same time, GSS 8529 exhibited a decrease in SRL (by 10.3% compared to PEG treatment).
Under 20 mM acetic acid combined with 5% PEG in all genotypes, a significant increase in SRL (Messenger by
50.9%, Tyson by 131.3%, GSS 8529 by 8.4%) compared to PEG treatment was recorded (Table 1).

The response of specific shoot length (SSL) differed from SRL; when treated with 10 mM acetic acid, SSL
increased in all three genotypes, with significant increases in Messenger and Tyson compared to control (44.1%
and 38.6%, respectively). Conversely, 20 mM acetic acid decreased SSL in messenger, but an increase in Tyson
and GSS 8529 was recorded. Under PEG treatment, a significant decrease in all three genotypes was recorded
(21.9%. 11.6%, and 22.0% in Messenger, Tyson and GSS 8529, respectively). On treatment with 10 mM acetic
acid foliar spray under water deprivation, SSL significantly increased in all three genotypes compared to water
deficit conditions (12.6%, 70.9%, 13.6%, respectively in Messenger, Tyson, and GSS 8529). Treatment with
20 mM acetic acid recorded no difference in genotype GSS 8529, but an increase of 71.4% and 49.7% were
recorded in Messenger and Tyson (Fig. 2, Table 2).

Root volume

The root volume (RV) decreased in messenger and GSS 8529 (49.0% and 57.1%) on treatment with 10 mM acetic
acid, while in Tyson, a significant increase of 14.3% was recorded. While on treatment with 20 mM acetic acid,
a decrease of 7.2% in Tyson and a significant decrease of 60.7% in GSS 8529 was recorded. On treatment with
5% PEG, a significant decrease in all genotypes was recorded (19.6%, 64.3%, and 67.9% in Messenger, Tyson,
and GSS 8529, respectively). Treatment with 10 mM acetic acid under PEG increased RV in all three genotypes
(34.2%,80.0%,66.7% in Messenger, Tyson, and GSS 8529 respectively) compared to PEG treatment, similarly
on treating with 20 mM acetic acid under 5% PEG RV increased in all three genotypes with 299.9% increase in
Tyson (Table 3).
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Specific Root Length | Genotype 2 |6321.8 | <.001
Treatment 5 |5694.2 | <.001

Genotype. Treatment | 10 9029 | <.001

Control 100.57** | 80.08 4% | 75.05%C
10 mM acetic acid 97.78%4 137.50°8 | 64.62<C
20 mM acetic acid 91.12¢A 99.99"8 | 71.69°C
5% PEG 46.11% 34508 | 35.84B
5% PEG + 10 mM acetic acid | 49.85¢% 87.12A | 32.15%
5% PEG +20 mM acetic acid | 69.59 4 79.759C | 38.8544

Table 1. Analysis of variance and mean specific root length (cm g™') of three sweet corn genotypes as affected
by foliar application of acetic acid under water deprivation. YANOVA results indicate highly significant effects
of genotype, treatment, and genotype x treatment interaction (p <0.001). Different lowercase letters denote
significant differences among treatments within a genotype; uppercase letters denote significant differences
among genotypes within a treatment (p<0.05) (n=3).
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Fig. 2. Effect of foliar spray of acetic acid on the specific shoot length (cm g'!) of three sweet corn genotypes
under water deprivation. Significant differences (p <0.05) among treatments within genotypes are marked by
small letters, and among genotypes within treatments by capital letters (n=3).

Shoot/root ratio

Shoot: Root (SRR) increased in Messenger and Tyson (9.3% and 64.8%), while decreased in GSS 8529 (8.6%)
on treatment with 10 mM acetic acid compared to control. At higher concentrations of acetic acid in Messenger
and Tyson, an increase in shoot: root was recorded, while in GSS 8529, a decrease was recorded compared to the
control. Upon treatment with 5% PEG, a significant decrease in two genotypes (45.6% and 23.2% in Messenger
and GSS 8529, respectively) was recorded, while in Tyson, an increase was recorded. On treatment with 10 mM
acetic acid under PEG, a decrease in all three genotypes was recorded (15.0%, 28.9%, and 8.2% in Messenger,
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Variate Source of variation | d.f | F-value | p-value

Specific Shoot Length | Genotype 2 | 19042 | <.001
Treatment 5 402.1 | <.001
Genotype. Treatment | 10 | 174.7 | <.001

Table 2. ANOVA for specific shoot length (cm g™!) of three sweet corn genotypes treated with acetic acid
under water deprivation. *ANOVA results indicate highly significant effects of genotype, treatment, and
genotype x treatment interaction (p <0.001).

Variate Source of variation | d.f | F-value | p-value

Root Volume | Genotype 2 8.6 <.001
Treatment 5 242 <.001
Genotype. Treatment | 10 | 17.8 <.001

Genotypes

Treatment Messenger | Tyson | GSS 8529

Control 4.338 4,678 | 9.334

10 mM acetic acid 2.21%¢ 5.33%A | 4,00

20 mM acetic acid 4334 4.33%4 | 3.67°48

5% PEG 3.48%4 1.67¢8 | 3.0044

5% PEG + 10 mM acetic acid | 4.67** 3.0044 | 5.00°4

5% PEG +20 mM acetic acid | 4.00% 6.67°F | 3.67°4A

Table 3. Analysis of variance and mean root volume (cm?) of three sweet corn genotypes as affected by
foliar application of acetic acid under water deprivation. *ANOVA results indicate highly significant effects
of genotype, treatment, and genotype x treatment interaction (p <0.001). Different lowercase letters denote
significant differences among treatments within a genotype; uppercase letters denote significant differences
among genotypes within a treatment (p<0.05) (n=3).

Variate Source of variation | d.f | F-value | p-value
Shoot: Root | Genotype 2 | 349 <.001
Treatment 5 241 <.001
Genotype. Treatment | 10 | 4.0 <.001
Genotypes
Treatment Messenger | Tyson | GSS 8529
Control 4.75% 3.43%9C | 62934
10 mM acetic acid 5.19%4 5.63% | 57504
20 mM acetic acid 4.93% 4,778 | 6,092bA
5% PEG 2.5808 4.510¢A | 4,83bcA
5% PEG+ 10 mM acetic acid | 2.20°¢ 32098 | 4444
5% PEG +20 mM acetic acid | 2.14%A 3.61°48 | 4238

Table 4. Analysis of variance and mean shoot-to-root ratio (g g™*) of three sweet corn genotypes as affected
by foliar application of acetic acid under water deprivation. YANOVA results indicate highly significant effects
of genotype, treatment, and genotype X treatment interaction (p <0.001). Different lowercase letters denote
significant differences among treatments within a genotype; uppercase letters denote significant differences
among genotypes within a treatment (p<0.05) (n=3).

Tyson, and GSS 8529, respectively). Likewise, a higher concentration of acetic acid under PEG decreased shoot:
root compared to PEG (17.3%, 19.9%, 12.4% in Messenger, Tyson, and GSS 8529, respectively) (Table 4).

Total biomass

Treatment with acetic acid decreased total biomass in all three genotypes in both concentrations of acetic acid
compared to control (Table 5). However, under 5% PEG treatment, an increase of 10.5% was recorded in GSS
8529. In contrast, a decrease was recorded in Messenger and Tyson, and treatment with 10 mM acetic acid
under PEG increased total biomass in Messenger by 41.9% and in GSS 8529 by 18.2%. While on application
with 20 mM acetic acid, a decrease in total biomass was recorded in all genotypes compared to PEG treatment.
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Dry Biomass | Genotype 2 2591 <.001
Treatment 5 15.8 <.001
Genotype. Treatment | 10 6.1 <.001

Control 2.984 3.5204 | 477208
10 mM acetic acid 1.75%4 2434|422
20 mM acetic acid 2.72bcA 3.004 | 4.10°B
5% PEG 2.17%4 2.94b¢A | 5758
5% PEG + 10 mM acetic acid | 3.08°* 2.75%¢A | 6238
5% PEG +20 mM acetic acid | 1.88*4 2.53%A | 4,658

Table 5. Analysis of variance and mean total biomass (g) of three sweet corn genotypes as affected by foliar
application of acetic acid under water deprivation. *ANOVA results indicate highly significant effects of
genotype, treatment, and genotype x treatment interaction (p <0.001). Different lowercase letters denote
significant differences among treatments within a genotype; uppercase letters denote significant differences
among genotypes within a treatment (p<0.05) (n=3).
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Fig. 3. Effect of foliar spray of acetic acid on specific leaf area (cm? g'!) of three sweet corn genotypes under
water deprivation. Significant differences (p < 0.05) among treatments within genotypes are marked by small
letters, and among genotypes within treatments by capital letters (n=3).

Specific leaf area

Specific leaf area (SLA) decreased in Messenger and GSS 8529 on treatment with 10 mM acetic acid
concentration, while in Tyson, an increase was recorded compared to control. An increase in 20 mM acetic
acid application in Messenger and Tyson was recorded, while in GSS 8529, a decrease of 31.2% was recorded
in comparison to the control (Fig. 3). Under 5% PEG treatment, SLA decreased in all three genotypes (48.5%,
21.8%, 40.0% in Messenger, Tyson, and GSS 8529 respectively). In combination, treatment of 10 mM acetic
acid and 5% PEG increase in all three genotypes were recorded (22.4%, 2.6%, 15.3% in Messenger, Tyson, and
GSS 8529 respectively) compared to PEG treatment. In 20 mM acetic acid treatment under PEG, an increase
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Variate Source of variation | d.f | F-value | p-value

Specific Leaf Area | Genotype 2 172.0 | <.001
Treatment 5 |4043.6 | <.001
Genotype. Treatment | 10 | 857.3 | <.001

Table 6. ANOVA for specific leaf area (cm? g'!) of three sweet corn genotypes treated with acetic acid
under water deprivation. *ANOVA results indicate highly significant effects of genotype, treatment, and
genotype x treatment interaction (p <0.001).

Variate | Source of variation | d.f | F-value | p-value
SPAD | Genotype 2 ]309.1 <.001
Treatment 5 |545.6 <.001

Genotype. Treatment | 10 | 42.5 <.001

Genotypes
Treatment Messenger | Tyson | GSS 8529
Control 27.52b4 27.6594 | 27.80A
10 mM acetic acid 31.07°B 26.919C | 33.68%A
20 mM acetic acid 29.974¢ 32778 | 33.6824
5% PEG 23.27%8 21.47¢C | 26.05%
5% PEG + 10 mM acetic acid | 28.97B 28.508 | 323504
5% PEG +20 mM acetic acid | 29.85® 29.67°8 | 31.75%4

Table 7. Analysis of variance and mean relative chlorophyll content (SPAD values) of three sweet corn
genotypes as affected by foliar application of acetic acid under water deprivation. *ANOVA results indicate
highly significant effects of genotype, treatment, and genotype x treatment interaction (p <0.001). Different
lowercase letters denote significant differences among treatments within a genotype; uppercase letters denote
significant differences among genotypes within a treatment (p<0.05) (n=6).

was also recorded compared to PEG treatment (72.0%, 10.6%, and 18.6% in Messenger, Tyson and GSS 8529,
respectively) (Table 6).

Physiological and biochemical parameters

Relative chlorophyll content

Relative chlorophyll content (SPAD) decreased in all three genotypes under PEG treatment (15.4%, 22.4%,
and 6.3% in Messenger, Tyson, and GSS 8529, respectively) compared to control. However, under combination
treatment of acetic acid and PEG, an increase in SPAD was recorded in all three genotypes compared to PEG
treatment (Table 7). On application with 10 mM acetic acid under PEG, a 24.5%, 32.7%, and 24.2% increase were
recorded in Messenger, Tyson and GSS 8529. Under PEG treatment, 20 mM acetic acid application increased
SPAD by 28.3%, 38.3%, and 21.9%, respectively.

Photosynthetic pigments

Chlorophyll-a content

The chlorophyll-a content (Chl-a) exhibited a distinct response to different treatments in each genotype. In
Messenger, a decrease in Chl-a content was recorded in all treatments, with a significant decrease in acetic acid
concentrations compared to the control. However, no significance was recorded in PEG treatment, nor was
the application of acetic acid under PEG treatment. In Tyson, a decrease in acetic acid and PEG treatment was
recorded (21.8%, 21.5%, 38.8% in 10 mM acetic acid, 20 mM acetic acid, and 5% PEG treatment, respectively)
compared to control. However, a 68.6% and 46.4% increase was recorded in 10 mM acetic acid and 20 mM acetic
acid application under PEG treatment compared to PEG treatment alone. While in GSS 8529, an increase in both
acetic acid concentrations and PEG treatment was recorded compared to the control (Table 8).

Chlorophyll-b content

The chlorophyll-b content (Chl-b) also showed varied responses to the different treatments in each genotype (Table
9). Under 10 mM acetic acid treatment, Messenger and Tyson experienced a decrease (11.9% and 48.8%,
respectively), while GSS 8529 showed an increase (22.9%). When treated with 20 mM acetic acid, Messenger
and Tyson showed a significant decrease (48.57% and 51.2%), while in GSS 8529, a significant increase of 38.2%
was recorded. Under the 5% PEG treatment, the Chl-b content in Messenger and Tyson decreased significantly
(27.2% and 70.5%), and in GSS 8529, an increase (35.8%) was recorded. When treated with a combination of
10 mM acetic acid and 5% PEG, Tyson showed a significant increase of 146.6% compared to PEG treatment
(Table 8). On treatment with a combination of 20 mM acetic acid and 5% PEG, all three genotypes showed
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Variate Source of variation | d.f | F-value | p-value

Chlorophyll- a Genotype 2 |77 0.0
Treatment 5 52 0.0
Genotype. Treatment | 10 | 9.9 <.001

Chlorophyll- b Genotype 2 |46 0.0
Treatment 5 8.0 <.001
Genotype. Treatment | 10 | 8.2 <.001

Total Carotenoids | Genotype 2 108 0.4
Treatment 5 39 0.0
Genotype. Treatment | 10 | 5.9 <.001

Trait Treatment Messenger | Tyson | GSS 8529

Chlorophyll-a | Control 13.69%4 12.95% | 9.83%C
10 mM Acetic acid 12.17%4 10.13B | 11.8124
20 mM acetic acid 10.14B 10.16°® | 12.49%4
5% PEG 12.50%4 79398 | 12,384
5% PEG + 10 mM acetic acid | 12.00** 13.37%4 | 12.19%4
5% PEG +20 mM acetic acid | 12.47°* 11.61% | 11.75%

Chlorophyll-b | Control 5.89%4 6.48*4 | 2.93%B
10 mM Acetic acid 5.19%4 332 | 3.60%B
20 mM acetic acid 3.038 3.156F | 4.054
5% PEG 4.29b<A 19198 | 3,984
5% PEG + 10 mM acetic acid | 3.82°4 4.71°4 | 3954
5% PEG +20 mM acetic acid | 4.452°<A 4,104 | 42924

Total carotenoids | Control 3.89%A 2.09® | 2.07°B
10 mM Acetic acid 2.39b4 2134 | 24124
20 mM acetic acid 1.92%8 22904 | 2 5424
5% PEG 2.62°4 3254 | 2,78
5% PEG + 10 mM acetic acid | 2.50** 2.93%A | 26424
5% PEG +20 mM acetic acid | 2.59°* 2.49b<A | 2,584

Table 8. Analysis of variance and mean photosynthetic pigments (mg g™') of three sweet corn genotypes as
affected by foliar application of acetic acid under water deprivation. *ANOVA results indicate highly significant
effects of genotype, treatment, and genotype X treatment interaction (p <0.001). Different lowercase letters
denote significant differences among treatments within a genotype; uppercase letters denote significant
differences among genotypes within a treatment (p <0.05) (n=3).

Variate Source of variation | d.f | F-value | p-value

Xanthophyll content | Genotype 2 | 400 <.001
Treatment 5 3.4 0.0
Genotype. Treatment | 10 | 3.2 0.0

Table 9. ANOVA for xanthophyll content (ug pL™!) of three sweet corn genotypes treated with acetic acid
under water deprivation. YANOVA results indicate highly significant effects of genotype, treatment, and
genotype x treatment interaction (p <0.001).

an increase in Chl-b content: Messenger by 3.7%, Tyson by 114.7%, and GSS 8529 by 7.8% compared to PEG
treatment.

Total carotenoids

The total carotenoid content in genotype Messenger recorded a decrease in both acetic acid concentrations
and PEG treatments compared to control (38.6%, 50.6%, 32.2%, respectively); a further decrease was recorded
in combination treatments of acetic acid and PEG in comparison to PEG treatment. In Tyson, an increase of
1.9%, 9.6%, and 55.5% was recorded in 10 mM, 20 mM acetic acid and PEG treatment, respectively, compared
to control, and a decrease was recorded in combination treatment compared to PEG treatment. In GSS 8529,
an increase was recorded in acetic acid concentrations and PEG treatment compared to control (16.4%, 22,7%,
and 34.3%, respectively). In contrast, a further decrease was recorded compared to PEG treatment under a
combination treatment of PEG and acetic acid (Table 8).
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Xanthophyll content in Messenger decreased in acetic acid treatments and 5% PEG treatment (10.0%, 24.6%,
11.1% respectively) in comparison to control, while under combination treatment of acetic acid and PEG
increase (4.2%, 12.3% in 10 mM and 20 mM acetic acid) was recorded compared to PEG treatment. In Tyson,
xanthophyll content decreased in 10 mM acetic acid and PEG treatment (3.3% and 12.8%, respectively). In
combination with the treatment of acetic acid and PEG, a significant increase (49.2%, 38.5% in 10 mM, and
20 mM) was recorded compared to PEG treatment. In genotype GSS 8529, an increase in xanthophyll content
was recorded in acetic acid treatments and PEG treatments compared to control and in combination treatment
with acetic acid and PEG (8.4%, 2.4% in in10 mM and 20 mM, respectively) in comparison to PEG treatment
(Fig. 4).

Actual photochemical efficiency of photosystem IT

The actual photochemical efficiency of photosystem II is also known as yield (AF/Fm’). In Messenger and GSS
8529, non-significant results were recorded for all treatments. However, in Tyson under 10 mM acetic acid
treatment, a significant increase of 6.2% and a 5.1% increase in 20 mM acetic acid treatment was recorded
compared to the control. In combination treatment of 10 mM acetic acid and PEG treatment, a significant
increase of 3.1% was recorded compared to PEG treatment (Table 10).

Potential photosynthetic capacity

Potential Photosynthetic Capacity (Fv/Fo) under 10 mM acetic acid foliar spray led to a considerable increase
in Fv/F0, with Messenger showing a rise of 16.3% and Tyson demonstrating a 19.3% increase compared to the
control. Additionally, Tyson exhibited an increase of 34.7% with the application of 5% PEG. However, when
combined with 10 mM acetic acid, Tyson’s increase dropped to 30%, indicating a decrease compared to the PEG
treatment alone. Conversely, in GSS 8529, an increase with the combined treatments was recorded, mainly with
20 mM acetic acid and 5% PEG (7.7%) compared to the PEG treatment.

Maximum photochemical efficiency

In the Messenger genotype, increases were recorded in maximum photochemical efficiency (Fv/Fm) with
10 mM acetic acid (3.3%), PEG (4.4%) in comparison to control, but combining 10 mM acetic acid with PEG
decreased by 1.3% was recorded compared to PEG treatment. Genotype Tyson showed minor changes, except
for 20 mM acetic acid (2.7%) and PEG (8.1%) compared to the control. GSS 8529 genotype exhibited increases
with all treatments (10 mM acetic acid—2.2%, 20 mM acetic acid—3.9%, PEG—4.0%), compared to control and
with slight enhancements in combined treatments compared to PEG treatment (1.1% and 1.5% in 10 mM and

20 mM acetic acid respectively).
aA
bA bA
dA cA
B aB
| I i I

dAeA

Control 10 mM 20 mM 5% PEG 5% PEG+ 10 5% PEG +
Acetic acid  Acetic acid mM Acetic 20 mM
Treatments acid Acetic acid

m Messenger ®Tyson mGSS 8529

Fig. 4. Effect of foliar spray of acetic acid on xanthophyll content (ug pL™!) of three sweet corn genotypes
under water deprivation. Significant differences (p <0.05) among treatments within genotypes are marked by
lowercase letters, and among genotypes within treatments by uppercase letters (n=3).
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Variate | Source of variation d.f | F-value | p-value

Fv/Fo | Genotype 2 2.8 0.1
Treatment 5 10.4 <.001
Genotype. Treatment | 10 | 1.1 0.4

Fv/Fm | Genotype 2 0.2 0.9
Treatment 5 3.7 0.0
Genotype. Treatment | 10 | 1.3 0.3

AF/Fm’ | Genotype 2 0.3 0.7
Treatments 5 3.9 0.0
Genotype. Treatments | 10 | 2.1 0.0

Trait Treatment Messenger | Tyson | GSS 8529

AF/Fmi’ | Control 0.73%AB 0.71 | 0.75%4
10 mM Acetic acid 0.74%4 0.75%A | 07424
20 mM acetic acid 0.7434 0.75%A | 0.74%4
5% PEG 0.74%4 0.73%4 | 0.73%A
5% PEG + 10 mM acetic acid | 0.75** 0.76* | 0.75%4
5% PEG +20 mM acetic acid | 0.74% 0.75%A | 0.73%4

Fv/FO | Control 3.38bA 3.00% | 3.16%
10 mM Acetic acid 3.934 3.5828 | 3.440B
20 mM acetic acid 3.46°4 3.23%4 | 3724
5% PEG 4.13% 4.04%A | 3,738
5% PEG + 10 mM acetic acid | 3.86%A 3.90°4 | 3.9324
5% PEG+20 mM acetic acid | 4.11%4 3.75% | 4,028

Fv/Fm | Control 0.77°A 0.74*A | 0.76
10 mM Acetic acid 0.80%4 0.75% | 07724
20 mM acetic acid 0.78%4 0.76*% | 0.79b<A
5% PEG 0.81%4 0.80* | 0.79>B
5% PEG + 10 mM acetic acid | 0.79%A 0.80°4 | 0.80°*
5% PEG +20 mM acetic acid | 0.80** 0.89°*4 | 0.80°*

Table 10. Analysis of variance and mean AF/Fm, Fv/Fo, Fv/Fm of three sweet corn genotypes as affected by
foliar application of acetic acid under water deprivation. *ANOVA results indicate highly significant effects
of genotype, treatment, and genotype X treatment interaction (p <0.001). Different lowercase letters denote
significant differences among treatments within a genotype; uppercase letters denote significant differences
among genotypes within a treatment (p<0.05) (n=3) and for yield (n=12).

Stomatal conductance

Stomatal conductance on applying 10 mM acetic acid decreased in Messenger and Tyson, while in GSS 8529,
an increase of 10.6% was recorded. Likewise, with the application of 20 mM, acetic acid decreased stomatal
conductance in Tyson and GSS 8529, and an increase of 86.3% was recorded in Messenger. Under PEG treatment,
in all three genotypes, a decrease in stomatal conductance was recorded (67.2%, 85.3%, and 28.9% in Messenger,
Tyson, and GSS 8529, respectively). In combination treatment with 10 mM acetic caid and PEG, an increase of
321.4% and 265.8% in Messenger and Tyson compared to PEG treatment. Under 20 mM acetic acid and PEG
treatment, an increase of 105% and 96.1% were recorded in Messenger and Tyson, while in GSS 8529, a decrease
was recorded compared to PEG treatment (Table 11).

Peroxidase activity

Peroxidase activity (POX) increased on treatment with both acetic acid concentrations in Tyson and GSS
8529, while a decrease was recorded in Messenger. Under 5% PEG treatment increase in all three genotypes
was recorded (18.1%, 51.0%, and 13.5% in Messenger, Tyson and GSS 8529, respectively). On application with
10 mM acetic acid under 5% PEG peroxidase activity decreased in Messenger and Tyson (19.1% and 39.1%,
respectively), while GSS 8529 increase was recorded compared to PEG treatment. While on application with
20 mM acetic acid under 5%PEG, a decrease in Messenger and an increase in Tyson and GSS 8529 (20.9% and
91.7%) was recorded compared to PEG treatment (Table 12).

Malondialdehyde content

Malondialdehyde content (MDA) often indicates plant oxidative stress. A higher MDA content suggests more
elevated levels of stress. MDA increased in all three genotypes, Messenger, Tyson, and GSS 8529, by 6.3%,
14.0%, and 3.2%, respectively, compared to the control under 10 mM acetic acid foliar spray. 20 mM acetic acid
increased MDA in Messenger and GSS 8529 by 5.4% and 3.6%, respectively, but decreased in Tyson by 9.2%
compared to control. 5% PEG increased the MDA content in all three genotypes, Messenger, Tyson, and GSS
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Variate Source of variation | d.f | F-value | p-value

Stomatal Conductance | Genotype 2 | 2516 <.001
Treatment 5 |396.8 <.001
Genotype. Treatment | 10 | 279.5 <.001

Genotypes

Treatment Messenger | Tyson | GSS 8529
Control 18.80°8 32.80%4 | 15.33%
10 mM acetic acid 7.77¢¢ 11.03 | 16.96*4
20 mM acetic acid 35.03%4 9.8098 | 7.98F

5% PEG 6.17%® 4.83C | 10.90*A
5% PEG + 10 mM acetic acid | 26.00** 17.67° | 10.33%C
5% PEG +20 mM acetic acid | 12.709* 9.479 | 5.809C

Table 11. Analysis of variance and mean stomatal conductance (mmol H,0 m~2 s of three sweet corn
genotypes as affected by foliar application of acetic acid under water deprivation. *YANOVA results indicate
highly significant effects of genotype, treatment, and genotype x treatment interaction (p <0.001). Different
lowercase letters denote significant differences among treatments within a genotype; uppercase letters denote
significant differences among genotypes within a treatment (p <0.05) (n=3).

Variate Source of variation | d.f | F-value | p-value

Peroxidase activity | Genotype 2 1390.7 | <.001
Treatment 5 1774 | <.001
Genotype. Treatment | 10 68.6 | <.001

Genotypes
Treatment Messenger | Tyson | GSS 8529
Control 50.56°A 20.699C | 23.7848
10 mM acetic acid 44.69° 31.56°C | 34.76°®
20 mM acetic acid 44.61¢A 29.35°C | 333708
5% PEG 59.7134 31.25%F | 26.98<C
5% PEG + 10 mM acetic acid | 48.309* 19.034C | 32.90%®
5% PEG +20 mM acetic acid | 54.76> 37.78% | 51.7234

Table 12. Analysis of variance and mean peroxidase activity (umol min~! g!) of three sweet corn genotypes
as affected by foliar application of acetic acid under water deprivation. *ANOVA results indicate highly
significant effects of genotype, treatment, and genotype x treatment interaction (p <0.001). Different lowercase
letters denote significant differences among treatments within a genotype; uppercase letters denote significant
differences among genotypes within a treatment (p <0.05) (n=3).

8529, by 36.1%, 27.5% and 18.5%, respectively, compared to control. Combining 10 mM acetic acid with 5% PEG
reduced MDA by 10.7%, 32.4%, and 10.4%, respectively, in Messenger, Tyson, and GSS 8529 compared to PEG.
20 mM acetic acid with 5% PEG reduced MDA by 10.6%, 31.6%, and 9.7% compared to the 5% PEG treatment
in Messenger, Tyson, and GSS 8529 (Fig. 5) (Table 13).

Discussion

The primary objective of this study was to evaluate the physiological responses of three different sweet corn
genotypes to foliar acetic acid application, including Messenger, Tyson, and GSS 8529, under water deficit
conditions. The study aimed to comprehend the possible alleviating impact of acetic acid on plant development,
morphology, and stress resilience.

The impact of drought stress on global agricultural productivity is a substantial concern, which calls for
developing novel strategies to improve plant resilience. Drought significantly affects plant physiology and
growth, resulting in stomatal closure, decreased rate of photosynthesis, and disturbed leaf growth®-**. The
application of acetic acid, a well-known regulator of various physiological processes in plants exogenously, has
been proposed as a potential solution to mitigate the adverse impacts of osmotic stress, particularly in drought
and salinity'>1%3%. Moreover, studying the relationship between acetic acid and PEG, a commonly used method
to induce water deprivation, presents an intriguing opportunity to study the potential synergistic or antagonistic
effects on plant responses'. In this experiment, Messenger, Tyson, and GSS 8529 sweetcorn genotypes were
selected for their distinct characteristics and potential to respond differently to environmental stress factors.
A thorough evaluation of how different genotypes respond to acetic acid and PEG-induced water deprivation,
precise measurements of several morphological, physiological, and biochemical traits, including specific root
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Fig. 5. Effect of foliar spray of acetic acid on malondialdehyde content (nmol g!) of three sweet corn
genotypes under water deprivation. Significant differences (p <0.05) among treatments within genotypes are
marked by lowercase letters, and among genotypes within treatments by uppercase letters (n=3).

Variate | Source of variation | d.f | F-value | p-value
MDA | Genotype 2 2321 <.001

Treatment 5 130.7 <.001
0 | 46.2 <.001

—_

Genotype. Treatment

Table 13. ANOVA for malondialdehyde content (nmol g!) of three sweet corn genotypes treated with acetic
acid under water deprivation. *ANOVA results indicate highly significant effects of genotype, treatment, and
genotype x treatment interaction (p <0.001).

and shoot length, root volume, total biomass, stomatal conductance photosynthetic pigments, antioxidant
enzymatic activity, and chlorophyll fluorescence was done.

The analysis of results recorded for specific root and shoot length demonstrate that different genotypes exhibit
diverse reactions to varying concentrations of acetic acid, both when applied individually and in conjunction
with water deprivation. Growth parameter reduction is one of the apparent outcomes of water deprivation in
plants. In this study, PEG-mediated water deprivation was manifested as the reduction in specific shoot and root
length in all observed genotypes, which aligns with the finding that in the rapid vegetative stage, the water stress
restricts plant growth36’37. For example, Messenger, Tyson, and GSS 8529 showed decreases in SRL of 54.1%,
56.8%, and 52.2%, respectively, compared with control (Table 1). Meristematic cell division and cell elongation
contribute to plant growth, and water deficit in meristematic cells severely affects cell elongation, reducing cell
division and, ultimately, plant growth36, Osmotic stress disrupts water equilibrium, affecting plant cells’ turgor,
growth, and division, decreasing shoot length and dry shoot weight®. Exogenous application of acetic acid
in higher concentrations under normal conditions is generally toxic; however, under water deficit conditions,
application at this concentration proved beneficial in several plant species, including maize!>!%. In genotype
Messenger and GSS 8529, our results align with this study as individual treatments of acetic acid decreased the
SRL, while application of both acetic acid concentrations under water deprivation increased the SRL in both
genotypes with a prominent increase at higher concentration (Messenger by 50.9%, GSS 8529 by 8.4% compared
to PEG treatment) (Table 1). Meanwhile, in Tyson, a significant increase was recorded in individual acetic acid
treatments and under water deprivation. This could be possible because of different physiological responses to
acetic acid and different genetic compositions of Tyson, enabling tolerance or gaining advantages from the used
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concentrations of acetic acid. Similar to SRL, in SSL on treatment with acetic acid, improvement was recorded
compared to water deficit conditions, suggesting that water deficit induced reduction in plant growth indices,
but the application of acetic acid mitigated the adverse effects (Fig. 2). Our results aligned with Sun et al.*
that acetic acid treatment reduced impact of drought stress on fresh weight and above-ground plant height by
maintaining photosynthetic rate and decreasing the breakdown of pigments.

Drought stress commonly induces modifications in root system architecture that help plants adapt by
enhancing water uptake capacity and maintaining osmotic balance. Under water deficit, plants often exhibit
increased root: shoot ratios, deeper rooting, and changes in specific root length, which reflect adaptive
osmoregulatory mechanisms?®.. Root elongation under stress facilitates access to deeper soil moisture, while
finer roots with higher SRL improve soil exploration efficiency®?. At the cellular level, drought triggers osmotic
adjustment through accumulation of compatible solutes such as proline, glycine betaine, and soluble sugars,
which help maintain cell turgor and sustain root growth®>*. In our study, PEG induced water deprivation
reduced root volume in all genotypes, indicating impaired root expansion, yet acetic acid alleviated this
reduction, suggesting a possible role in stabilizing osmotic adjustment. Similar improvements in root growth
under exogenous acetic acid application have been attributed to enhanced proline accumulation and antioxidant
defense, which collectively support osmoregulation under drought [14.15]. Thus, the genotype-specific changes
in SRL and root volume observed here may reflect differential capacity for osmotic adjustment and root system
plasticity in response to combined PEG and acetic acid treatments.

The interrelationship between osmoregulation and root attributes is particularly relevant in explaining the
genotype-specific responses observed in this study. Osmotic adjustment, primarily through the accumulation
of compatible solutes such as proline, total free amino acids, soluble sugars, and water-soluble proteins, enables
root cells to maintain turgor pressure and water uptake under water deficit, thereby supporting continued
elongation and fine root development*-%°. These osmolytes also play a protective role in maintaining enzyme
activity and stabilizing membranes under water scarcity. The enhancement of enzymatic antioxidants such as
peroxidase, catalase, and glutathione peroxidase further contributes to ROS detoxification, thereby maintaining
cellular homeostasis and sustaining metabolic function during drought*”-#%. This mechanism is consistent with
the observed improvements in specific root length and root volume under combined PEG and acetic acid
treatments, particularly in Tyson, where enhanced root proliferation suggests effective coordination between
osmotic balance, antioxidant defense, and root plasticity. Conversely, the reduced root growth in Messenger
and GSS 8529 under stress conditions highlights a weaker osmoregulatory capacity, which limits their ability
to sustain root expansion. At the whole-plant level, root system modifications such as changes in SRR and SRL
can alleviate drought effects by improving soil exploration and water acquisition, thus reducing osmotic stress
in aerial tissues®~>!. The beneficial effects of acetic acid observed in this study may therefore be attributed to its
ability to enhance osmolyte accumulation and antioxidant activity, thereby stabilizing osmotic adjustment and
facilitating root growth under PEG-induced water deprivation!®!>!”. These findings collectively suggest that
drought tolerance in sweet corn is not solely dependent on osmotic adjustment at the cellular level but also on
the extent to which root system traits can translate this adjustment into sustained water uptake capacity, as also
indicated by previous studies in maize and Arabidopsis'*'8.

Root volume was significantly reduced in all genotypes, which is consistent with the anticipated effects of
water deprivation and highlights the root growth susceptibility to changes in water supply. Water deprivation-
induced reduction in root growth might be attributed to a decrease in specific root length (Table 1), ultimately
reducing root volume®2. An acetic acid application under water deprivation alleviates the adverse effects on RV,
suggesting that acetic acid may help mitigate the deleterious consequences of water deprivation induced by
PEG. On application with 10 mM acetic under water deprivation, a higher increase in RV compared to water
deficit conditions was recorded in Messenger (34%) and GSS 8529 (67%). In contrast, Tyson 20 mM acetic acid
(300%) showed more favorable results, suggesting concentration and genotype-specific response towards acetic
acid treatment (Table 3). Our results align with Mahmud et al.'%, found that treating maize and Arabidopsis with
acetic acid under PEG-induced osmotic stress showed similar RV as in control plants, suggesting the alleviating
nature of acetic acid to overcome adverse effects of osmotic stress.

The shoot-to-root ratio results revealed that water deprivation decreased SRR in Messenger and GSS 8529,
which coincided with the results for the above growth traits. The results in these genotypes demonstrate that
the SRR based on dry weight decreased in the presence of water deprivation, indicating that shoot growth is
more sensitive than root growth, as also described by Ashraf and Foolad®®. In Tyson, SRR increased under
water deprivation, indicating genotype-specific response, as reported that different genotypes of durum wheat
responded differently under PEG-induced water deficit®®. Several studies'”!*3> have reported that both PEG-
induced osmotic stress and water deficiency can lead to the suppression of shoot and root growth, along with
a reduction in various growth parameters. Individual treatment, especially with lower concentration of acetic
acid, increased SRR in Messenger and Tyson. In contrast, in combination treatment with water deprivation, a
decrease was reported compared to water deficit conditions, indicating the possibility of the beneficial effects
of acetic acid or detrimental interactions between acetic acid and water deprivation (Table 4). These results
indicate that acetic acid treatment can affect plant growth differently depending on concentration, genotype, and
combination with water deprivation.

Total dry biomass decreased in two genotypes, Messenger and Tyson when exposed to water deprivation,
while in GSS 8529, an increase in biomass was recorded in the same condition. These findings suggest that
response to water deprivation can vary among genotypes based on genetic or physiological differences’>°. The
water deficit can limit various physiological processes, leading to decreased biomass production®. Individual
treatment with both concentrations of acetic acid used decreased total dry biomass in all genotypes. At the same
time, a lower concentration of acetic acid under water deprivation increased biomass in Messenger (42%) and
GSS 8529 (18%) while higher concentration reduction was recorded. These concentration-specific responses
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highlight the intricate dynamics between acetic acid and PEG treatments, parallel to previous research suggesting
acetic acid toxicity in general but can maintain plant viability in situations with a shortage of water'®. Our results
agree with Kudo et al.!®, who described foliar acetate toxicity under non-stress, but contrast under water deficit
where acetate acted beneficially. This dual role emphasizes the need to contextualize acetic acid application.

Osmotic stress reduces the surface leaf area by reducing leaf expansion as water deficit restricts cell division
and expansion, resulting in smaller and narrower leaves with reduced leaf area®. Our results align with this
study, as SLA was reduced in all genotypes under PEG-induced water deprivation. The lack of moisture leads
to a decrease in both the number and size of leaves. Leaf growth is often influenced by turgor pressure and the
availability of assimilates. Under dry environmental conditions, the primary factors that restrict leaf growth are
decreased turgor pressure and a reduced rate of photosynthesis®®. Foliar application of acetic acid under water
deprivation increased the SLA in all genotypes with a pronounced increase under 20 mM acetic acid application.
Aligning with our results, in mung bean plants under salt stress, an increase in leaf area per trifoliate was
recorded on foliar application of acetic acid!”. Along with the decrease in SLA, relative chlorophyll content also
decreased under PEG-induced water deprivation, indicating a reduction in chlorophyll content. This suggests
water deprivation negatively affects chlorophyll production in all three genotypes®. On application of acetic acid
under water deprivation, SPAD values increased in all genotypes, suggesting a potential protective role of acetic
acid against water deprivation on chlorophyll content at both concentrations with 10 mM acetic acid under PEG,
a 24.5%, 32.7%, and 24.2% increase were recorded in Messenger, Tyson and GSS 8529. Under PEG treatment,
20 mM acetic acid application increased SPAD by 28.3%, 38.3%, and 21.9%, respectively (Table 7).

Chlorophyll-a and chlorophyll-b content decreased in Messenger and Tyson under individual acetic acid
treatments and water deprivation, while in GSS 8529, an increase in Chl-a and Chl-b was recorded. Drought may
have a negative effect on photosynthetic pigments and thylakoid membranes, resulting in decreased chlorophyll
levels®®6!. Nevertheless, there are conflicting results since several studies suggest a rise in chlorophyll levels in
cereals when subjected to moisture stress, emphasizing the impact of crop species and variety®. For instance,
multiple cultivars of Vigna mungo L. hepper (black gram) showed varying levels of chlorophyll content under
water stress conditions. The varied response across each cultivar in chlorophyll concentrations can be attributed
to the variations in the activity of enzymes involved in chlorophyll production®.

Under drought stress, higher chlorophyll-a content was recorded than chlorophyll-b content in some
cases®, while in Brassica species, the ratio of chlorophyll-a to chlorophyll-b was decreased®, suggesting the
complex connection between drought stress, the production of chlorophyll and the varied responses shown by
various crops and cultivars. In Tyson, the application of acetic acid under water deprivation increased Chl-a and
Chl-b content; a lower concentration of acetic acid has more pronounced effects than a higher one, suggesting
a mitigative role of acetic acid under water deprivation. According to Rahman et al.?, acetic acid treatment
in soybean under drought stress maintains photosynthetic pigments by either synthesizing photosynthetic
pigments or slowing down the breakdown. Similar results were recorded in mung beans under salinity!”%°.

Total carotenoid content results suggest the intricate relationship between acetic acid concentrations, water
deprivation, and genotype-specific responses. Under water deprivation, total carotenoid content increased in
Tyson and GSS 8529, indicating the protective response towards stress®’, while in Messenger, the reduction
was recorded, suggesting a possible decline as of reduced photosynthetic activity or chlorophyll degradation®®.
In Tyson and GSS 8529, total carotenoid content increased compared to control under acetic acid treatments,
suggesting alleviating capacity of acetic acid to overcome water deprivation.

Xanthophyll accumulation usually increases under water deprivation, but the severity and the duration
of stress, as well as genetic variations and physiological responses of cultivars, can change the magnitude of
xanthophyll accumulation under water deprivation®®’?. In our study, xanthophyll accumulation decreased in
Messenger and Tyson under PEG-induced water deprivation, while in GSS 8529, an increase was recorded.
On treatment with acetic acid under water deprivation, an increase in xanthophyll accumulation at both
concentrations was recorded, suggesting a protective response towards water deprivation®’.

The variable chlorophyll fluorescence parameters, potential photosynthetic capacity (Fv/Fo), maximum
photochemical efficiency of photosystem II (Fv/Fm) and actual photochemical efficiency of PSII (AF/Fm),
also known as yield, are crucial for assessing the health of a leaf internal apparatus during photosynthesis and
detecting and quantifying plant tolerance to drought stress’"~"2. Studies have shown that these parameters strongly
correlate with whole-plant mortality in response to environmental stresses and are reliable stress indicators’®727>,
Chlorophyll fluorescence parameters (Fv/Fo, Fv/Fm, AF/Fm’) did not show major treatment effects, remaining
stable between ~ 0.74-0.81 across genotypes (Table 10). This indicates that acetic acid influenced pigment pools
and oxidative balance rather than altering intrinsic PSII efficiency. In Tyson, an increase in yield was recorded
on application with 10 mM acetic acid under water deprivation compared to water deficit conditions. The results
suggest that the response of these physiological variables to environmental stresses may vary depending on the
specific genotype being studied. Tyson recorded an increase in yield on application with 10 mM acetic acid
under water deprivation, highlighting the potential benefits of this treatment in certain genotypes.

Stomatal conductance recorded a varied response in acetic acid treatments in all studied genotypes.
Underwater deprivation, a significant reduction in stomatal conductance suggests a decrease in water loss by
stomatal closure. This is reflected as a first response under moisture stress and reduces carbon dioxide intake,
leading to poor photosynthesis®2. Applying acetic acid in Messenger and Tyson recorded an improvement in
stomatal conductance, while in GSS 8529, a decrease was recorded under water deprivation. Reduced stomatal
conductance on treatment with acetic was also recorded in previous research in mung beans and cotton
plants!”74,

Peroxidase is a crucial antioxidant enzyme that helps manage oxidative stress by neutralizing reactive
oxygen species. The differences in peroxidase activity suggest that different concentrations of acetic acid,
water deprivation, genetic variations, and physiological responses of different genotypes have varied effects on
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antioxidant enzymes. All three genotypes under water deficit conditions recorded an increase in peroxidase
activity, aligning with previous studies”>’¢. Treatment with acetic acid under water deprivation increased POX
activity in GSS 8529 with both concentrations, while in Tyson, only a higher concentration led to an increase in
POX activity. In Messenger, POX decreased on treatment with acetic acid under water deprivation. A decrease
in POX was also recorded in soyabean on treatment with acetic acid®, suggesting species and genotype-specific
responses. Peroxidase (POX) activity increased under PEG in all genotypes, consistent with oxidative stress
signaling’>7°. Acetic acid further elevated POX in Tyson and GSS 8529 but decreased it in Messenger (Table 12).
At 10 mM acetic acid without PEG, POX and MDA both increased in Tyson, suggesting that acetic acid alone
induced a transient oxidative burst, activating defense responses rather than alleviation.

Malondialdehyde, a byproduct of lipid peroxidation, is widely known as a reliable marker for oxidative stress
in plants’”’. Under PEG-induced water deprivation, MDA accumulation increased in all genotypes (Messenger,
Tyson, and GSS 8529, by 36.1%, 27.5% and 18.5%),

indicating the rise of reactive oxygen species under stress and oxidative damage. Treatment with acetic acid
resulted in a decrease in MDA accumulation, resulting in a reduction of reactive oxygen species and subsequently
reduced MDA accumulation. These results align with the previous study where acetic acid in soyabean reduced
the MDA levels under drought stress by an increase in the activity of antioxidant enzymes>. These reductions
are not fully explained by POX activity but likely reflect broader priming of ROS-scavenging and pigment
stabilization, consistent with Kim et al.'>, Mahmud et al.!¢, and Kudo et al.!8.

Conclusion

This study assessed the morpho-physiological and biochemical responses of Messenger, Tyson, and GSS 8529
sweet corn genotypes to foliar acetic acid application under water deprivation. However, the growth metrics
were adversely affected by water deprivation, but acetic acid treatment under water deprivation showed both
genotype-specific hazards and ameliorative responses. Acetic acid alone often reduced biomass and increased
MDA, confirming its hazardous role under non-stress, but under PEG induced water deprivation, acetic acid
reduced MDA, improved pigments, and in some cases recovered biomass. Based on our criteria, “hazardous”
treatments were those decreasing biomass and/or increasing MDA compared with control (e.g., Messenger and
GSS 8529 under acetic acid alone), whereas “non-toxic/beneficial” treatments were those increasing pigments or
biomass and/or reducing MDA under water deprivation (e.g., Tyson under both concentrations, Messenger and
GSS 8529 under 10 mM acetic acid + PEG).

These findings demonstrate that acetic acid functions as a context-dependent regulator of stress physiology.
While hazardous under normal growth, it can act as a protective priming agent under water deprivation,
stabilizing pigments, reducing oxidative damage, and recovering biomass. Importantly, genotype-specific
responses highlight the need for tailoring concentration and treatment strategies for each genotype. Further
investigation is required to study mechanistic basis for these differences.

Data availability
The data generated and analyzed during this study is included in the article.

Received: 16 May 2025; Accepted: 28 October 2025
Published online: 27 November 2025

References
1. Singh, I, Laingian, S. & &Yadava, P. Sweet corn and corn-based sweeteners. Sugar Tech. 16, 144-149. https://doi.org/10.1007/s123
55-014-0305-6 (2014).
2. Levitt, ]. Responses of Plants To Environmental Stress, Volume 1: Chilling, Freezing, and High Temperature Stresses (Academic, 1980).
3. Swapna, G., Jadesha, G. & Mahadevu, P. Sweet corn-a future healthy human nutrition food. Int. J. Curr. Microbiol. Appl. Sci. 9,
3859-3865. https://doi.org/10.20546/ijcmas.2020.907.452 (2020).
4. Kalloo, G. & Bergh, B. O. (eds) Genetic Improvement of Vegetable Crops (Newnes, 2012).
5. Badr, A, El-Shazly, H. H., Tarawneh, R. A. & Borner, A. Screening for drought tolerance in maize (Zea Mays L.) germplasm using
germination and seedling traits under simulated drought conditions. Plants 9, 565. https://doi.org/10.3390/plants9050565 (2020).
6. Sheoran, S. et al. Recent advances for drought stress tolerance in maize (Zea Mays L.): present status and future prospects. Front.
Plant. Sci. 13, 872566. https://doi.org/10.3389/fpls.2022.872566 (2022).
7. Biglouei, M. H., Assimi, M. H. & Akbarzadeh, A. Effect of water stress at different growth stages on quantity and quality traits of
Virginia (flue-cured) tobacco type. Plant. Soil. Environ. 56, 67-75 (2010).
8. Liu, C. et al. Effect of drought on pigments, osmotic adjustment and antioxidant enzymes in six Woody plant species in karst
habitats of Southwestern China. Environ. Exp. Bot. 71, 174-183. https://doi.org/10.1016/j.envexpbot.2010.11.012 (2011).
9. Banzinger, M. Breeding for Drought and Nitrogen Stress Tolerance in Maize from Theory To Practice (CIMMYT, 2000).
10. Kamruzzaman, M. et al. Pinpointing genomic loci for drought-induced proline and hydrogen peroxide accumulation in bread
wheat under field conditions. BMC Plant. Biol. https://doi.org/10.1186/s12870-022-03943-9 (2022).
11. Mahmud, S. et al. Constitutive expression of jasmonate resistant 1 induces molecular changes that prime the plants to better
withstand drought. Plant. Cell. Environ. 45, 2906-2922. https://doi.org/10.1111/pce.14402 (2022).
12. Mittler, R, Zandalinas, S. I, Fichman, Y. & Van Breusegem, F. Reactive oxygen species signalling in plant stress responses. Nat. Rev.
Mol. Cell. Biol. 23, 663-679. https://doi.org/10.1038/s41580-022-00499-2 (2022).
13. Peer,L. A, Dar, Z. A,, Lone, A. A. & Bhat, Y. D. Drought stress-induced impact on morpho-physiological traits in maize landraces
of Kashmir. Agric. Sci. Digest. 43, 758-766 (2023).
14. Mahmud, S. et al. Acetic acid positively modulates proline metabolism for mitigating PEG-mediated drought stress in maize and
Arabidopsis. Front. Plant. Sci. 14, 1167238. https://doi.org/10.3389/fpls.2023.1167238 (2023).
15. Kim, J. M. et al. Acetate-mediated novel survival strategy against drought in plants. Nat. Plants. 3, 17097. https://doi.org/10.1038/
nplants.2017.97 (2017).
16. Mendiburu, E Agricolae: Statistical Procedures for Agricultural Research. (2019).
17. Rahman, M. M. et al. Acetic acid: a cost-effective agent for mitigation of seawater-induced salt toxicity in mung bean. Sci. Rep. 9,
51178. https://doi.org/10.1038/s41598-019-51178-w (2019).

Scientific Reports |

(2025) 15:42327 | https://doi.org/10.1038/541598-025-26320-6 nature portfolio


https://doi.org/10.1007/s12355-014-0305-6
https://doi.org/10.1007/s12355-014-0305-6
https://doi.org/10.20546/ijcmas.2020.907.452
https://doi.org/10.3390/plants9050565
https://doi.org/10.3389/fpls.2022.872566
https://doi.org/10.1016/j.envexpbot.2010.11.012
https://doi.org/10.1186/s12870-022-03943-9
https://doi.org/10.1111/pce.14402
https://doi.org/10.1038/s41580-022-00499-2
https://doi.org/10.3389/fpls.2023.1167238
https://doi.org/10.1038/nplants.2017.97
https://doi.org/10.1038/nplants.2017.97
https://doi.org/10.1038/s41598-019-51178-w
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Kudo, T., To, T. K. & Kim, J. M. Simple and universal function of acetic acid to overcome the drought crisis. Stress Biol. 3, 94. http
s://doi.org/10.1007/s44154-023-00094-1 (2023).

Utsumi, Y. et al. Acetic acid treatment enhances drought avoidance in cassava (Manihot esculenta Crantz). Front. Plant. Sci. 10, 521.
https://doi.org/10.3389/fpls.2019.00521 (2019).

Rasheed, S. et al. The modulation of acetic acid pathway genes in Arabidopsis improves survival under drought stress. Sci. Rep. 8,
1032. https://doi.org/10.1038/s41598-018-26103-2 (2018).

Zadoks, J., Chang, T. T. & Konzak, C. E. A decimal code for the growth stages of cereals. Weed Res. 14, 415-421. https://doi.org/10
1111/j.1365-3180.1974.tb01084.x (1974).

Marschner, H., Oberle, H., Cakmak, I. & Romheld, V. Growth enhancement by silicon in cucumber (Cucumis sativus) plants
depends on imbalance in phosphorus and zinc supply. Plant. Soil. 124, 211-219. https://doi.org/10.1007/bf00009262 (1990).
Birouste, M. et al. Measurement of fine root tissue density: a comparison of three methods reveals the potential of root dry matter
content. Plant. Soil. 374, 299-313. https://doi.org/10.1007/s11104-013-1874-y (2013).

Garousi, E et al. Assessment and comparison of selenium-enriched maize with sodium selenite and sodium selenate. Acta Agrar.
Debrec. 68, 11-15. https://doi.org/10.34101/actaagrar/68/1763 (2016).

Moran, R. & Porath, D. Chlorophyll determination in intact tissues using N, N-dimethylformamide. Plant. Physiol. 65, 478-479.
https://doi.org/10.1104/pp.65.3.478 (1980).

Wellburn, A. R. The spectral determination of chlorophylls a and b, as well as total carotenoids, using various solvents with
spectrophotometers of different resolution. J. Plant. Physiol. 144, 307-313. https://doi.org/10.1016/s0176-1617(11)81192-2 (1994).
Mészéros, 1., Toth, V. R., Veres, S. & Varadi Gy. Changes in leaf xanthophyll cycle pool and chlorophyll fluorescence of beech forest
species and their sun/shade adaptation. In: Photosynthesis: From Light to Biosphere, 3107-3110 (1995). https://doi.org/10.1007/97
8-94-009-0173-5_729

Kitajima, M. & Butler, W. L. Quenching of chlorophyll fluorescence and primary photochemistry in chloroplasts by
dibromothymoquinone. Biochim. Biophys. Acta Bioenerg. 376, 105-115 (1975).

Schreiber, U., Kuhl, M., Klimant, I. & Reising, H. Measurement of chlorophyll fluorescence within leaves using a modified PAM
fluorometer with a fiber-optic microprobe. Photosynth Res. 47, 103-109. https://doi.org/10.1007/bf00017758 (1996).

Roxas, V., Smith, R. K., Allen, E. R. & Allen, R. D. Overexpression of glutathione S-transferase/glutathione peroxidase enhances the
growth of Transgenic tobacco seedlings during stress. Nat. Biotechnol. 15, 988-991. https://doi.org/10.1038/nbt1097-988 (1997).
Baryla, A. et al. Evaluation of lipid peroxidation as a toxicity bioassay for plants exposed to copper. Environ. Pollut. 109, 131-135.
https://doi.org/10.1016/50269-7491(99)00232-8 (2000).

Farooq, M., Wahid, A., Kobayashi, N., Fujita, D. & Basra, S. M. Plant drought stress: effects, mechanisms and management.
Sustainable Agric. 153-188. https://doi.org/10.1007/978-90-481-2666-8_12 (2009).

Gill, S. & Tuteja, N. Reactive oxygen species and antioxidant machinery in abiotic stress tolerance in crop plants. Plant. Physiol.
Biochem. 48, 909-930. https://doi.org/10.1016/j.plaphy.2010.08.016 (2010).

Claeys, H. & Inzé, D. The agony of choice: how plants balance growth and survival under water-limiting conditions. Plant. Physiol.
162, 1768-1779. https://doi.org/10.1104/pp.113.220921 (2013).

Rahman, M. M. et al. Acetic acid improves drought acclimation in soybean: an integrative response of photosynthesis,
osmoregulation, mineral uptake and antioxidant defense. Physiol. Plant. 172, 334-350. https://doi.org/10.1111/ppl.13191 (2020).
El-Noemani, A. A., El-Halim, A. K. & El-Zeiny, H. A. Response of maize (Zea Mays L.) to irrigation intervals under different levels
of nitrogen fertilization. Egypt. J. Agron. 15, 147-158 (1990).

Alam, A. M. Evapotranspiration and yield of corn as related to irrigation timing during silking (scheduling, water stress, balance).
PhD thesis, Colorado State University, Fort Collins (1985).

Zia, R. et al. Plant survival under drought stress: implications, adaptive responses, and integrated rhizosphere management strategy
for stress mitigation. Microbiol. Res. 242, 126626. https://doi.org/10.1016/j.micres.2020.126626 (2021).

Sun, T. et al. Exogenous application of acetic acid enhances drought tolerance by influencing the MAPK signaling pathway induced
by ABA and JA in Apple plants. Tree Physiol. 42, 1827-1840. https://doi.org/10.1093/treephys/tpac034 (2022).

Comas, L. H., Becker, S. R., Cruz, V. M. V,, Byrne, P. E & Dierig, D. A. Root traits contributing to plant productivity under drought.
Front. Plant. Sci. 4, 442 (2013).

Lynch, J. P. Steep, cheap and deep: an ideotype to optimize water and N acquisition by maize root systems. Ann. Bot. 112, 347-357
(2013).

Lynch, J. P. Root phenes that reduce the metabolic costs of soil exploration: opportunities for 21st century agriculture. Plant. Cell.
Environ. 38, 1775-1784 (2015).

Verslues, P. E. & Bray, E. A. Role of abscisic acid (ABA) and Arabidopsis Thaliana ABA-insensitive loci in low water potential-
induced ABA and proline accumulation. J. Exp. Bot. 57, 201-212 (2006).

Singh, M., Kumar, J., Singh, S., Singh, V. P. & Prasad, S. M. Roles of osmoprotectants in improving salinity and drought tolerance
in plants: a review. Rev. Environ. Sci. Biotechnol. 14, 407-426. https://doi.org/10.1007/s11157-015-9372-8 (2015).

Sami, E, Yusuf, M., Faizan, M., Faraz, A. & Hayat, S. Role of sugars under abiotic stress. Plant. Physiol. Biochem. 109, 54-61. https
://doi.org/10.1016/j.plaphy.2016.09.005 (2019).

Zulfiqar, E,, Akram, N. A. & Ashraf, M. Osmoprotection in plants under abiotic stresses: new insights into a classical phenomenon.
Planta 251, 3. https://doi.org/10.1007/s00425-019-03293-1 (2020).

Choudhury, E K., Rivero, R. M., Blumwald, E. & Mittler, R. Reactive oxygen species, abiotic stress and stress combination. Plant. J.
90, 856-867. https://doi.org/10.1111/tpj.13299 (2017).

Soares, C., Carvalho, M. E., Azevedo, R. A. & Fidalgo, F. Plants facing oxidative challenges - a little help from the antioxidant
networks. Environ. Exp. Bot. 161, 4-25. https://doi.org/10.1016/j.envexpbot.2018.12.009 (2019).

Li, C. et al. Melatonin mediates the regulation of ABA metabolism, free-radical scavenging and stomatal behaviour in two Malus
species under drought stress. J. Exp. Bot. 66, 669-680. https://doi.org/10.1093/jxb/eru476 (2015).

Hughes, J. et al. Reducing stomatal density in barley improves drought tolerance without impacting on yield. Plant. Physiol. 174,
776-787. https://doi.org/10.1104/pp.16.01844 (2017).

Yang, Z. et al. Abscisic acid receptors and coreceptors modulate plant water use efficiency and water productivity. Plant. Physiol.
180, 1066-1080. https://doi.org/10.1104/pp.18.01238 (2019).

Hussain, H. A. et al. Maize tolerance against drought and chilling stresses varied with root morphology and antioxidative defense
system. Plants 9, 720. https://doi.org/10.3390/plants9060720 (2020).

Ashraf, M. & Foolad, M. R. Roles of Glycine betaine and proline in improving plant abiotic stress resistance. Environ. Exp. Bot. 59,
206-216. https://doi.org/10.1016/j.envexpbot.2005.12.006 (2007).

Bajji, ML, Lutts, S. & Kinet, J. M. Physiological changes after exposure to and recovery from polyethylene glycol-induced water
deficit in callus cultures issued from durum wheat (Triticum durum Desf.) cultivars differing in drought resistance. J. Plant. Physiol.
156, 75-83. https://doi.org/10.1016/S0176-1617(00)80275-8 (2000).

Ribaut, J. M., Betran, J., Monneveux, P. & Setter, T. Drought tolerance in maize. In (eds Bennetzen, J. L. & Hake, S. C.) Handbook
of Maize: its Biology, 311-344 (Springer, New York, https://doi.org/10.1007/978-0-387-79418-1_16. (2009).

Achakzai, A. K. Effect of water stress on imbibition, germination and seedling growth of maize cultivars. Sarhad J. Agric. 25,
165-172 (2009).

Chaves, M. M. How plants Cope with water stress in the field? Photosynthesis and growth. Ann. Bot. 89, 907-916. https://doi.org/
10.1093/a0ob/mcf105 (2002).

Scientific Reports |

(2025) 15:42327 | https://doi.org/10.1038/s41598-025-26320-6 nature portfolio


https://doi.org/10.1007/s44154-023-00094-1
https://doi.org/10.1007/s44154-023-00094-1
https://doi.org/10.3389/fpls.2019.00521
https://doi.org/10.1038/s41598-018-26103-2
https://doi.org/10.1111/j.1365-3180.1974.tb01084.x
https://doi.org/10.1111/j.1365-3180.1974.tb01084.x
https://doi.org/10.1007/bf00009262
https://doi.org/10.1007/s11104-013-1874-y
https://doi.org/10.34101/actaagrar/68/1763
https://doi.org/10.1104/pp.65.3.478
https://doi.org/10.1016/s0176-1617(11)81192-2
https://doi.org/10.1007/978-94-009-0173-5_729
https://doi.org/10.1007/978-94-009-0173-5_729
https://doi.org/10.1007/bf00017758
https://doi.org/10.1038/nbt1097-988
https://doi.org/10.1016/S0269-7491(99)00232-8
https://doi.org/10.1007/978-90-481-2666-8_12
https://doi.org/10.1016/j.plaphy.2010.08.016
https://doi.org/10.1104/pp.113.220921
https://doi.org/10.1111/ppl.13191
https://doi.org/10.1016/j.micres.2020.126626
https://doi.org/10.1093/treephys/tpac034
https://doi.org/10.1007/s11157-015-9372-8
https://doi.org/10.1016/j.plaphy.2016.09.005
https://doi.org/10.1016/j.plaphy.2016.09.005
https://doi.org/10.1007/s00425-019-03293-1
https://doi.org/10.1111/tpj.13299
https://doi.org/10.1016/j.envexpbot.2018.12.009
https://doi.org/10.1093/jxb/eru476
https://doi.org/10.1104/pp.16.01844
https://doi.org/10.1104/pp.18.01238
https://doi.org/10.3390/plants9060720
https://doi.org/10.1016/j.envexpbot.2005.12.006
https://doi.org/10.1016/S0176-1617(00)80275-8
https://doi.org/10.1007/978-0-387-79418-1_16
https://doi.org/10.1093/aob/mcf105
https://doi.org/10.1093/aob/mcf105
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

58. Rucker, K. S., Kvien, C. K., Holbrook, C. C. & Hook, J. E. Identification of peanut genotypes with improved drought avoidance
traits. Peanut Sci. 22, 14-18. https://doi.org/10.3146/pnut.22.1.0003 (1995).

59. Fahad, S. et al. Crop production under drought and heat stress: plant responses and management options. Front. Plant. Sci. https:/
/doi.org/10.3389/fpls.2017.01147 (2017).

60. Anjum, S. A. et al. Brassinolide application improves the drought tolerance in maize through modulation of enzymatic antioxidants
and leaf gas exchange. J. Agron. Crop Sci. 197, 177-185. https://doi.org/10.1111/j.1439-037X.2010.00459.x (2011).

61. Din, J., Khan, S. U, Ali, I. & Gurmani, A. R. Physiological and agronomic response of Canola varieties to drought stress. J. Anim.
Plant. Sci. 21, 78-82 (2011).

62. Estill, K., Delaney, R. H., Smith, W. K. & Ditterline, R. L. Water relations and productivity of alfalfa leaf chlorophyll variants. Crop
Sci. 31, 1229-1233. https://doi.org/10.2135/cropscil991.0011183X003100050030x (1991).

63. Ashraf, M. & Karim, E Screening of some cultivars/lines of black gram (Vigna mungo (L.) Hepper) for resistance to water stress.
Trop. Agric. 68, 57-62 (1991).

64. Jain, M., Tiwary, S. & Gadre, R. Sorbitol-induced changes in various growth and biochemical parameters in maize. Plant. Soil.
Environ. 56, 263-267 (2010).

65. Ashraf, M. & Mehmood, S. Response of four brassica species to drought stress. Environ. Exp. Bot. 30, 93-100. https://doi.org/10.1
016/0098-8472(90)90013-T (1990).

66. Rahman, M. M. et al. Insight into salt tolerance mechanisms of the halophyte Achras sapota: an important fruit tree for agriculture
in coastal areas. Protoplasma 256, 181-191 (2019).

67. Latowski, D., Kuczynska, P. & Strzalka, K. Xanthophyll cycle-a mechanism protecting plants against oxidative stress. Redox Rep.
16, 78-90. https://doi.org/10.1179/174329211x13020951739938 (2011).

68. Khoyerdi, E, Shamshiri, M. H. & Estaji, A. Changes in some physiological and osmotic parameters of several pistachio genotypes
under drought stress. Sci. Hortic. 198, 44-51. https://doi.org/10.1016/j.scienta.2015.11.028 (2016).

69. Muller-Moulé, P, Conklin, P. L. & Niyogi, K. K. Ascorbate deficiency can limit Violaxanthin de-epoxidase activity in vivo. Plant.
Physiol. 128, 970-977 (2002).

70. Krause, G. H. & Weiss, E. Chlorophyll fluorescence and photosynthesis: the basics. Annu. Rev. Plant. Physiol. Plant. Mol. Biol. 42,
313-349 (1991).

71. Clark, A.J., Landolt, W,, Bucher, J. B. & Strasser, R. ]. Beech (Fagus sylvatica) response to Ozone exposure assessed with a chlorophyll
fluorescence performance index. Environ. Pollut. 109, 501-507. https://doi.org/10.1016/50269-7491(99)00232-8 (2000).

72. Percival, G. & Sheriffs, C. N. Identification of drought-tolerance Woody perennials using chlorophyll fluorescence. J. Arboric. 28,
215-223 (2002).

73. Hakam, N., Khanizadeh, S., DeEll, J. R. & Richer, C. Assessing chilling tolerance in roses using chlorophyll fluorescence. HortScience
35, 184-186 (2000).

74. Li, W. et al. Fine root biomass and morphology in a temperate forest are influenced more by the nitrogen treatment approach than
the rate. Ecol. Indic. 130, 108031. https://doi.org/10.1016/j.ecolind.2021.108031 (2021).

75. Srivalli, B., Sharma, G. & Khanna-Chopra, R. Antioxidative defense system in an upland rice cultivar subjected to increasing
intensity of water stress followed by recovery. Physiol. Plant. 119, 503-512. https://doi.org/10.1046/j.1399-3054.2003.00125.x
(2003).

76. Kukreja, S. et al. Plant water status, H,O, scavenging enzymes, ethylene evolution and membrane integrity of Cicer arietinum roots
as affected by salinity. Biol. Plant. 49, 305-308. https://doi.org/10.1007/s10535-005-5308-4 (2005).

77. Sairam, R. K., Srivastava, G. C. & Saxena, D. C. Increased antioxidant activity under elevated temperatures: A mechanism of heat
stress tolerance in wheat genotypes. Biol. Plant. 43, 245-251. https://doi.org/10.1023/a:1002756311146 (2000).

Acknowledgements

This research was funded by the National Research, Development, and Innovation Fund of Hungary, grant num-
ber TKP2021-NKTA-32, financed under the TKP2021-NKTA funding scheme.

Author contributions

Conceptualization, Szilvia Veres, Ogba Basal, and Tahoora Batool Zargar.: Methodology, Szilvia Veres, Tahoo-
ra Batool Zargar.: Material preparation, Data Collection, and Analysis, Tahoora Batool Zargar.: Original Draft
Preparation, Tahoora Batool Zargar.: Supervision, Szilvia Veres.: Review and Editing, Ogba Basal and Szilvia
Veres. 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.

Declarations

Competing interests
The authors declare no competing interests.

Plant material
The collection of plant material complies with relevant institutional, national, and international guidelines and
legislation.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/s41598-025-26320-6.

Correspondence and requests for materials should be addressed to O.B.

Reprints and permissions information is available at www.nature.com/reprints.

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

Scientific Reports |

(2025) 15:42327 | https://doi.org/10.1038/s41598-025-26320-6 nature portfolio


https://doi.org/10.3146/pnut.22.1.0003
https://doi.org/10.3389/fpls.2017.01147
https://doi.org/10.3389/fpls.2017.01147
https://doi.org/10.1111/j.1439-037X.2010.00459.x
https://doi.org/10.2135/cropsci1991.0011183X003100050030x
https://doi.org/10.1016/0098-8472(90)90013-T
https://doi.org/10.1016/0098-8472(90)90013-T
https://doi.org/10.1179/174329211x13020951739938
https://doi.org/10.1016/j.scienta.2015.11.028
https://doi.org/10.1016/S0269-7491(99)00232-8
https://doi.org/10.1016/j.ecolind.2021.108031
https://doi.org/10.1046/j.1399-3054.2003.00125.x
https://doi.org/10.1007/s10535-005-5308-4
https://doi.org/10.1023/a:1002756311146
https://doi.org/10.1038/s41598-025-26320-6
https://doi.org/10.1038/s41598-025-26320-6
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Scientific Reports | (2025) 15:42327 | https://doi.org/10.1038/s41598-025-26320-6 nature portfolio


http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Dose and genotype dependent effects of foliar acetic acid on sweet corn under water deficit
	﻿Material and methods
	﻿Plant material, growth conditions, and experimental treatments
	﻿Plant growth parameters
	﻿Root and shoot length
	﻿Root volume
	﻿Dry weights of shoot and root
	﻿Specific leaf area (SLA)
	﻿Relative chlorophyll content (SPAD values)
	﻿Photosynthetic pigments
	﻿Xanthophyll pool
	﻿In-vivo chlorophyll fluorescence parameters
	﻿Stomatal conductance
	﻿Peroxidase (POX) activity
	﻿Malondialdehyde (MDA) Content


	﻿Statistical analysis
	﻿Results


