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ABSTRACT Field Crops

Maize (Zea mays L.) indicates strong vulnerability to drought

conditions, particularly during early vegetative stages, which severely Research Article

limits plant development and yield potential. This study investigated

the effects of commercial apple vinegar (5% acetic acid) on Article History
morphological and biochemical responses and evaluated its potential Received :29.09.2025
as a biostimulant under drought conditions. Conducted under Accepted 1 05.02.2026

controlled growth chamber conditions, two maize cultivars (Pi0937

and DKC6050) were grown under adequate irrigation (80% FC) and Keywords

severe drought (40% FC), with apple vinegar applied via foliar (FAV) Zea mays L.

and soil (SAV) methods at a 1:40 (v v')) dilution during the V4-V6 and Drought tolerance

V6-V8 growth stages at one-week intervals. Morphological traits such Acetic acid
as plant height, root length, leaf area, and biomass, together with total Biostimulant
protein levels and the activities of antioxidant enzymes (SOD, CAT, Foliar application

POD), were evaluated. The results demonstrated that FAV
application significantly enhanced plant height, root length, and
biomass under drought, while Pi0937 exhibited higher biomass and
root development compared to DKC6050, indicating greater drought
tolerance. Moreover, apple vinegar application enhanced total protein
accumulation and significantly promoted the activities of SOD, CAT,
and POD, contributing to improved detoxification of reactive oxygen
species (ROS). The stronger antioxidant response of Pi0937 highlights
the role of genotype-specific differences in drought resilience. Overall,
commercial apple vinegar application, particularly via foliar spraying
(FAV), emerged as a low-cost, readily available, and environmentally
sustainable biostimulant that effectively enhanced growth and
physiological resilience of maize under drought stress, with the P10937
genotype showing a notably stronger and more consistent response
than DKC6050, highlighting the genotype-dependent nature of
vinegar-mediated drought tolerance.

Kuraklik Stresi Altinda Misirin Morfolojik ve Biyokimyasal Yamtlarini Artirmada Ekzojen Sirke
Uygulamasi

OZET Tarla Bitkileri

Misir (Zea mays L.), 6zellikle erken vejetatif donemlerinde kurakhiga

kars1 belirgin bir hassasiyet gostermekte ve bu da bitki gelisimi ile Aragtirma Makalesi

verim potansiyelini ciddi sekilde sinirlamaktadir. Bu ¢alismada, ticari

elma sirkesinin (%5 asetik asit) morfolojik ve biyokimyasal yanitlar Makale Tarihgesi
uzerindeki etkileri incelenmis ve kuraklik kosullarinda biyostimiilant Gelig Tarihi  :29.09.2025
olarak kullanilabilirligi degerlendirilmigtir. Kontrollii biiylime odas1 Kabul Tarihi :05.02.2026
kosullarinda yiiriitillen ¢alismada, iki msir cesidi (Pi0937 ve

DKC6050) yeterli sulama (%80 tarla kapasitesi, TK) ve siddetli Anahtar Kelimeler
kuraklik (%40 TK) kosullarinda yetistirilmis; elma sirkesi, 1:40 (v v'1) Zea mays L.

seyreltme oraninda V4-V6 ve V6-V8 gelisme donemlerinde, birer Kurakliga tolerans
haftalik araliklarla, yapraktan (FAV) ve topraktan (SAV) Asetik asit
uygulanmigtir. Morfolojik parametreler (bitki boyu, kék uzunlugu, Biostimulant
yaprak alami ve biyokiitle), toplam protein icerigi ve antioksidan Yapraktan uygulama

enzim aktiviteleri (SOD, CAT, POD) degerlendirilmistir. Bulgular,
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ozellikle FAV uygulamasimin kurak kosullarda bitki boyu, kok
uzunlugu ve biyokiitleyi anlaml 6l¢iide artirdigini, Pi0937 ¢esidinin
ise DKC6050’ye kiyasla daha yiiksek biyokiitle tiretimi ve kok gelisimi
ile kurakliga daha toleransh oldugunu ortaya koymustur. Ayrica elma
sirke uygulamalari toplam protein igerigini yiikseltmis ve SOD, CAT,
POD aktivitelerini belirgin bi¢imde artirarak reaktif oksijen
tirlerinin (ROS) detoksifikasyonunu giiclendirmistir. Pi0937nin
daha guglu antioksidan yaniti, genotipe 6zgi farkliliklarin kuraklik
toleransinda belirleyici oldugunu gostermektedir. Genel olarak, ticari
elma sirkesinin o6zellikle yapraktan uygulamasi (FAV), diisiik
maliyetli, kolay erisilebilir ve ¢evre dostu bir biyostimulant olarak,
kuraklik stresi altinda misirda biyime ve fizyolojik dayaniklilig:
anlamli bicimde artirmig; Pi0937 genotipinin DKC6050’ye kiyasla
daha gugcli ve tutarl bir yanmit gostermesi, sirke kaynakli kuraklik
toleransinin  belirgin sekilde genotip-bagimli oldugunu ortaya
koymustur.
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INTRODUCTION

Maize (Zea mays L.) stands as one of the most extensively cultivated food crops globally, with a harvested area
reaching about 208 million hectares and an average yield of 5.962.3 kg ha'l in 2023 (FAO, 2023). While it is mainly
used as animal feed and for by-products in developed countries, it serves as a staple food and primary dietary
source for many people in developing nations (Kiling et al., 2018; Oztiirk & Orak, 2020). Increasing global maize
production is essential to meet demands for human nutrition, feed, pharmaceuticals, and industrial production
(Ayyar et al., 2019).

However, suboptimal agricultural practices—including improper soil tillage, inappropriate sowing time,
inadequate plant nutrition, and inefficient irrigation management—combined with abiotic stresses such as heat,
water deficit, and excessive light, severely constrain maize growth, impair physiological and biochemical functions,
and reduce overall productivity (Hussain et al., 2019; Hassan et al., 2020; Mehmood et al., 2021). Drought, in
particular, disrupts critical developmental processes, including leaf expansion, stem elongation, and reproductive
organ formation, leading to lower biomass accumulation, reduced kernel set, and compromised grain filling (Cai et
al., 2020; Raju Bheemanahalli et al., 2022). Global climate change has intensified these effects, making water
scarcity a key limiting factor for maize production worldwide (Bartlett et al., 2019; Kogan et al., 2019). Under
drought conditions, grain yield reductions of 20-50% have been reported, depending on the severity, duration, and
timing of water deficit, with the reproductive and grain-filling stages being particularly vulnerable (Raju
Bheemanahalli et al., 2022). Therefore, a detailed understanding of the responses of maize to water deficits at
various developmental stages, including their physiological, morphological, and biochemical implications, is
essential for developing environmentally sustainable management strategies to mitigate yield losses and enhance
crop resilience (Hafez et al., 2021).

Among current strategies to mitigate drought-induced damage in plants, organic acid applications have emerged
as a promising physiological intervention. In this context, acetic acid is increasingly recognized not only as a
metabolic intermediate but also as a regulatory signaling molecule involved in the modulation of plant stress
responses. Exogenous acetic acid application has been shown to enhance histone H4 acetylation, thereby regulating
jasmonic acid (JA) biosynthesis and activating JA-dependent signaling pathways that are central to drought stress
adaptation (Kim et al., 2017; Rasheed et al., 2018). Activation of these pathways is associated with a coordinated
upregulation of antioxidant defense mechanisms, including increased activities of superoxide dismutase (SOD),
catalase (CAT), and peroxidase (POD), leading to more efficient detoxification of reactive oxygen species (ROS) and
reduced oxidative damage at the cellular level (Ogawa et al., 2021). In parallel, acetic acid treatments promote the
accumulation of osmoprotectants such as proline and soluble sugars, contributing to the maintenance of cellular
osmotic homeostasis and improved water-use efficiency under water-deficit conditions (Allen & Allen, 2020).

The prevailing body of literature demonstrates that research efforts aimed at mitigating drought stress have
predominantly concentrated on the application of pure acetic acid. These studies consistently indicate that acetic
acid at low concentrations (<50 mM) functions as a biostimulant, thereby enhancing plant tolerance to drought
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stress across a wide range of species. Such drought-mitigating effects have been extensively documented in maize
(Kim et al., 2017; Allen & Allen, 2020; Mahmud et al., 2023), cassava (Utsumi et al., 2019), Arabidopsis thaliana
(Kim et al., 2017; Rasheed et al., 2018), soybean (Rahman et al., 2021; Basal et al., 2024), rice (Ogawa et al., 2021;
Zhang et al., 2022), and common bean (Nguyen et al., 2023).

In contrast, the effects of natural, multi-component products such as commercial apple vinegar on plant
physiological responses—particularly during early vegetative growth stages—remain insufficiently explored.
Unlike pure acetic acid, apple vinegar is a complex formulation containing not only acetic acid but also malic acid,
citric acid, phenolic compounds, and various other organic constituents (Jansone et al., 2025). It is therefore
hypothesized that these additional components may interact synergistically with acetic acid—induced stress
signaling pathways (e.g., jasmonic acid-related responses), leading to a more comprehensive enhancement of
antioxidant defense systems, improved osmotic regulation, and potentially direct stimulation of photosynthetic
efficiency. Supporting this assumption, studies on wood vinegar—another natural, multi-component product—
have demonstrated that its diverse bioactive constituents can exert synergistic effects by enhancing photosynthetic
performance, strengthening antioxidant capacity, and facilitating osmotic adjustment under drought stress
conditions (Wang et al., 2019; Zhu et al., 2022; Mohd Amnan et al., 2023; Zhu et al., 2024; Hur et al., 2025). In this
context, the evaluation of apple vinegar as an alternative to pure acetic acid represents a clear research gap in the
literature, not only with respect to the application source but also in terms of the potential synergistic physiological
effects arising from its complex biochemical composition.

Based on the above literature, exogenous application of acetic acid or wood vinegar appears to be a viable approach
to mitigate drought stress. However, the effects of commercial apple vinegar, an important natural source of acetic
acid, on maize have not been thoroughly evaluated. Given that the early vegetative V4-V8 growth stage is critical
for root establishment and leaf area development, drought stress occurring during this period can have direct and
lasting effects on plant performance and yield potential. Therefore, the present study aims to assess the potential
of apple vinegar in alleviating drought stress in grain maize during early vegetative (V4—V8) growth stages, with
respect to key morphological and biochemical parameters. This research seeks to elucidate the efficacy of a cost-
effective and readily accessible natural product for enhancing drought tolerance in maize, thereby offering practical
and sustainable options for improving crop resilience.

MATERIAL and METHOD

This study was conducted on maize during the early vegetative stage (V4-V8) under controlled growth chamber
conditions, maintained at 25 °C+1°C, 60 % + 3 % relative humidity, and a light intensity of 14.000 lux. The maize
cultivars Pi0937® and DKC6050® were selected for their widespread commercial use, stable performance, and
contrasting growth characteristics, ensuring the practical relevance of the study. As the source of acetic acid,
commercial Kemal Kiikrer® natural apple vinegar, standardized to contain 5% acetic acid, was employed.

The experiment was initiated on 1 February 2024. Seeds were subjected to a 3-day pre-germination treatment
prior to sowing. Plants reached the treatment stage 15 days after sowing, corresponding to the V4 growth stage.
Drought stress treatments (40% and 80% field capacity) were initiated at this stage and maintained continuously
throughout the experimental period. Apple vinegar applications were imposed after the onset of drought stress
and applied at one-week intervals during the V4-V6 and V6-V8 growth stages. One week after each application,
systematic observations and measurements were conducted, and plant samples were collected for subsequent
analyses. Considering all experimental phases, the total duration of the study was 32 days.

A randomized complete block design incorporating a three-factor factorial arrangement was used for experiments
conducted during the early vegetative stage. The first factor consisted of maize cultivars (Pi0937® and DKC6050®),
the second factor represented drought stress levels (40% and 80% field capacity), and the third factor comprised
aplle vinegar applications [Control: foliar/soil application of distilled water (WA), soil application (SAV), and foliar
application (FAV)]. The WA (Water Application) treatment served as the control, in which only pure water, without
apple vinegar, was applied both foliarly and to the soil using the same timing and procedures as the other
treatments. This approach allowed the effects of the carrier (water) and application method to be controlled. No
separate untreated control was included in the experiment. Foliar applications were performed without the use of
surfactants and were applied only to the adaxial (upper) leaf surface during the evening hours to minimize
evaporation losses and reduce the risk of phytotoxicity. Soil applications were applied homogeneously to the root
zone.

In this study, field soil was sieved through a 0.4 mm mesh and mixed with peat, sand, and vermiculite at a ratio
of 3:1:1:1 (soil:peat:sand:vermiculite). The field capacity (FC) of the resulting growth medium was determined
gravimetrically according to the method described by Yetik & Asik (2021) and was found to be 23%. The prepared
substrate was accurately weighed and transferred into pots equipped with drainage holes. Each pot contained 150
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g of the growth medium. For each treatment, ten pre-germinated seeds were initially transplanted, and
subsequently, the six most uniform and vigorous seedlings were selected for further experimentation. Prior to the
initiation of treatments, all plants were maintained at 80% field capacity (FC), calibrated based on pot weight.
Throughout the experimental period, soil moisture levels corresponding to 40% and 80% FC were consistently
maintained by daily collective weighing of the pots and replenishing the lost water to the target FC levels. During
the V2—-V3 growth stages, plants were irrigated twice with half-strength Hoagland nutrient solution.

The selection of the 1:40 apple vinegar dilution was based on a preliminary screening experiment conducted prior
to the main study. In this preliminary assessment, five dilution ratios (1:20, 1:30, 1:40, 1:50, and 1:60) were
evaluated with respect to their effects on early seedling growth and overall plant vigor. Based on these
observations, the 1:40 dilution exhibited the most favorable growth response without visible phytotoxic effects.
Data from this preliminary experiment are not presented in the current manuscript. Therefore, the 1:40 dilution
was selected for subsequent detailed analyses.

In the main experiment, apple vinegar at the selected dilution was applied to plants during the V4-V6 and V6-V8
developmental stages at one-week intervals. Foliar applications were standardized to 3 mL plant™, corresponding
to a volume sufficient to uniformly cover the leaf surface at the respective growth stages without causing runoff or
leaf dripping, as determined by prior calibration of the hand sprayer. Soil applications were supplied at 15-20 mL
pot™!, with the applied volume adjusted according to gravimetric measurements to restore soil moisture to 80%
field capacity (FC) for each pot. Following the treatments, plants were maintained under 40% and 80% FC
conditions for one additional week prior to sampling and measurements.

Morphological traits, including plant height (cm), dry weight, leaf area, and root length (cm), were measured 32
days after the experiment was initiated, corresponding to one week after the final treatment application.
Measurements were performed on four uniformly developed plants per treatment, which had been previously
selected following the establishment phase. Plant height and root length were measured using a standard ruler.
For dry weight determination, plant samples were oven-dried at 70 °C for 48 h and subsequently weighed. Leaf
area was estimated for each individual leaf by measuring leaf length and maximum width, and calculated using
the formula proposed by Elings (2000): Leaf area (cm?) = leaf length (cm) X maximum width (cm) X 0.75. All
morphological observations and measurements were conducted within the scope of the present study.

Total protein content and enzyme activities, including superoxide dismutase (SOD), catalase (CAT), and
peroxidase (POD), were measured at the V8 developmental stage, corresponding to one week after the final
application (V6-V8), using commercial ELISA kits performed by a certified external service provider in accordance
with the manufacturer’s standard protocols, with the experiment conducted using three replicates. Prior to using
the ELISA kits, 1 g of fresh plant tissue was collected and immediately frozen in liquid nitrogen. Using a pre-cooled
mortar and pestle, the frozen tissue was finely ground into powder. The resulting powder was homogenized with
the appropriate extraction buffer recommended by each kit and centrifuged to remove cellular debris. The
supernatant was then collected and used for subsequent measurements of total protein and enzymatic activities.

Total protein levels were measured using the Coomassie Plus — The Better Bradford Assay Kit (Thermo Scientific,
Prod #23236). Absorbance was read at 595 nm using a Chromate 4300 ELISA reader (Awareness Technology, Inc.,
USA). Bovine Serum Albumin (BSA) was used as the standard, and protein concentrations were reported in U g*
fresh weight (FW), showing high linearity (R* = 0.999).

Activities of superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD) were measured using commercial
ELISA kits (Plant SOD: Cat. 201-13-0401; Plant CAT: Cat. 201-13-0054; Plant POD: Cat. 201-13-0084; Shanghai
Sunred Biological Technology, Shanghai, China). Absorbance values were recorded at 450 nm with a Chromate
4300 ELISA reader (Awareness Technology, Inc., Martin Hwy. Palm City, USA). Enzyme activities were calculated
by linear regression analysis based on the standard curves and expressed as U mg! protein. The standard curves
showed high linearity (R? = 0.992—0.999).

A factorial randomized complete block design was employed for data analysis, with four replications for
morphological traits and three for biochemical traits. Statistical analyses were conducted using JMP 14. Treatment
differences were assessed by ANOVA, and mean comparisons were performed using the LSD test at p < 0.05.

RESULTS and DISCUSSION

The results presented in Table 1 indicate that maize genotype, drought stress, and vinegar application exerted
statistically significant effects on the majority of the evaluated morphological and biochemical traits. The genotype
effect was highly significant for all parameters (p < 0.01), revealing pronounced genotypic differences between the
Pi10937 and DKC6050 cultivars. The Pi0937 cultivar exhibited higher values for plant height, dry weight, leaf area,
and antioxidant enzyme activities (SOD, CAT, and POD), whereas DKC6050 showed superiority in root length and
total protein content.
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Drought stress significantly affected all investigated traits except total protein content. Plants grown under 40%
field capacity (FC) conditions displayed a general reduction in plant height, dry weight, root length, leaf area, and
antioxidant enzyme activities compared with those grown under 80% FC. In contrast, the lack of a statistically
significant effect of drought stress on total protein content suggests that protein accumulation remained relatively
stable under water-limited conditions.

Table 1. Analysis of variance results for the effects of cultivar, drought stress, and vinegar application on morphological and
biochemical traits of maize

Cizelge 1. Misirda g¢esit, kuraklik stresi ve sirke uygulamasinin morfolojik ve biyokimyasal ozellikler lizerine etkilerine ait
varyans analizi sonuglari

Factors Plant Dry Root Leaf Total SOD CAT POD
height weight length area protein activity activity activity

Cultivars
Pi0937 16.42 2.052 29.4b 196.72 2.64P 7.202 6.172 0.562
DKC6050 14.1P 1.54P 31.12 174.3P 2.812 5.84b 4.92b 0.39P
Drought stress
% 80 FC 15.52 2.042 31.12 211.22 2.72 6.722 5.652 0.512
% 40 FC 15.0P 1.55P 29.5P 159.8P 2.74 6.32P 5.43b 0.45P
Vinegar application
WA 14.8P 1.81 29.5 185.02b 2.68P 5.93¢ 5.13¢ 0.38¢
SAV 15.0P 1.74 30.6 178.3b 2.762 6.54b 5.42b 0.44b
FAV 15.92 1.83 30.8 193.32 2.752 7.092 6.082 0.612
Analysis of variance (ANOVA)
Cultivars (A) *k *k % % %k %k *%k *k
Drought stress (B) w* wx * ** ns e o ww
Vinegar
application © *dk ns ns * * *% *k *dk
AxB wE ns ns * ns ns *x ns
A X C %k ns * ns *% *% *% ns
B X C %k * ns ns *% *% *% *%
A X B X C * * * * * *% *% *%
CV (%) 2.35 7.40 6.89 7.74 2.93 2.60 0.61 6.25

Note: * and ** indicate significance at P<0.05 and P< 0.01, respectively; ns indicates not significant. (WA = Water Application,
SAV = Soil Application of Vinegar, FAV = Foliar Application of Vinegar, FC = Field Capacity, CV = Coefficient of Variation).

Vinegar application induced marked changes in plant growth and biochemical responses (Table 1). In particular,
foliar vinegar application (FAV) resulted in higher plant height, leaf area, total protein content, and antioxidant
enzyme activities compared with both soil application (SAV) and the water control (WA). This finding indicates
that foliar application is a more effective approach for enhancing drought tolerance in maize.

The significance of two-way (A x C, B x C) and three-way (A x B X C) interactions for many traits highlights the
differential responses of genotypes to drought stress and vinegar application, underscoring the importance of
evaluating these factors in combination; accordingly, the statistically significant three-way interaction detected
for the investigated morphological and biochemical traits is presented and discussed separately for each trait
below, while the low coefficients of variation (CV%) confirm the high precision and reliability of the experimental
results.

Plant height

Plant height responses showed pronounced variation as a function of genotype, water regime, and application
method (Figure 1). The consistently superior performance of Pi0937 relative to DKC6050, particularly under FAV
application, indicates the involvement of genotype-specific physiological traits associated with enhanced drought
tolerance. Pi0937 may exhibit greater sensitivity to organic acid—mediated stress signaling, higher basal
antioxidant enzyme activity, and more efficient osmotic adjustment, collectively supporting sustained cell
expansion and growth maintenance under water deficit conditions (Simma et al., 2017; Rahman et al., 2021; Mohd
Amnan et al., 2023). In contrast, the limited or negative growth responses observed in DKC6050 under well-
watered conditions suggest that the growth-promoting effects of vinegar-based treatments are conditional and
primarily activated under stress rather than being constitutively stimulatory.
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Figure 1. Mean plant heights of maize varieties grown under different drought stress conditions following apple
vinegar applications. Three-way interaction (Cultivars X Drought Stress X Vinegar Application) was
significant (Table 1); therefore, for each variety—stress combination, different application methods were
compared and different letters indicate significant differences based on the LSD test at p < 0.0274 (F (2,
36) = 3.98). Vertical bars represent + standard error of the mean (n = 4). WA = Water Application; SAV =
Soil Application of Vinegar; FAV = Foliar Application of Vinegar; FC = Field Capacity.

Sekil 1. Misir ¢esitlerinin farkli kuraklik stres kosullarinda elma sirkesi uygulamalari sonrasindaki ortalama bitki
boylar1. Ug yonlii interaksiyon (Cesit x Kuraklik Stresi x Sirke Uygulamasi) istatistiksel olarak anlaml
bulunmustur (Tablo 1); bu nedenle, her gesit—stres kombinasyonu ig¢in farkli uygulama yéntemleri
karsilastirilmis ve farkli harfler LSD testi ile p < 0,0274 (F (2, 36) = 3,98) diizeyinde anlaml farkliliklar:
gostermektedir. Dikey ¢ubuklar + standart hata (n = 4) degerlerini temsil etmektedir. WA = Su
uygulamasi, SAV = Topraktan sirke uygulamasi, FAV = Yapraktan sirke Uygulamasi, FC = Tarla
kapasitesi.

The greater effectiveness of FAV compared with SAV underscores the importance of the application pathway in
shaping plant responses. FAV enables rapid absorption and direct physiological activation, whereas soil
application is subject to constraints imposed by soil chemical properties and rhizosphere microbial activity, which
can substantially reduce the bioavailability of acetic acid prior to plant uptake (Rahman et al., 2021). In soil,
organic acids are prone to adsorption—desorption processes, buffering effects, and rapid microbial mineralization,
with their persistence and mobility being strongly regulated by soil pH, mineral composition, and microbial
community structure (Adeleke et al., 2017; Oburger et al., 2009; Macias-Benitez et al., 2020).

In addition, SAV may induce a transient decrease in rhizosphere pH, which can substantially influence nutrient
availability and plant nutrient uptake. Previous studies have demonstrated that short-term shifts in rhizosphere
pH can markedly modify overall nutrient acquisition efficiency by altering both soil chemical equilibria and
rhizosphere microbial processes (Xia et al., 2024; Zhang et al., 2024). Such pH-mediated constraints may suppress
growth in nutrient-sensitive genotypes, whereas more adaptive genotypes, such as Pi0937, are likely better able
to tolerate or compensate for these transient rhizosphere perturbations through enhanced physiological plasticity.
Overall, the present findings indicate that foliar application of apple vinegar represents a more effective strategy
for enhancing plant height under drought stress, with its efficacy being strongly governed by genotype-specific
physiological capacity and soil-plant interaction dynamics.

Dry weight

Seedling dry weight closely mirrored plant height, serving as a robust integrative indicator of growth that reflects
the complex interactions among genotype, water regime, and application method (Figures 1 and 2). Across both
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water regimes, Pi0937 consistently exhibited higher biomass accumulation and greater shoot elongation than
DKC6050, indicating its superior capacity to sustain growth under water-limited conditions.
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Figure 2. Mean dry weights of maize varieties grown under different drought stress conditions following apple
vinegar applications. Three-way interaction (Cultivars X Drought Stress X Vinegar Application) was
significant (Table 1); therefore, for each variety—stress combination, different application methods were
compared, and different letters indicate significant differences based on the LSD test at p < 0.0275 (F (2,
36) = 3.97). Vertical bars represent + standard error of the mean (n = 4). WA = Water Application; SAV =
Soil Application of Vinegar; FAV = Foliar Application of Vinegar; FC = Field Capacity.

Sekil 2. Farkli kuraklik stres kogullarinda yetistirilen misir ¢esitlerine yapilan elma sirkesi uygulamalari
sonucunda elde edilen kuru agirlik ortalamalar1. Ug yonlii interaksiyon (Cesit x Kuraklik Stresi x Sirke
Uygulamasi) istatistiksel olarak anlamli bulunmustur (Tablo 1); bu nedenle, her c¢esit—stres
kombinasyonu i¢in farkli uygulama yontemleri karsilagtiriimis ve farkli harfler LSD testi ile p < 0,0275
(F (2, 36) = 3,97) diizeyinde anlamli farkliliklar: gostermektedir. Dikey cubuklar + standart hata (n = 4)
degerlerini temsil etmektedir. WA = Su Uygulamasi; SAV = Topraktan Sirke Uygulamasi; FAV =
Yapraktan Sirke Uygulamasi; FC = Tarla Kapasitesi.

Under FAV application, Pi0937 maintained both seedling dry weight and shoot length, suggesting efficient
coordination among carbon assimilation, cell expansion, and osmotic regulation during drought stress. This
enhanced responsiveness is likely mediated by heightened sensitivity to stress-related signaling pathways
activated by acetic acid and other organic constituents in apple vinegar. Acetic acid has been reported to trigger
jasmonic acid—associated signaling networks, promoting osmotic adjustment, cell expansion, and growth
maintenance, thereby supporting shoot elongation and biomass accumulation across diverse plant species (Kim et
al., 2017; Rahman et al., 2021; Khan & Ali, 2023; Mohd Amnan et al., 2023; Kim et al., 2024). Concurrently,
effective induction of antioxidant defense systems under drought conditions mitigates oxidative damage and
preserves growth (Hasanuzzaman et al., 2020; Sun et al., 2022; Mahmud et al., 2023). In contrast, the less
consistent growth responses of DKC6050 highlight that the efficacy of apple vinegar is strongly dependent on
genotype-specific signal perception and transduction capacity.

The superior effects of foliar application over soil application are attributable to the rapid and direct uptake of low-
molecular-weight organic acids through the leaf surface, which enables immediate activation of stress-responsive
physiological and signaling processes. Foliar-applied compounds can penetrate both the cuticle and stomatal
pathways and are swiftly translocated within leaf tissues, facilitating rapid adjustments in stomatal conductance,
osmotic balance, and metabolic activity under abiotic stress (Eichert et al., 2008; Fernandez et al., 2021). By
contrast, soil-applied organic acids are subjected to buffering, adsorption to soil particles, and microbial
mineralization, which significantly limit their bioavailability prior to root uptake (Oburger & Jones, 2018; Chen et
al., 2025). Consistently, foliar application of acetic acid or vinegar-based biostimulants has been shown to elicit
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faster physiological responses and more pronounced growth benefits under drought compared with soil application
(Rahman et al., 2021; Mohd Amnan et al., 2023; Kim et al., 2024). Collectively, the coordinated maintenance of
seedling dry weight and plant height under foliar apple vinegar treatment underscores that drought resilience is

governed by genotype-dependent regulation of biomass accumulation and shoot elongation, facilitated by rapid
stress signaling.

Root length

Root development exhibited strong cultivar-specific responses to application methods and water regimes (Figure
3). Under well-watered conditions (80% FC), foliar application (FAV) strongly promoted root elongation in Pi0937
but suppressed growth in DKC6050. Under drought (40% FC), root length declined in both cultivars, yet adaptive
responses were cultivar-specific: Pi0937 responded better to soil-applied acetic acid (SAV), while DKC6050
benefited more from FAV. These patterns highlight that root system plasticity is tightly controlled by genotype
and the mode of biostimulant delivery.
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Figure 3. Mean root lengths of maize varieties grown under different drought stress conditions following apple
vinegar applications. Three-way interaction (Cultivars X Drought Stress X Vinegar Application) was
significant (Table 1); therefore, for each variety—stress combination, different application methods were
compared, and different letters indicate significant differences based on the LSD test at p < 0.0185 (F (2,
36) = 4.46). Vertical bars represent + standard error of the mean (n = 4). WA = Water Application; SAV =
Soil Application of Vinegar; FAV = Foliar Application of Vinegar; FC = Field Capacity.

Sekil 3. Farkli kuraklik stres kogullarinda yetistirilen misir ¢esitlerine yapilan elma sirkesi uygulamalari
sonucunda elde edilen kék uzunlugu ortalamalart. Ug yonlii interaksiyon (Cesit x Kuraklik Stresi x Sirke
Uygulamasi) istatistiksel olarak anlamli bulunmustur (Tablo 1); bu nedenle, her cesit—stres
kombinasyonu i¢in farkli uygulama yontemleri karsilagtirilmis ve farkll harfler LSD testi ile p < 0,0185
(F (2, 36) = 4,46) diizeyinde anlamli farkliliklar: géstermektedir. Dikey ¢ubuklar + standart hata (n = 4)
degerlerini temsil etmektedir. WA = Su Uygulamasi; SAV = Topraktan Sirke Uygulamasi; FAV =
Yapraktan Sirke Uygulamasi; FC = Tarla Kapasitesi.

Enhanced root growth under drought is a key adaptive strategy, increasing access to limited water and nutrients
(Seleiman et al., 2021; Hu et al., 2025). Wood vinegar and acetic acid treatments consistently promoted root
elongation, lateral root formation, and root density, supporting water uptake efficiency. Similar effects have been
reported in wheat, where wood vinegar increased root length and surface area under water deficit (Wang et al.,
2019), and acetic acid has been shown to shift biomass allocation toward roots, enhancing drought resilience
(Ogawa et al., 2021; Mahmud et al., 2023). Mechanistically, cultivar-specific differences likely reflect root-zone
sensitivity to acetic acid, local pH alterations, and interactions with soil microbial communities. Foliar applications
trigger rapid systemic signaling, whereas soil applications can undergo microbial degradation or chemical
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transformation, modulating their impact. Excessive rhizosphere acidification may constrain elongation,
emphasizing the need for a balance between stimulatory signals and potential pH-related stress (Allen & Allen,
2020). Overall, wood vinegar- and acetic acid—based treatments function as effective biostimulants under drought,
but their efficacy is context-dependent, driven by genotype, application pathway, and environmental conditions.
Optimizing these parameters is essential for enhancing maize drought adaptation through targeted root system
modulation.

Leaf area

Under 80% FC, the Pi0937 cultivar exhibited the highest leaf area following foliar apple vinegar (FAV) application,
significantly surpassing all other treatments (Figure 4). WA maintained comparable leaf area in both cultivars,
whereas SAV generally resulted in lower values. Under drought stress (40% FC), leaf expansion declined across
treatments, with a particularly pronounced reduction observed in DKC6050. In contrast, Pi0937 maintained
relatively higher leaf area under water-limited conditions, indicating superior leaf-level drought tolerance. FAV
emerged as the most effective treatment for promoting leaf expansion under optimal moisture conditions and
partially mitigated drought-induced reductions in leaf area.
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Figure 4. Mean leaf areas of maize varieties grown under different drought stress conditions following apple vinegar
applications. Three-way interaction (Cultivars x Drought Stress X Vinegar Application) was significant (Table 1);
therefore, for each variety—stress combination, different application methods were compared, and different letters
indicate significant differences based on the LSD test at p < 0.0231 (F (2, 36) = 4.36). Vertical bars represent +
standard error of the mean (n = 4). WA = Water Application; SAV = Soil Application of Vinegar; FAV = Foliar
Application of Vinegar; FC = Field Capacity.

Sekil 4. Farkll kuraklik stres kosullarinda yetistirilen misir ¢esitlerine yapilan elma sirkesi uygulamalar: sonucunda elde
edilen yaprak alani ortalamalar1. Ug yonlii interaksiyon (Cesit x Kuraklik Stresi x Sirke Uygulamasi) istatistiksel
olarak anlaml bulunmustur (Tablo 1); bu nedenle, her cesit—stres kombinasyonu i¢in farkli uygulama yéntemleri
karsilastirilmis ve farkli harfler LSD testi ile p < 0,0231 (F (2, 36) = 4,36) diizeyinde anlamli farkliliklar:
gostermektedir. Dikey ¢ubuklar + standart hata (n = 4) degerlerini temsil etmektedir. WA = Su Uygulamasi; SAV =
Topraktan Sirke Uygulamasi; FAV = Yapraktan Sirke Uygulamasi; FC = Tarla Kapasitesi.

Maintenance of leaf area under drought is critical for sustaining photosynthetic carbon assimilation and biomass
accumulation, as water limitation restricts leaf expansion and stomatal opening, thereby reducing light capture
and photosynthetic efficiency, ultimately limiting plant productivity (Kapoor et al., 2020; Li et al., 2025). Foliar-
applied acetic acid and vinegar modulate stress signaling pathways, enhance stomatal regulation, and improve
leaf-level water-use efficiency, thereby mitigating the adverse effects of water deficit. In mung bean, foliar
application of 20 mM acetic acid increased leaf area, chlorophyll content, and water-use efficiency while reducing
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transpiration (Rahman et al., 2019). Similarly, in soybean, acetic acid treatments enhanced root and shoot growth,
photosynthetic rate, and drought tolerance, sustaining leaf expansion under water-limited conditions (Rahman et
al., 2021; Basal et al., 2024). These physiological responses reflect rapid activation of osmotic adjustment and
cellular growth processes, enabling leaf development to continue even under stress.

Wood vinegar—based biostimulants elicit comparable effects; under limited water conditions, they increased leaf
area and biological yield in soybean (Amini Pak Soltani et al., 2022), expanded flag leaf area in rice by 1.1-16.1%
(Hur et al., 2025), and synergistically promoted canopy development in Camelina when combined with zeolite
(Abedi et al., 2025). Collectively, these findings indicate that foliar-applied acetic acid and vinegar-based
treatments effectively preserve photosynthetic surface area and leaf functionality under drought through stress
signaling, stomatal regulation, and growth modulation. The genotype-dependent responses observed in this study
further highlight the importance of integrating biostimulant strategies with cultivar-specific drought tolerance
traits to maximize agronomic performance under water-limited conditions.

Total protein

Total protein content in maize was significantly affected by genotype, irrigation regime, and apple vinegar
application (Figure 5), highlighting a strong interaction between genetic background and treatment strategy.
Across both irrigation levels, the consistently higher protein content observed in DKC6050 compared with Pi0937
suggests that this genotype may possess a greater inherent capacity for nitrogen assimilation, protein synthesis,
or reduced protein degradation. Under well-watered conditions, the stronger response of DKC6050 to soil
application (SAV), contrasted with the greater effectiveness of foliar application (FAV) in Pi0937, indicates
genotype-specific differences in the perception and utilization of vinegar-derived bioactive compounds.
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Figure 5. Mean total protein contents of maize varieties grown under different drought stress conditions following
apple vinegar applications. Three-way interaction (Cultivars x Drought Stress X Vinegar Application)
was significant (Table 1); therefore, for each variety—stress combination, different application methods
were compared, and different letters indicate significant differences based on the LSD test at p <0.0138
(F (2, 24) = 5.14). Vertical bars represent + standard error of the mean (n = 3). WA = Water Application;
SAV = Soil Application of Vinegar; FAV = Foliar Application of Vinegar; FC = Field Capacity.

Sekil 5. Farkli kuraklik stres kosullarinda yetistirilen misir gesitlerine yapilan elma sirkesi uygulamalari
sonucunda elde edilen toplam protein igerikleri. Ug yonlii interaksiyon (Cesit x Kuraklik Stresi x Sirke
Uygulamasi) istatistiksel olarak anlamli bulunmustur (Tablo 1); bu nedenle, her c¢esit—stres
kombinasyonu igin farkli uygulama yontemleri karsilastirilmis ve farkl harfler LSD testi ile p < 0,0138
(F (2, 24) = 5,14) diizeyinde anlamli farkliliklar: géstermektedir. Dikey ¢ubuklar + standart hata (n = 3)
degerlerini temsil etmektedir. WA = Su Uygulamasi; SAV = Topraktan Sirke Uygulamasi; FAV =
Yapraktan Sirke Uygulamasi; FC = Tarla Kapasitesi.
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Under drought stress (40% FC), total protein content increased in both cultivars, reflecting the induction of stress-
related metabolic adjustments. This increase likely represents the accumulation of protective and stress-
responsive proteins that contribute to cellular homeostasis under water-limited conditions. However, the
magnitude and direction of this response were strongly dependent on both genotype and application method. The
greater effectiveness of SAV in DKC6050 and FAV in Pi0937 under drought suggests that root- and shoot-mediated
signaling pathways may differentially regulate protein metabolism in a genotype-dependent manner.

Total protein accumulation is widely regarded as a key indicator of plant stress responses and nutritional status
(Ke et al., 2025). The observed increases in protein content are consistent with previous studies reporting that
wood vinegar or acetic acid treatments enhance protein accumulation, soluble sugar content, and antioxidant
enzyme activities in wheat, tomato, and rapeseed under drought stress (Wang et al., 2019; Zhu et al., 2021; Zhou
et al., 2024). Such responses are commonly associated with the synthesis of osmoprotectants, including soluble
proteins and proline, which play a central role in maintaining cellular integrity and metabolic function during
water deficit conditions (Singh et al., 2015; Sami et al., 2016; Zulfigar et al., 2020; Zhu et al., 2022).

The pronounced responsiveness of Pi0937 to foliar vinegar application may be attributed to a higher sensitivity of
this genotype to acetic acid or other bioactive constituents present in vinegar, potentially mediated through more
efficient signal perception or transduction pathways in leaf tissues. This enhanced sensitivity may facilitate the
rapid activation of stress-related hormonal signaling, antioxidant defenses, and osmotic adjustment mechanisms,
ultimately promoting protein accumulation. In contrast, the stronger response of DKC6050 to soil application
suggests that root-mediated uptake and rhizosphere-driven signaling processes may play a more dominant role in
regulating protein metabolism in this genotype.

Importantly, increases in total protein content under drought conditions do not necessarily indicate the
accumulation of stress-related proteins (e.g., LEA proteins or dehydrins). In maize, total protein levels are largely
determined by the genotype-specific capacity for nitrogen assimilation and nitrogen use efficiency. Genotypes
capable of maintaining nitrogen uptake, reduction, and amino acid synthesis even under drought stress can sustain
high total protein levels despite growth limitation (Masclaux-Daubresse et al., 2010; Xu et al., 2012; Cafias et al.,
2016; Hawkesford & Griffiths, 2019). In this context, the elevated protein content observed in DKC6050 under
drought conditions following SAV application is more likely attributable to the effective maintenance of root-
derived nitrogen acquisition and metabolic nitrogen conversion rather than to excessive synthesis of stress
proteins. The regulatory effects of acetic acid on root metabolism and C/N signaling may have further reinforced
this nitrogen-based response.

Overall, these findings indicate that apple vinegar functions as an effective biostimulant capable of modulating
protein metabolism in maize under water-deficit conditions. However, its efficacy is strongly influenced by
genotype and application method, underscoring the importance of genotype-specific optimization of biostimulant
strategies to improve crop performance under limited water availability.

Superoxide dismutase (SOD) activity

Maintaining superoxide dismutase (SOD) activity under drought stress is critical for limiting oxidative damage,
as SOD catalyzes the dismutation of superoxide radicals into hydrogen peroxide, which 1s subsequently detoxified
by CAT and POD (Liu et al., 2021; Xie et al., 2024). In the present study, the Pi0937 cultivar consistently exhibited
higher SOD activity than DKC6050 and was able to sustain this activity under severe water deficit (40% FC)
(Figure 6), indicating a stronger intrinsic antioxidant capacity. This ability to maintain SOD activity likely
contributes to improved redox homeostasis and enhanced drought tolerance in Pi0937.

In contrast, SOD activity in DKC6050 declined markedly under drought stress, suggesting a higher sensitivity of
its antioxidant system to water limitation. However, the FAV treatment significantly alleviated this reduction,
indicating that exogenous vinegar-derived compounds can partially compensate for the weaker endogenous defense
capacity of this genotype. The pronounced stimulatory effect of FAV on SOD activity in DKC6050 implies that
foliar delivery enables rapid signal perception and activation of antioxidant defense pathways, thereby limiting
excessive reactive oxygen species (ROS) accumulation under stress conditions.

The generally stronger response of Pi0937 to drought, even in the absence of treatment, suggests that this genotype
may possess more efficient ROS-scavenging machinery or a tighter coordination between antioxidant enzymes.
Conversely, the greater relative benefit of FAV in DKC6050 highlights the potential of biostimulant applications
to enhance stress resilience in drought-sensitive genotypes by reinforcing antioxidant defenses that would
otherwise be insufficient under water deficit.

These findings are consistent with previous reports demonstrating that exogenous acetic acid (AA) or vinegar-
based treatments enhance SOD and other antioxidant enzyme activities, thereby mitigating oxidative damage in
soybean (Rahman et al., 2021), S. myrtillacea (Kong et al., 2022), apple plants (Sun et al., 2022), and common bean
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(Nguyen et al., 2023). Similarly, Wang et al. (2019) showed that wood vinegar pretreatment increased SOD, CAT,
and POD activities in wheat roots, leading to reduced ROS and malondialdehyde accumulation. Mohd Amnan et
al. (2023) further demonstrated that foliar application of oil palm wood vinegar enhanced SOD, CAT, POD, and
APX activities in Pandanus amaryllifolius, improving plant water status and chlorophyll content under drought
stress.
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Figure 6. Mean SOD (superoxide dismutase) activities of maize varieties grown under different drought stress
conditions following apple vinegar applications. Three-way interaction (Cultivars x Drought Stress X
Vinegar Application) was significant (Table 1); therefore, for each variety—stress combination, different
application methods were compared, and different letters indicate significant differences based on the
LSD test at p <0.0001 (F (2, 24) = 25.5). Vertical bars represent + standard error of the mean (n = 3). WA
= Water Application; SAV = Soil Application of Vinegar; FAV = Foliar Application of Vinegar; FC = Field
Capacity.

Sekil 6. Farkli kuraklik stres kosullarinda yetistirilen misir ¢esitlerine yapilan elma sirkesi uygulamalari
sonucunda elde edilen SOD (stiperoksit dismutaz) aktiviteleri. Ug yonlii interaksiyon (Cesit x Kuraklik
Stresi x Sirke Uygulamasi) istatistiksel olarak anlamli bulunmustur (Tablo 1); bu nedenle, her gesit—
stres kombinasyonu igin farkli uygulama yontemleri karsilastirilmis ve farkli harfler LSD testi ile p <
0,0001 (F (2, 24) = 25,5) diizeyinde anlamli farkliliklar: gostermektedir. Dikey ¢ubuklar + standart hata
(n = 3) degerlerini temsil etmektedir. WA = Su Uygulamasi; SAV = Topraktan Sirke Uygulamasi; FAV =
Yapraktan Sirke Uygulamasi; FC = Tarla Kapasitesi.

From a mechanistic perspective, the enhancement of SOD activity by FAV may be linked to acetic acid—mediated
signaling pathways that interact with stress-responsive hormones and redox-regulated transcription factors,
ultimately promoting antioxidant enzyme synthesis. Additionally, the foliar application route likely bypasses
potential soil-mediated losses or transformations of acetic acid, allowing for more immediate and effective
activation of leaf-based antioxidant responses.

Overall, these results indicate that acetic acid— and wood vinegar—based biostimulants play a crucial role in
regulating antioxidant defense systems under drought stress. Their effectiveness, however, is strongly genotype-
dependent and influenced by the mode of application. By enhancing SOD activity and reinforcing ROS-scavenging
capacity, particularly in drought-sensitive genotypes such as DKC6050, foliar vinegar application emerges as a
promising strategy for improving oxidative stress tolerance under limited water availability.

Catalase (CAT) activity

The results clearly demonstrated that the Pi0937 cultivar consistently exhibited higher catalase (CAT) activity
than DKC6050 under both well-watered (80% FC) and drought (40% FC) conditions (Figure 7). In Pi0937, foliar
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apple vinegar (FAV) application induced a pronounced increase in CAT activity, reaching its maximum under
drought stress. This strong enzymatic response indicates an enhanced capacity for hydrogen peroxide (H.0-)
detoxification and reflects a more robust antioxidative defense system operating under oxidative stress conditions.

In contrast, CAT activity in DKC6050 was generally lower and declined sharply under drought stress, particularly
in the WA treatment. This reduction suggests a limited ability of this genotype to detoxify excess H.0-, thereby
rendering it more susceptible to drought-induced oxidative damage. Nevertheless, the significant enhancement of
CAT activity in both cultivars following FAV application highlights the effectiveness of apple vinegar in activating
antioxidant defense mechanisms. Notably, the stimulatory effect of FAV was especially pronounced in DKC6050,
indicating that foliar application may partially compensate for inherent genotypic sensitivity to drought stress.
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Figure 7. Mean CAT (catalase) activities of maize varieties grown under different drought stress conditions
following apple vinegar applications. Three-way interaction (Cultivars X Drought Stress x Vinegar
Application) was significant (Table 1); therefore, for each variety—stress combination, different
application methods were compared, and different letters indicate significant differences based on the
LSD test at p <0.0001 (F (2, 24) = 41.5). Vertical bars represent + standard error of the mean (n = 3). WA
= Water Application; SAV = Soil Application of Vinegar; FAV = Foliar Application of Vinegar; FC = Field
Capacity.

Sekil 7. Farkli kuraklik stres kogsullarinda yetistirilen misir g¢esitlerine yapilan elma sirkesi uygulamalari
sonucunda elde edilen CAT (katalaz) aktiviteleri. Ug yonlii interaksivon (Cesit x Kuraklik Stresi x Sirke
Uygulamasi) istatistiksel olarak anlamli bulunmustur (Tablo 1); bu nedenle, her c¢esit—stres
kombinasyonu i¢in farkli uygulama yontemleri karsilastirilmis ve farkli harfler LSD testi ile p < 0,0001
(F (2, 24) = 41,5) diizeyinde anlamli farkliliklar: gostermektedir. Dikey ¢ubuklar + standart hata (n = 3)
degerlerini temsil etmektedir. WA = Su Uygulamasi; SAV = Topraktan Sirke Uygulamasi; FAV =
Yapraktan Sirke Uygulamasi; FC = Tarla Kapasitesi.

Catalase plays a pivotal role in drought tolerance by rapidly decomposing H20: into water and oxygen, thereby
protecting cellular membranes, proteins, and photosynthetic apparatus from oxidative injury (Hasanuzzaman et
al., 2019; Li et al., 2024b). The superior CAT activity observed in Pi0937 may be attributed to more efficient stress
perception and signaling cascades, as well as a stronger transcriptional or post-transcriptional regulation of
antioxidant enzymes in this genotype. Moreover, the greater responsiveness of Pi0937 to FAV suggests that this
cultivar may possess heightened sensitivity to acetic acid or other bioactive constituents of vinegar, enabling faster
or stronger activation of antioxidant-related pathways.

Previous studies strongly support these interpretations. Exogenous acetic acid applications have been shown to
enhance CAT activity and reduce oxidative damage in soybean (Rahman et al., 2021), S. myrtillacea (Kong et al.,
2022), and in maize and Arabidopsis subjected to PEG-induced drought stress (Mahmud et al., 2023). Similarly,
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wood vinegar treatments have been reported to stimulate CAT and other antioxidant enzymes in wheat (Wang et
al., 2019), Pandanus amaryllifolius (Mohd Amnan et al., 2023), and cotton, particularly when combined with
biochar (Yang et al., 2024).

The comparatively weaker effects observed under soil application (SAV) may be explained by interactions with soil
physicochemical properties or microbial activity, which could lead to partial degradation or transformation of acetic
acid before it becomes available for plant uptake. In contrast, foliar application allows bioactive compounds to
directly reach target tissues, triggering a faster and more effective antioxidant response.

Overall, the findings demonstrate that apple vinegar and acetic acid—based treatments, particularly when applied
foliarly, effectively enhance CAT-mediated H.O. detoxification, thereby mitigating oxidative damage and
improving drought tolerance in maize. However, the magnitude of this response is strongly genotype-dependent,
with the drought-tolerant Pi0937 cultivar exhibiting a more pronounced and stable antioxidative response. These
results emphasize the importance of genotype-specific biostimulant strategies and provide valuable insights for
improving maize resilience under water-limited conditions.

Peroxidase (POD) activity

The results indicated that the Pi0937 cultivar exhibited consistently higher peroxidase (POD) activity than
DKC6050 under both well-watered (80% FC) and drought (40% FC) conditions (Figure 8), highlighting pronounced
genotypic differences in oxidative stress regulation. In Pi0937, the highest POD activity was recorded under well-
watered conditions with the FAV treatment, suggesting that this application effectively stimulated the antioxidant
defense system even in the absence of severe stress. Although POD activity declined under drought stress, it
remained relatively high in Pi0937, indicating a sustained capacity to detoxify reactive oxygen species (ROS) and
maintain redox homeostasis under water deficit.
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Figure 8. Mean POD (peroxidase) activities of maize varieties grown under different drought stress conditions following apple
vinegar applications. Three-way interaction (Cultivars X Drought Stress x Vinegar Application) was significant
(Table 1); therefore, for each variety—stress combination, different application methods were compared, and different
letters indicate significant differences based on the LSD test at p < 0.0014 (F (2, 24) = 8.78). Vertical bars represent
+ standard error of the mean (n = 3). WA = Water Application; SAV = Soil Application of Vinegar; FAV = Foliar
Application of Vinegar; FC = Field Capacity.

Sekil 8. Farkll kuraklik stres kosullarinda yetistirilen misir ¢esitlerine yapilan elma sirkesi uygulamalar: sonucunda elde
edilen POD (peroksidaz) aktiviteleri. Ug yonlii interaksiyon (Cegit x Kuraklik Stresi x Sirke Uygulamasi) istatistiksel
olarak anlaml bulunmustur (Tablo 1); bu nedenle, her cesit—stres kombinasyonu i¢in farkli uygulama yontemleri
karsilastirilmis ve farkli harfler LSD testi ile p < 0,0014 (F (2, 24) = 8,78) diizeyinde anlaml farkliliklar
gostermektedir. Dikey ¢ubuklar + standart hata (n = 8) degerlerini temsil etmektedir. WA = Su Uygulamasy, SAV =
Topraktan Sirke Uygulamasi; FAV = Yapraktan Sirke Uygulamasi’ FC = Tarla Kapasitesi.
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In contrast, DKC6050 generally exhibited lower POD activity across treatments, with the lowest value observed
under well-watered conditions in the WA treatment. This limited enzymatic response suggested a weaker intrinsic
antioxidant capacity in this genotype. Nevertheless, FAV application significantly enhanced POD activity in
DKC6050, partially compensating for drought-induced oxidative damage and indicating that foliar vinegar
application can activate stress-responsive antioxidant pathways even in more drought-sensitive genotypes.

Enhanced POD activity under drought stress in maize has been closely associated with improved ROS scavenging
efficiency and reduced oxidative injury, thereby contributing to increased stress tolerance (Zhai et al., 2024; Taha
et al., 2025). The higher and more stable POD activity observed in Pi0937 may reflect a greater sensitivity of its
signaling networks to acetic acid or vinegar-derived bioactive compounds, resulting in more effective
transcriptional or post-translational regulation of antioxidant enzymes. Conversely, the relatively lower
effectiveness of soil application compared with foliar application may be attributed to interactions with soil
microbial activity or soil chemical processes that alter or degrade acetic acid before it reaches plant tissues.

These interpretations are supported by previous studies reporting that exogenous acetic acid enhanced POD
activity and alleviated oxidative stress in soybean and S. myrtillacea (Rahman et al., 2021; Kong et al., 2022),
while also activating multiple antioxidant enzymes in common bean and Arabidopsis (Nguyen et al., 2023).
However, responses to acetic acid have been shown to be genotype- or provenance-dependent, as demonstrated in
Cunninghamia lanceolata, where POD activity varied according to flavonoid-mediated antioxidant capacity (Li et
al., 2024a). Similarly, wood vinegar applications strengthened POD activity and overall antioxidant defense in
wheat and Pandanus amaryllifolius under drought stress (Wang et al., 2019; Mohd Amnan et al., 2023).

Overall, the findings demonstrated that foliar application of apple vinegar effectively enhanced POD-mediated
antioxidant defense in maize, with the magnitude of the response strongly dependent on genotype. The sustained
POD activity in Pi0937 likely contributed to its superior drought tolerance, whereas the positive response of
DKC6050 to FAV suggests that targeted biostimulant applications may mitigate oxidative vulnerability in
drought-sensitive cultivars.

CONCLUSION

In this controlled growth chamber study, apple vinegar application modulated the morphological and biochemical
responses of maize seedlings subjected to drought stress during the early vegetative stage (V4—V8). Drought stress
at 40% field capacity significantly reduced plant height, biomass accumulation, leaf area, and antioxidant enzyme
activities (SOD, CAT, POD). However, foliar application of vinegar (FAV) partially alleviated these adverse effects,
enhancing plant height and root length, increasing total protein content, and significantly stimulating antioxidant
enzyme activities compared with soil application and the water control. Genotypic variation was evident, with
Pi0937 exhibiting superior biomass retention and a stronger antioxidative response than DKC6050 under water-
limited conditions. These findings indicate that commercial apple vinegar, as a natural source of acetic acid, can
act as an effective biostimulant, promoting early-stage physiological and biochemical acclimation to drought stress
in maize. From a practical perspective, foliar application of 5% acetic acid-containing commercial apple vinegar,
diluted at a 1:40 ratio, is suggested as a low-cost and feasible drought alleviation strategy, particularly in drought-
prone regions; however, due to genotypic differences in response, preliminary small-scale trials are recommended
for each cultivar before large-scale implementation.

Limitations and Future Perspectives

Although the current results are promising, this study was conducted over a short period under controlled growth
chamber conditions, which do not fully capture the complexity of field environments. Factors such as fluctuating
climatic conditions, soil heterogeneity, long-term effects on soil microbial communities, and the economic feasibility
of vinegar application were not addressed. While significant increases in antioxidant enzyme activities (SOD, CAT,
and POD) were observed, the absence of oxidative damage indicators (e.g., malondialdehyde [MDA] content,
membrane stability/electrolyte leakage) limits the ability to determine whether enzyme-mediated defenses
effectively mitigated cellular oxidative damage. Photosynthetic parameters, particularly chlorophyll content and
gas exchange measurements, were also not assessed, which restricts understanding of the potential impact of
vinegar application on plant productivity.

Therefore, future studies should simultaneously evaluate antioxidant enzyme activities, oxidative stress markers,
and photosynthetic performance to verify the physiological relevance of enzyme-mediated stress responses and the
potential of vinegar to enhance crop yield. Multi-season field trials are also needed to validate the effects of vinegar
application under realistic production conditions. Comparative evaluations of different vinegar types and purity
levels, optimization of application timing and dosage, and investigations into long-term soil-plant interactions are
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essential. At the molecular level, analyses should focus on the expression of antioxidant enzyme genes and key
drought-related signaling pathways, including abscisic acid (ABA) and jasmonic acid (JA). Furthermore,
quantifying internal levels of stress hormones such as JA and ABA would provide crucial insight into how vinegar
modulates these hormonal signaling pathways, thereby strengthening the mechanistic understanding of its stress
mitigation effects.
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