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GRAPHICAL ABSTRACT
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Introduction

Maize (Zea mays L.) is one of the most widely grown cereals worldwide. It is a major component of food,
animal feed, and industrial supply chains, especially in developing countries where it serves as a signifi-
cant source of energy. In terms of harvested area, maize is the third most widely grown crop globally
after wheat and rice (Salama, 2019). However, maize productivity is threatened by an increasingly adverse
environment, with the growing prevalence of drought stress (Argentel-Martinez et al, 2024) and soil
salinity (Fatima et al., 2025), driven by climate change. This problem is especially pronounced during the
early stages of crop establishment, when stress-associated disruptions in ionic balance reduce yields (Hu
et al,, 2022).

The osmotic effects of salinity and drought are often difficult to distinguish because both impose
similar constraints on plant water relations. Nevertheless, they differ markedly in their other physiological
effects on plants. Water stress affects plants by reducing soil water potential, thereby limiting root water
uptake, relative water content (RWC), cell expansion, stomatal conductance, and photosynthesis (Seleiman
et al., 2021). Osmotic stress due to salinity, by contrast, initially operates through the excess ionic content
of the soil solution (Na* and CI), followed by inhibition of Ca?* uptake, disruption of K* transport, impair-
ment of enzymatic protein function, disruption of membrane integrity, or the resultant overproduction
of reactive oxygen species (ROS) (Hosseini et al, 2025; lkram et al, 2025; Kumar et al, 2024). The
osmotic-ionic nature of salinity stress complicates the analysis of plant physiological responses, as growth
inhibition may stem from either osmotic or ionic stress.

To separate the osmotic stress component from the ionic component, the non-penetrating osmotic
agent polyethylene glycol (PEG) has been widely used in controlled experiments to simulate osmotic
stress. Its application reduces the water potential of the growth medium without inducing ionic toxicity
(Sajid et al., 2025). As a case of maize seedlings, the application of PEG to generate osmotic stress in
maize seedlings was indicated to reduce germination, seedling growth, relative water content (RWC),
while concurrently promoting osmolyte accumulation and activating antioxidant systems. In maize, salin-
ity has been reported to reduce stomatal conductance, transpiration, leaf area, biomass, chlorophyll con-
tent, and inhibit nutrient uptake (K, Mg, P), in addition to increasing near-infrared (NIR) leaf reflectance
due to mineral nutritional imbalances, and disturbing ion homeostasis and effects that severely impair
performance at salinity levels above 3 dS m~'. Nonetheless, increasing antioxidant activity, enhancing
membrane stability, and optimizing K*/Na* regulation have been shown to help plants mitigate
salinity-induced toxicity (Alamer et al, 2022; Vennam et al., 2024). Recent studies have further high-
lighted critical components mediating maize salt tolerance, including stress signaling, antioxidant regula-
tion, hormone regulation, and ion transport (Fatima et al., 2025; He et al., 2025; Pienaar et al., 2025).
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Early seedling growth is a critical phase that determines maize performance under abiotic stress,
yet the effects of drought and salinity are rarely evaluated side-by-side using comparable measure-
ments under controlled conditions. This limits the identification of physiological traits that reliably
distinguish osmotic from salt-specific stress responses. In this study, drought and salinity were imposed
independently under controlled conditions in parallel to evaluate their effects on germination, growth,
and physiological traits of sweet corn cultivar ‘Bonanza’; therefore, any cross-stress comparisons are
descriptive rather than statistically tested contrasts, providing a quantitative basis for early stress
characterization and tolerance screening. This study provides critical insights into stress-specific and
shared physiological responses in maize, enabling the development of precise, level-specific agro-
nomic strategies to mitigate the impacts of drought and salinity under changing environmental
conditions.

Materials and methods
Experimental design

This study was conducted in May 2025 in the greenhouse of the Faculty of Agriculture and Animal
Science, University of Muhammadiyah Malang, East Java, Indonesia (667 m elevation; 17-27°C; 74-82%
relative humidity). Two independent one-factor experiments were conducted under a completely ran-
domized design (CRD): (i) salinity (NaCl) and (ii) PEG-induced osmotic stress. Salt stress consisted of four
levels: SO=0mM, S1=50mM, S2=100mM, and S3=150mM NaCl, whereas drought stress was induced
using PEG 6000 at DO=0%, D1=5%, D2=10%, and D3=15%. Within each experiment (NaCl or PEG),
each treatment level was replicated five times, with 20 seeds per replicate, and each replicate was con-
sidered as one experimental unit. Seeds were sown individually in seedling trays filled with organic soil
medium consisting of topsoil:compost (2:1) v/v, and germination was assessed at 2, 4, and 6days after
sowing (DAS), followed by measurements of morphological and physiological parameters. Because the
NaCl and PEG experiments were conducted separately with different stress scales, no inferential statistical
comparisons were performed between stress types.

Plant material

Sweet corn (Zea mays L.) cultivar ‘Bonanza’ seeds (PT East West Seed Indonesia/Panah Merah; Indonesian
Ministry of Agriculture Decree No. 2071/Kpts/SR.120/5/2009) were used in this study.

Plant growth conditions and stress treatments

Before sowing, sweet corn seeds were surface-sterilized with 1% (v/v) sodium hypochlorite for 5min,
rinsed thoroughly with distilled water, and pre-soaked for 4 h. Stress treatments were applied at the time
of sowing by saturating the soil medium to field capacity with NaCl or PEG 6000 solutions corresponding
to the respective treatment levels (S0-S3 and DO0-D3), where field capacity was defined as the point at
which the medium was fully saturated without free drainage. Approximately 10 mL of solution per tray
was applied to reach field capacity. In contrast, control media were saturated with distilled water. Plants
were grown in a controlled-environment greenhouse maintained at 25+2°C, with a 16/8h light/dark
photoperiod, a photosynthetic photon flux density (PPFD) of 300-400 pymol m=2 s, and relative humidity
of 60-70%. Throughout the experiment, irrigation was performed every 2-3days using the same NaCl or
PEG solutions at the corresponding treatment concentrations and equal volumes to maintain consistent
stress conditions, whereas control plants received distilled water. A half-strength Hoagland nutrient solu-
tion was applied weekly to avoid nutrient deficiencies. NaCl (analytical grade, Merck, Germany) and PEG
6000 (Sigma-Aldrich, USA) were used. Seedlings were grown in plastic trays (cell size: 5x5 x 10cm). The
experiment was conducted for 21 days after sowing. This setup ensured stable and uniform exposure of
sweet corn cultivar ‘Bonanza’ seedlings to salinity and drought conditions throughout germination and
early growth.
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Chlorophyll content

Total chlorophyll content was determined following the spectrophotometric method of Lichtenthaler
(1987) with minor modifications. Approximately 0.10g of fresh, fully expanded leaf tissue was weighed
and homogenized in 95% (v/v) ethanol. The homogenate was transferred into capped tubes, shaken for
30min to ensure complete pigment extraction, then centrifuged at 10,000 g for 10 min to obtain a clear
supernatant. The absorbance of the resulting extract was measured at 664nm and 648nm using 95%
ethanol as the blank. These wavelengths correspond to absorption maxima of chlorophyll a and b in
ethanol, respectively. Total chlorophyll concentration (mg L") was calculated using Lichtenthaler’s linear
equation:

Total chlorophyll=(5.24x0D664 )+(22.24xD648)

Antioxidant activity (DPPH radical scavenging assay)

Antioxidant capacity was measured using the DPPH free radical scavenging assay. Approximately 0.20g
of fresh leaf tissue was extracted in 80% methanol (1:20, w/v) for 1Th at 4°C and centrifuged at 10,000xg
for 10min. An aliquot of the extract (0.10mL) was mixed with 3.90mL of freshly prepared 0.1 mM DPPH
solution, vortexed, and incubated in the dark at room temperature for 30 min. Absorbance was measured
at 517nm, and the following formula was used to compute the percentage of antioxidant radical scav-
enging activity (Valko et al., 2007):

AS 1100

.. .. Ac
%antioxidantactivity =
C

where Ac=absorbance of the control reaction; As=absorbance of the sample

Proline content

Proline accumulation was quantified following the colorimetric method described by Bates et al. (1973).
Fresh leaf samples (0.5g) were immediately frozen in liquid nitrogen and pulverized to a fine powder
using a mortar and pestle. The powder was subsequently homogenized in 10mL of 3% sulfosalicylic acid,
and the resulting suspension was passed through Whatman No. 1 filter paper to obtain a clear filtrate.
An aliquot of 2mL from the filtrate was combined with equal volumes (2mL each) of ninhydrin reagent
prepared by dissolving 1.25g of ninhydrin in a mixture of 30mL glacial acetic acid and 20mL of 6 M
phosphoric acid and glacial acetic acid in a reaction tube. The mixture was incubated in a boiling water
bath at 100°C for 60min and subsequently quenched by immersion in an ice bath. Following cooling,
4mL of toluene was added, and the mixture was vigorously vortexed for 30seconds to facilitate phase
separation. The chromophore partitioned into the upper toluene phase, forming a distinct red-colored
layer, whose absorbance was recorded spectrophotometrically at 520nm to determine proline
concentration.

Catalase activity

Catalase activity was determined spectrophotometrically according to the method of Aebi (1984), based
on the rate of hydrogen peroxide (H,0,) decomposition. Fresh leaf tissue (0.5g) was homogenized under
liquid nitrogen and extracted in 5mL of ice-cold 50mM potassium phosphate buffer (pH 7.0) containing
1mM ethylenediaminetetraacetic acid (EDTA) and 1% (w/v) polyvinylpyrrolidone (PVP). The homogenate
was centrifuged at 12,000x g for 20min at 4°C, and the resulting supernatant was collected as the crude
enzyme extract for subsequent analysis. The reaction mixture consisted of 2.9mL of 50mM potassium
phosphate buffer (pH 7.0) supplemented with 30mM H,0,, to which 0.1mL of the enzyme extract was
added to initiate the reaction. The decomposition of H,0, was monitored continuously by recording the
decline in absorbance at 240nm over a 3min interval using a UV spectrophotometer. Catalase activity
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was calculated using the molar extinction coefficient of H,0, (e=39.4mM~"cm™") and expressed as micro-
moles of H,0, decomposed per minute per milligram of protein (umol H,0, min~'mg~" protein).

Lipid peroxidation (malondialdehyde (MDA))

The lipid peroxidation product MDA was quantified by following the method of Gechev et al. (2013).
Briefly, 50mg of leaf tissue was homogenized in 1mL 0.25% thiobarbituric acid (TBA) dissolved in 10%
trichloroacetic acid (TCA). The extract was heated to 95°C for 15min and then quickly chilled on ice. The
extracted sample was then centrifuged for 10min at 13,800x g, and the supernatant was collected. The
absorbance at 532 and 600 nm was measured, and the equation described by Taulavuori et al. (2001) was
used to quantify MDA.

Relative water content (RWC)

Relative water content (RWC) was determined following the classical method of Barrs and Weatherley
(1962), with adjustments for leaf sampling under stress conditions. Fully expanded leaves from randomly
selected seedlings were excised and immediately weighed to obtain the fresh weight (FW), ensuring
minimal water loss during handling. The leaf samples were then floated on sterilized deionized water in
the dark for 8hours, allowing tissues to rehydrate to full turgidity without photosynthetic water loss.
After rehydration, samples were gently blotted to remove surface moisture and weighed to record the
turgid weight (TW). The tissues were subsequently oven-dried at 80°C for 48 hours until constant mass
was achieved, after which the dry weight (DW) was recorded. Relative water content was calculated
using the standard formula:

rwce)=| 2 2% 1100
T™W DW

Data analysis

Data were analyzed using RStudio version 2024.09.1+394 (Posit Software, Boston, MA, USA). Salinity
(NaCl) and PEG-induced osmotic stress experiments were analyzed separately; therefore, all statistical
tests were conducted independently for each stress type without fitting a combined model including
‘stress type’ as a factor. Within each experiment, treatment effects were evaluated using one-way analysis
of variance (ANOVA), followed by Tukey’s honestly significant difference (HSD) test at a significance level
of p<0.05. These analyses were performed using the stats and agricolae packages. Principal component
analysis (PCA) was conducted using the prcomp() function and visualized with the factoextra package.
Pearson correlation coefficients were calculated using the cor() function and visualized with the corrplot
package. Heatmaps with hierarchical clustering were generated using the pheatmap package. All graph-
ical outputs were produced using ggplot2.

Results and discussion
Germination sensitivity to osmotic and ionic stressors

Results for NaCl and PEG are presented in parallel; however, because the experiments were indepen-
dent, cross-stress comparisons were descriptive and were not statistically tested. Germination increased
steadily from 2 to 6days after sowing, but both salinity and drought treatments delayed this process
relative to the control (Figure 1). Germination at 2 DAS did not differ significantly between 50 mM
NaCl and the control (0mM NaCl), indicating that moderate salinity had a negligible effect on germi-
nation. The highest salinity, 150mM NaCl, reduced germination to 14%, significantly lower than all
other treatment levels, indicating strong inhibitory effects at this early stage. Similarly, at 4 and 6 DAS,
the control reached 75%, whereas 150 mM NaCl reached 42%, representing a 44% decrease relative to
the control. A similar dose-dependent response was observed under drought stress. The control (0%
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Figure 1. Germination percentage of sweet corn under salinity and drought stress. (A) Salinity stress and (B) drought
stress. Values are means+SD (n=5). Different letters within each observation day indicate significant differences among
treatments according to Tukey’s HSD test (p <0.05). DAS, days after sowing.

PEG) reached 83% germination at 6 DAS, whereas the most severe drought treatment (15% PEG)
reached 53%, representing a 36% reduction relative to the control. Overall, these results indicated that
increasing NaCl (50-150mM) and PEG (5-15%) levels significantly limited germination at this
early stage.

Our observations of reduced germination are consistent with previous studies demonstrating that
both salinity and drought stress inhibit seed water uptake, delay radicle emergence, and reduce seed
vigor due to osmotic and oxidative stress (Kurniawan et al., 2025). Increasing NaCl concentration progres-
sively inhibited germination, likely due to combined osmotic stress and ion toxicity associated with Na*
and CI, which can disrupt membrane integrity and enzymatic processes essential for germination (Fatima
et al.,, 2025). Similarly, drought stress lowered external water potential, thereby reducing imbibition rates,
slowed metabolic and enzymatic activities, and ultimately reduced germination performance (Seleiman
et al,, 2021). These findings are consistent with reports in wheat, where drought stress has been shown
to inhibit radicle emergence and leads to variability in germination (Mahpara et al., 2022).

Growth suppression patterns under salt and drought conditions

Our results demonstrated that both plant height and leaf number increased from 7 to 21 DAS across all
treatments, whereas salinity and drought significantly restricted vegetative growth relative to the control.
Under salinity, at 7 DAS, plant height at 50mM NaCl was similar to the control (0mM NacCl), with only
an 8-10% reduction. In contrast, 150mM NaCl significantly reduced shoot elongation at all growth
stages, and by 21 DAS shoot length reached 16cm, compared to 22cm for the control, representing a
27-30% reduction. Shoot elongation at T00mM NaCl was intermediate, with a 12-18% reduction, indi-
cating a clear dose-dependent inhibition. A similar trend was observed under drought stress. Plants
grown without PEG (0%) reached 24cm by 21 DAS, while those subjected to 15% PEG reached 18cm,
representing a 25% reduction. Shoot elongation decreased by 12-15% under moderate drought (10%
PEG) and by 5-7% under mild drought (5% PEG), confirming a graded osmotic effect on shoot develop-
ment. Leaf number followed a similar pattern. At 21 DAS, control plants had 4.8 leaves, whereas plants
grown under 150mM NaCl had 3.7 leaves, representing a 23% reduction. At 100mM NaCl, leaf number
decreased by 12-15%, while 50mM NaCl reduced it by 6-8%. A similar reduction was observed under
drought stress. Plants under 15% PEG developed 4 leaves compared to 5 in the control, representing a
20% reduction, while 5-10% PEG resulted in a 5-15% reduction.
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The reduced growth of the seedlings, as reflected in decreases in height and leaf number, indicated
impaired post-emergence development. Exposure to high salinity (150mM NaCl) impaired shoot
growth, likely due to ion-related disturbances commonly reported under salinity, including altered K*/
Na* homeostasis, disruption of chloroplast membranes, and reduced carbon assimilation, as reported
in previous studies (Vennam et al., 2024). Likewise, increasing PEG (5-15%) reduced turgor pressure
and slowed leaf and meristem growth. This resulted in limited leaf expansion and shorter internodes,
consistent with findings from research on drought stress, which demonstrating that reduced water
availability inhibits leaf growth by limiting cell wall (Seleiman et al., 2021). Our results indicated that
vegetative growth is highly susceptible to osmotic limitation under both stress treatments and may
additionally be affected by ion-related processes under salinity, both of which reduce structural and
metabolic activities essential for shoot development. As shown in Figure 2, plant height and leaf
number differed significantly among treatments at 7, 14, and 21 DAS under both salinity and
drought stress.
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Figure 2. Plant height and leaf number of sweet corn under salinity and drought stress. (A) Plant height at 7, 14, and
21 DAS and (B) leaf number at 7, 14, and 21 DAS. Values are means+SD (n=5). Different letters within each observa-
tion day indicate significant differences among treatments according to Tukey’s HSD test (p<0.05). DAS, days after
sowing.
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Physiological impairment driven by salinity and drought

Our results indicated that as salinity and drought stress increase, all measured physiological parameters
decreased (Figure 3). Total chlorophyll content gradually declined from mild to severe conditions. At
50mM NaCl and 5% PEG, the reduction in total chlorophyll content was relatively small, approximately
3-5% compared to the control. However, at 100mM NaCl and 10% PEG, the decrease was more pro-
nounced, reaching 10-15%. Under the most stressful conditions (150mM NaCl and 15% PEG), the largest
reduction of approximately 25-30% was observed (Figure 3(A)). Relative water content showed a similar
pattern. Mild concentrations of 50mM NaCl or 5% PEG resulted in small decreased of approximately
1-2%. At intermediate concentrations of 100mM NaCl and 10% PEG, RWC decreased by 2-3%. In the
most stressful conditions of 150mM NaCl or 15% PEG, RWC decreased by 5-10%, indicating substantial
tissue dehydration (Figure 3(B)). A similar trend was observed for antioxidant activity, with reductions of
5-8% under mild stress (50 mM NaCl; 5% PEG), 10-15% under moderate stress (100mM NaCl; 10% PEG),
and the greatest decline under severe stress (150mM NaCl; 15% PEG).

Decreases in chlorophyll content, relative water content, and antioxidant activity are consistent with
known physiological disturbances in plants under salt stress and drought. Under salinity, the stronger
decline in chlorophyll may reflect an additional ion-related component beyond osmotic stress, as ionic
imbalance has been reported to disrupt chloroplast structure and pigment stability. High salinity reduced
chlorophyll content, thereby impairing photosynthetic capacity (Wang et al., 2024a). Drought reduced
leaf water potential and induced stomatal closure, limiting gas exchange and reducing transpiration. This
reduced relative water content and restricted carbon assimilation (Burlett et al., 2025). The consistent
decline across all measured parameters indicated a coordinated physiological stress response. These find-
ings are consistent with a recent study demonstrating that both drought and salinity can elicit similar
stress syndromes, including declines in chlorophyll content and water status (Qiao et al., 2024).

Antioxidant responses of plants to salinity and drought stress

Our results indicated that increasing salinity and drought stress stimulated both enzymatic and
non-enzymatic antioxidant responses in plants (Figure 4). DPPH radical scavenging activity showed a
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Figure 3. Physiological and antioxidant responses of maize under salinity and drought stress. (A) Total chlorophyll con-
tent, and (B) relative water content. Error bars represent standard deviations, and different letters indicate significant
differences according to Tukey’s test at p <0.05.
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Figure 4. Antioxidant and oxidative stress responses of maize seedlings under salinity and drought stress. (A) DPPH
radical scavenging activity, (B) proline content, (C) catalase (CAT) activity, and (D) malondialdehyde (MDA) content. Error
bars represent standard deviations. Different letters above the bars indicate significant differences among treatments
according to Tukey’s test at p<0.05.

clear increasing trend under stress conditions. Under salinity, DPPH increased from approximately 12% in
the control to about 18% at 50mM NaCl, then increased sharply to around 27-29% at 100-150mM NaCl.
Under drought condition, the increase was more gradual, from nearly 14% in the control to about 17%
at 5% PEG and 20% at 10% PEG, before reaching approximately 31% at 15% PEG (Figure 4(A)). Proline
accumulation exhibited a clear progressive response to increasing stress intensity (Figure 4(B)). Under
salinity, proline content increased by 12.90%, 24.73%, and 37.63% at 50, 100, and 150mM NaCl, respec-
tively, relative to the control. Under drought, proline content increased by 20.39%, 29.13%, and 35.92%
at 5, 10, and 15% PEG, respectively. These results indicated that drought induced a stronger osmotic
adjustment response at low to moderate stress levels, whereas both stresses produced comparable
increases under severe conditions. Catalase activity followed a similar increasing trend (Figure 4(C)).
Under salinity, catalase activity increased by 4.85%, 20.39%, and 25.24% with increasing NaCl concentra-
tion. Under drought, catalase activity increased by 6.25%, 15.18%, and 19.64% at 5, 10, and 15% PEG,
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respectively. These findings indicated that both salinity and drought activated enzymatic antioxidant
defense systems, with salinity exhibiting a slightly greater increase at higher stress levels. MDA content,
a marker of lipid peroxidation and membrane damage, increased markedly with stress severity (Figure
4(D)). Under salinity, MDA content increased by 14.67%, 28.00%, and 54.67%, whereas under drought it
increased by 25.00%, 40.79%, and 71.05% across corresponding stress levels. The greater increase under
drought suggested more severe oxidative membrane damage than under salinity.

Increasing salinity and drought stress induced a coordinated antioxidant response, reflected by the
enhancement of both non-enzymatic and enzymatic defense systems (Fatima et al., 2025). The increase in
DPPH radical scavenging activity indicated an upregulation of non-enzymatic antioxidants, suggesting that
plants initially responded to elevate oxidative pressure by enhancing radical-scavenging capacity (Gulcin &
Alwasel, 2023). This response is consistent with the disruption of cellular redox homeostasis under osmotic
stress conditions, which promoted the accumulation of ROS and activates antioxidant pathways as a pri-
mary defense mechanism (Arif et al, 2020). However, despite this increase, the antioxidant response
appeared insufficient to fully counterbalance ROS overproduction under severe stress conditions (Vennam
et al, 2024). Under prolonged or high-intensity stress, antioxidant systems may become constrained by
metabolic limitations, particularly due to reduced carbon assimilation and impaired secondary metabolite
biosynthesis (Seleiman et al.,, 2021). As drought and salinity reduced photosynthetic efficiency and energy
availability, the synthesis and regeneration of antioxidant compounds may have been restricted, potentially
leading to an imbalance between ROS production and scavenging capacity (Azeem et al., 2023).

The concurrent increase in catalase activity further supported the activation of enzymatic antioxidant
defense, specifically targeting hydrogen peroxide detoxification (Jomova et al, 2024). This indicated that
both stress conditions triggered a multi-layered antioxidant response involving complementary pathways. In
addition, the significant accumulation of proline reinforces this adaptive mechanism, as proline contributes
to osmotic adjustment, redox buffering, and membrane stabilization under stress conditions (Per et al.,
2017). Nevertheless, the substantial increase in MDA content indicated that antioxidant activation was not
sufficient to prevent oxidative damage (Morales & Munné-Bosch, 2019). MDA accumulation reflected lipid
peroxidation and membrane destabilization, suggesting that ROS levels exceeded the detoxification capacity
of the antioxidant system. This finding suggested that drought imposed a stronger oxidative burden than
salinity, likely due to its direct limitation on water availability and carbon metabolism. These findings indi-
cated that although salinity and drought activated antioxidant defenses as protective strategies, the balance
between ROS production and detoxification shifted toward oxidative damage at higher stress intensities.

Stress-induced reductions in root morphology and biomass

Salinity and drought stress consistently reduced root length and biomass, as depicted in Figure 5. Root
length decreased progressively with increasing stress intensity (Figure 5(A)). Under mild stress conditions
(50mM NaCl or 5% PEG), the reduction was approximately 5-7% compared to the control. Root length
further decreased by 10-15% at 100mM NaCl or 10% PEG, whereas the highest stress levels (150mM
NaCl and 15% PEG) resulted in a 20-30% reduction, indicating strong inhibition of root elongation. A
similar pattern was observed for fresh plant weight (Figure 5(B)): minor reductions of approximately
4-6% under mild stress; at 100mM NaCl and 10% PEG, the reduction was 10-12%; and at the highest
salinity and drought levels, the reduction was 20-25%. Plant dry weight followed the same pattern,
remaining relatively stable under mild stress but decreasing by 10-15% under moderate stress and by
20-25% under 150mM NaCl and 15% PEG (Figure 5(C)).

These patterns reflect well-known plant responses to salinity and drought, as indicated by reduc-
tions in root length, biomass, and overall growth. These responses reduced water uptake and turgor,
thereby limiting nutrient availability and root development. Salinity likely constrained root elongation
through osmotic stress and a possible ion-related component, which may disrupt ionic homeostasis
and the activity of enzymes involved in cell expansion, consistent with reported reductions in root
biomass under NaCl (Pandit et al., 2024). Drought reduced external water potential, limiting cell elon-
gation and meristem activity while diverting carbohydrates away from roots, thereby reducing fresh
and dry weights of maize (Nour et al, 2024). Although antioxidant capacity increased under stress,
ROS accumulation may still exceed scavenging capacity under severe conditions, leading to oxidative
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Figure 5. Root morphological and biomass traits of maize under salinity and drought stress. (A) Root length, (B) plant
fresh weight, and (C) plant dry weight. Error bars represent standard deviations, and different letters indicate significant
differences according to Tukey’s test at p <0.05.

damage in root tissues (Hosseini et al., 2025). Overall, root growth and biomass declined with increas-
ing salinity and drought stress, supporting the role of osmotic stress as a primary driver of early
growth inhibition, with salinity effects potentially intensified by an additional ion-related component
(Arif et al., 2020).

Trait interrelationships under salinity and drought stress

Our results indicated that salinity and drought stress produced broadly similar, although not identical,
correlation patterns among morphological, physiological, and biochemical traits (Figure 6). Under salinity
stress (Figure 6(A)), growth-related traits, including plant height, leaf number, germination, root length,
root weight, fresh weight, and dry weight, were strongly and positively correlated with one another
(generally r=0.68-1.00), indicating coordinated variation among plant growth attributes. Relative water
content (RWC) was also positively associated with most of these traits (r=0.61-0.99). In contrast, DPPH,
proline, CAT, and MDA were strongly negatively correlated with growth-related traits and RWC; DPPH was
negatively correlated with plant height (r=-0.73), fresh weight (r=—0.96), and RWC (r=-0.99). Similarly,
proline, CAT, and MDA showed strong negative associations with most growth parameters, while remain-
ing strongly positively correlated with each other (r=0.87-0.99), suggesting a tightly coordinated bio-
chemical stress response under saline conditions. Chlorophyll content showed weaker and less consistent
associations, showing only moderate positive correlations with dry weight (r=0.57) and weak or near-zero
correlations with plant height, germination, RWC, and DPPH (r=0.02-0.22).



12 @ N.I.MAULIDAH ET AL.

A. oﬁ’ % B. #z"
> W e & N & N
Q@é‘? S8 S S . Q?‘\é\ S \‘@5? R
X % ; S & >
& o‘(s 0‘&\ & o @é\ d§ o QQ‘(‘ \°\\(\ P o & \)é& é&\ o‘)\y & & (’\\"A \\\o@ W <2Q\z~ 0.\\0?/\:\ &
RN FFEF O & O TSN N FLECEFNTT &S TN

Plant Height 160 o88 o8 o g% o8 BB 020 g% g g Wy Wy Plant Height 100 gl o€ o€ 945 9 o 031 po¥ g Wg g Mg
Number.of.Leaves 1.d0 )A,ﬂ}él 0.28 %\N\N 08 Number.of.Leaves mol”l‘ 0.00 /\\N‘ .
Germination q.oo’ﬁyﬁl 0.22 %\NNN 06 Germination  1.60 /%)&% 01’3 M&&NN 06
Root.Length  1.00 ’f}.&"\\‘\ ok Root.Length 1.d0 %’}é QIN\\\ i
Root.Weight = 1.60 ﬁ‘ a.WMNN\\ Root.Weight  1.60 ,}é 0.34 l\\\\
Fresh.Weight 1.d0 l 047 %NNNN 02 Freshweight 1.60 g8 o6 )ANN)Q\Q e
Ory Weight 1.60 687 I \\\\ 0 Dry.Weight 1.6 044 , :\\N 0
wne e e || e 1 N e ||

OPPH 100 of7 o4 o oPPH 100 g o off
Proline 1_00%,6 06 Proline 1.00%% 08
CAT 1.0{)% 08 CAT 1.ooy1 on

MDA  1.00 MDA 1.0
-1 -1

02

Figure 6. Pearson correlation matrix of physiological, morphological, and biochemical traits of maize under salinity and
drought stress. (A) Under salinity stress and (B) under drought stress. The color scale represents correlation coefficients
ranging from -1 to 1, where red indicates strong positive correlations and blue indicates negative correlations. The
ellipse shapesdepict both the direction and strength of the correlations: elongated, narrow ellipses indicate stronger
correlations (positive when slanted upward, negative when slanted downward), whereas circular shapes indicate weak
or no correlation.

Under drought stress (Figure 6(B)), a comparable overall pattern was observed, but the negative rela-
tionships between stress-related biochemical traits and growth attributes were generally stronger.
Growth-related traits again showed strong positive correlations with each other, with many coefficients
exceeding 0.90, while RWC remained positively associated with most growth parameters (r=0.79-0.99).
In contrast, DPPH, proline, CAT, and MDA were strongly negatively correlated with plant growth and
water status, with coefficients ranging approximately from —0.79 to —1.00. These biochemical traits were
also strongly and positively correlated among themselves (r=0.86-0.97), indicating that antioxidant and
oxidative stress markers increased in parallel under drought condition. As in the salinity treatment, chlo-
rophyll showed relatively weak correlations with most variables (r=0.00-0.55), suggesting that it was less
tightly linked to the coordinated growth-stress response. Overall, the results indicated that better growth
performance and water status were associated with lower accumulation of stress-related biochemical
markers, whereas enhanced antioxidant and oxidative stress responses were coupled with reduced
growth under both salinity and drought stress.

The strong positive correlations between growth traits under both salinity and drought conditions
indicated coordinate suppression of water uptake, cellular expansion, nutrient transport, and photosyn-
thesis, resulting in simultaneous reductions in height, biomass, and root development, consistent with
patterns reported in cereals (Seleiman et al., 2021). The close relationship between antioxidant activity
(DPPH) and growth suggests a role for ROS detoxification in preserving cellular and growth stability
under stress conditions (Wang et al., 2024b). However, the weak relationships between chlorophyll con-
tent and germination or RWC suggested that other mechanisms may mediate reductions in pigment
content and initial seed responses.

Multivariate response patterns under salinity and drought

PCA revealed clear multivariate response patterns of sweet corn seedlings under both salinity and
drought stress, as illustrated in Figures 7 and 8. The first principal component accounted for the largest
proportion of variability under salinity and drought stress, at 82% and 83.7%, respectively (Figure 7(A,B)).
Dim1 explained most of the variation and was primarily associated with growth- and biomass-related
traits, including root length, fresh and dry weight, plant height, germination, leaf number, RWC, and
DPPH activity. In contrast, chlorophyll contributed more strongly to Dim2, indicating a response partly
distinct from other traits.
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Figure 8. PCA observation biplot illustrating the multivariate clustering of treatments under (A) salinity stress (0-150 mM
NaCl) and (B) drought stress (0-15% PEG), based on combined physiological and morphological responses. Arrows rep-
resent trait loadings, and sample positions indicate treatment clustering patterns based on similarities across variables.

Treatment ordination showed a clear dose-dependent along Dim1, with control treatments located at the
positive end, severe-stress treatments at the negative end, and intermediate treatments positioned between
them. Separation along Dim2 was influenced mainly by chlorophyll. Overall, PCA indicated that most traits
responded in a coordinated manner to increasing stress intensity, particularly growth, biomass, water status,
and DPPH activity. Chlorophyll showed a somewhat more independent pattern, suggesting that pigment
responses do not fully parallel other traits under stress conditions. The increasing separation between treat-
ments (S0-S3 and DO0-D3) along the principal component axes is consistent with reports that increasing
abiotic stress drives multivariate divergence from the control, reflecting cumulative effects on water status,
photosynthesis, and redox homeostasis (Hosseini et al., 2025). These results indicated that PCA effectively
summarized the major multivariate response patterns, with Dim1 representing coordinated variation in
growth and biomass-related traits and Dim2 capturing additional variation associated with chlorophyll.
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Although PCA and correlation analyses revealed coordinated physiological and biochemical responses
to salinity stress, a key limitation of this study is that ion accumulation was not directly measured.
Consequently, mechanisms related to Na* toxicity, K* depletion, and K*/Na* imbalance which are com-
monly implicated in salinity-induced growth inhibition remain inferred from the observed response pat-
terns and supporting literature rather than directly demonstrated in this study. Future studies incorporating
ion profiling or tissue-level elemental analyses would provide a more mechanistic understanding of the
jonic component of salinity stress in sweet corn seedlings.

Heatmap-based clustering of physiological responses to salinity and drought

The hierarchical clustering heatmaps separated treatments according to stress severity (Figure 9(A,B)),
with red indicating higher standardized trait values and blue indicating lower values. Under salt stress
(Figure 9(A)), the control treatment (0mM NaCl) displayed colors ranging from red to orange, indicating
higher levels of chlorophyll, antioxidant capacity, hydration status, and biomass. In contrast, 150 mM NaCl
displayed predominantly blue values, indicating pronounced decreases in all traits under severe salinity
stress, which may reflect both osmotic limitation and an additional ion-related component. The interme-
diate levels (50-100mM NaCl) range from yellow to light blue, indicating a gradual dose-dependent
decline. The same trend was observed under drought stress (Figure 9(B)), where 0% PEG displayed red,
representing maximal physiological values, and 15% PEG was predominantly blue, indicating strong inhi-
bition of hydration status, pigments, antioxidant capacity, and biomass.

These clustering patterns are consistent with reports that increasing salt and drought stress can simul-
taneously reduce several physiological traits, including photosynthetic performance, water status, antiox-
idant capacity, and biomass-related parameters (Ashraf & Harris, 2004; Chauhan et al.,, 2023). Studies in
maize and other cereals have similarly reported coordinated declines in chlorophyll content, RWC, bio-
mass, and antioxidant activity under stress, which can also be visualized using heatmap clustering
(Talebzadeh & Valeo, 2022). Thus, the heatmaps support a gradient-like response, in which deeper blue
values are associated with greater physiological impairment under the tested salinity and drought levels.
Although the clustering patterns provide clear evidence of coordinated physiological impairment under
increasing stress levels, the absence of exogenous regulatory treatments, such as biostimulants or plant
growth regulators limits the interpretation of potential mitigation mechanisms. Incorporating such treat-
ments in future studies would enable a more comprehensive understanding of plant adaptive strategies
and stress alleviation under salinity and drought stress.
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Figure 9. Hierarchical clustering heatmap of morphological, physiological, and biochemical traits of maize under salinity
and drought stress. (A) Under salinity stress (SO-S3) and (B) under drought stress (D0-D3). Color gradients represent
standardized values (z-scores), with red indicating higher values and blue indicating lower values across treatments.
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Conclusion

This study demonstrates that both PEG-induced drought and NaCl-induced salinity reduced early maize
seedling performance in a dose-dependent manner, primarily through osmotic stress, with salinity showing
a stronger effect due to an additional ionic component. Stress conditions reduced germination, growth,
chlorophyll content, and water status, while simultaneously increasing antioxidant responses that were
insufficient to prevent oxidative damage under severe stress. Multivariate analysis confirmed that growth,
biomass, and antioxidant traits were closely linked and declined together with increasing stress intensity.
These findings highlight the critical role of osmotic stress in early maize development and demonstrate
that enhanced antioxidant responses do not fully prevent oxidative damage under high stress conditions.
This underscores the need for improved stress-resilient crop management strategies, including the potential
use of biostimulants or plant growth regulators, to sustain productivity under climate variability, and to
support sustainable agriculture and climate adaptation goals (SDG 2 and SDG 13).
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