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ABSTRACT: The productivity of common bean (Phaseolus vulgaris L.), an economically important legume, is
severely hindered by drought stress. While melatonin (Mel) and methyl jasmonate (MeJA) are known to alleviate
abiotic stresses, their combined effects in mitigating drought-induced oxidative stress are unknown. Here, we
examined the synergistic effects of Mel and MeJA in alleviating drought-associated oxidative damage in common bean.
Compared with well-watered controls, drought stress caused a significant decline in plant biomass, photosynthetic
pigments, and photosystem II efficiency (Fv/Fm). Drought also significantly increased hydrogen peroxide (H2O2)
accumulation, which likely contributed to membrane lipid peroxidation, as indicated by elevated malondialdehyde
(MDA) levels. Furthermore, drought stress substantially suppressed the activity of antioxidant enzymes, including
catalase (CAT), peroxidase (POD), and glutathione S-transferase (GST). In contrast, application of exogenous Mel and
MeJA, particularly at 150 µM and 20 µM, respectively, significantly improved plant biomass, chlorophyll a (Chl a),
chlorophyll b (Chl b), and Fv/Fm relative to drought-stressed plants only. Notably, the combined treatment with
Mel and MeJA reduced H2O2 and MDA by 84.3% and 39.8%, respectively, while enhancing the activities of CAT
(by 106.2%), POD (by 97.7%), and GST (by 54.2%) compared to drought-stressed plants only. Multivariate analyses
further confirmed that Mel and MeJA effectively reduced the levels of H2O2 and MDA while enhancing antioxidant
defense. These results suggest that the combined action of Mel and MeJA enhanced antioxidant defenses, restoring
photosynthetic performance impaired by ROS in common bean. This synergy effectively mitigates drought-induced
oxidative stress, highlighting their potential to improve resilience and support sustainable bean production for global
food security.
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1 Introduction

Drought, a preeminent plant abiotic stressor, imposes catastrophic impacts on global crop production
and food security. Drought has been lowering the crop yields at an alarming rate, with projected yield losses
in arable lands up to 50% by 2050 [1]. Climate change exacerbated these losses through frequent, prolonged,
and severe droughts with lower rainfall across agroecological zones [2,3]. Plant attributes, including growth,
water and nutrient uptake, synthesis of photosynthetic pigments, and cellular and biochemical changes,
including enzymatic activities, are greatly affected by drought stress, compromising yield significantly [4,5].
Drought causes cellular dehydration, leading to further osmotic and oxidative stress [6]. Severe drought
stress in plants produces tremendous negative consequences on the plant’s photosynthesis by declining
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relative water content, stomatal conductance, intercellular CO2 concentration, transpiration rate, and
functions of photosystem II (PSII) in terms of reducing the performance of electron transport and maximum
quantum yield of PSII (FV/FM) [7]. However, drought triggers the development of reactive oxygen species
(ROS) in plants, such as singlet oxygen (1O2), superoxide radical (O2•−), hydrogen peroxide (H2O2), and
hydroxyl radical (•OH), which are the primary constraints for plant growth and development [8,9].

To counter drought, plants deploy an array of morpho-physiological strategies, including modulation of
root and shoot growth, water retention capacity, upregulation of photosynthetic pigments, and accumulation
of osmolyte proline [10]. Moreover, plants deploy phytohormones for enhancing stress responsive proteins
and antioxidant machineries (reviewed in [11]). Phytohormones play a crucial role in oxidative stress
by modulating antioxidant defense and redox homeostasis in plants [12]. However, they modulate and
orchestrate a complex signaling network by interacting with each other to enable the plant to survive
in an extreme environment [13]. Drought stress in plants triggers ROS, which accelerates the level of
lipid peroxidation product, malondialdehyde (MDA), enhances protein degradation, nucleic acid damage,
and impairs the integrity of cell membranes [14,15]. In contrast, plants could reduce the toxicity of
ROS by triggering a dynamic antioxidative defense system including enhanced activity of superoxide
dismutase (SOD), catalase (CAT), peroxidase (POD), ascorbate peroxidase (APX), and guaiacol peroxidase
(GPX) [16–18].

Melatonin (N-acetyl-5-methoxytryptamine) (Mel), a ubiquitous growth regulator, has been stipulated as
the potential modulator for plant growth, development, and abiotic stress acclimation processes, including
drought [19,20]. Mel acts as the antioxidant itself and could alleviate the harmful effects of ROS by regulating
other enzymatic and non-enzymatic antioxidants [21]. Exogenous application of Mel has been reported in
mitigating drought-induced oxidative damage of different crop species such as soybean [22], wheat [23],
maize [24], and mung bean [25]. Mel has also emerged as a potential phytohormones modulating abiotic
stress responses, including drought, by interacting and maintaining crosstalk with other phytohormones
like auxin (AUX), cytokinins (CK), gibberellic acid (GA), abscisic acid (ABA), salicylic acid (SA), and jasmonic
acid (JA) [13]. Alongside, methyl jasmonate (MeJA), a derivative of JA, can influence various processes of
plant growth and development under drought stress [26]. MeJA has been known to alleviate drought stress
by enhancing osmolyte proline, total protein, sugar content, and antioxidant activities [26]. MeJA also
conferred drought tolerance in cowpeas by improving different physiological parameters [27]. Although the
individual effects of Mel and MeJA are well known in drought tolerance, their interactive roles in drought
mitigation in crop plants, particularly in legumes, remain unknown.

Phaseolus vulgaris L., commonly known as French bean or common bean, belonging to the Fabaceae
family, is an annual bean species that has been cultivated as a popular legume crop across the globe [28].
The crop has been gaining popularity in South Asian countries, including Bangladesh, due to its potential
nutritional and dietary values. Despite having this potential, about 60% of the common bean production
area is greatly affected by prolonged drought worldwide [29]. Drought elicits profound morphological and
biochemical disruptions of common bean, destabilizing the sustainable production system in developing
countries. Even a short-term drought negatively affects the quality and yield of common bean [30]. More
specifically, flowering, pod-bearing ability, and number of seeds are greatly affected by drought [31–33]. The
country, like Bangladesh, where a dry climate persists in the winter season, shows a tremendous challenge
to common bean production. Alongside, the gradual depletion of groundwater reserves exacerbates the
growing condition. Therefore, exploring efficient drought tolerance strategies of common bean might
resolve the problems and increase productivity. Recent research has demonstrated that the combined
application of MeJA and salicylic acid (SA) enhances drought tolerance in common bean more effectively
than their individual treatments [10], underscoring the potential of synergistic growth regulator use in
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stress mitigation. However, the interactive role of MeJA with other drought-alleviating molecules, such
as Mel, remains largely unexplored. While our previous studies have indicated that both Mel and MeJA
contribute to drought responses in common bean [34], the mechanisms by which these molecules mitigate
drought-induced oxidative stress are still not fully understood. The potential synergistic effects of Mel and
MeJA in reducing drought-related oxidative damage in legumes have yet to be investigated. Therefore, this
study examined drought-stressed common bean plants treated with various Mel and MeJA combinations to
assess their effectiveness in alleviating oxidative damage through morpho-physiological, biochemical, and
multivariate analyses. We hypothesized that the co-application of Mel and MeJA would effectively mitigate
drought-induced oxidative stress to restore the growth of common bean.

2 Materials and Methods

2.1 Plant Materials, Growth Conditions, Treatment Combinations, and Collection of
Phenotypic Data

Common bean seeds (BARI Jharsheem-1) were procured from the Bangladesh Agricultural Research
Institute (BARI), Gazipur, Bangladesh. Ten healthy seeds were sown in plastic pots (25 cm × 20 cm),
maintaining uniform spacing in each pot with immediate light irrigation to ensure uniform germination.
Each pot was filled with 9.5 kg of soil with the required dozes of fertilizers, and cow dung to ensure
optimum fertility. The pots were subjected to ambient conditions (20–22◦C and 50–60% relative humidity)
by providing a shed to stop the interference of rainfall. Four uniform and healthy plants were retained
in each pot. 15-day-old seedlings were treated with foliar spray of different concentrations of Mel (50,
100, and 150 µM) and 20 µM MeJA, the concentration of which was previously validated in common
bean [10,34]. The plant, which was supposed to be only drought-stressed, was treated with the same
amount of distilled water. After foliar spray, the plants were exposed to drought stress by stopping normal
irrigation and maintaining 50% field capacity. The field capacity was maintained in the treated plants by
regular monitoring of the moisture content (%) of the pot’s soil (at 15 cm depth) at 3-day intervals, as
followed by Mohi-Ud-Din et al. [10]. The non-stress control plants were maintained by normal irrigation.
The second spray of Mel and MeJA was applied 3 days after the first application. A completely randomized
design (CRD) with three replications was set. Three plastic pots (replications) with 4 plants per each was set
for each treatment. Therefore, a total of 15 pots with 60 plants (treatments × replications × plants; 5 × 3 × 4)
was maintained. The treatment combinations were like T1; non stress control (C), T2; drought (D), T3; D +
M (Mel) 50 µM + J (MeJA) 20 µM, T4; D + M 100 µM + J 20 µM, and T5; D + M 150 µM + J 20 µM. The
phenotypic data were collected after 7 days of drought application when the plant showed drought effects
by the appearance of chlorosis, drooping, and yellowing. To determine the physiological and biochemical
assays, the fully matured leaves were collected. The collected leaf samples were either directly used for
biochemical assay or stored at −80◦C for further analyses.

2.2 Determination of Photosynthetic Pigments and Efficacy of Photosystem (PS) II

Photosynthetic pigments like chlorophyll a (Chl a) and chlorophyll b (Chl b) in the fully mature leaves
were evaluated using 80% acetone according to the approaches of Porra et al. [35]. The quantification was
done according to the formula of Lichtenthaler and Welburn [36]. In fresh leaf samples, the level of Chl
fluorescence in terms of maximum quantum efficiency of photosystem II (Fv/Fm) was measured according
to the method used by Yaghoubian et al. [37]. The minimum (F0) and maximum (Fm) fluorescence intensity
in leaves were recorded after 15 min of dark acclimation using the Junior pulse-amplitude modulated
(PAM) chlorophyll fluorometer (Heinz Walz GmbH, Effeltrich, Germany). The variable fluorescence (Fv)
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and maximum quantum yield of PSII (Fv/Fm) were calculated using the equations: Fv = Fm − F0 and
Fv/Fm = (Fm − F0)/Fm, respectively.

2.3 Measurement of H2O2 by Quantitative and Histochemical Assay, and Determination of Lipid
Peroxidation Product (MDA)

For the determination of H2O2, fresh leaf tissue (0.1 g) was extracted using 0.1% Trichloroacetic
Acid (TCA) solution. After centrifugation at 12,000 rpm for 15 min at 4◦C, the supernatant was mixed
with potassium iodide (1.0 M) and KP buffer (10 mM, pH 7.0) solution, followed by incubation at room
temperature for 30 min. Finally, the absorbance of the mixture was read at 390 nm, and the content of H2O2
was measured as µmol g−1 FW [38]. The histochemical assay of H2O2 precipitation in the damaged leaf was
followed by 3,3′-Diaminobenzidine (DAB) staining [18]. The amount of MDA was determined following
the procedure used by Siddiqui et al. [38] with slight modification. Briefly, the fresh leaf samples (0.1 g)
were crushed in 0.1% TCA, followed by centrifugation at 11,500 rpm for 15 min at 4◦C. The supernatants
were mixed with Thiobarbituric acid (TBA) solution (0.5%, prepared in 20% TCA). The resultant solution
was heated in a boiling water bath for 30 min at 95◦C, then cooled quickly in an ice bath to terminate the
reaction. Finally, the absorbance of the mixture was examined at 532 nm, and the content of MDA was
measured as nmol g−1 FW.

2.4 Analysis of Total Protein and Enzymatic Antioxidants

Total protein was extracted from a fresh leaf sample (0.3 g) using an extraction buffer comprised of
potassium chloride (100 mM), β-mercaptoethanol (5 mM), glycerol (10%), ascorbate (1 mM), and 50 mM
ice-cold K-P buffer (pH 7.0) and centrifuged at 11,500 rpm at 4◦C for 12 min. The protein concentration was
determined as mg g−1 using bovine serum albumin (BSA) as a standard and Bradford reagent [39]. The CAT
activity was measured according to Aebi [40]. The CAT activity was computed with an extinction coefficient
value of 39.4 M−1 cm−1 and calculated as µmol min−1 mg−1 protein. The methodology of Pütter’s [41]
was followed to quantify the POD activity. The absorbance was measured using a spectrophotometer at
470 nm by maintaining the reaction kinetics for a minute. The activity was measured using an extinction
coefficient, 26.6 mM−1 cm−1, and expressed as nmol min−1 mg−1 protein. Glutathione S-transferase (GST)
activity was measured by following the procedure of Ghosh et al. [17]. The absorbance was measured
using a spectrophotometer at 340 nm by maintaining the reaction kinetics for one minute. The extinction
coefficient of 9.6 mM cm−1 was used to calculate the GST activity. The activity was determined as nmol
min−1 mg−1 protein.

2.5 Statistical Analysis

The experiment was followed by Completely Randomized Design (CRD) with three replications.
Analysis of variance (ANOVA) was performed using the R program (R-4.1.0) for Windows (http://CRAN.R-
project.org/). Tukey’s Honestly Significant Difference (HSD) was followed for the mean comparison test.
For multivariate analysis, data were normalized using the z-score method in the R program. Pearson’s
correlation was done using the R program (https://cran.r-project.org/web/packages/corrplot/vignettes/
corrplot-intro.html, accessed on 01 September 2025). The library pheatmap was used for heatmap and
hierarchical clusters analyses [42]. The libraries like ggplot2, factoextra, and FactoMineR were used for
PCA analysis [43,44]. Robust Hierarchical Co-clustering was performed by following the methodology of
Hasan et al. [45].

http://CRAN.R-project.org/
http://CRAN.R-project.org/
https://cran.r-project.org/web/packages/corrplot/vignettes/corrplot-intro.html
https://cran.r-project.org/web/packages/corrplot/vignettes/corrplot-intro.html
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3 Results

3.1 Mel and MeJA Restore Plant Growth under Drought Stress

Since drought causes inhibition in plant growth, we measured phenotypic growth while the plants
treated with drought and drought with different combination of Mel and MeJA. Phenotypic appearance of
the plant was greatly affected by drought stress, which was partially recovered by the combined application
of Mel and MeJA (Fig. 1A). Drought affected plants showed significant impairment of growth. Shoot fresh
biomass (SFBM), root fresh biomass (RFBM), and total fresh biomass (TFBM) were significantly reduced by
84.6%, 85.4% and 84.7%, respectively, when compared to the non-stress control plant (Fig. 1B–D). Non-stress
control plants demonstrated the best performance in all the studied phenotypic characteristics. Exogenous
application of Mel and MeJA was found to enhance plant biomass where the most notable results were
observed with the treatment combination of D + M 150 µM + J 20 µM (Fig. 1). As compared to only
drought-stressed plants, SFBM, RFBM and TFBM were increased by 209.7%, 79.5% and 195.5%, respectively
by the treatment combination of D + M 150 µM + J 20 µM followed by 62.0%, 43.0%, and 59.9% by D + M
100 µM + J 20 µM (Fig. 1B–D). Although the treatment combination of D + M 50 µM + J 20 µM increased
little biomass but there was no significant difference when compared to only drought-stressed plants. The
results suggest that the combined application of Mel and MeJA could resume the growth of common bean
under drought stress.

Figure 1: Effects of combined application of melatonin (M) and methyl jasmonate (J) on the morphology and fresh
biomass of common bean plants under drought (D) stress. Phenotypic appearance of common bean seedling as
affected by the drought and combined application of growth regulators (A). Shoot fresh biomass (B), root fresh
biomass (C), and total fresh biomass (D) of the plants grown under non-stress control (C), drought stress (D), D + M
50 µM + J 20 µM, D + M 100 µM + J 20 µM, and D + M 150 µM + J 20 µM conditions. Vertical bars represent +/−
standard error (SE) values. Different letter(s) on the bar among the treatments denotes a significant difference at
p ≤ 0.001. Scale bar represents 1 cm.
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3.2 Mel and MeJA Repairs Plant’s Photosynthesis

Because drought reduces photosynthesis efficiency, we determined photosynthetic pigments in plants
treated with different treatment combinations. Significant variations were observed in Chl a and Chl b
content of common bean under different treatment conditions. The non-stress control plant showed the
highest content of both Chl a and Chl b as compared to other treatment combinations. The Chl a and Chl
b were reduced by 79.6% and 88.7% in drought-stressed plants as compared to non-stress control plants
(Fig. 2A,B). Exogenous application of Mel and MeJA increased the synthesis of Chl a and Chl b irrespective
of treatment combinations. As compared to only drought-stressed plants, those were increased by 266.6%
and 568.9% when the plants were treated with D + M 150 µM + J 20 µM (Fig. 2A,B). Subsequently, we
focused on the Chl fluorescence in terms Fv/Fm in the treated plants. Drought stress led to the reduction of
9.5% Fv/Fm value as compared to the control plant, whereas Mel and MeJA could restore up to 7.7% Fv/Fm
value as compared with drought-stressed plants only (Fig. 2C). The results indicate the potentials of Mel
and MeJA in restoring photosynthetic efficacy of common bean under drought stress.

Figure 2: Modulation of photosynthetic pigments and efficacy of photosystem II (PSII) in common bean exposed to
combined application of melatonin (M) and methyl jasmonate (J) followed by drought (D) stress. (A) Chlorophyll a
(Chl a), (B) chlorophyll b (Chl b), and (C) maximum quantum yield of PSII (Fv/Fm) in the plants grown under non-stress
control (C), drought stress (D), D + M 50 µM + J 20 µM, D + M 100 µM + J 20 µM, and D + M 150 µM + J 20 µM
conditions. Vertical bars represent +/− standard error (SE) values. Different letter(s) on the bar denotes a significant
difference at p ≤ 0.001 for Chl a and Chl b, and p ≤ 0.05 for Fv/Fm.

3.3 Mel and MeJA Reduces Drought-Induced Oxidative Damage

Since accumulation of ROS and thereafter lipid peroxidation products are the vital indicators for
oxidative damage, we quantified levels of H2O2 and MDA in the leaf of common bean subjected to different
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treatment combinations. Drought stress led to increase accumulation of H2O2 by 885.4% compared to
non-stress control (Fig. 3A). Consistently, drought stress induced tremendous tissue damage in the plant as
reflected by the 100% induction of the lipid peroxidation product; MDA (Fig. 3B). Exogenous application
of Mel and MeJA significantly reduced the incidence of H2O2 and MDA in drought-stressed plants. The
incidence of H2O2 and MDA were reduced by 84.3% and 39.8%, respectively in plants treated with D +
M 150 µM + J 20 µM compared to drought-stressed plants only. Those were also reduced by 76.5% and
17.0% by the treatment combination of D + M 100 µM + J 20 µM. To see the extent of H2O2 in the leaf, we
also supposed common bean’s leaf to the histochemical analysis by DAB staining and found deep brown
precipitation in the leaf treated with drought stress only as compared to non-stress control and plants
treated with D + M 150 µM + J 20 µM (Fig. 4). More or less similar pattern of H2O2 in the leaf of non-stress
control and plants treated with D + M 150 µM + J 20 µM reflects the reduction of oxidative damage by the
combined application of Mel and MeJA.

Figure 3: Effect of combined application of melatonin (M) and methyl jasmonate (J) on oxidative stress indicators
in common bean plant. The level of hydrogen peroxide, H2O2 (A) and lipid peroxidation product malondialdehyde,
MDA (B) in the plants grown under non-stress control (C), drought stress (D), D + M 50 µM + J 20 µM, D + M 100 µM
+ J 20 µM, and D + M 150 µM + J 20 µM conditions. Vertical bars represent +/− standard error (SE) values. Different
letter(s) on the bar denotes a significant difference at p ≤ 0.001 for H2O2 and p ≤ 0.05 for MDA.

3.4 Mel and MeJA Enhances Total Protein Content and Activity of Enzymatic Antioxidant

Because plants boost up cellular antioxidants to counter face drought effects, we determined the
enzymatic antioxidants in the plants treated with different treatment combinations. The activity of CAT,
POD, and GST were reduced by 63.9%, 56.2% and 54.3%, respectively, in drought-stressed plants as compared
to non-stress control plants (Fig. 5A–C). Exogenous application of Mel and MeJA significantly triggered the
activity of enzymatic antioxidants. As compared to only drought-stressed plants, the activity of CAT, POD,
and GST was increased by 106.2%, 97.7% and 54.2%, respectively, while treated with D + M 150 µM + J 20
µM. The activity of those was promoted by 57.8%, 87.8% and 13.9% when treated with D + M 100 µM + J 20
µM. (Fig. 5A–C). Although total protein (TP) content was little increased in drought affected plants, it that
was further triggered by 18.7% in D + M 150 µM + J 20 µM treated plants and 13.9% by D + M 100 µM + J
20 µM (Fig. 5D). The results indicate that both Mel and MeJA could upgrade enzymatic antioxidants to
destabilize excess ROS produced in drought-stressed common bean.
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Figure 4: Histochemical assay of hydrogen peroxide (H2O2) in common bean leaf by staining with
3,3′-diaminobenzidine (DAB). Brown spots indicate accumulation of H2O2 in the leaves of plants grown under
control, C (A), drought, D (B) and D + M 150 µM + J 20 µM (C) conditions. Circle indicates brown precipitation. Scale
bar represents 1 cm. M and J indicate melatonin ad methyl jasmonate, respectively.

Figure 5: Effects of combined application of melatonin (M) and methyl jasmonate (J) on the antioxidant defense
in common bean. The activity of catalase, CAT (A), peroxidase, POD (B), glutathione S-transferase, GST (C), and
total protein (D) in the plants grown under non-stress control (C), drought stress (D), D + M 50 µM + J 20 µM, D + M
100 µM + J 20 µM, and D + M 150 µM + J 20 µM conditions. Vertical bars represent +/− standard error (SE) values.
Different letter(s) on the bar denotes a significant difference at p ≤ 0.001 for CAT and p ≤ 0.05 for POD, GST and TP.
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3.5 Multivariate Analyses Demonstrate the Significance of Mel and MeJA in Repairing
Oxidative Damage

A correlogram was built to see the correlation among stress-responsive parameters studied in the
experiments (Fig. A1). The parameters like Chl a, Chl b, Fv/Fm, RFBM, SFBM, TFBM, CAT, and POD showed
positive correlation to each other as reflected by the intensity of blue color. Dark blue color indicated
strong positive correlation between the traits. Oxidative stress indicators like H2O2 and MDA showed a
strong negative relationship with most of the plant parameters, which were reflected by the intensity of
red color. Analysis of the heatmap demonstrated two distinct groups of the studied parameters and three
clusters of the treatment combinations used in this study (Fig. 6A). Group 1 included most of the studied
parameters like RFBM, SFBM, TFBM, POD, CAT, Fv/Fm, Chl a, and Chl b whereas, H2O2, MDA, TP, and GST
were included in group 2 (Fig. 6A). The non-stress control (T1) represented as cluster I and showed positive
regulation to most of the studied parameters except oxidative stress indicators. The intensity of red and
blue color reflected the extent of positive and negative regulation of the traits, respectively.

Although the treatment combinations of T4 (D + M 100 µM + J 20 µM) and T5 (D + M 150 µM +
J 20 µM) shared the same cluster (III), T5 produced more positive impacts to the parameters. However, this
combination strongly diminished the oxidative indicators like H2O2 and MDA. The cluster II comprised of
T2 (Drought, D) and T3 (D + M 50 µM + J 20 µM) showed negative consequences to most of the studied
parameters except H2O2, MDA, and TP. To validate the extent of regulation on the studied attributes
by different treatment combinations, we also performed Robust Hierarchical Co-clustering (rHCoClust)
analysis. The co-cluster analysis produced three column and three row clusters, respectively. The row
cluster was exactly alike to the results of pheatmap. The co-cluster graph depicted that T1 and T5 strongly
regulated most of the studied parameters as depicted by the intensity of black color (Fig. 6B). Along with
that, the biplot made by principal component analysis (PCA) showed that, the regulation of the traits was
followed by four principal components (PCs). Among those, principal component 1 (PC1) and principal
component 2 (PC2) contributed 95% of the total variability (Figs. 7 and A2, Table A1). The major contributor
was denoted as PC1, which accounts for 76.3% of the total variation. PC1 was followed by PC2, which
accounts for 18.7% of the total variation (Figs. 7 and A2 and Table A1).

The parameters like GST, POD, CAT, Fv/Fm, Chl a, Chl b, SFBM, RFBM and TFBM showed positive
contribution to PC1, whereas MDA, H2O2 and TP showed negative contribution to that PC. In contrast,
GST, POD, Fv/Fm, Chl a, and Chl b made major contribution to PC2. Among the treatment combination, T5
positioning in separate quadrate showed its positive contribution to PC1 along with control (C) treatment.
Whereas, T2 and T3 shared same quadrates and showing negative contribution to PC1. Thus, the results
of pheatmap, rHCoClust and PCA analysis clearly demonstrated that exogenous Mel and MeJA strongly
modulate the studied traits to diminish oxidative stress in common bean. However, more likely performances
of T1 and T5 in regulating biochemical parameters reflecting that the combined application of M 150 µM +
J 20 µM had best potential to alleviate drought-induced oxidative stress in common bean. Thus, our
multivariate analyses reflect positive interaction between Mel and MeJA while regulating drought-induced
stress markers.
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Figure 6: Heatmap and hierarchical clustering of the studied plant’s parameters of common bean treated with T1
(non-stress control, C), T2 (drought stress, D), T3 (D + M 50 µM + J 20 µM), T4 (D + M 100 µM + J 20 µM) and T5 (D +
M 150 µM + J 20 µM) (A). The intensity of red and blue color indicates positive and negative regulation, respectively.
Here, root fresh biomass, RFBM; shoot fresh biomass, SFBM; total fresh biomass, TFBM; peroxidase, POD; catalase,
CAT; maximum quantum yield of PSII, Fv/Fm; chlorophyl a, (Chl a); chlorophyll b, (Chl b); hydrogen peroxide, H2O2;
malondialdehyde, MDA; glutathione-S-transferase, GST and total protein, TP. Robust Hierarchical Co-clustering
analysis of the studied parameters (B). R in the treatment combinations indicates replication and R in cluster indicates
row. Intensity of black color in the hierarchical clustering indicates strong regulation by the treatment combinations.
C1, C2 and C2 indicate column cluster whereas R1, R2 and R3 indicate row cluster.
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Figure 7: A Principal Component Analysis (PCA) showing the relationship between treatment combinations and
observed parameters. Depending on their variation and divergence, plant parameters were categorized and distributed
in different ordinate axes. The intensity of color and length of the vectors represented the extent of contribution of
the studied parameters to PC1 and PC2. The angles between the vectors formed from the middle point of the biplots
indicate the positive and negative interactions of the parameters studied. Additional details are given in the caption
of Fig. 6.

4 Discussion

Drought is one of the most severe abiotic stresses, causing substantial reductions in plant growth
and sustainable productivity. Similar to other crops, drought markedly inhibited growth and biomass
accumulation in common bean (Fig. 1), consistent with the previous findings [46]. In the present
study, multivariate analyses clearly demonstrated the impact of drought-induced oxidative stress on the
morpho-physiological and biochemical traits of common bean (Figs. 6, 7 and A1). Exogenous application
of plant growth regulators, whether individually or in combination, has shown promise in alleviating
drought stress in various crops. For example, the combined application of Mel and JA has been reported to
enhance plant growth and yield under abiotic stresses, including drought [26,47–49]. These results align
with the observations of Mohi-Ud-Din et al. [10], who reported improved growth and development of
French bean under drought through both individual and combined application of Mel and SA. In our study,
Mel and MeJA treatments similarly enhanced biomass accumulation in drought-stressed plants, further
confirming the beneficial effects of their combined application in partially restoring common bean growth
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under drought conditions (Fig. 1). Drought has tremendous impacts in reducing photosynthesis capability
in terms of impairing biosynthesis of photosynthetic pigments [50]. This study showed decreased Chl
content and a lower level of maximum quantum yield of photosystem II (PSII) in terms of reduced Fv/Fm
ratio, reflecting the suppression of Chl biosynthesis and PSII functioning in common bean under drought
stress. Consistently, reduced synthesis of photosynthetic pigments under drought stress was supported by
the previous studies with French bean [10,46]. Impairments of the synthesis of pigments could be happened
by the photo-oxidation of pigment molecules led by excessive ROS [51]. Sole and combined application
of Mel and JA have been shown to improve photosynthetic pigments and gas exchange parameters of
different crop plants under a variety of environmental stresses [26,47,49,52]. Consistently, our findings
showed significant induction of Chl a, Chl b, and Fv/Fm ratio in drought-stressed common bean plants by
co-application of Mel and MeJA (Fig. 2), reflecting the potentials of those growth regulators in protecting
photosynthetic machineries. Despite the sole application of JA or Mel could mitigate abiotic stresses, the
combined application of those performed better in many cases. For instance, collective application of
Mel and JA demonstrated significant recovery of plant’ photosynthesis under heat stress [53]. Further, JA
and Mel in co-application significantly boosted the Chl synthesis in tomato under chromium stress [52].
Likely, MeJA in combination with SA repaired the synthesis of Chl pigments under drought stress [10].
The enhanced photosynthetic performance observed with Mel and MeJA treatment can be attributed to
improved functionality of the photosynthetic apparatus, activation of key enzymes, and increased PSII
efficiency, as reflected by the higher Fv/Fm ratio in Mel + MeJA-treated drought-stressed plants (Fig. 2C).
Similarly, significant upregulation of PSII-associated genes (psbA and psbB) reported in heat-stressed wheat
following exogenous Mel and JA application [47] supports our findings, where Mel + MeJA treatment
elevated PSII efficiency under drought conditions.

Along with that, excess generation of ROS and synthesis of antioxidant enzymes are crucial to maintain
redox balance under drought stress [10]. Drought-induced enhancement of H2O2 and MDA was recorded
previously in a variety of crop plants, including common bean [10,46], soybean [54], mustard [55], and
maize [56]. The findings of those are well corroborated by this finding where drought showed significant
increment of ROS and MDA in common bean (Fig. 3). Although sole application of JA or Mel was found to
reduce the regeneration of ROS under heat stress [53], the combined application of those produced better
performances under drought stress in this study. Sole application of MeJA also showed comparatively lower
performance in mitigating drought stress than combined application of MeJA and SA [10]. In complement
to those, this findings regarding Mel + MeJA-mediated significant reduction of H2O2 and MDA reflecting
the potentials of these growth regulators in mitigating oxidative damage in drought-affected common bean.
The histochemical localization of H2O2 further confirmed the minimization of oxidative damage by those
growth regulators in plants (Fig. 4). Our clustered correlogram and PCA analysis presented compelling
evidence of the strong interrelationship among Mel + MeJA co-treated plant’s parameters (Figs. 6 and A1).

To combat excessive ROS accumulation, plants enhance the activities of enzymatic antioxidants—an
inherent and evolutionarily conserved defense mechanism across terrestrial plants [17]. Among these
enzymes, SOD serves as the first line of defense, followed by CAT and POD. Glutathione S-transferases
(GSTs) also constitute a large and diverse enzyme family linked to enhanced tolerance against various abiotic
stresses [57]. In this study, the activities of CAT, POD, and GST were markedly reduced under drought stress
(Fig. 5A–C), consistent with earlier reports [10,17,58]. This decline likely results from ROS-induced damage
to micro- and macromolecules, including vital enzymes. Previous studies have shown that exogenous
application of Mel and JA can stimulate antioxidant enzyme activity under heat stress [53]. Similarly,
MeJA and SA were reported to enhance antioxidant activities in French bean under drought, although their
individual effects were not statistically significant [10]. Such improvements occur because phytohormones
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upregulate the expression of genes encoding antioxidant enzymes during stress. For example, melatonin
induces the expression of APX1, APX2, CAT1, FSD1, CuZnSOD, and MnSOD under salt stress [59], while
MeJA regulates genes encoding APX, CAT, and POD, thereby reducing oxidative damage [60]. Mel and
JA have been widely reported to enhance antioxidant enzyme activities, helping plants neutralize excess
ROS generated under various stress conditions [26,49,59]. In this study, the comparable activities of CAT,
POD, and GST observed between non-stressed controls and Mel + MeJA-treated plants suggest that these
phytomolecules effectively restored the drought-induced oxidative damage. This was further supported by
the higher total protein content observed in drought-stressed plants treated with Mel andMeJA. Multivariate
analyses reinforced these findings, showing that enzymatic antioxidants play a central role in suppressing
ROS accumulation by reducing H2O2 and MDA levels (Figs. 6 and 7). Such effects likely result from the
synergistic interactions between Mel and MeJA under drought stress. Although previous studies have
reported synergistic crosstalk between Mel and JA in regulating drought tolerance [60], the molecular
mechanisms underlying their interaction remain largely unknown. Transcriptomic evidence indicates that
Mel-responsive genes under drought stress are predominantly associated with glutathione metabolism,
calcium signaling, and JA biosynthesis [61]. Furthermore, Mel-induced upregulation of JA biosynthetic
genes such as LOX1.5 and LOX2.1 supports this link [60]. Conversely, JA has been shown to induce Mel
biosynthesis genes (SlSNAT and SlAMST ) in tomato under cold stress [62], suggesting a positive feedback
loop between Mel and JA signaling during abiotic stress responses.

Among known growth regulator interactions, the strongest synergisms have been observed between
Mel + SA and Mel + JA [13]. Mel + SA enhances stress tolerance by improving osmotic adjustment,
maintaining redox homeostasis, promoting nutrient uptake, elevating polyamine levels, enhancing carbon
assimilation and photosynthesis, and reducing methylglyoxal accumulation [10,63–65]. In contrast,
Mel + JA synergy primarily functions through mutual enhancement of biosynthetic gene expression,
improved osmotic regulation, and stabilization of photosynthetic pigments [34,60,62]. Whether Mel +
MeJA co-application influences these biosynthetic pathways under drought in common bean remains
to be determined. Recent findings in wheat have shown that Mel + MeJA protect against heat stress
by synergistically activating antioxidant enzymes, optimizing ethylene biosynthesis, enhancing sulfur
assimilation, and strengthening the ascorbate–glutathione (GSH) cycle [47]. This highlights the diverse
stress-mitigating potential of the Mel + MeJA combination. In our study, Mel + MeJA treatment
alleviated drought-induced oxidative stress in common bean by maintaining redox balance and enhancing
photosynthetic pigment levels (Fig. 8). However, whether this involves regulation of ethylene biosynthesis
and GSH metabolism warrants further investigation. Alongside, both Mel- and MeJA-mediated stress
responses are closely linked to ABA signaling and the activation of stress-responsive transcription factors
such as WRKY, AP2/ERF, MYB, and NAC [61,66–68]. This suggests that co-application of Mel and MeJA
may regulate drought responses through phytohormonal and transcriptional networks. It is likely that Mel
+ MeJA mitigates drought-induced oxidative stress through multifaceted mechanisms involving crosstalk
with other hormones, enhanced antioxidant enzyme activity, improved osmotic balance, and upregulation
of hormone biosynthesis and stress-responsive genes. Nevertheless, further studies are needed to elucidate
how Mel and MeJA co-regulate the expression of genes related to photosynthesis, ROS metabolism, and
antioxidant defense in drought-stressed common bean.
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Figure 8: Thematic model illustrating how combined melatonin (Mel) and methyl jasmonate (MeJA) treatment
alleviates drought stress in common bean. Under drought conditions, Mel- and MeJA-treated plants exhibit enhanced
antioxidant activity and reduced reactive oxygen species (ROS) accumulation. This coordinated response helps
maintain redox homeostasis and photosynthetic efficiency, leading to partial recovery of plant growth under
drought stress.

5 Conclusions

Drought stress in common bean significantly reduced biomass, Chl content, and PSII efficiency while
elevating H2O2 and MDA levels, indicating oxidative damage. Exogenous Mel and MeJA treatments
alleviated these effects by enhancing photosynthetic performance, lowering oxidative markers, and boosting
antioxidant enzyme activities (CAT, POD, and GST). Multivariate analyses confirmed their protective
roles, with the combination of 150 µM Mel and 20 µM MeJA showing the highest efficacy. Overall,
the co-application of Mel and MeJA effectively mitigated drought-induced oxidative stress and partially
restored plant growth, offering a promising approach to improve drought resilience in legumes and support
sustainable bean production. Future field trials, along with phytohormone profiling, transcriptomic, and
proteomic analyses, are warranted to elucidate the molecular mechanisms underlyingMel +MeJA synergism
under drought stress.
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Appendix A

Figure A1: Pearson’s correlation analysis representing the relationship between studied parameters. Blue color
indicates positive correlation between two parameters where deep blue color reflects strong positive relationship.
Blank indicates insignificant relationship between the parameters. Additional details are given in the caption of Fig. 6.
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Figure A2: Scree plot representing the contribution of four principal components where principal component 1 (PC1)
and principal component 2 (PC2) showed 76.3% and 18.7% of total contribution, respectively.

Table A1: Eigen values, variances (%), and cumulative variance (%) of the principal component analysis (PCA) using
studied parameters.

Dimensions or Principal Components Eigen Values Variance (%) Cumulative Variance (%)

Dim. 1 9.16 76.3 76.3
Dim. 2 2.2 18.7 95.0
Dim. 3 0.5 4.0 99.0
Dim. 4 0.1 1.0 100.0
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