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Introduction

Global agriculture is seriously threatened by drought stress, especially in arid and semi-arid areas where crop production is already low. Okra (Abelmoschus esculentus L.), a nutritionally beneficial yet underutilized crop, experiences considerable productivity and quality losses. Plant cellular activities are modulated by light quality, which impacts stress adaptation. To increase okra productivity and stress resilience, this study attempts to optimize the performance of drought-resilient rootstocks under various spectral light conditions.





Methods

Two okra genotypes, NS 7772 and NS 7774, were evaluated in this study under drought conditions with two light spectra: red: blue: white (R: B) light-emitting diodes (LEDs) and white light (WL).





Results and discussion

Infrared thermographic images showed lower canopy temperatures, indicating increased water content under R:B light conditions. NS-7774 exhibited improved drought tolerance confirmed by decreased malondialdehyde (MDA) levels and enhanced antioxidant enzyme activity. Metabolic stability was indicated by preserved photosynthetic protein complexes and stress-responsive polypeptides in the thylakoidal multiprotein complex profiling. Nutrient preservation was validated through SEM-EDAX analysis, assessments of chlorophyll, total soluble protein, isoenzyme patterns, and antioxidant activity (CAT, SOD, APX, GPOX). Multivariate analysis highlighted six critical factors contributing to resilience. These results demonstrate that combinational spectral light modifications can greatly increase the tolerance of okra to drought. The superior performance of NS 7774 under R:B light conditions suggests the potential suitability of NS 7774 for cultivation in drought-prone zones of India.
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1 Introduction

The National Centre for Environmental Information’s annual report states that, in 2024, 2.32 degrees Fahrenheit was the average surface temperature worldwide, leading to increased abiotic stressors for crops (World Meteorological Organization, 2025). Indeed, these are the primary causes of crop failure globally, reducing average yields for the majority of important crops by over 51%–82% (Kopecka et al., 2023). Around 9% of the world’s land is affected by drought (Minhas et al., 2017). Drought events have become more frequent and intense in recent years due to the ongoing increase in global temperatures (Zhou et al., 2024). Okra (Abelmoschus esculentus) is a nutrient-dense vegetable that contains dietary fiber, mucilage, essential amino acids (like lysine and tryptophan), and linolic acid. It contains essential vitamins (A, B-complex, and C) and minerals (calcium, magnesium, iron, and potassium). Okra, which is high in polyphenols and flavonoids, has strong anti-cancerous, antidiabetic, and antioxidative properties (Elkhalifa et al., 2021). India tops the table in okra production with more than seven million tons and one thousand (Int$) gross value in 2023 (FAOSTAT, 2025). With almost two-thirds of its land susceptible to drought, India is extremely vulnerable. However, Kenya tops in export quantity (>15,000t) and quality, with export value of up to 44,039 in 2023 (FAOSTAT, 2025). The yield is decreased when bhendi is grown during hot and dry seasons because it experiences flower drop and premature fruit drop (Elkhalifa et al., 2021). Therefore, in order to create better and climate-resilient crops and implement strategies to address changing climatic circumstances, a mechanistic understanding of abiotic stress in global agriculture is essential (Minhas et al., 2017).

Grafting modulates a plant’s physiological and molecular/cellular strategy, can activate DREB, NAC, and WRKY, which regulate protective mechanisms including antioxidant enzyme activity and osmolyte accumulation (Erpen et al., 2018; Yu et al., 2021). Under water deficit conditions, grafted plants’ increase the production of ABA, proline, soluble sugars, and polyamines aids in osmotic adjustment, ROS detoxification, and better stomatal regulation (Erpen et al., 2018; Markus et al., 2025). Additionally, effective hydraulic conductivity and hormonal signaling are supported by the rootstock–scion interaction (dos Santos Severino, 2015; Wang et al., 2021). Finding the right rootstock is essential to increasing graft success during drought (Zhao et al., 2022; Bondok et al., 2022). Hence, grafting, underpinned by molecular-level rootstock selection, is an eco-efficient strategy to enhance drought resilience in crops like okra. However, Graft incompatibility, disease susceptibility, environmental sensitivity, and the requirement for expert labor are some of the major obstacles in grafting. Successful graft establishment and crop performance are further hampered by inadequate vascular connection, hormonal imbalance, and restricted access to training and ideal healing circumstances (Suresh and Muneer, 2025).

Light-emitting diodes (LEDs), such as Blue, red, and far-red wavelengths, influence important genes, including CRY, PHOT, PHYA, PHYB, and PIFs, which in turn promote callus development, cell division, and vascular differentiation (Khan et al., 2025: Sharma et al., 2021). LED light promotes auxin-mediated cell differentiation and photosynthesis, whereas blue light boosts photomorphogenesis and secondary metabolite synthesis (Han et al., 2025; Shahzad and Gul, 2025; Xu et al., 2018). Transcription factors, electron transport proteins, and genes encoding chloroplast components have been found to be important targets for improving photosynthetic efficiency and stress tolerance in vegetables (Theeuwen et al., 2022). Additionally, LED lighting technology’s environmental optimization offers more chances to optimize plant performance. In particular, it has been demonstrated that red LED light at 660 nm and blue LED light at 435–450 nm improve stomatal conductance, chlorophyll synthesis, and total biomass accumulation in lettuce and other vegetable crops (Alrajhi et al., 2023). In order to coordinate the physiological processes essential for the development and healing of graft unions, this study uses light-driven signals interacting with hormones such as auxin, cytokinin, gibberellin, ethylene, and jasmonic acid to improve grafting efficiency and healing. Through phytochrome signaling, red light performs a major role in drought adaptation. Phytochromes regulate PIN-mediated auxin transport to reinforce root extension while concurrently increasing NCED-dependent ABA production and encouraging more decisive stomatal closure (Ren et al., 2023). Plants can access reduced soil moisture reserves and maintain physiological activity during extended stress by using deeper rooting as an avoidance strategy when exposed to red light. Far-red radiation influences phytochrome photo equilibrium and increases root: shoot ratios, improving carbon allocation toward root biomass, a trait associated with higher water uptake efficiency (Gul et al., 2025; Chen et al., 2024). These interactions suggest that white light provides crucial background spectral information that sustains circadian and photosynthetic homeostasis during stress.

The current research aids in optimizing various light spectrum potentials in identifying drought-resilient rootstocks in okra. The study investigates the effect of spectral quality (red:blue: white R:B vs. full-spectrum white light-WL) on photosynthetic performance in two okra genotypes, NS 7772 and NS 7774. By integrating physiological, biochemical, proteomic, and image analyses, the research aims to optimize spectral light-driven graft healing and identify drought-resilient rootstocks. The outcomes of this work offer valuable insights for enhancing okra cultivation in drought-prone environments through grafting and light spectrum management.




2 Materials and methods



2.1 Plant material, spectral composition, and experimental design

The experiment was conducted in an automated walk-in growth chamber (LABTOP: LGC-60WP). The cycle was maintained at 25°C and 70% humidity in the plant growth chamber. The Photon flux densities with wavelengths of 380–730 nm and 360–780 nm were 55–58 mol/cm/s and 75–77 μmol/cm/s, respectively, for red: blue: white (R: B) and white light (WL) lighting systems. For R: B planting, the light intensity was set to 3000 ± 50 lux, and the LED light ratio was White: Red: Blue 5:4:1. The plants for morphological observations were grown in trays, and for biochemical assessments, individual pots per plant were used. Red soil, sand, and vermi-compost were combined in a 1:1:1 ratio to create the potting mixture. Each of the protray cells (10.9*10.9 cm) holds 400 g of pot mix (Figure 1a).

[image: Control and stressed plants in growth chambers over ten days with white and red-blue-white light conditions. Top panels show plant growth on Days 5 and 10. Bottom panels display corresponding thermal images with varying temperature scales indicating stress effects.]
Figure 1 | (A) Completely randomized experimental design setup at white fluorescent light system and multi-spectrum LED light system at controlled climatic conditions with Relative humidity of 65% and temperature of 25 degrees (B) Infrared thermographic images depicting elevated canopy temperature distribution indicate reduced transpiration and relative water content during day 5 and day 10 of drought stress.

The research study used a completely randomized design (CRD) with two distinct light spectral combinations: 100% white fluorescent light (WL) and 4:1:5 red, blue, and white (R: B) light. Two distinct okra genotypes (purchased from certified government seed vendor, Namdhari Seeds Pvt. Limited, Vellore), viz, NS7774 and NS7772, were sown (seed rate: one per portray cell) under each lighting system and divided into two groups: stressed (treated with drought) and control (scheduled irrigation). At the vegetative stage (20 days after sowing), drought treatment was given by withholding of water, and leaf samples were collected after day 5 and day 10 of stress and immediately frozen in liquid N2 and stored in a deep freezer at -80°C for further biochemical and proteomic experimental analysis. Two sets of 240 pots were created from a group of 480 pots that had been filled for germination (pH-5.2-6.3; EC- 0.8–2 Ds/m; refer toSupplementary Figure 2. Each set was exposed to separate R: B and WL light with 16 hours of photoperiod and 8 hours of darkness. A total of 120 protrays cells with four replicates were assigned control and stressed under R: B and WL light spectrum for morphological and physiological experiments. For all the experiments, analytical and molecular-grade chemicals were used with three biological replicates for proteomic studies and four biological replicates for biochemical experiments. For overall study control plants (NS 7774 and NS 7772 grown under both light spectrums) represents positive control. Whereas, control plants (NS 7774 and NS 7772) grown under only white light (WL) represents negative control. The severity of drought stress conditions were observed based on the weight of trays and morphological observations (dried leaves) and also confirmed by raise in EC levels (Supplementary Figure 2).




2.2 Morphological and photosynthetic observations

For ten days in consecutive days, all of the potted crops were treated under regulated and drought-stressed conditions, and their morphology was regularly observed and photographed using FLIR-TG165-X (Thermal Imaging Inspection Camera) (Figure 1). The individual plant morphology is represented in Supplementary Figure 2. Using established procedures, the morphological parameters such as fresh weight, dry weight, root and shoot length were meticulously measured. The plants and their roots were removed from the pots, thoroughly cleaned with distilled water, and then weighed on a computerized weighing balance to ensure precise measurements for the fresh weight. Using a ruler, the length of the root and the shoot standard was determined, and the results were documented. The stem girth was estimated using a vernier calliper. Photosynthetic parameters, such as net photosynthetic rate, stomatal conductance, and transpiration rate, were measured using the portable SPAD (Konica Minolta, Tokyo, Japan).

Using Heath and Packer (1968) thiobarbituric acid reactive substances (TBARS) assay, the amount of malondialdehyde (MDA) was determined. In a mortar and pestle that had been chilled, 500 mg of fresh leaf material and 5 ml of 0.1% tri-chloroacetic acid (TCA) were pulverized together. For ten minutes, the homogenate was centrifuged at 329 xg. A separate test tube was filled with 4 mL of 0.5% TBA and 1 mL of supernatant, then incubated for 30 minutes at 95°C in a boiling water bath. A UV spectrophotometer was used to measure absorbance at 532 nm and 600 nm after the reaction was swiftly stopped on ice. Proline estimation was carried out by homogenizing 0.3 g of fresh leaf samples with 3 mL of 3% aqueous sulfosalicylic acid. The tubes with the homogenized materials were centrifuged for 10 minutes at 4°C at 117 xg using a NEYA 16 R REMI. Following centrifugation, two milliliters of acid ninhydrin solution (which contained ortho-phosphoric acid and glacial acetic acid) and two milliliters of glacial acetic acid were added to around two milliliters of supernatant. The mixture was then incubated at 95°C in a boiling water bath. To stop the further reaction, the test tubes were submerged in an ice bath after 60 minutes. Each test tube was filled with 4 milliliters of toluene after it had been allowed to cool to room temperature. Using a UV spectrophotometer and toluene as a blank, the absorbance of each mixture was measured at 520 nm (Razi and Muneer, 2023). The MDA content was calculated using Equation 1.

MDA content(nmol
gm

FW)=(A532−A600)*volume*1000
155

*fresh wt





(1)




2.3 Water status and transport

Barrs and Weatherley (1962) is used to calculate the Relative Water Content (RWC). The leaf samples’ fresh weights were recorded as fresh weight (FW) as soon as they were cleaned with distilled water. These samples were then immersed in distilled water for two hours, and their weight was recorded as turgid weight. Following a 24-hour drying period at 65°C in a hot air oven, the leaf samples’ dry weight (DW) was determined. The relative water content % (RWC) was calculated using the Equation 2,

Relative water content (%)=Fresh wt.−Dry wt.
Turgid wt.−Dry wt.

*100





(2)

Samples of fresh plants were pulled and thoroughly cleaned. After being fixed for five to six hours in a 0.1% safranin, they were washed with water. Using a sharp surgical razor blade, the stem of each genotype was divided into transverse sections, which were then examined using a dark field and phase contrast microscope (model: MT4300L, MEIJI TECHNO CO., LTD., Kyoto, Japan).




2.4 Antioxidant enzyme assay and their native PAGE profiling

The antioxidant enzyme assays were followed according to Venkat et al. (2023) with slight modifications. For ascorbate peroxidase (APX) (EC 1.11.1.11) and catalase (CAT) (EC 1.11.1.6) enzyme extraction, a 50 mM sodium phosphate buffer with 1 mM EDTA was prepared after combining 0.05% Triton X100 and 2% polyvinylpyrrolidone (PVP). For APX activity, 0.2 g of the leaf sample was homogenized using 2 ml of extraction buffer. The ground samples were centrifuged for 25 minutes at 4°C and 1624 xg. Next, 600 μl of reaction buffer containing 0.1M KH2PO4 and K2HPO4, 100 μl EDTA, 100 μl ascorbate, and 100 μl 3 mM H202 to 0.1 ml of supernatant. By measuring the absorbance at 290 nm for three minutes at 30-second intervals, the drop in ascorbate content was quantified (E = 2.8 mM−1 cm−1). For visualizing the isoenzyme patterns of each antioxidant enzyme, native PAGE profiling was carried out for APX, CAT, sodium oxide dismutase (SOD) (EC 1.15.1.1) and glutathione peroxidase (GPOX) (EC 1.11.1.9) following Razi and Muneer (2023), with slight modifications. For APX, 200 mg of fresh leaf material was homogenized with 2ml of extraction buffer (pH 7.8) containing 50mM potassium phosphate buffer, 1mM EDTA, 1mM phenylmethylsulphonyl fluoride (PMSF), 5mM ascorbate and 2% polyvinylpyrrolidone (PVP). Later, it was centrifuged at 3654 xg for 25 mins. The homogenized drought-stressed and control samples with replicates were considered for the study, each taken in a 3:1 ratio (sample: dye) for APX and CAT. The dye includes 240 mM of Tris-HCl, 40% of glycerol and 5% of bromophenol blue in 10% and 4% of resolving/separating and stacking buffer, respectively. For around three to four hours, the electrode buffer (pH 8.3) with 25 mM Tris-base and 192 mM glycine was kept at 4°C and 80 V. The gel was equilibrated with 50 mM phosphate buffer (pH 7) and 20 mM ascorbate for 30 minutes. Later, incubated with a solution containing 50mM phosphate buffer, 4mM ascorbate and freshly prepared 2mM H2O2 for 20 mins. Later washed with phosphate buffer for a minute (pH 7) and later stained with a solution containing 50 mM phosphate buffer, 1 mM of EDTA, 33.2 µm of riboflavin, 0.2% of TEMED, and 0.245 mM nitro blue tetrazolium chloride (NBT) for 15 minutes. After that, the gel was exposed to light in distilled water for roughly five minutes. The distilled water was thrown away as soon as the bands appeared, and the gel was submerged in 6% acetic acid to stop the reaction. A trans-illuminator was used to further visualize the bands with isoforms.

The catalase (CAT) enzyme activity was measured by homogenizing 0.2 g of leaf material with 2 ml of 0.5 M extraction buffer (pH 7.5), which contained 1% PVP, Triton-X100, K2HPO4 (dibasic potassium phosphate), KH2PO4 (potassium dihydrogen phosphate), and 1 mM EDTA (ethylene diamine tetra acetic acid). The ground samples were centrifuged for 20 minutes at 4°C and 2745 xg. The supernatant was then extracted independently. Around 600 μl of 0.05 M reaction buffer containing phosphate buffer with pH 7.3 was added along with 200 μl of enzyme extracts. Ultimately, a total volume of 1 ml was achieved by manually mixing 3 mM of H2O2 while measuring absorbance. At 30-second intervals, the absorbance was measured for three minutes at 240 nm (E = 39.4 mM− 1 cm−1). The activity of the superoxide dismutase (SOD) enzyme, a 0.2 g sample of fresh leaves was taken and homogenized using a pre-cooled mortar and pestle with 2 ml of 0.5M extraction buffer containing phosphate buffer (K2HPO4 (dibasic potassium phosphate), KH2PO4 (potassium dihydrogen phosphate) (pH 7.5), 1% of PVP (polyvinyl pyrrolidone), 1% of Triton-X 100, and 1 mM EDTA. The supernatant was obtained by centrifuging the ground materials for 15 minutes at 3654 xg and 4°C. The supernatant was combined with 1.5 ml of reaction buffer that contained distilled water, 200 mM methionine solution, 2.25 mM NBT solution, 3 mM EDTA, 60 μM riboflavin, 0.1 M sodium carbonate, and 0.1 M phosphate buffer (pH 7.8). One set of this mixture was incubated at ambient temperature in a dark environment, and the other set was incubated for ten minutes under the light of a 15 W fluorescent lam Except for the enzyme extract, a blank was kept in both situations. At 560 nm, the sample’s absorbance was measured. A unit of enzyme activity, measured in enzyme mg−1 protein h−1, is equivalent to the percentage decrease in color. The extraction buffer containing 100mM phosphate buffer (pH 7.8), 1mM EDTA, 3mM dithiothreitol, 5% PVP was homogenized with 500mg of tissue. Later, were centrifuged at 1790 xg for 30 mins. The sample to dye ratio was 2:1. The same sample was used for staining SOD and CAT isoenzyme Patterns. For SOD, a native gel of 15% resolving and 4% stacking gel was prepared. After the gel ran for 3-4hrs at 70V, the gel was stained with 50mM phosphate buffer, 1mM EDTA, 33.2 μm riboflavin, 0.2% TEMED, 0.245 μm NBT solution for 30 min. For CAT, native gel of 10% resolving and 4% stacking was prepared, followed by immersing the gel in 3.27 mM H2O2 for 25 mins. Later, the gels were washed with distilled water for 2–3 seconds and again stained with 1% Potassium ferrocyanide (K3Fe(CN)6) and Ferric chloride solution. The SOD native gel was irradiated in light after staining for 5 mins in distilled water and then visualized in UV transilluminator and preserved in 6% acetic acid solution. For GPOX staining, native gel of 12% resolving and 4% stacking was prepared. After the gel runs, the gel was soaked in 50mM Tris-HCl buffer (pH 6.8) for 10 mins followed by staining in 50mM Tris-HCl buffer (pH 6.8), 0.46% (v/v) guaiacol and 13mM H2O2. Once the bands were visible prominently, the photograph was documented.




2.5 H2O2 and O2- In-situ localization

All of the fresh leaf samples were placed in petri plates containing a 1% solution of 3,3-diaminobenzidine (DAB) in Tris-HCl buffer (pH 6.5) to detect H2O2 localization. This was followed by a 5-minute vacuum infiltration and a 16-hour dark incubation period at room temperature. In order to characterize the reaction of DAB (3,3-diaminobenzidine) with H2O2, leaves were submerged in ethanol for the bleaching process and then maintained in a hot water bath at 65°C until brown stains developed. Fresh leaves were obtained and submerged on petri plates filled with a 0.1% solution of nitro blue tetrazolium (NBT) in K-phosphate buffer (pH 6.4) containing 10 mM Na-azide to detect O2.- After five minutes of vacuum infiltration, illumination was continued until the dark blue spots, which are indicative of blue formazan precipitate, appeared. The leaf samples were bleached in boiling ethanol and then photographed as previously mentioned.




2.6 Stomatal structure analysis using SEX-EDAX

The leaves’ thin outermost layer was carefully removed and put on the glass slide. A cover slip was placed over a few drops of food coloring agent and distilled water for examination at 10x and 40x magnifications using a phase contrast microscope (model: MT4300L, MEIJI TECHNO CO., LTD., Kyoto, Japan). On the fifth and tenth days of treatment, fresh plant samples were collected, and the fresh leaves were then sliced to a <1 cm square so that the stomatal structure could be examined. The leaves were then fixed for two to three hours at a pH of 7.4 in the first fixative solution, glutaraldehyde. The samples were dehydrated using an ethanol series ranging from 95% ethanol to 50% ethanol as the next step, once the fixation was completed. The following step involved utilizing a scanning electron microscope (model: EVO-18 Research, Carl Zeiss, United States of America) to visualize the stomata’s structure. Energy dispersion X-Ray Spectroscopy was carried out to understand the stomata’s and the surrounding cells’ elemental makeu This integration proves beneficial in the investigation of stomatal functionality, responses to environmental alterations, and the effects of drought treatments on plant morphology.




2.7 Proteomic profiling using BN-PAGE

The phosphate buffer was used to homogenize 500 mg of fresh leaf samples. Centrifugation was carried out at 1624 × g rcf for 20 minutes at 4°C following enzyme extraction, and the resulting supernatant was collected for protein and enzyme tests. The Bradford test was used to obtain the standard curve, and the enzyme aliquot’s protein content was ascertained.

With a few minor adjustments in accordance with our earlier methodology (Razi and Muneer, 2021), the analysis of native protein in thylakoids by 1D BN-PAGE was carried out in accordance with the prior study (Razi et al., 2021). After about 4 g of leaf sample was ground up in liquid nitrogen, it was homogenized with 4 ml of B1 buffer (pH 7.8) that had been refrigerated beforehand and contained 20 mM tricine, 0.3 mM sucrose, and 5 mM MgCl2. After that, a mira cloth was used to filter the mixture. Centrifugation was carried out for 10 minutes at 4°C and 329 xg. Following centrifugation, the pellet was put in 4 milliliters of B1 buffer and centrifuged for 10 minutes at 329 xg at 4°C. The pellet was centrifuged at 329 xg for 10 minutes at 4°C after being re-suspended in 4 ml of B2 buffer (pH 7.8) that contained 20 mM tricine, 70 mM sucrose, and 5 mM MgCl2. The thylakoid membrane is found in the third pellet. After centrifuging the third pellet for two minutes at 4°C at 199 xg, wash it twice with 3 ml of washing solution that contains 330 mM sorbitol and 50 mM bis-tris. Following washing, the final pellet was carefully dissolved in 2% w/v n-dodecyl-ß-D-maltoside to solubilize it. It was then combined with 0.1% loading dye (5% CBB-G250, 100 mM Bis-Tris-HCl, pH 7.0, 30% w/v sucrose, and 500 mM ϵ-amino-n-caproic acid). The protein content was measured using the Bradford assay. The protein samples obtained from the aforementioned procedures were put onto a 1.5 mm 7.5–12% w/v acrylamide gradient gel. Using a Protean II xi cell electrophoresis system (Bio-Rad, Hercules, CA, USA) and a constant voltage between 80 and 100 V for 4–6 hours until the gel run was finished, 1D BN-PAGE was carried out by running the gel electrophoresis at 4°C.




2.8 Statistical analysis

The statistical analysis was performed using statistical analysis software (JMP Pro 18). Four biological replicates were used in a fully randomized manner, and the results were reported as the mean ± SE. A two-way analysis of variance and a Student’s t-test were used to assess differences across all treatments, with p < 0.05 serving as the significance level. According to Wirojsirasak et al. (2024), Linear connections between physiological and biochemical variables were measured using Karl Pearson’s correlation, with significance tested at p < 0.05. To find the main components causing trait variability and treatment clustering, principal component analysis (PCA) was performed across 19 variables (Patel et al., 2023).





3 Results



3.1 Infrared thermographic alterations in canopy temperature

Okra genotypes NS7774 and NS7772 showed distinct morphological responses to combined red:blue: white LED (R: B) and white light (WL) treatments under controlled light system (Figure 1). In contrast to R: B, which produced shorter stature, thicker stem girth, and dark green foliage, WL caused plants to be taller with thin stems and light green leaves. Additionally, R:B improved root architecture and diameter, indicating better resource collection. Early fruiting occurred within 20 days under R: B, compared to 27 days under WL. Notably, stress deposition was indicated by the observation of white amorphous spherical nano-sized particle deposition underneath the leaf structures, specifically under WL following drought stress (Supplementary Figure 1). This was possibly due to calcium oxalate crystal formation resulting from oxidative and photooxidative stress caused by the light spectrum, especially high-intensity white light (Minocha and Long, 2023). In order to chelate extra calcium ions and avoid cytotoxicity, plants store oxalate. Under abiotic stress, these crystals control cellular ion homeostasis and serve as a calcium reservoir. However, R: B light changed the morphology of plants, making them more drought-tolerant and structurally resilient. This was especially true for NS7774, which showed a better sensitivity to R: B spectral modulation. Figure 1 represents the thermal infrared images of okra genotypes under different spectra. Under white light, the results indicate that NS7774 can serve as a drought-tolerant rootstock. Despite an increase in temperature to 50.75 on day 5 (compared to 39.1 in the control), it managed to reduce the temperature to 47.35. The drought sensitivity of NS7772, is showed by initial average leaf temperature of 36.9 increased to 55.9 on day 5 and 64.85 on day 10. The average leaf temperature of stressed NS7774 okra leaves under LED circumstances was 50.7 on the fifth day of stress, which is much higher than the control (40.8), but it dropped to 39.95 on the tenth day, suggesting that it may be a drought-tolerant rootstock. A similar pattern with more temperature volatility was seen in NS7772. On day five, the stressed leaf’s average temperature was 46.7, which was higher than the control’s (36.9). However, on day ten, it rose to 57.95, further demonstrating its susceptibility to drought. Therefore, NS7774 functions as a more effective drought-adapted rootstock when illuminated by R: B LEDs.




3.2 Morphometric trait assessment

The effect of drought stress and spectrum light quality on plant architecture was evaluated using six crucial morphological traits: plant height, shoot height, root length, number of leaves, leaf area, and stem girth. On Days 5 and 10, drought stress significantly reduced the overall plant height in both genotypes under WL. However, plants cultivated under R: B LED light showed decreased suppression of height, especially in NS 7774, suggesting that growth inhibition is mitigated by light (Supplementary Figure 3). Among stressed plants, NS 7774 under R: B LEDs maintained the tallest plant on Day 10, indicating improved resistance to drought. The trend of shoot height was identical to that of overall plant height Figure 2 In comparison to NS 7774, NS 7772 showed a larger decline under stress. In comparison to WL, the R: B light treatment promoted greater shoot elongation in both genotypes. By Day 10, NS 7774 had recovered significantly, indicating higher shoot growth plasticity. Under drought stress, root length was often more retained, especially in NS 7774 under R: B light. The longest roots were found on Day 10 in NS 7774 under LED-stressed treatment, which may have been an adaptive response for improved water foraging. Treatments resulting from drought stress showed a significant decrease in the number of leaves. However, R: B Led to had more leaves than WL, particularly in NS 7774. By Day 10, NS 7774’s leaf retention had significantly improved, indicating its ability to adapt morphologically and withstand spectrum-modulated stress. Leaf area substantially dropped under drought stress, especially in NS 7772 under WL. On Days 5 and 10, NS 7774 under R: B LEDs retained a larger leaf area than other stressed groups, indicating reduced leaf senescence and better turgor preservation. Stem girth was negatively impacted by drought, with NS 7772 under WL showing a notable decline. R: B light treatments, however, mitigated this decline in both genotypes. Under R: B LEDs, NS 7774 once more showed improved stem girth retention, especially on Day 10. However, NS 7774 outperformed NS 7772 in all morphological parameters under dry conditions, particularly under R: B LED lighting. R: B light had a favorable effect on growth characteristics, indicating a spectrum-induced regulation of morpho-physiological drought responses.

[image: Bar charts in six panels (A to F) compare plant growth metrics on days five and ten under control and stress conditions for two samples (NS 7772 and NS 7774). Metrics include plant height, shoot length, root length, number of leaves, leaf area, and stem girth. Each bar is color-coded (green for day five, orange for day ten) with error bars and letter annotations indicating statistical differences.]
Figure 2 | Plant architecture in response to drought (A) Plant Height (B) Shoot height (C) Root Length (D) No:of:Leaf, (E) Leaf area (cm)2 and (F) Stem girth (mm) of okra genotypes (viz., NS 7772 and NS 7774, along with respective controls) under white fluorescent light system (WL) and multi-spectrum LED (R:B) light system at controlled micro-climatic conditions. Vertical bars indicate mean ± SE for n = 4. Means denoted by different letter are significantly different at p ≤ 0.05 according to the Tukey’s studentized range test.




3.3 Relative water status and transport efficiency

Drought stress resulted in a considerable decrease in RWC in NS 7772 and NS 7774 when compared to their respective controls (Figure 3A). However, the extent of decrease differed between genotypes and light treatments. On Day 5, RWC declined significantly in NS 7772 under WL, indicating fast dehydration. NS 7774 under R: B LEDs had a considerably greater RWC than all other stressed groups, indicating improved water conservation and cellular turgor preservation. By Day 10, the RWC decline had accelerated in all groups; however, NS 7774 under LED light still had a higher RWC than its WL counterpart and NS 7772 under both lighting conditions. Anatomical cross-sections of okra stems were examined for vascular architecture and water transport integrity (Figure 3E). Both genotypes of control plants preserved intact xylem and phloem structure, as well as obvious vascular distinction, under both light treatments. Under drought stress, NS 7772 under WL exhibited collapsed xylem arteries, disordered cortex, and constricted phloem tissues, indicating poor water transfer and structural integrity. In contrast, under R: B LEDs, NS 7774 maintained well-structured and open xylem conduits, robust phloem strands, and compact cortical cells. This shows that vascular function and water conduction are improved even when stressed. On Day 10, NS 7774 under LEDs showed very little damage, suggesting tissue-level adaptation to preserve hydraulic conductivity, while NS 7772 under WL showed more severe structural deterioration.

[image: Bar graphs and panels illustrate stress effects on plants. Graph A shows leaf relative water content (%) comparing day 5 and day 10. Graph B presents proline content and Graph C shows MDA content; both compare control and stressed conditions. Panel D displays leaf images depicting O₂⁻ and H₂O₂ localization under different light conditions and stress treatments. Panel E shows cross-sections of plant tissues from NS 7774 and NS 7772 on days 5 and 10, highlighting differences between control and stressed states.]
Figure 3 | Physiological (A) Leaf relative water content, and oxidative stress responsors (B) Proline, (C) Malondialdehyde (MDA) content (D) Reactive oxygen species (ROS) differential accumulation (brownish spots - localization of H2O2 stress marker; bluish spots - localization of O2−1 marker) and (E) representing relative water transport by vascular bundles [a) Phloem; b) Xylem; c) Cortex; d) Epidermis respectively] of okra genotypes (viz., NS 7772 and NS 7774, along with respective controls) under white fluorescent light system (WL) and multi-spectrum LED (R: B) light system during drought stress. Vertical bars indicate mean ± SE for n = 4. Means denoted by the different letters are significantly different at p ≤ 0.05 according to the Tukey’s studentized range test.




3.4 Oxidative stress indicators

In response to drought, proline, a known osmoprotectant and oxidative stress mitigator, significantly increased in all treatments (Figure 3B). Due to drought, proline content increased slightly in both genotypes on Day 5, while NS 7774 under R:B LEDs had the highest levels. In comparison to NS 7772 under WL, the proline level of stressed plants in NS 7774 under LED light tripled by Day 10. While NS 7772, accumulated less proline over time and under both light conditions. This indicates that NS 7774 has more active proline biosynthesis stimulation, particularly when exposed to R: B light, which helps with stress reduction and osmotic adjustment. Both genotypes experienced a sharp rise in malondialdehyde (MDA) levels under drought stress, a sign of lipid peroxidation and membrane damage (Figure 3C). All stressed treatments showed a rise in MDA levels on Day 5, but NS 7772 under WL showed noticeably higher levels, suggesting early onset oxidative stress. Less membrane damage was indicated by NS 7774’s lowest MDA level under R: B LEDs. By Day 10, both light treatments had enhanced MDA accumulation in NS 7772, with WL causing the most severe peroxidative damage. NS 7774 exhibited much lower MDA levels under LED lighting, which correlated to better antioxidant protection.

By uptaking DAB and NBT stains, histochemical staining revealed varying quantities of superoxide (O2-) and hydrogen peroxide (H2O2) (Figure 3D). Drought-stressed treatments displayed bluish O2- and brownish H2O2 spots on Day 5. The most notable ROS localization was seen in NS 7772 under WL, especially in mesophyll tissues. NS 7774, on the other hand, exhibited little ROS buildup under R: B LEDs, and fainter staining patterns suggested more efficient ROS scavenging mechanisms. All stressed treatments produced higher ROS levels by Day 10, but NS 7772 under WL exhibited severe oxidative damage, as evidenced by thick brown and blue deposits in the leaf and vascular regions. Interestingly, NS 7774 under LED lighting continued to exhibit reduced ROS levels even on Day 10, demonstrating continued redox equilibrium and antioxidant defense.




3.5 Antioxidant enzyme activity and isoenzyme profiling as a response mechanism

The three key antioxidant enzymes superoxide dismutase (SOD), catalase (CAT), and ascorbate peroxidase (APX) was significantly altered by quantitative examination of antioxidant enzyme activities under drought stress on days 5 and 10 (Figure 4A). Under R: B LED light and WL (white fluorescent light), both NS 7772 and NS 7774. Under drought, SOD activity increased in both genotypes. But under R:B LEDs, NS 7774 showed the highest SOD activity, suggesting a better capacity to convert superoxide radicals (O2-) into hydrogen peroxide. NS 7772, on the other hand, showed the lowest SOD induction under WL, suggesting a poorer primary antioxidant response. Under LED light, catalase, which detoxifies hydrogen peroxide, rose in NS 7774 but stayed lower in NS 7772 under both light treatments, suggesting ineffective H2O2 detoxification. Under R: B, APX activity was also significantly elevated in NS 7774, suggesting its active participation in the ascorbate-glutathione cycle and precise control of H2O2. APX activity in NS 7772 rose during dryness but stayed low under both lighting conditions, suggesting a weaker redox balancing mechanism. These enzyme trends demonstrate that R: B LED light improves enzymatic antioxidant defense, especially in NS 7774, and are consistent with the reported reduction in ROS accumulation (Figure 4).

[image: Bar charts and gel electrophoresis images display enzyme activity results for SOD, catalase, and APX under control and stress conditions over five and ten days. Bars indicate different treatments with multiple comparisons labeled by letters. Electrophoresis images show SOD, GPOX, CAT, and APX bands for control and treatment groups, illustrating enzyme presence and intensity.]
Figure 4 | Visualisation of alterations in enzymatic antioxidant defenses and isoenzyme distribution. Antioxidant enzyme activity modifications (SOD, CAT, and APX) and Native PAGE based isozyme profiling of antioxidants (SOD, GPOX, CAT and APX) of okra genotypes (viz., NS 7772 and NS 7774, along with respective controls) under white fluorescent light system (WL) and multi-spectrum LED (R: B) light system during severe (day 10) drought stress at controlled micro-climatic conditions. Vertical bars indicate mean ± SE for n = 4. Means denoted by the different letters are significantly different at p ≤ 0.05 according to Tukey’s studentized range test.




3.6 Isoenzyme profiling

Native PAGE investigation (Figure 4) demonstrated qualitative and intensity-dependent variation in isoenzymes for SOD, GPOX (guaiacol peroxidase), CAT, and APX across genotypes and treatments. Multiple SOD isoforms were found, among which SOD1 and SOD2 were more active in NS 7774 under LED exposure, indicating isoform-specific overexpression. Under WL, NS 7772 exhibited fainter bands, particularly for SOD 3 and 4. GPOX isozymes, which detoxify H2O2 through peroxidation, showed elevated band intensity in NS 7774, particularly under R:B: W LEDs, with GPOX 2 being the most prominent. These bands were reduced in NS 7772, especially at WL. CAT isoform (Figure 4) was also detected in all samples; however, NS 7774 showed higher expression under LED, which corresponded to the quantitative CAT activity. The band was faint or difficult to discern in NS 7772, strained with WL. APX 2 and APX 3 were more evident in NS 7774 under LED, indicating increased redox cycling. In NS 7772, band intensity and diversity were decreased, indicating that isoform activation was limited under stress.




3.7 Anatomical modifications and cellular adaptations

On Day 5 (moderate drought) and Day 10 (severe drought), stomatal aperture response in NS 7772 and NS 7774 was assessed using dark-field and phase-contrast microscopy with WL and R:B LED treatments, respectively (Figure 5). Under mild drought conditions, NS 7774 under R: B had partially open stomata (Figure 5A) indicating a balanced regulation of gas exchange and water conservation. NS 7772 under WL showed early stress perception and impaired stomatal function due to premature stomatal closure or distortion. On Day 10, NS 7774 displayed more intact architecture in both lighting systems, while control plants maintained their morphology. On day 10, however, NS 7772 under WL displayed distorted, closed stomatal morphology and collapsed guard cells, suggesting irreversible stress effects and structural disintegration. Nonetheless, NS 7774 retained clear elliptical open stomata under LED, suggesting regulated water loss and continuous metabolic activity. These findings demonstrate that NS 7774 has improved stomatal flexibility and functional integrity, especially under R: B LED, which helps with drought adaptation. On Day 10, a scanning electron microscope was used to take surface architectural images (Figure 4), which showed the pore structure, stomatal density, and epidermal texture under severe drought circumstances. Significant drought-induced damage was shown by the sunken, disorganized stomata, shredded cuticle, and uneven surface textures that NS 7772 displayed during WL stress. NS 7774, on the other hand, showed better cell wall integrity and resistance to cuticular disruption under R: B LED stress by maintaining intact stomatal outlines, consistent pore spacing, and a smoother cuticular surface. Even under stress, LED treatments produced more distinct epidermal features in both genotypes than WL, with NS 7774 showing the most consistent morphology. Elemental alterations specific to the genotype were identified by EDAX analysis of leaf tissues on Day 10 under drought stress and different light treatments (Figure 5c). Carbon (C), oxygen (O), magnesium (Mg), sodium (Na), phosphorus (P), potassium (K), and calcium (Ca) were the elements discovered. K and Ca, which are essential for stomatal function, osmotic adjustment, and membrane stability, had smaller peaks in NS 7772 during the WL drought. This demonstrates ion leakage when under stress. On the other hand, following R: B LED therapy, NS 7774 retained greater Ca and K levels, suggesting enhanced ionic homeostasis and drought tolerance and P, which are necessary for energy metabolism and chlorophyll construction, were significantly more prevalent in NS 7774, demonstrating that metabolic activity was preserved. A popular stress indicator ion, sodium (Na), accumulated very little in both genotypes but much less in NS 7774, suggesting more effective ion exclusion mechanisms. These compositional patterns show that NS 7774 has better ionic stability and nutrient retention, especially under R: B LED lighting, which is correlated with better anatomical and physiological responses to drought.

[image: Panel A displays microscopic images of plant cells under control and stressed conditions, labeled NS774 and NS772, magnified at forty times. Panel B shows electron micrographs of the same samples emphasizing structural differences at different conditions. Panel C presents bar graphs illustrating spectral data, comparing control and stressed samples on days five and ten under varying conditions.]
Figure 5 | Morphological representation of (A) dark field and phase contrast microscopic images of stomata structure during mild (day 5) and severe (day 10) drought stress conditions. And (B) scanning electron microscopic images with (C) EDAX of okra genotypes (viz., NS 7772 and NS 7774) under white fluorescent light system (WL) and multi-spectrum LED (R:B) light system during severe (day 10) drought stress at controlled micro-climatic conditions.




3.8 Photosynthetic performance and chlorophyll fluorescence alterations

Under drought stress, all genotypes and light treatments showed decreased chlorophyll concentration. While NS 7774 maintained noticeably higher SPAD values (Figure 6), especially under R: B light, indicating delayed chlorophyll breakdown, NS 7772 showed the greatest drop under WL stress on Day 10. In both genotypes, R: B light supported higher SPAD values than WL on both days, suggesting enhanced photoprotection and chloroplast stability. The NS 7774 R:B stress group had the highest significant SPAD retention, suggesting greater tolerance. In both WL and R: B, NS 7774 showed a higher photosynthetic rate than NS 7772 on Day 5, although the decline by Day 10 was more noticeable in WL. R: B stressed NS 7774 exhibited the least amount of photosynthesis loss, suggesting higher efficient carbon absorption and electron transfer. Significantly reduced rates were shown by NS 7772, especially under WL, suggesting subpar recovery mechanisms. Under WL control, NS 7772 showed more transpiration loss; however, under stress, especially on Day 10, this substantially decreased. Even under stress, NS 7774 maintained more consistent transpiration under R: B, probably as a result of better stomatal regulation. On Day 10, R: B treated NS 7774 exhibited the highest Transpiration, indicating its capacity to sustain gas exchange. Stomatal conductance followed a similar trajectory to transpiration. Both genotypes declined under stress, although R: B illumination reduced the decrease, particularly in NS 7774. On Day 10, conductance values in the NS 7774 R: B stress group were considerably higher than in the WL group, indicating improved functional stomatal responses and water-use efficiency under drought. Under WL stress, NS 7772 had the lowest stomatal conductance.

[image: Bar charts compare SPAD values, net photosynthetic rate, transpiration rate, and stomatal conductance on days five and ten across control and stress conditions for NS 7772 and NS 7774. Each chart uses green and orange bars for days five and ten, respectively, with error bars and alphabetic labels indicating statistical groupings.]
Figure 6 | Impact of drought stress on photosynthetic efficiency indicators. Relative chlorophyll content, net photosynthetic rate, transpiration rate and stomatal conductance of okra genotypes (viz., NS 7772 and NS 7774, along with respective controls) under white fluorescent light system (WL) and multi-spectrum LED (R:B) light system during severe (day 10) drought stress at controlled micro-climatic conditions. Vertical bars indicate mean ± SE for n = 4 Means denoted by different letters are significantly different at p ≤ 0.05 according to the Tukey’s studentized range test.




3.9 Differential proteomic expression profiling

Total soluble protein content on day 10, NS 7772 under WL and NS 7774 under R: B stress showed a substantial increase in protein content, indicating that stress-protective proteins were synthesized more efficiently, refer Figure 7. Notably, R: B stressed NS 7774 retained the maximum protein content, whereas NS 7772 WL stress showed the lowest, indicating that light spectrum modulation effects protein accumulation under drought. Protein levels were usually greater on Day 10 than on Day 5, indicating a time-dependent adaptive response. Under drought stress, a particular protein alteration occurs in every genotype of okra.

[image: Bar chart labeled 'A' compares total soluble protein in mg/g FW under different conditions (control and stress) and at two time points (Day 5 and Day 10) across four samples (NS 7772, NS 7774) with light treatments (WL, R:B). Annotations indicate significance levels with letters. Below is a gel image labeled 'B' showing protein bands from a 1D blue native PAGE for the same samples, indicating various protein complexes and insoluble material. Yellow arrows mark specific bands, and labels identify protein assemblies.]
Figure 7 | Stress-induced comparative proteomic analysis (A) Total soluble protein; Vertical bars indicate mean ± SE for n = 4. Means denoted by the different letters are significantly different at p ≤ 0.05 according to Tukey’s studentized range test (B). First-dimension blue-native PAGE (BN-PAGE). Annotated bands reveals stress-responsive expression of okra genotypes (viz., NS 7772 and NS 7774, along with respective controls) under a white fluorescent light system (WL) and a multi-spectrum LED (R:B) light system during day 10 drought stress.

The blue-native PAGE (BN-PAGE) approach permitted the resolution of intact thylakoid membrane protein complexes to investigate the stability and integrity of photosynthetic machinery in response to drought and light spectral treatments. Major complexes, including ATPase, PSI, PSII core dimers, PSII monomer/ATP synthase, LHC II assembly, and LHC II trimer, were identified by different bands on the resolved gel. A considerable decrease in band intensity was seen under white light (WL) stress, specifically in NS 7772, especially in the PSII dimer and LHC II areas. This suggests that the light-harvesting and core complexes of photosystem II have undergone significant disassembly or degradation. Poor thylakoid organization and oxidative damage brought on by drought are probably the causes of this disassembly, which lowers photosynthetic effectiveness. Conversely, red, blue, and white (R:B) Plants treated with LEDs, particularly NS 7774, showed more distinct and stronger bands across the profile. This suggests that LED spectrum tuning promotes proteome stability, especially of crucial photosynthetic structures, as it shows the retention of native protein complexes even under drought stress. This implies that the R:B spectrum supports an active stress-adaptive proteome remodeling. These new patches could be drought-inducible signaling molecules, antioxidant enzymes (like APX and SOD), or heat shock proteins (HSPs), which maintain cellular homeostasis under stress.




3.10 Multivariate analysis of physiological and proteomic interactions

To evaluate the associations and key contributing factors influencing drought tolerance in okra genotypes Karl Pearson’s correlation and Principle component analysis was performed (Figure 8). Important morpho-physiological characteristics, such as root length, shoot length, plant height, stem girth, and relative water content (RWC), showed strong positive associations, suggesting that they coordinate to sustain growth during drought. Positive correlations between photosynthetic pigments and antioxidant enzymes SPAD, CAT, APX, and SOD indicate that mechanisms for mitigating oxidative stress are tightly controlled. MDA’s role as a biomarker of stress-induced cellular damage was confirmed by its negative associations with physiological traits. Surprisingly, proline (PRO) and total soluble protein (TSP) demonstrated a substantial relation with antioxidative parameters, supporting their role in osmotic adjustment and stress adaptation.

[image: Graphic showing four panels related to data analysis. (a) Heat map of Karl Pearson correlation with variables labeled, using red and blue to show correlation strengths. (b) PCA plot displaying variable correlations on two components. (i) Score plot on a green background, illustrating variance explained by components. (ii) Scree plot showing a descending curve of explained variance across components. (iii) Scatterplot matrix of variable correlations shown in a grid. (iv) Heat map of T² contribution with variables along the axes and varying shades of red indicating contribution levels.]
Figure 8 | (A) Karl Pearson’s correlation (r) heat map of physiological and biochemical traits followed by (B) Principle component analysis – (i) Score plot visualizing clustering based on trait performance (ii) Scree plot showing proportion of variance explained by each principal component (iii) Scatterplot matrix depicting influence of each component on principal component (iv) T2 contribution heat map identifies variables contributing significantly to sample variability of okra genotypes (viz., NS 7772 and NS 7774, along with respective controls) under white fluorescent light system (WL) and a multi-spectrum LED (R:B) light system during day 10 drought stress.

Sample adequacy was confirmed, and all variables were standardized using z-score normalization before PCA analysis. Loadings ≥ 0.50 were considered significant for component interpretation because of the biological interdependence among the variables. With high loading of photosynthetic rate, transpiration rate, stomatal conductance, RWC, shoot length, and antioxidants (SOD and CAT), the PC1 demonstrated significant drought resistance and contributed significantly to the total variation of roughly 31.36%. The negative clustering of MDA, SOD, APX and PR (peroxidase) along PC2 (20.88%) suggests that drought tolerance is inversely correlated with their overexpression. Differential trait groups were shown by the biplot’s vector length and angular spacing between variables. The scatterplot matrix depicted trait association across all treatments and genotypes. There were other clusters of linear relationships found, especially between CAT and SOD and between RWC and growth characteristics, indicating that these traits are associated in mitigating drought. Under R: B stress, NS 7774 clearly indicated a high level of adaptive trait expression. On the other hand, NS 7772 exhibited weak drought adaptation under white light stress. The relative contribution of each trait to the total variability of the sample was shown visually via Hotelling’s T2 contribution heatma Interestingly, MDA, EC, and PR significantly increased the variability in NS 7772 treated with WL, highlighting oxidative damage in the presence of WL light. In contrast, the biggest contributors in R: B-treated NS 7774 were SPAD, RWC, root length, shoot length, CAT, and APX, contributing towards stress tolerance.





4 Discussion

Through integrated photoreceptor, hormonal, and metabolic processes, certain light spectra influence drought tolerance. Drought alleviation is mostly driven by blue light. According to recent research, antioxidant enzymes, including SOD, CAT, and APX, are quickly elevated by cryptochrome and phototropin-mediated signaling, which lowers ROS accumulation under water deprivation (Vicente-Serrano et al., 2022; Chibani et al., 2025). The blue light-induced increase in ABA sensitivity in guard cells, which enhances stomatal conductivity during early drought progression, is complemented by increased ROS scavenging according to Li et al., 2024. When stomatal conductance is decreased, these reactions work together to preserve membrane stability and photochemical efficiency. Through phytochrome signaling, red light plays a major role in drought adaptation. The thorough physiological, photosynthetic, and proteomic analyses show that the okra genotypes respond differently to drought under different light spectra, white light (WL), and R:B lights. These findings have important ramifications for rootstock selection during drought stress (Shahzad et al., 2023; Collado et al., 2024; Alrajhi et al., 2023). NS 7774 sustained lower leaf temperatures under R: B, according to canopy temperature imaging, indicating more effective stomatal control and transpiration cooling processes essential for photoprotection under water-deficit circumstances (Brestic et al., 2018). These characteristics improve drought adaptation by facilitating gas exchange and water intake even in conditions of limited supply (Razi and Muneer, 2023). These findings are consistent with those of Kumar et al. (2019); Eltigani et al. (2021), and Kumar et al. (2025).

Under drought, ABA accumulates rapidly, increasing stomatal closure to decrease water loss and activating transcriptional upregulation of antioxidant enzymes (APX, CAT, SOD) and osmoprotectants such as proline. Higher proline concentration, which supports osmotic equilibrium, and improved antioxidant defenses, which reduce membrane lipid peroxidation and prevent excessive MDA generation, which are linked to increased ABA. ABA interacts with both hormones. Melatonin (MT) and jasmonic acid (JA) can increase proline synthesis and antioxidant enzyme activity, which can reduce MDA and improve membrane integrity. MT complements the actions of ABA by increasing the membrane stability index (MSI), APX, and CAT activities. Biochemical reactions revealed that under R: B, MDA levels were lower and chlorophyll retention (SPAD values) was higher, indicating a decrease in oxidative stress (Ahmad et al., 2020; Kang et al., 2022). It’s interesting to note that while both genotypes accumulated proline, a compatible osmolyte, NS7774 showed a longer-lasting accumulation under R: B at both time periods. This is consistent with previous findings in Solanaceae and Brassicaceae under spectrum manipulation, indicating improved osmotic adjustment and ROS buffering (Razi et al., 2024; Vajjiravel et al., 2024; Xu et al., 2022). Beyond its Osmo protective role, proline works in concert with enzymatic antioxidants to stabilize proteins and scavenge reactive oxygen species (ROS). Hormonal signaling increases its production. NS 7774 typically accumulate more proline, which is positively correlated with improved stress tolerance (Zaidi et al., 2022; Gul et al., 2025).

To protect cells from oxidative damage caused by reactive oxygen species (ROS), the plant defense system mostly depends on antioxidant enzymes. Stressors increase the production of ROS, including superoxide anion (O2-), hydrogen peroxide (H2O2), and hydroxyl radicals (OH-). Proteins, lipids, and nucleic acids may be harmed by excessive ROS generation, which may ultimately lead to cell death (Gill and Tuteja, 2010). SOD, CAT, and APX are some of the primary enzymatic antioxidants. Superoxide dismutase (SOD) converts superoxide radicals (O2-) into hydrogen peroxide (H2O2) (Mittler, 2002). Catalase (CAT) converts hydrogen peroxide into water and oxygen (Apel and Hirt, 2004). Ascorbate peroxidase (APX) converts H2O2 to water by using ascorbate as an electron donor (Foyer and Noctor, 2005). The pool of reduced glutathione, which is essential for scavenging ROS through the ascorbate-glutathione cycle, is maintained by glutathione reductase (GR). Hence, it was also essential to study the superoxide radicals (O2-) and hydrogen peroxide (H2O2) deposition levels (Kumar et al., 2019; Farooq et al., 2009). In this study, on day 5 and day 10, the NS 7774 genotype under R: B LED treatment showed the highest expression, affirming the role of reactive oxygen species detoxification in drought resilience (Shibaeva et al., 2022). The antioxidant expression levels are in line with the isoenzyme patterns of the respective enzymesIsoform-specific profiles revealed genotype-specific control of antioxidant isozymes; in plants treated with WL, NS 7774 under R:B expressed distinct bands not present in NS 7772. This demonstrates the proteome flexibility that could support enhanced cellular defense systems (Abbas et al., 2023). The band diversity and qualitative strength of isoenzymes support proteome-level plasticity in NS 7774 in response to light and drought stimuli. H2O2 and O2- radicals deposited under drought-stressed and control samples are consistent with the antioxidant expression pattern; NS 7774 under R: B outperforms, followed by NS 7774 under WL, demonstrating resistance on both days 5 and 10. The intake of critical macro elements (Ca, Mg, K, and P) was confirmed by elemental analysis (EDAX), with NS 7774 exhibiting marginally superior nutrient retention under stress in R:B, followed by WL, indicating stabilized cell wall and membranes, better osmotic adjustment, sustained photosynthesis and stomatal control, and improved root proliferation (Sakuranaka et al., 2022; Hasanuzzaman et al., 2019; Chaves et al., 2009). Although drought universally reduced shoot and root length, leaf area, and stem girth, the decline was minimal under R: B, particularly for NS 7774, indicating improved morphological plasticity. Root system resilience is often associated with better soil exploration and water foraging under deficit stress (Kong et al., 2023; Formisano et al., 2022; Hernandez et al., 2016), further validating NS 7774 under both R: B followed by WL marked the highest root length. The fate of protein complexes under drought is greatly influenced by the quality of the light, and the R: B spectrum improves proteostasis by modifying light-signal transduction pathways (such as cryptochromes and phytochromes) that control chloroplast function (Zhu et al., 2024; Wang et al., 2021). In R: B-exposed NS 7774 plants, the combination of stable native complexes (BN-PAGE) exhibits a light-enhanced adaptive proteome response, indicating increased synthesis of stress-adaptive proteins, which thereby improves water retention, improves nitrogen metabolism, better ROS protection, and reduces cell shrinkage. Total soluble protein (TSP) content remained highest in NS 7774 under R: B, aligning with enhanced maintenance of photosynthetic machinery. TSP improved water retention and osmo protection by activating molecular defenses against drought. BN−PAGE results supported this, revealing stable complexes of PSII, PSI, and LHC even under stress in NS 7774 under R: B followed by WL. NS 7774 in R: B, likely representing LEA proteins, chaperonins, and stress-induced proteases involved in cellular homeostasis (Mirzahosseini et al., 2020; Kosova et al., 2011). Multivariate statistical analysis consolidated these insights. Pearson’s heatmap highlighted strong positive correlations among RWC, chlorophyll, protein, antioxidant enzymes, and morphological parameters, while MDA correlated negatively (Malekzadeh et al., 2024). Six major components (eigenvalue >1) were identified by principal component analysis, and taken together, they cumulatively accounted for 84.94% of the variance. High positive loadings for photosynthetic rate, transpiration rate, stomatal conductance, RWC, leaf area, shoot length, proline, SOD, and CAT were observed in PC1, which explained 31.36% of the variance, whose elements are associated with the primary physiological drought-tolerance axis, combining antioxidant metabolism, water retention, and gas-exchange efficiency. EC and APX activity were linked to PC2 (20.88%), suggesting antioxidant detoxification and membrane stability. Strong contributions from MDA, proline, and SOD were seen in PC3 (13.20%), which represents compensatory osmolyte-antioxidant responses and oxidative damage. PC5 represented root length and antioxidant enzymes, while PC4 recorded structural characteristics such as plant height, leaf count, and stem circumference. PC6 reported a little amount of residual variation.

Overall, drought-resilient lines scored higher in PC1 and PC2, indicating that the main factors influencing drought tolerance are greater gas exchange, water conservation, and antioxidant potential. Hotelling’s T² plot identified chlorophyll, protein content, shoot length, and APX as the primary discriminatory variables, affirming their utility in genotype screening under drought. NS 7774 shows a superior drought resilience profile under both R: B and WL, with improved performance in R: B LED light followed by WL, according to the integration of physiological, biochemical, and proteomic indices. Stable water relations, decreased lipid peroxidation, robust antioxidant defenses, maintained photosynthetic protein complexes, and root-shoot integrity all contribute to this resilience. The overall data indicates that NS 7774 under R: B LED showed the most comprehensive improvement, even if NS 7772 showed positive responses in individual feature. Red:blue:white (R:B) spectral combinations, in particular, have shown promise in enhancing drought resilience through the optimization of photosynthetic activity and the activation of protective signaling networks. This highlights the potential of light spectrum modulation as a targeted strategy to enhance crop tolerance under climate-induced stress and validates NS 7774 as a promising rootstock genotype for drought-prone environments.




5 Conclusions

Light spectrum application and modifications can significantly affect the morphology, biochemical enzymes, and physiology by modulating the multiprotein complex of thylakoids in the chloroplast. This study highlighted the superior drought tolerance of the okra genotype NS 7774 compared to NS 7772 under contrasting light spectra, with red: blue (R: B) LED showing the most beneficial effects thereby establishing NS 7774 as a promising genotype for rootstock selection and emphasized the potential of light spectrum R: B spectral lights as a strategic tool to enhance crop resilience under drought stress. Essentially, the research proves that light spectrum quality affects defense mechanisms and stress signaling in addition to energy, which enables drought-resistant okra genotypes like NS7774 to thrive in water-limited environments. Spectral optimization is a useful and scientific method for enhancing crop resilience in contemporary agriculture as the frequency of drought episodes rises. However, light spectral influence in graft healing, the mechanisms involved, and the extent of improvement of graft success are yet to be explored. Further future investigations are underpinned at the field level to validate the feasibility and suitability of the present study.





Data availability statement

The original contributions presented in the study are publicly available. This data can be found here: https://zenodo.org/records/17862994.





Author contributions

PS: Data curation, Investigation, Validation, Writing – original draft. SR: Data curation, Funding acquisition, Investigation, Writing – review & editing. KL: Formal Analysis, Methodology, Software, Writing – review & editing. DB: Formal Analysis, Resources, Validation, Writing – review & editing. SM: Conceptualization, Funding acquisition, Supervision, Validation, Writing – review & editing.





Funding

The author(s) declared that financial support was received for this work and/or its publication. The authors gratefully acknowledge the Anusanadhan National Research Foundation (ANRF), Government of India, for funding support under the Partnerships for Accelerated Innovations and Research (PAIR) Programme – Category B (Project No. ANRF/PAIR/2025/000011/EPAIR). The authors would also like to acknowledge funding support received from Vellore Institute of Technology in the form of article publication charges.




Acknowledgments

The authors would like to thank the Scanning Electron Microscopy Facility at Vellore Institute of Technology for their assistance with the SEM micrographs.





Conflict of interest

The authors declared that this work was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The authors declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.





Generative AI statement

The author(s) declared that generative AI was not used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2025.1706708/full#supplementary-material




References

	 Abbas K., Li J., Gong B., Lu Y., Wu X., Lü G., et al. (2023). Drought stress tolerance in vegetabl es: the functional role of structural features, key gene pathways, and exogenous hormones. Int. J. Mol. Sci. 24, 13876. doi: 10.3390/ijms241813876


	 Alrajhi A. A., Alsahli A. S., Alhelal I. M., Rihan H. Z., Fuller M., Alsadon A. A., et al. (2023). The effect of LED light spectra on the growth, yield and nutritional value of red and green lettuce (Lactuca sativa). Plants 12, 463. doi: 10.3390/plants12030463


	 Apel K., Hirt H. (2004). Reactive oxygen species: metabolism, oxidative stress, and signal transduction. Annu. Rev. Plant Biol. 55, 373–399. doi: 10.1146/annurev.arplant.55.031903.141701


	 Barrs H. D., Weatherley E. (1962). A re-examination of the relative turgidity technique for estimating water deficits in leaves. Aust. J. Biol. Sci. 15, 413–428. doi: 10.1071/BI9620413


	 Bondok A. E. T., Mousa W. M., Rady A. M., Saad-Allah K. M. (2022). Phenotypical, physiological and molecular assessment of drought tolerance of five Egyptian teosinte genotypes. J. Plant Interact. 17, 656–673. doi: 10.1080/17429145.2022.2085335


	 Brestic M., Zivcak M., Hauptvogel P., Misheva S., Kocheva K., Yang X., et al. (2018). Wheat plant selection for high yields entailed improvement of leaf anatomical and biochemical traits including tolerance to non-optimal temperature conditions. Photosynthesis research. 136, 245–255


	 Chaves M. M., Flexas J., Pinheiro C. (2009). Photosynthesis and water deficits: Regulation at whole plant and cellular levels. Ann. Bot. 103, 551–560. doi: 10.1093/aob/mcn125


	 Chen Y., Bian Z., Marcelis L. F., Heuvelink E., Yang Q., Kaiser E. (2024). Green light is similarly effective in promoting plant biomass as red/blue light: a meta-analysis. J. Exp. Bot. 75, 5655–5666. doi: 10.1093/jxb/erae259


	 Chibani K., Gherli H., Fan M. (2025). The role of blue light in plant stress responses: modulation through photoreceptors and antioxidant mechanisms. Frontiers in Plant Science. 16, 1554281


	 Collado C. E., Hwang S. J., Hernandez R. (2024). Supplemental greenhouse lighting increased the water use efficiency, crop growth, and cutting production in Cannabis sativa. Front. Plant Sci. 15, 1371702. doi: 10.3389/fpls.2024.1371702


	 dos Santos Severino R. S. (2015). Expression analysis of transcription factors related to the grafting process in Vitis. (Universidade de Lisboa (Portugal)).


	 Elkhalifa A. E. O., Alshammari E., Adnan M., Alcantara J. C., Awadelkareem A. M., Eltoum N. E., et al. (2021). Okra (Abelmoschus esculentus) as a potential dietary medicine with nutraceutical importance for sustainable health applications. Molecules 26, 696. doi: 10.3390/molecules26030696


	 Eltigani A., Müller A., Ngwene B., George E. (2021). Physiological and morphological responses of Okra (Abelmoschus esculentus L.) to Rhizoglomus irregulare inoculation under Ample Water and Drought stress conditions are Cultivar Dependent. Plants 11, 89. doi: 10.3390/plants11010089


	 Erpen L., Devi H. S., Grosser J. W., Dutt M. (2018). Potential use of the DREB/ERF, MYB, NAC and WRKY transcription factors to improve abiotic and biotic stress in transgenic plants. Plant Cell Tissue Organ Culture (PCTOC) 132, 1–25. doi: 10.1007/s11240-017-1320-6


	 Farooq M., Wahid A., Kobayashi N. S. M. A., Fujita D.B.S.M.A., Basra S. M. (2009). “Plant drought stress: effects, mechanisms and management,” in Sustainable agriculture (Springer Netherlands, Dordrecht), 153–188.


	 FAOSTAT. (2025). Available online at: www.faostat.org.


	 Formisano L., Miras-Moreno B., Ciriello M., Zhang L., De Pascale S., Lucini L., et al. (2022). Between light and shading: Morphological, biochemical, and metabolomics insights into the influence of blue photoselective shading on vegeta ble seedlings. Front. Plant Sci. 13, 890830. doi: 10.3389/fpls.2022.890830


	 Foyer C. H., Noctor G. (2005). Redox homeostasis and antioxidant signaling: a metabolic interface between stress perception and physiological responses. Plant Cell 17, 1866–1875. doi: 10.1105/tpc.105.033589


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


	 Gul S., Gul H., Mudasir M., Fatima M., Yao H., Shahzad A. (2025). Comparative genetic analysis of triticum aestivum varieties under salt stress: integrating morphological and biochemical traits. J. Crop Health 77, 106. doi: 10.1007/s10343-025-01177-x


	 Han R., Lin R., Zhou Y., Thomas H. R. (2025). Here comes the sun: integration of light, temperature, and auxin during herbaceous plant grafting. Planta 261, 1–20. doi: 10.1007/s00425-025-04694-1


	 Hasanuzzaman M., Bhuyan M. H. M. B., Anee T. I., Parvin K., Nahar K., Mahmud J. A., et al. (2019). Regulation of ascorbate-glutathione pathway in mitigating oxidative damage in plants under abiotic stress. Antioxidants 8, 384. doi: 10.3390/antiox8090384


	 Heath R. L., Packer L. (1968). Photoperoxidation in isolated chloroplasts: I. Kinetics and stoichiometry of fatty acid peroxidation. Arch. Biochem. biophysics 125, 189–198. doi: 10.1016/0003-9861(68)90654-1


	 Hernandez R., Eguchi T., Kubota C. (2016). “May. Growth and morphology of vegeta ble seedlings under different blue and red photon flux ratios using light-emitting diodes as sole-source lighting,” in VIII international symposium on light in horticulture (Corbeekhoeve, Pastoriestraat 2, 3360 Korbeek-Lo, Belgium: International Society for Horticultural Science (ISHS)) vol. 1134, 195–200.


	 Khan S. U., Alam O., Gul S., Li S., Fan Y., Saud S., et al. (2025). Phosphor converted LED technologies as a sustainable lighting strategy to enhance indoor crop growth and agricultural productivity. Discover Sustainability 6, 1284. doi: 10.1007/s43621-025-02043-6


	 Kong Y., Masabni J., Niu G. (2023). Temperature and light spectrum differently affect growth, morphology, and leaf mineral content of two indoor-grown leafy veget ables. Horticulturae 9, 331. doi: 10.3390/horticulturae9030331


	 Kopecka R., Kameniarová M., Černý M., Brzobohatý B., Novák J. (2023). Abiotic stress in crop production. Int. J. Mol. Sci. 24, 6603. doi: 10.3390/ijms24076603


	 Kosova K., Vítámvás, Prášil I. T., Renaut J. (2011). Plant proteome changes under abiotic stress—contribution of proteomics studies to understanding plant stress response. J. Proteomics 74, 1301–1322. doi: 10.1016/j.jprot.2011.02.006


	 Kumar R., Berwal M. K., Saroj L. (2019). Morphological, physiological, biochemical and molecular facet of drought stress in horticultural crops. Int. J. Bio-Resource Stress Manage. 10. doi: 10.23910/IJBSM/2019.10.5.2031


	 Kumar R., Karmakar, Bahadur A., Sreekanth D., Kumar Verma R., Krishna H. (2025). Exploring drought tolerance in okra through morpho-physiological, biochemical characteristics and yield based indices. J. Crop Health 77, 91. doi: 10.1007/s10343-025-01155-3


	 Li S., Xu J., Cao Y., Wu J., Liu Q., Zhang D. (2024). Genome-Wide Analyses of CCHC Family Genes and Their Expression Profiles under Drought Stress in Rose (Rosa chinensis). International Journal of Molecular Sciences 25, 8983


	 Malekzadeh M. R., Roosta H. R., Esmaeilzadeh M. (2024). Employing complementary light spectra represents a novel approach for investigating the enhancement of plant resilience in stressful conditions. Greenhouse Plant Production J. 1, 12–20. doi: 10.61186/gppj.1.2.12


	 Markus R., Czigle S., Zana B., Somogyi B. A., Urbán, Kutyáncsánin D., et al. (2025). Drought and salt stressors alter NAC and WRKY gene expression profiles in grafted citrullus lanatus. Plant Mol. Biol. Rep. 1-12. doi: 10.1007/s11105-025-01563-9


	 Minhas S., Rane J., Pasala R. K. (2017). Abiotic stresses in agriculture: An overview. Abiotic Stress Manage. resilient Agric. 3-8. doi: 10.1007/978-981-10-5744-1


	 Minocha R., Long S. (2023). Seasonal changes in foliar calcium oxalate concentrations in conifer and hardwood trees: a potentially bioavailable source of cellular calcium and/or oxalate under stress. Front. Forests Global Change 6, 1161088. doi: 10.3389/ffgc.2023.1161088


	 Mirzahosseini Z., Shabani L., Sabzalian M. R., Dayanandan S., 169 (2020). Comparative physiological and proteomic analysis of Arabidopsis thaliana revealed differential wound stress responses following the exposure to different LED light sources. Environ. Exp. Bot., 103895. doi: 10.1016/j.envexpbot.2019.103895


	 Mittler R. (2002). Oxidative stress, antioxidants and stress tolerance. Trends Plant Sci. 7, 405–410. doi: 10.1016/S1360-1385(02)02312-9


	 Patel A., Saha S., Verma R. K., Prakash D., Tirkey A. E., Srivastava K. (2023). Principal component analysis of yield associated traits under abiotic stress conditions in Indian mustard (Brassica juncea) genotypes. J. Oilseed Brassica 14, 120–128.


	 Razi K., Muneer S. (2021). Drought stress-induced physiological mechanisms, signaling pathways and molecular response of chloroplasts in common vegetable crops. Crit. Rev. Biotechnol. 41, 669–691. doi: 10.1080/07388551.2021.1874280


	 Razi K., Muneer S. (2023). Grafting enhances drought tolerance by regulating and mobilizing proteome, transcriptome and molecular physiology in okra genotypes. Front. Plant Sci. 14, 1178935. doi: 10.3389/fpls.2023.1178935


	 Razi K.S, Mahapatra Al Murad M., Venkat A., Notaguchi M., et al. (2024). Exploring the role of grafting in abiotic stress management: Contemporary insights and automation trends. Plant Direct 8, e70021. doi: 10.1002/pld3.70021


	 Ren M., Liu S., Mao G., Tang C., Gai, Guo X., et al. (2023). Simultaneous application of red and blue light regulate carbon and nitrogen metabolism, induces antioxidant defense system and promote growth in rice seedlings under low light stress. Int. J. Mol. Sci. 24, 10706. doi: 10.3390/ijms241310706


	 Shahzad A., Gul H. (2025). Sensing the dry: redox-regulated auxin repression shapes root plasticity. Advanced Agrochem. doi: 10.1016/j.aac.2025.10.006


	 Shahzad A., Gul H., Ahsan M., Wang D., Fahad S. (2023). Comparative genetic evaluation of maize inbred lines at seedling and maturity stages under drought stress. J. Plant Growth Regul. 42, 989–1005. doi: 10.1007/s00344-022-10608-2


	 Sharma S., Sanyal S. K., Sushmita K., Chauhan M., Sharma A., Anirudhan G., et al. (2021). Modulation of phototropin signalosome with artificial illumination holds great potential in the development of climate-smart crops. Curr. Genomics 22, 181–213. doi: 10.2174/1389202922666210412104817


	 Shibaeva T. G., Sherudilo E. G., Rubaeva A. A., Titov A. F. (2022). Continuous LED lighting enhances yield and nutritional value of four genotypes of Brassicaceae microgreens. Plants 11, 176. doi: 10.3390/plants11020176


	 Suresh, Muneer S. (2025). Light spectrum mediated improved graft-healing response by enhanced expression of transport protein in vegetab les under drought conditions. Plant Physiol. Biochem., 109780. doi: 10.1016/j.plaphy.2025.109780


	 Theeuwen T. J. M., Logie L. L., Harbinson J., Aarts M. G. M. (2022). Genetics as a key to improving crop photosynthesis. J. Exp. Bot. 73, 3122–3137. doi: 10.1093/jxb/erac076


	 Vajjiravel P., Nagarajan D., Pugazhenthi V., Suresh A., Sivalingam M. K., Venkat A., et al. (2024). Circadian-based approach for improving physiological, phytochemical and chloroplast proteome in Spinacia oleracea under salinity stress and light emitting diodes. Plant Physiol. Biochem. 207, 1083505. doi: 10.1016/j.plaphy.2024.108350


	 Venkat A., Bae D. W., Muneer S. (2023). Circadian clock contributes to modulate salinity stress-responsive antioxidative mechanisms and chloroplast proteome in spinacia oleracea. Agriculture 13, 429. doi: 10.3390/agriculture13020429


	 Vicente-Serrano S. M., Peña-Angulo D., Beguería S., Domínguez-Castro F., Tomás-Burguera M., Noguera I. (2022). Global drought trends and future projections. Philosophical Transactions of the Royal Society A. 380, 20210285


	 Wang D., Chen Q., Chen W., Liu X., Xia Y., Guo Q., et al. (2021). A WRKY transcription factor, EjWRKY17, from Eriobotrya japonica enhances drought tolerance in transgenic Arabidopsis. Int. J. Mol. Sci. 22, 5593. doi: 10.3390/ijms22115593


	 Wirojsirasak W., Songsri, Jongrungklang N., Tangphatsornruang S., Klomsa-Ard, Ukoskit K. (2024). Determination of morpho-physiological traits for assessing drought tolerance in sugarcane. Plants 13, 1072. doi: 10.3390/plants13081072


	 World Meterological Organisation. (2025). Available online at: https://wmo.int/publication-series/wmo-global-annual-decadal-climate-update-2025-2029.


	 Xu F., He S., Zhang J., Mao Z., Wang W., Li T., et al. (2018). Photoactivated CRY1 and phyB interact directly with AUX/IAA proteins to inhibit auxin signaling in Arabidopsis. Mol. Plant 11, 523–541. doi: 10.1016/j.molp.2017.12.003


	 Yu M., Liu J., Du B., Zhang M., Wang A., Zhang L. (2021). NAC transcription factor PwNAC11 activates ERD1 by interaction with ABF3 and DREB2A to enhance drought tolerance in transgenic Arabidopsis. Int. J. Mol. Sci. 22, 6952. doi: 10.3390/ijms22136952


	 Zaidi F., Shahzad A., Ahsan M., Gul H., Shahzad M., Gul S., et al. (2022). Evaluation of genetic variation among maize inbred lines for salinity stress at seedling stage through salt-stress-responsive traits. Acta Universitatis Sapientiae Agric. Environ. 14, 62–84. doi: 10.2478/ausae-2022-0005 


	 Zhao X., Huang L. J., Sun X. F., Zhao L. L., Wang C. (2022). Transcriptomic and metabolomic analyses reveal key metabolites, pathways and candidate genes in Sophora davidii (Franch.) skeels seedlings under drought stress. Front. Plant Sci. 13, 785702. doi: 10.3389/fpls.2022.785702


	 Zhou Z., Wang, Li L., Fu Q., Ding Y., Chen, et al. (2024). Recent development on drought propagation: A comprehensive review. J. Hydrology 645, 132196. doi: 10.1016/j.jhydrol.2024.132196


	 Zhu X., Wen S., Gul H., Xu, Yang Y., Liao X., et al. (2024). Exploring regulatory network of icariin synthesis in herba epimedii through integrated omics analysis. Front. Plant Sci. 15, 1409601. doi: 10.3389/fpls.2024.1409601







Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2026 Suresh, Rameshkumar, Lee, Bae and Muneer. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-16-1706708-g008.jpg
(a) Karl Pearson Correlation heat map

pH
EC

PR

RWC

NUMLEAF

LA

PLANT_HT

ROOT_LENG
SHOOT_LENG |

STEM_G

"IP'

SHOOT LENG|

(b) Principal Component Analysis (PCA)

10

0s

Component 2 (209 %)

05

10

-0s [ o5
Component 1 (314 %)

(i) Score plot

igenvalue

H 10 15
Number of Components

(ii) Scree plot Scatterplot matrix

;
L
Er

-, -
|
-
L
by et et o
TUgEFVg;SEz2 885830
3 Ipgh
Z &ag%09
22
z
Variable

(iv) T2 contribution heat map





OEBPS/Images/fpls-16-1706708-g001.jpg
CONTROL

STRESSED

STRESSED CONTROL

=

NS 7774

NS 7774 NS 7772 NS 7772

WL R-B'W WL R'B:'W





OEBPS/Images/fpls-16-1706708-g006.jpg
o O

SPAD Values
- = NN W W
o O

Transpiration Rate
(umol H,0 m=2s™1)
©O = N O b O O N O O0r OO,

DAY 5 DAY 10

abcd abc ef b
def
ab a
a
f
O DAY 5 O DAY 10
ab
b a
axe T bed
i
cd
gef§9 L cde

CONTROL STRESS |[CONTROL STRESS |CONTROL STRESS [CONTROL STRESS
NS 7772 NS 7774 NS 7772 NS 7774
WL R:B

(umol CO, m=2s71)
N w o (3, ] (o] ~

Net Photosynthetic Rate

o

(umol H,0 m2s71)
© =N W & 00 O N

Stomatal conductance

mDAY5 TDAY 10
abc a
ab ab
af def &
; 1 of ef
O DAY 5 o DAY 10
ab a _ abc
bcd bed
cd teg 97 e ‘ bed
[ q 5

CONTROL STRESS |CONTROL STRESS |CONTROL STRESS |[CONTROL STRESS
NS 7772 NS 7774 NS 7772 NS 7774
WL R:B





OEBPS/Images/fpls-16-1706708-g003.jpg
O 2-Localization

NS 7774 NS 7772
STRESSED CONTROL STRESSED

H,O, Localization
NS 7774 NS 7772

1 1 1 1 1 D

A DDAY 5 @DAY 10
STRESSED

Proline ug g-' FW Leaf relative water (%)

MDA content mg/g FW

- N w £ [3,] (=2}

N WA OO N O o

o =

ab

d cd

CONTROL STRESS |[CONTROL STRESS |CONTROL STRESS |[CONTROL STRESS

NS 7772

bcd

NS 7774

ab

bcd

abc

cd

NS 7772

cd

a de a cd
f
de
cd 5 bc
ab
a f a

|| || || Cd | ||
a

abcd abcd

NS 7774

CONTROL

"

4

WL

/8

ALY

Tam
y

e

x

CONTROL
» RS

AN

STRESSED CONTROL

Y

S Avd

R:B:W

>
g# b
« OS2
~

WL

R:B:W

NS 7774

NS 7772

GAVA 0l Avd

01 AVa

|o.n:uoo

|o1U0D passalS

»
—*
=
1]
”n
(7
1]
Q





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-16-1706708-g002.jpg
Shoot Length (cm) Plant Height (cm)

Root Length (cm)

-
N

-
o

-
N

-
o

- -
N b

-
o

-
(=2}

A mDAY 5 mDAY 10

=Y
E-N

ab e

ab ab

ab ab ab

=]

ab ab ab ‘ b ap
6 ab 7 b ’
] b i

ab ab

ab ab ab

=]

-
(=2}

ab

ab

ab ab b

ab ‘
Llab ab

o N b~ O O

CONTROL STRESS |CONTROL STRESS |CONTROL STRESS |CONTROL STRESS

NS 7772 NS 7774 NS 7772 NS 7774
WI1 R'R

120

100

80

60

No of Leaf

40

20

120

100

=3
o

Leaf area (cm)2
= »

N
o

-
o ©

- -
N A

Stem girth (mm)

S N b~ O O©

abc ab

ab

ODAY 5 ODAY 10

ab

CONTROL STRESS [ CONTROL STRESS

NS 7772

AAIL

NS 7774

ab
def

defg

cde

CONTROL STRESS | CONTROL STRESS

NS 7772

D.

NS 7774





OEBPS/Images/fpls-16-1706708-g007.jpg
Totalsoluble protein

18 ODAY 5 ODAY 10 b

|

L [ | 1

ICONTROL STRESS |[CONTROL STRESS [CONTROL STRESS (CONTROL STRESS
NS 7772 NS 7774 NS 7772 NS 7774

1D - BLUE NATIVE PAGE
B R:B:W

NS 7774
Control
NS 7772

Insoluble material

l«—— ATPase, PS |, PSIlI core dimer
PS Il monomer/ATP synthase
LHC Il assembly

<«—LHC lll assembly trimer





OEBPS/Images/fpls-16-1706708-g004.jpg
SOD activity
tein min-1
ON P O ®

U mg pro
O N MO®OOLOWOND

= A A
N A~ O ©

Catalase activity
U mg protein min-!
o N A O O 3

APX activity
U mg protein min-!
o o o o o o

o

bcd
DAY 5 ODAY 10
d p cd ab
I d cd a
dI o abe Liabed  bed I
I cd I
olI I

bc

bc
bc

b
bc
bc be

bc be

d bc bc cd
‘ bc

I | | I | |
defg

a fg
g a a b def
cde
efg
defg efg
fg ab
efg I cd I

CONTROL STRESS |[CONTROL STRESS |[CONTROL STRESS |CONTROL STRESS
NS 7772 NS 7774 NS 7772 NS 7774
WL R:B

W 100 R:B:W LED

"II'IIII'






OEBPS/Images/fpls.2025.1706708_cover.jpg
& frontiers | Frontiers in Plant Science

Spectral light quality regulates
photosynthesis and thylakoidal protein
complexes to improve drought tolerance in
okra rootstocks





OEBPS/Images/fpls-16-1706708-g005.jpg
A Control Stressed Control Stressed Control Stressed Control Stressed

Spectrum 2 Spectrum 1

Spectrum 1






