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Abstract: Drought is a severe environmental constraint, causing a significant reduction in crop productivity across the world. Salicylic acid (SA) is an important plant growth regulator that helps plants cope with the adverse effects induced by various abiotic stresses. The current study investigated the potential effects of SA on drought tolerance efficacy in two barley (Hordeum vulgare) genotypes, namely BARI barley 5 and BARI barley 7. Ten-day-old barley seedlings were exposed to drought stress by maintaining 7.5% soil moisture content in the absence or presence of 0.5, 1.0 and 1.5 mM SA. Drought exposure led to severe damage to both genotypes, as indicated by phenotypic aberrations and reduction of dry biomass. On the other hand, the application of SA to drought-stressed plants protected both barley genotypes from the adverse effects of drought, which was reflected in the improvement of phenotypes and biomass production. SA supplementation improved relative water content and proline levels in drought-stressed barley genotypes, indicating the osmotic adjustment functions of SA under water-deficit conditions. Drought stress induced the accumulation of reactive oxygen species (ROS), such as hydrogen peroxide (H2O2) and superoxide (O2•−), and the lipid peroxidation product malondialdehyde (MDA) in the leaves of barley plants. Exogenous supply of SA reduced oxidative damage by restricting the accumulation of ROS through the stimulation of the activities of key antioxidant enzymes, including superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), ascorbate peroxidase (APX) and glutathione peroxidase (GPX). Among the three-applied concentrations of SA, 0.5 mM SA exhibited better mitigating effects against drought stress considering the phenotypic performance and biochemical data. Furthermore, BARI barley 5 showed better performance under drought stress than BARI barley 7 in the presence of SA application. Collectively, our results suggest that SA played a crucial role in improving water status and antioxidant defense strategy to protect barley plants from the deleterious effects of water deficiency.
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1  Introduction

Drought is a major environmental threat that limits crop production, and its occurrence is anticipated to be increased further due to unprecedented climate change [1,2]. Crop production is predicted to drop by up to 30% by 2025 compared to 2018 due to water shortage [3]. Drought stress negatively affects various morphological, physiological and metabolic attributes in plants. Increased production of reactive oxygen species (ROS), such as singlet oxygen (1O2), superoxide (O2•−), hydrogen peroxide (H2O2) and hydroxyl radicals (OH.) is a key sign of drought stress at the cellular level [4,5]. ROS are extremely toxic and can oxidize biomolecules like DNA, proteins, lipids and pigments, leading to plant cell death and growth retardation [4]. Plants have evolved sophisticated antioxidant systems to protect cells from ROS-induced damage, which plays an important role in sustaining the normal metabolism of plants under stressful conditions [6,7]. The antioxidant defense of plants includes both enzymes, including superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPX), glutathione S-transferase (GST), ascorbate peroxidase (APX), monodehydroascorbate (MDHAR), dehydroascorbate reductase (DHAR) and glutathione reductase (GR), and non-enzymatic components, such as ascorbic acid (AsA) and glutathione (GSH) [8]. An integrated function of both enzymatic and non-enzymatic systems is critical to mounting a strong defense against ROS toxicity and assisting plants in surviving under drought adversities.

Barley (Hordeum vulgare) is one of the most significant cereal crops in the world. Despite its potential aspect in contribution to food and nutritional security, Bangladesh’s present barley production situation is highly concerning. Drought is believed to be one of the biggest hindrances to barley production in Bangladesh as a result of rising climate change [9]. Barley has four water-sensitive growth stages, including germination, booting, anthesis and milky [10]. Thus, it is crucial to understand the putative mechanisms underlying barley’s water resilience if drought-tolerant varieties are to be developed for sustaining barley production in arid and semi-arid regions. Moreover, effective measures should be undertaken to curtail the loss of barley productivity in drought-prone areas.

Salicylic acid (SA) is a naturally occurring phytohormone that affects a variety of physiological and biochemical activities in plants. SA can function as a signaling molecule and has a variety of roles in conferring abiotic stress tolerance in plants [11,12]. A wealth of studies revealed that SA treatment improves a plant’s ability to withstand a variety of abiotic stresses, including ozone, heat, salinity, heavy metal toxicity and osmotic stress [13–17]. When exogenously sprayed on the drought-stressed tomato (Solanum lycopersicum) plants, SA was found to stimulate the function of the antioxidant defense system by enhancing the activities of several enzymes, such as SOD, peroxidase (POD) and CAT [18]. Application of exogenous SA also enhanced the growth and photosynthetic rate in wheat (Triticum aestivum) plants under water-limited conditions [19]. Nevertheless, numerous studies demonstrated that the effectiveness of exogenous SA varied depending on various factors, including the type of species, plant developmental stages, the mode of application and the dose of SA [11,20–22]. The effect of SA on the growth performance of barley has not yet been thoroughly investigated. Moreover, the roles of SA in modulating oxidative stress tolerance in barley under water-shortage conditions were rarely examined.

Thus, the present study aimed to investigate the drought tolerance and responses of two commonly used barley genotypes, BARI Barley-5 (BB-5) and BARI Barley-7 (BB-7). We also evaluated the beneficial effects of SA in mediating the drought tolerance potential of both barley genotypes at physiological and biochemical levels. Finally, we looked at the effects of different doses of SA and their efficacy in two barley genotypes under restricted water availability in greenhouse settings.

2  Materials and Methods

2.1 Plant Materials and Treatments of Barley Genotypes with Drought and SA

The seeds of two high-yielding barley genotypes, namely BARI Barley-5 (BB-5) and BARI Barley-7 (BB-7), were generously provided by Plant Breeding Division, Bangladesh Agriculture Research Institute (BARI), Gazipur, Bangladesh. Barley seeds were surface sterilized by immersing them in 70% ethanol for 30 s, followed by treatment with 3% sodium hypochlorite solution for three minutes (min). The sterilized seeds were thoroughly washed five times with distilled water. The seeds were then sown in trays filled with a mixture of coarse sand and gravel for germination in the greenhouse at 22°C. After seven days of seed sowing, uniformly germinated 25 seedlings were selected and transferred to the plastic pots (pot size 2L; 1.80 Kg soil/pot) filled with soil and commercial compost (ACI Bumper Biofertilizer, ACI Limited, Dhaka, Bangladesh) at 4:1 ratio. Ten-day-old newly established seedlings of each genotype (17-day-old plants) were then subjected to drought stress by stopping irrigation. Soil moisture content (SMC) of the pots was regularly recorded using a soil moisture meter (MO750, Extech Instruments, Taiwan). Typical drought symptoms in barley seedlings were observed when SMC reached 7.5%. SMC at a 7.5% level was maintained for a period of seven days with the addition of the required amount of water. During this 7-day drought period, one set of drought-stressed seedlings of each genotype was foliar-sprayed with 500 mL of SA at three different concentrations, including 0.5 mM (SA1), 1.0 mM (SA2) and 1.5 mM (SA3). An equal volume of distilled water was sprayed in only drought-stressed and control plants.

The control seedlings were cultivated under 80% SMC alongside drought-stressed seedlings. Thus, each genotype comprised of 5 treatments as follows: (i) 80% SMC (control), (ii) 7.5% SMC (Drought), (iii) Drought + SA1, (iv) Drought + SA2 and (v) Drought + SA3. On day 7th of continuous maintenance of 7.5% SMC (hereafter referred to as drought treatment), shoot samples of drought-stressed and -unstressed plants (24-day-old plants) were collected for various physiological and biochemical analyses. The experiment had four independent replications (n =4) under the same experimental conditions.

2.2 Analysis of Phenotypes, Biomass and Relative Water Content

To record the drought effects on barely phenotypes, a digital camera (Nikon D700, Tokyo, Japan) was used to photograph the plants on day 7th of drought treatments. For the determination of plant biomass, five plants were randomly selected from each pot and carefully uprooted from the soil. The roots were cleaned and washed using tap water to remove soil particles, followed by soaking the roots in paper towels. Fresh weight (FW) of each plant was taken, and the plant samples were kept in labeled paper bags. The paper bags were then placed in an oven at 70°C for 24 h. The oven-dried samples were cooled in a desiccator jar, and dry weight (DW) was taken using an electronic balance.

Relative water content (RWC) of the detached aerial parts of the plants was determined following the method of Das et al. (2022) [23]. RWC was calculated using the formula; RWC (%) = (FW – DW)/ (TW – DW) × 100. FW, fresh weight; TW, turgid weight; DW, dry weight.

2.3 Determination of Proline Content

Proline content was colorimetrically determined following the procedure of Bates et al. [24]. Briefly, fresh leaf samples (0.5 g) were homogenized in 10 mL of 3% sulfosalicylic acid in ice. The homogenate was centrifuged at 11,500 × g for 15 min. Two mL of the filtrates were mixed with 2 mL of acid ninhydrin and 2 mL of glacial acetic acid solutions. The mixture was then boiled at 100°C for 1 h by placing the tubes in a hot water bath. The tubes were immediately cooled in an ice bath, followed by the addition of 4 mL of toluene to each tube. After 30 min of reaction, the developed chromophore was separated, and the absorbance was taken against toluene at 520 nm. The proline content was calculated using a standard graph developed with a series of proline concentrations.

2.4 Estimation of the Superoxide, Hydrogen Peroxide and Malondialdehyde Contents

The level of superoxide (O2•−) was determined according to the method of Elstner and Heupel [25] with some modifications. Barley leaf samples (0.3 g) were homogenized in 3 mL of 65 mM potassium-phosphate (K-P) buffer (pH 7.8) using mortars and pestles in an ice bath. After centrifugation at 5,000 × g for 10 min at 4°C, the supernatants (0.75 mL) were mixed with 0.67 mL of 65 mM K-P buffer and 0.07 mL of 10 mM hydroxylamine hydrochloride. The reaction was incubated at 25°C for 20 min. Following the incubation, 0.37 mL of 17 mM sulfanilamide and 0.37 mL of 7 mM α-naphthylamine were added, and the mixture was further incubated at 25°C for 20 min before it was mixed with 2.25 mL of diethyl ether. The absorbance was measured at 530 nm, and the O2•− concentration was calculated from a standard curve developed with sodium nitrite.

The H2O2 level was assayed according to the method described by Yu et al. [26]. H2O2 was extracted by homogenizing 0.5 g of leaf samples in 3 mL of 50 mM K-P buffer (pH 6.5) at 4°C. The homogenate was centrifuged at 11,500 × g for 15 min. Three mL of the supernatants were mixed with 1 mL of 0.1% TiCl4 in 20% H2SO4 (v/v) and kept at room temperature for 10 min. After that, the mixture was again centrifuged at 11,500 × g for 15 min. The absorbance of the collected supernatant was read at 410 nm for calculating H2O2 content using an extinction coefficient of 0.28 μM−1cm−1.

The level of lipid peroxidation was measured by estimating malondialdehyde (MDA) using thiobarbituric acid (TBA) as the reactive material following the method of Heath and Packer [27]. The leaf samples (0.5 g) were homogenized in 3 mL of 5% (w/v) trichloroacetic acid (TCA) solution, and the homogenate was centrifuged at 11,500 × g for 10 min. One mL supernatant was mixed with 4 mL of TBA reagent (0.5% of TBA in 20% TCA). The reaction mixture was heated in a water bath at 95°C for 30 min, followed by rapid cooling in an ice bath before being centrifuged at 11,500 × g for 15 min. The absorbance of the colored supernatant was measured at 532 nm and corrected for nonspecific absorbance at 600 nm. The content of MDA was calculated using the extinction coefficient of 155 mM−1 cm−1.

2.5 Enzyme Extraction and Determination of Enzymatic Activities

The leaf samples (0.5 g) were homogenized in 1 mL of 50 mM ice-cold K-P buffer (pH 7.0) containing 100 mM KCl, 1 mM ascorbate, 5 mM β-mercaptoethanol and 10% (w/v) glycerol using pre-cooled mortars and pestles. The homogenates were centrifuged at 11,500 × g for 10 min, and the supernatants were used to determine protein content and antioxidant enzyme activities. All procedures were carried out at 0°C–4°C. SOD activity was estimated according to Beyer and Fridovich [28], which was based on the xanthine-xanthine oxidase system. The reaction mixture contained K-P buffer (50 mM), nitroblue tetrazolium (NBT, 2.24 mM), CAT (0.1 units), xanthine oxidase (0.1 units), xanthine (2.36 mM) and enzyme extract. CAT was added to avoid the H2O2-mediated possible inactivation of CuZn-SOD. SOD activity was expressed as units (amount of enzyme required to inhibit NBT reduction by 50%) min−1 mg−1 protein.

The activity of POD was assayed, according to Hemeda and Klein [29]. The reaction mixture contained 25 mM K-P buffer (pH 7.0), 0.05% guaiacol, 10 mM H2O2 and the enzyme extract. POD activity was determined by the increase in absorbance at 470 nm due to guaiacol oxidation for 1 min using an extinction coefficient of 26.6 mM−1 cm−1. CAT activity was measured according to the method of Csiszár et al. [30] by monitoring the decrease of absorbance at 240 nm for 1 min due to the decomposition of H2O2. The reaction mixture contained 50 mM K-P buffer (pH 7.0), 15 mM H2O2, and enzyme solution in a total volume of 0.7 mL. The reaction was initiated with the addition of enzyme extract, and the activity was calculated using the extinction coefficient of 39.4 M−1 cm−1.

The activity of APX was assayed following the method of Nakano and Asada [31]. The reaction solution contained 50 mM K-P buffer (pH 7.0), 0.50 mM ascorbate, 0.10 mM H2O2, 0.1 mM EDTA and enzyme extract in a final volume of 0.7 mL. The reaction was started by the addition of H2O2, and the activity was measured by observing the decrease in absorbance at 290 nm for 1 min using an extinction coefficient of 2.8 mM−1 cm−1. GPX activity was measured as described by Elia et al. [32] using H2O2 as a substrate. The reaction mixture consisted of 100 mM Na-P buffer (pH 7.5), 1 mM EDTA, 1 mM NaN3, 0.12 mM NADPH, 2 mM GSH, 1 unit GR, 0.6 mM H2O2, and 5 μL of sample extract. The reaction was started by the addition of H2O2. The oxidation of NADPH was recorded at 340 nm for 1 min, and the activity was calculated using the extinction coefficient of 6.62 mM−1 cm−1. Protein content was estimated according to the procedure described by Bradford [33].

2.6 Statistical Analysis

All data were analyzed using an one-way and two-way analysis of variance (ANOVA) (Data used in the ANOVA was presented in Supplementary File 1), and the mean values of different treatments were compared using a least significant difference (LSD) test. The significance level was chosen at p < 0.05. Statistix 10 package was employed for all statistical analyses. The ‘pheatmap’ and ‘devtools’ packages were used to perform hierarchical clustering and principal component analysis (PCA), respectively [34].

3  Results

3.1 Exogenous SA Application Improved Growth Performance of Barley Genotypes under Drought Stress

Under drought conditions, both barley genotypes exhibited severe phenotypical aberrations, including rolling of younger leaves, dull appearance and wilting of older leaves (Fig. 1A). The drought-induced damage was more visible in the BB-7 genotype when compared with that of the BB-5 genotype. Application of different doses of exogenous SA to the drought-stressed plants reversed the adverse effects of drought and improved the growth performance of both genotypes concerning ‘Drought’ plants only. However, SA1 and SA2 showed better recovery of the barley genotypes from drought-induced adverse effects when compared with SA3 (Fig. 1A). The effects of SA on barley growth under drought stress conditions were measured by estimating the DW of the whole plant. Drought stress caused a drastic reduction in DW by 55.47% and 44.53% in BB-5 and BB-7, respectively, compared with their respective ‘Control’ plants (Fig. 1B). However, foliar application of SA inhibited growth retardation and showed improvement of plant biomass under drought conditions in both genotypes (Fig. 1B). In BB-5, SA application increased plant biomass by 53.88%, 37.20% and 35.38% in ‘Drought+SA1’, ‘Drought+SA2’ and ‘Drought+SA3’ plants, respectively, compared with ‘Drought’ plants. On the other hand, the external application of SA improved BB-7 DW by 67.12%, 40.11% and 26.82% in ‘Drought+SA1’, ‘Drought+SA2’ and ‘Drought+SA3’ plants, respectively, as compared with ‘Drought’ plants (Fig. 1B). Collectively, BB-5 displayed higher plant biomass and performed better under drought stress conditions than BB-7. Interestingly, a low dose of SA (i.e., SA1) was more effective in protecting biomass of barley genotypes from drought effects when compared with the doses of SA2 and SA3 (Fig. 1).
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Figure 1: Effects of foliar application of SA on the (A) the phenotypic appearance and (B) dry biobaass of BB-5 and BB-7 barley cultivars after exposure to drought stress for 7 days. Control, Drought, Drought+SA1, Drought+SA2, and Drought+SA3 represent 80% SMC, 7.5% SMC, 7.5% SMC + 0.5 mM SA, 7.5% SMC + 1.0 mM SA and 7.5% SMC + 1.5 mM SA, respectively. Values represent the means ± SEs (n = 4). Different capital and small alphabetical letters on the bars indicate significant differences among the treatments within the cultivar and between the cultivars, respectively, at p < 0.05 following the least significant difference test

3.2 Exogenous SA Improved the Levels of Proline and Relative Water Content

We quantified the level of Pro and RWC to assess water status and osmoprotectant strategy in both barley genotypes under drought conditions. Compared with ‘Control’ plants, leaf Pro content was increased by 256.82% and 102.06% in BB-5 and BB-7, respectively, under drought conditions (Fig. 2A). On the other hand, ‘Drought+SA1’ plants displayed a noteworthy increase in Pro level by 15.03% and 15.09% in BB-5 and BB-7 genotypes, respectively, when compared with the corresponding ‘Drought’ plants. However, comparable data were found for Pro among ‘Drought’, ‘Drought+SA2’ and ‘Drought+SA3’ plants of both genotypes (Fig. 2A).
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Figure 2: Effects of foliar application of SA on the levels of (A) proline and (B) RWC of BB-5 and BB-7 barley cultivars after exposure to drought stress for 7 days. Control, Drought, Drought+SA1, Drought+SA2, and Drought+SA3 represent 80% SMC, 7.5% SMC, 7.5% SMC + 0.5 mM SA, 7.5% SMC + 1.0 mM SA and 7.5% SMC + 1.5 mM SA, respectively. Values represent the means ± SEs (n = 4). Different capital and small alphabetical letters on the bars indicate significant differences among the treatments within the cultivar and between the cultivars, respectively, at p < 0.05 following the least significant difference test. FW, fresh weight

We also found that ‘Drought’ plants of BB-5 and BB-7 genotypes had considerably lower levels of RWC (by 48.64% and 40.59%, respectively) than corresponding ‘Control’ plants (Fig. 2B). Surprisingly, in comparison with the ‘Drought’ plants, foliar application of SA significantly enhanced the leaf RWC in both genotypes under drought conditions (Fig. 2B). More precisely, we observed that the levels of leaf RWC in the BB-5 genotype were remarkably improved in ‘Drought+SA1’, ‘Drought+SA2’ and ‘Drought+SA3’ plants by 87.06%, 56.47% and 42.94%, respectively, relative to corresponding ‘Drought’ plants. Similarly, in comparison with the respective ‘Drought’ plants, ‘Drought+SA1’, ‘Drought+SA2’ and ‘Drought+SA3’ plants of the BB-7 genotype exhibited a noteworthy elevation of the leaf RWC by 52.97%, 33.66% and 18.32%, respectively (Fig. 2B). Moreover, our results indicated that SA1 was more effective in drought-induced water loss replenishment than SA2 and SA3.

3.3 Exogenous SA Reduced Oxidative Damage in Barley Plants under Drought Stress

To explore the role of SA in alleviating drought stress-mediated oxidative stress, we quantified the levels of ROS products, including O2•− and H2O2, as well as MDA in the leaves of both barley genotypes. In comparison with the ‘Control’ plants, we observed that drought stress exposure resulted in a significant increase in O2•− levels by 400.00% and 564.89% in BB-5 and BB-7, respectively (Fig. 3A). Intriguingly, foliar application of SA reduced O2•− content in both genotypes under drought situations (Fig. 3A). In BB-5, SA application caused a reduction of O2•− content by 44.95%, 40.71% and 27.75% in ‘Drought+SA1’, ‘Drought+SA2’ and ‘Drought+SA3’ plants, respectively, when contrasted with ‘Drought’ plants. Similarly, SA application reduced O2•− content in BB-7 genotype by 33.60%, 27.44% and 17.40% in ‘Drought+SA1’, ‘Drought+SA2’ and ‘Drought+SA3’ plants, respectively, compared with ‘Drought’ plants (Fig. 3A).
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Figure 3: Effects of foliar application of SA on the levels of (A) O2•− (B) H2O2 and (C) MDA in the leaves of BB-5 and BB-7 barley cultivars after exposure to drought stress for 7 days. Control, Drought, Drought+SA1, Drought+SA2, and Drought+SA3 represent 80% SMC, 7.5% SMC, 7.5% SMC + 0.5 mM SA, 7.5% SMC + 1.0 mM SA and 7.5% SMC + 1.5 mM SA, respectively. Values represent the means ± SEs (n = 4). Different capital and small alphabetical letters on the bars indicate significant differences among the treatments within the cultivar and between the cultivars, respectively, at p < 0.05 following the least significant difference test. FW, fresh weight

When compared with those in ‘Control’ plants, the levels of H2O2 in drought-exposed BB-5 and BB-7 genotypes were increased significantly by 115.72% and 152.94%, respectively (Fig. 2B). Conversely, the exogenous supply of SA reduced the contents of H2O2 in both genotypes under drought conditions (Fig. 3B). More precisely, SA application to the drought-stressed BB-5 genotype remarkably reduced the levels of H2O2 by 34.83%, 32.47% and 23.34% in ‘Drought+SA1’, ‘Drought+SA2’ and ‘Drought+SA3’ plants, respectively, compared with ‘Drought’ plants. Likewise, ‘Drought+SA1’, ‘Drought+SA2’ and ‘Drought+SA3’ plants of BB-7 genotype displayed a substantial reduction in H2O2 level by 35.48%, 24.86%, and 14.91%, respectively, in comparison with ‘Drought’ only plants (Fig. 3B).

Compared with the corresponding ‘Control’ plants, ‘Drought’ plants of BB-5 and BB-7 genotypes exhibited an upsurge of MDA content by 158.00% and 143.28%, respectively (Fig. 3C). On the other hand, SA supplementation to the drought-stressed barley genotypes impressively attenuated MDA levels in leaves (Fig. 3C). In relation to the ‘Drought’ plants, ‘Drought+SA1’, ‘Drought+SA2’ and ‘Drought+SA3’ plants of BB-5 genotype showed a reduction of leaf MDA levels by 43.67%, 30.23% and 21.96%, respectively (Fig. 3C). Similarly, the exogenous application of SA to drought-exposed BB-7 genotype reduced MDA content by 33.13%, 23.01%, and 13.50% in ‘Drought+SA1’, ‘Drought+SA2’ and ‘Drought+SA3’ plants, respectively, in comparison with the corresponding ‘Drought’ plants (Fig. 3C).

Collectively, in the presence of SA, drought-stressed BB-5 plants accumulated less O2•−, H2O2 and MDA in their leaves than drought-stressed BB-7 plants. Furthermore, SA1 showed higher effects in safeguarding both barley genotypes from drought-mediated ROS-induced oxidative damage when compared with SA2 and SA3.

3.4 Exogenous SA Enhanced Antioxidant Defense System

Next, we investigated the activities of some important antioxidant enzymes to evaluate the involvement of SA in alleviating oxidative stress under drought conditions. We observed that drought stress to BB-5 and BB-7 plants significantly heightened the SOD activity by 200.09% and 181.29%, respectively, in comparison with the corresponding ‘Control’ plants (Fig. 4A). Strikingly, the activity of SOD was further escalated by external application of SA in ‘Drought+SA1’ and ‘Drought+SA2’ plants of BB-5 (by 21.55% and 13.70%) and BB-7 (29.03% and 11.72%, respectively) genotypes, in relation to those observed in the corresponding ‘Drought’ plants (Fig. 4A). However, the activity of SOD did not differ significantly between the ‘Drought’ and ‘Drought+SA3’ plants of both genotypes (Fig. 4A). On the other hand, CAT activity was substantially increased by 21.37% and 73.66% in the leaves of drought-exposed BB-5 and BB-7 genotypes, respectively, relative to that of ‘Control’ plants (Fig. 4B). By comparison, ‘Drought+SA1’, ‘Drought+SA2’ and ‘Drought+SA3’ plant leaves displayed a further enhancement of CAT activity in BB-5 (by 29.39%, 14.80% and 7.60%) and BB-7 (56.45%, 31.14% and 6.31%, respectively) genotypes when contrasted with the corresponding ‘Drought’ plants (Fig. 4B).
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Figure 4: Effects of foliar application of SA on the activities of (A) SOD, (B) CAT, (C) APX, (D) POD, and (E) GPX in the leaves of BB-5 and BB-7 barley cultivars after exposure to drought stress for 7 days. Control, Drought, Drought+SA1, Drought+SA2, and Drought+SA3 represent 80% SMC, 7.5% SMC, 7.5% SMC + 0.5 mM SA, 7.5% SMC + 1.0 mM SA and 7.5% SMC + 1.5 mM SA, respectively. Values represent the means ± SEs (n =4). Different capital and small alphabetical letters on the bars indicate significant differences among the treatments within the cultivar and between the cultivars, respectively, at p < 0.05 following the least significant difference test

In comparison with the respective ‘Control’ plants, BB-5 and BB-7 genotypes exposed to drought stress showed a significant increment of APX activity by 93.20% and 133.09%, respectively (Fig. 4C). In contrast, a further increment in APX activity in ‘Drought+SA1’ (53.34% and 43.23%), ‘Drought+SA2’ (32.21% and 25.17%) and ‘Drought+SA3’ (28.83% and 19.50%) of BB-5 and BB-7 genotypes, respectively, were found compared with the values observed in their corresponding ‘Drought’ plants (Fig. 4C). Drought stress without SA supplementation caused a considerable increase in POD activity (by 94.86% and 276.47%) in the BB-5 and BB-7 genotypes, respectively, when compared with the corresponding ‘Control’ plants (Fig. 4D). By comparison, SA application further heightened the POD activity in ‘Drought+SA1’, ‘Drought+SA2’ and ‘Drought+SA3’ plants of BB-5 (by 17.13%, 3.85% and 2.22%) and BB-7 (by 24.53%, 11.42% and 6.95%, respectively) genotypes, in comparison with the values obtained in the corresponding ‘Drought’ plants (Fig. 4D).

Exposure of BB-5 and BB-7 genotypes to drought stress without SA supplementation displayed a significant rise in GPX activity by 99.82% and 118.06%, respectively, concerning the corresponding ‘Control’ plants (Fig. 4E). However, GPX activity increased even more in ‘Drought+SA1’ plant leaves of BB-5 (by 21.13%) and BB-7 (18.73%) genotypes than in the respective ‘Drought’ plants (Fig. 4E). We did not observe any significant divergence in the activity of GPX between ‘Drought’, and ‘Drought+SA2’ and ‘Drought+SA3’ plant leaves of both genotypes (Fig. 4E). Overall, we can conclude that adding SA to drought-stressed plants increased the activities of SOD, CAT, APX, POD and GPX further than the ‘Drought’ plants, and the effects of SA1 were more prominent than those of SA2 and SA3.

3.5 Evaluation of the Treatment-Variable Interaction Using Clustering Heatmap and PCA

The clustering heatmaps with different color gradients were generated to depict the overall scenario of the studied morpho-physiological and biochemical parameters under both normal and drought stress (with or without SA supplementation) conditions (Figs. 5A and 5B). The morpho-physiological and biochemical attributes of both genotypes were grouped into three distinct clusters (Cluster–I, –II and –III) (Figs. 5A and 5B). Interestingly, for both the genotypes, cluster-I represented morpho-physiological features like biomass and RWC, whereas cluster-II represented ROS products, such as O2•− and H2O2, and MDA, and cluster-III represented all ROS quenchers such as SOD, CAT, APX, GPX, POD and Pro (Figs. 5A and 5B). Compared with the respective ‘Control’ plants, all the parameters of cluster-I showed a decreasing trend under drought stress without SA supplementation; however, an increasing trend was observed for the parameters of cluster-II and cluster-III (Figs. 5A and 5B). By contrast, ‘Drought+SA1’, ‘Drought+SA2’ and ‘Drought+SA3’ plants displayed an increasing trend for cluster-I and cluster-III parameters (except for Pro and SOD in ‘Drought+SA3’ plants of BB-5 and BB-7 genotype, respectively), while the decreasing trend was observed for cluster-II parameters, in relation to ‘Drought’ plants (Figs. 5A and 5B). PCA was then carried out to understand the association of treatment groups with different morpho-physiological and biochemical parameters (Figs. 5C and 5D). For the BB-5 and BB-7 barley genotypes, the first two principal components, PC1 and PC2, collectively explained 99.46% and 99.54% of the data variabilities, respectively (Figs. 5C and 5D). The PCA biplot revealed that the variables in clusters-I and cluster-III were intricately associated with the ‘Drought+SA1’, ‘Drought+SA2’ and ‘Drought+SA3’ treatments of both genotypes; however, cluster-II exhibited a negative association with those treatment variables (Figs. 5C and 5D). Opposite trends were observed for SA-devoid drought-stressed plants (Figs. 5C and 5D).
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Figure 5: (A and B) Clustered heatmap for treatment and variable relationship. Color scale indicates the changing trend of different parameters with different treatments. Normalized mean values of different parameters were used to construct the heatmap. The parameters were grouped into three distinct clusters for both cultivars. (C and D) PCA was conducted to understand the relationships between treatments and variable levels by the first two principal components (PC1 and PC2). The variables included, biomass, RWC, O2•−, H2O2, MDA, SOD (superoxide dismutase), CAT, APX, POD, GPX and Pro (proline). Control, Drought, Drought+SA1, Drought+SA2, and Drought+SA3 represent 80% SMC, 7.5% SMC, 7.5% SMC t + 0.5 mM SA, 7.5% SMC + 1.0 mM SA and 7.5% SMC + 1.5 mM SA, respectively

4  Discussion

Drought stress is one of the most critical environmental constraints for agricultural crop production worldwide, resulting in significant annual yield losses of vital cereal crops, such as rice, maize, wheat, and other grains [35–37]. Therefore, scientists pay considerable attention to improving the drought resistance of cereal crops, especially barley, to meet the growing population’s food demands. Among numerous drought mitigation strategies, treating plants with phytohormones is now considered a viable technique for relieving the negative consequences of drought on plants [38]. The phytohormone SA has been considered an ‘effective therapeutic agent’ for plants due to its role in regulating physiological and biochemical processes under multiple abiotic stresses, including cold, drought, heat, heavy metal toxicity and osmotic stress [39–41]. In the current study, we examined the beneficial effects of SA in alleviating the negative consequences of drought effects on barley plants.

Our findings revealed that the barley genotypes exposed to drought stress exhibited severe aberration of phenotypes, including rolling of younger leaves, yellowing and wilting of older leaves, as well as a reduction of plant biomass (Fig. 1A). In line with our findings, drought stress-induced phenotypic distortions and decreased biomass have also been observed in other cereal crops, including rice, maize and wheat [35–37]. In contrast, foliar application of SA, particularly SA1, alleviated the negative impacts of drought stress, as evident by reduced leaf rolling, yellowing and wilting, as well as improved biomass production (Figs. 1A and 1B). PCA results further supported our findings, revealing that drought-exposed barley genotypes sprayed with SA had a lower extent of the negative association with biomass production when compared with SA-devoid drought-stressed plants (Figs. 5C and 5D). The positive regulatory role of SA in improving the phenotypic appearance and biomass production has also been reported in other cereals as well [42–43].

Plants accumulate a wide array of low-molecular-weight osmotic compounds, including Pro, to support osmotic balance under drought circumstances [44,45]. Our results demonstrated that drought-stressed barley genotypes accumulated a substantially high amount of Pro while retaining significantly less RWC in their leaves as compared with the ‘Control’ plants (Figs. 2A and 2B). These findings indicated that Pro accumulation in drought-exposed barley plants was insufficient to retain water under severe water-paucity situations, which is consistent with the findings of others [46,47]. On the other hand, SA supplementation to the drought-stressed plants further increased the levels of Pro, which corroborated with the results of improved leaf RWC under water dearth conditions (Figs. 2A and 2B). Similar to our results, a positive correlation between improved drought tolerance and the levels of Pro and leaf RWC has also been reported in wheat and mungbean plants [48,49]. In Brassica napus, it was reported that SA-treated drought plants showed 1.4 times elevation of the expression of proline biosynthetic genes, including 1-pyrroline-5-carboxylate synthetase (P5CS1 and P5CS2) and pyrroline-5-carboxylate reductase (P5CR) when compared with drought-stressed only plants [50]. Accordingly, the PCA biplot also exhibited a positive relationship between the SA-added drought-stressed barley plants with the increased levels of Pro and leaf RWC (Figs. 5C and 5D).

A plethora of studies reported that drought-induced biomass reduction was interlinked with the induction of oxidative damage due to increased production of ROS, including O2•− and H2O2 [37,51–53]. In the present study, we observed that drought stress led to a greater accumulation of O2•− and H2O2, and subsequently, MDA levels in the leaves of both barley genotypes (Figs. 3A–3C), implying that barely plants suffered from severe oxidative stress and membrane damage as a result of drought stress. On the other hand, exogenous application of SA to drought-stressed barley plants helped to reduce the levels of O2•−, H2O2, and MDA in their leaves (Figs. 3A–3C), suggesting that SA played a decisive role in minimizing the ROS-induced oxidative stress burden and protecting the cell membrane integrity from drought-induced damage. In support of these findings, PCA results showed that SA-treated drought-exposed barley plants exhibited a decreased extent of positive correlation with these ROS products, as well as MDA levels when compared with drought-stressed barley plants that were not treated with SA (Figs. 5C and 5D).

Plants have developed a robust antioxidant defense system to combat ROS-mediated oxidative burden when exposed to drought [47,54,55]. In the current study, drought-stressed barley plants supplemented with SA displayed further enhancement of the activities of antioxidant enzymes, including SOD, CAT, APX, POD and GPX, when compared with the SA-devoid drought-stressed barley plants (Figs. 4A–4E). Fundamentally, increased SOD activity in the leaves of drought-exposed barley plants treated with SA corroborated with the reduction of O2•− levels (Fig. 3A), as SOD is known to catalyze the dismutation of O2•− to H2O2 [56,57]. It has also been reported that foliar application of SA improved the expression of SOD encoding gene Cu/ZnSOD in Impatiens walleriana plants under drought stress [58]. CAT, APX and POD are involved in the detoxification of H2O2 [59]. Accordingly, the reduced level of H2O2 in SA-treated drought-exposed barley plants also coincided with the elevated activities of CAT, APX and POD (Figs. 3B, and 4B–4D). Furthermore, under drought conditions, the increased activity of GPX in the leaves of barley genotypes supplemented with SA provided indirect evidence of the likely involvement of SA in boosting the GSH-dependent peroxide-detoxification system. Similar to our findings, numerous studies reported the potential functions of SA in activating ROS-detoxification mechanisms in plants under water shortage conditions [60–63]. It was observed that drought stress increased the expression of the SA-inducible genes like pathogenesis-related (PR)-1 and PR-2 [64], indicating that SA is required to mount drought tolerance potential in plants. Moreover, SA also interacted with other phytohormones like abscisic acid (ABA) and jasmonic acid (JA) in regulating water stress tolerance in tomato plants [65]. Our results were also supported by the PCA, which showed a significant positive association of the SA-supplemented drought-stressed plants with the activities of enzymatic antioxidants (Figs. 5C and 5D).

In summary, our results suggested that supplementation of SA improved the drought tolerance in barley genotypes by improving plant biomass, Pro level and relative water content, as well as by reducing the levels of O2•−, H2O2 and MDA through the activation of several key antioxidant enzymes, such as SOD, CAT, APX, POD and GPX. Among the two studied barley genotypes, BB-5 performed better in the presence of SA to resist drought-caused adverse effects. Overall, our results demonstrate the potential effects of SA in alleviating drought-induced damage to an economically important crop, barley. To ascertain the beneficial impact of SA in the effective management of the drought problem, more extensive field research using a variety of crop species under various drought regimes and modes of SA applications should be implemented. In addition, it would be intriguing to determine whether SA supplementation has any favorable impact on the biochemical components of barley seeds and their nutrient contents, which could help us better address the problem of malnutrition in developing nations.
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Randomized Complete Block AOV Table for APX

Source DF SS MS F P
Rep 3 0.00032 0.00011
Treatment 3.33052 0.83263 12472.29 0.0000
Error 12 0.00080 0.00007
Total 19 3.33164
Grand mean 1.3185
Ccv 0.62
Randomized Complete Block AOV Table for Biomass

Source DF SS MS F P
Rep 3 0.0527 0.0176
Treatment 46.3575 11.5894 1241.39 0.0000
Error 12 0.1120 0.0093
Total 19 46.5223
Grand mean 5.5615
Ccv 1.74

Randomized Complete Block AOV Table for CAT
Source DF SS MS F P
Rep 3 0.62 0.21
Treatment 4 7657.34 1914.33 11179.79 0.0000
Error 12 2.05 0.17
Total 19 7660.01
Grand mean 134.01
Ccv 0.31

Randomized Complete Block AOV Table for GPX
Source DF SS MS F P
Rep 3 11.2 3.72
Treatment 4 27137.9 6784.47 1764.17 0.0000
Error 12 46.1 3.85
Total 19 27195.2
Grand mean 145.80
CvV 1.35

Randomized Complete Block AOV Table for Hydrogen Peroxide

Source DF SS MS F P
Rep 3 0.0043 0.0014
Treatment 67.2417 16.8104 8680.08 0.0000
Error 12 0.0232 0.0019
Total 19 67.2693
Grand mean 7.4665
Ccv 0.59

Randomized Complete Block AOV Table for MDA
Source DF SS MS F P
Rep 3 0.0215 0.0072
Treatment 79.2780 19.8195 1052.36 0.0000
Error 12 0.2260 0.0188
Total 19 79.5255
Grand mean 6.6350
Ccv 2.07

Randomized Complete Block AOV Table for POD
Source DF SS MS F P
Rep 3 0.00025 0.00008
Treatment 2.87126 0.71782 8344.27 0.0000
Error 12 0.00103 0.00009
Total 19 2.87255
Grand mean 1.5913
Ccv 0.58

Randomized Complete Block AOV Table for Proline

Source DF SS MS F P
Rep 3 0.0297 0.0099
Treatment 66.3023 16.5756 5872.66 0.0000
Error 12 0.0339 0.0028
Total 19 66.3659
Grand mean 5.2165
CvV 1.02

Randomized Complete Block AOV Table for RWC
Source DF SS MS F P
Rep 3 24.40 8.13
Treatment 4168.30 1042.08 215.23 0.0000
Error 12 58.10 4.84
Total 19 4250.80
Grand mean 66.400
(0% 3.31
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Factorial AOV Table for Dry Biomass

Source DF SS MS F P
Rep 3 0.0612 0.0204
Variety 1 0.7344 0.7344 102.03 0.0000
Treatment 4 68.8443 17.2111 2391.04 0.0000
Variety*Treatment 4 4.7833 1.1958 166.13 0.0000
Error 27 0.1944 0.0072
Total 39 74.6176
Grand mean 5.6970
Ccv 1.49
Factorial AOV Table for Proline
Source DF SS MS F P
Rep 3 0.0269 0.0090
Variety 1 0.7023 0.7023 149.66 0.0000
Treatment 4 92.4855 23.1214 4927.60 0.0000
Variety*Treatment 4 3.9086 0.9772 208.25 0.0000
Error 27 0.1267 0.0047
Total 39 97.2500
Grand mean 5.0840
(0% 1.35
Factorial AOV Table for RWC
Source DF SS MS F P
Rep 3 4.20 1.40
Variety 1 25.60 25.60 4.44 0.0446
Treatment 4 7038.15 1759.54 304.93 0.0000
Variety*Treatment 4 126.65 31.66 5.49 0.0023
Error 27 155.80 5.77
Total 39 7350.40
Grand mean 67.200
Ccv 3.57
Factorial AOV Table for Superoxide
Source DF SS MS F P
Rep 3 0.023 0.0077
Variety 1 0.084 0.0837 31.64 0.0000
Treatment 4 122.265 30.5662 11552.57 0.0000
Variety*Treatment 4 1.894 0.4734 178.91 0.0000
Error 27 0.071 0.0026
Total 39 124.337
Grand mean 4.1618
Ccv 1.24
Factorial AOV Table for Hydrogen Peroxide
Source DF SS MS F P
Rep 3 0.003 0.0009
Variety 1 1.743 1.7431 1070.15 0.0000
Treatment 4 142.186 35.5465 21823.76 0.0000
Variety*Treatment 4 2.616 0.6540 401.50 0.0000
Error 27 0.044 0.0016
Total 39 146.591
Grand mean 7.2578
CvV 0.56
Factorial AOV Table for MDA
Source DF SS MS F P
Rep 3 0.027 0.0090
Variety 1 3.364 3.3640 178.80 0.0000
Treatment 4 129.162 32.2904 1716.22 0.0000
Variety*Treatment 4 2.559 0.6396 34.00 0.0000
Error 27 0.508 0.0188
Total 39 135.619
Grand mean 6.3450
Ccv 2.16
Factorial AOV Table for SOD
Source DF SS MS F P
Rep 3 2.0 0.67
Variety 1 975.2 975.16 690.61 0.0000
Treatment 4 24816.6 6204.14 4393.78 0.0000
Variety*Treatment 4 239.4 59.86 42.39 0.0000
Error 27 38.1 1.41
Total 39 26071.3
Grand mean 74.622
Ccv 1.59
Factorial AOV Table for CAT
Source DF SS MS F P
Rep 3 0.2 0.1
Variety 1 11660.5 11660.5 60431.13 0.0000
Treatment 4 24431.0 6107.7 31653.62 0.0000
Variety*Treatment 4 1148.1 287.0 1487.52 0.0000
Error 27 5.2 0.2
Total 39 37245.0
Grand mean 116.94
CvV 0.38
Factorial AOV Table for APX
Source DF SS MS F P
Rep 3 0.00051 0.00017
Variety 1 0.14007 0.14007 1704.00 0.0000
Treatment 4 6.35431 1.58858 19325.99 0.0000
Variety*Treatment 4 0.01961 0.00490 59.65 0.0000
Error 27 0.00222 0.00008
Total 39 6.51672
Grand mean 1.2593
CvV 0.72
Factorial AOV Table for POD
Source DF SS MS F P
Rep 3 0.00020 0.00007
Variety 1 0.42312 0.42312 7511.09 0.0000
Treatment 4 7.90234 1.97558 35069.54 0.0000
Variety*Treatment 4 0.18421 0.04605 817.52 0.0000
Error 27 0.00152 0.00006
Total 39 8.51140
Grand mean 1.4884
Ccv 0.50
Factorial AOV Table for GPX
Source DF SS MS F P
Rep 3 23.9 8.0
Variety 1 1114.4 1114.4 560.42 0.0000
Treatment 4 53109.7 13277.4 6677.12 0.0000
Variety*Treatment 4 92.8 23.2 11.67 0.0000
Error 27 53.7 2.0
Total 39 54394.5
Grand mean 140.52
CvV 1.00
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Randomized Complete Block AOV Table for SOD

Source DF SS MS F P
Rep 3 0.4 0.14
Treatment 14103.2 3525.81 2947.79 0.0000
Error 12 14.4 1.20
Total 19 14118.0
Grand mean 79.560
Ccv 1.37
Randomized Complete Block AOV Table for Superoxide

Source DF SS MS F P
Rep 3 0.0180 0.0060
Treatment 60.6744 15.1686 6719.21 0.0000
Error 12 0.0271 0.0023
Total 19 60.7195
Grand Mean 4.1160
Ccv 1.15

Randomized Complete Block AOV Table for APX
Source DF SS MS F P
Rep 0.00022 0.00007
Treatment 4 3.04341 0.76085 6625.70 0.0000
Error 12 0.00138 0.00011
Total 19 3.04501
Grand mean 1.2002
8% 0.89

Randomized Complete Block AOV Table for Biomass

Source DF SS MS F P
Rep 3 0.0203 0.00676
Treatment 27.2702 6.81754 1159.94 0.0000
Error 12 0.0705 0.00588
Total 19 27.3610
Grand mean 5.8325
(Y 1.31

Randomized Complete Block AOV Table for CAT
Source DF SS MS F P
Rep 3 0.3 0.11
Treatment 17921.7 4480.43 22182.82 0.0000
Error 12 2.4 0.20
Total 19 17924.5
Grand mean 99.863
(Y 0.45

Randomized Complete Block AOV Table for GPX
Source DF SS MS F P
Rep 3 12.8 4.26
Treatment 26064.6 6516.16 10432.07 0.0000
Error 12 7.5 0.62
Total 19 26084.9
Grand mean 135.24
(Y 0.58

Randomized Complete Block AOV Table for Hydrogen Peroxide

Source DF SS MS F P
Rep 3 0.0007 0.0002
Treatment 77.5600 19.3900 12584.10 0.0000
Error 12 0.0185 0.0015
Total 19 77.5792
Grand mean 7.0490
CV 0.56

Randomized Complete Block AOV Table for MDA
Source DF SS MS F P
Rep 3 0.0615 0.0205
Treatment 52.4420 13.1105 696.13 0.0000
Error 12 0.2260 0.0188
Total 19 52.7295
Grand mean 6.0550
Ccv 2.27

Randomized Complete Block AOV Table for POD
Source DF SS MS F P
Rep 3 0.00003 0.00001
Treatment 5.21529 1.30382 37956.96 0.0000
Error 12 0.00041 0.00003
Total 19 5.21573
Grand mean 1.3856
(Y 0.42

Randomized Complete Block AOV Table for Proline

Source DF SS MS F P
Rep 3 0.0079 0.00263
Treatment 30.0918 7.52296 1099.18 0.0000
Error 12 0.0821 0.00684
Total 19 30.1819
Grand mean 4.9515
Ccv 1.67

Randomized Complete Block AOV Table for RWC
Source DF SS MS F P
Rep 3 36.40 12.133
Treatment 2996.50 749.125 218.72 0.0000
Error 12 41.10 3.425
Total 19 3074.00
Grand mean 68.000
CV 2.72

Randomized Complete Block AOV Table for SOD
Source DF SS MS F P
Rep 3 2.2 0.75
Treatment 10952.8 2738.19 1420.41 0.0000
Error 12 23.1 1.93
Total 19 10978.1
Grand mean 69.685
Ccv 1.99

Randomized Complete Block AOV Table for Superoxide

Source DF SS MS F P
Rep 3 0.0093 0.0031
Treatment 63.4838 15.8709 4728.19 0.0000
Error 12 0.0403 0.0034
Total 19 63.5334
Grand mean 4.2075
CvV 1.38
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