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Abstract

:

Drought is a major environmental constraint, affecting agricultural productivity worldwide. Allelopathic hormesis, the low-dose stimulatory effect of allelochemicals, offers a pragmatic solution in alleviating the adverse effects of drought in plants. This study, therefore, is conducted to evaluate the potential of a brassica water extract (BWE) in enhancing drought tolerance in wheat. The experiment was based on three factors, viz, drought with three levels (100%, 60% and 30% field capacity; FC), different concentrations of a brassica water extract (control, water spray, 0.5%, 1.0%, 1.5%, 2.0%, 2.5% and 3.0%) and two wheat cultivars, Ihsan-2016 (drought tolerant) and Galaxy-2013 (drought-sensitive). Drought stress, particularly at 30% FC, decreased the morpho-physiological attributes of both wheat cultivars; nevertheless, the application of brassica water extract, particularly at 2.0%, effectively enhanced tolerance against drought stress. Compared with the control, the application of 2.0% brassica water extract increased the morphological attributes, such as seedling length and the fresh and dry weights of both wheat cultivars in the range of 2–160% under 30% field capacity. In addition, the 2.0% brassica water extract triggered the activities of antioxidant enzymes, including superoxide dismutase, catalase and peroxidase (11–159%), decreased the hydrogen peroxide content (14–30%) and enhanced chlorophyll a and b and carotenoid contents (19–154%), as compared to the control, in both wheat cultivars under 30% field capacity. The vigorous growth and higher drought tolerance in wheat cultivars with brassica water extract application were related to improved chlorophyll contents and physiological attributes, a better antioxidant defense system and a reduced H2O2-based damaging effect.
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1. Introduction


Among abiotic stresses, drought is one of the major factors that cause injurious effects to wheat growth and productivity by manipulating its physiological pathways [1]. Wheat (Triticum aestivum L.) is considered as an important food and cereal crop in the world. Its cultivation has been extended to arid regions to possibly assist in addressing future food security issues in problematic zones where water shortage is the greatest predicament in diminishing wheat crop [2].



Drought stress causes oxidative stress and cellular damage [3], diminished carbon assimilation [4], reduced photosynthesis through the lessening of the synthesis of photosynthetic pigments [5] and limits water retention at the cellular, tissue, and organ levels [1], thereby reducing dry matter production and seed yield [6,7]. It also disturbs the balance between reactive oxygen species (ROS) and antioxidant enzymes [8], which subsequently leads to electrolyte leakage, the deactivation of various enzymes and membrane damage [9]. Additionally, it has been reported to affect metabolic processes, such as carbon assimilation, turgor pressure and gas exchange, and ultimately cause crop failure [10].



In recent years, different agronomic and physiological approaches have been used to alleviate the adverse effect of drought stress, which include the application of osmoprotectants, growing drought-tolerant varieties and practicing sustainable tillage using natural and synthetic mulches as well as allelopathic crop water extracts. The application of plant hormones has been reported as an emerging and easy-to-adapt strategy for enhancing crop performance under stress conditions [11]. In addition, the use of allelopathic crop water extracts also provides a bio-safe and eco-sustainable alternative for crop enhancement under stress [12]. The effect of the application of allelochemicals, either for growth stimulation or retardation, is dose-dependent. Hormesis is described as the low-dose stimulation and high-dose inhibition effect of allelochemicals [13]. Brassica napus, a well-known and widely grown species of the brassica family, is considered as a potential allelopathic crop owing to the presence of potent allelochemicals, such as brassinosteroids, allyl isothiocyanates and glucosinolates [14]. Brassinosteroids (BRs) are polyhydroxy steroidal phytohormones that have a great potential to enhance plant growth [15]. Brassinolide (BL), 28-homobrassinolide (28-HomoBL) and 24-epibrassinolide (24-EpiBL) are the most important classes of BRs [16]. Brassinosteroids (BRs), a discovered class of plant hormones, can play a vital role in various physiological and biochemical processes in plants, such as cell division, cell elongation and expansion, photosynthesis, the synthesis of nucleic acid and proteins, membrane polarization, proton pump activation, ions uptake and transport into the cells and enzyme activation [17]. The exogenous application of BRs through a foliar spray is reported to enhance tolerance to abiotic stresses, including heat, salinity and drought [18,19]. Under abiotic stresses, the foliar application of BRs modulates physiological and biochemical functions and allows plants to withstand oxidative stress [20]. The authors of [21] documented that BRs improve the developmental and physiological traits under stress. According to [22], BRs also ameliorate oxidative damage through reducing the accumulation of ROS and enhancing the activity of antioxidant enzymes. The authors of [23] reported that the application of brassinolide improves the growth of wheat under moisture deficit conditions.



The exogenous application of 24-epibrassinolide, an active form of BRs, ameliorates the drought-induced inhibition of photosynthesis through positively regulating the activity of chloroplast, chlorophyll fluorescence and photosynthetic pigments; the accumulation of osmoprotectants; and the increase in photosynthetic enzyme activity [24]. Under drought stress, EBL application can boost plant photosynthetic pigments, osmolyte production, antioxidant enzyme activities and seed yield [25]. During the past few years, it has been well established that BWE application improves seedling growth and physiological and biochemical traits under stress conditions; however, the positive influence was highly dose-dependent [26]. Therefore, the present study is conducted to optimize the concentration of brassica water extracts for hormetic promotion as well as to establish the morphological, physiological and biochemical bases for drought tolerance under the influence of brassica water extract hormesis.




2. Materials and Methods


2.1. Experimental Site and Plant Material


The pot study was conducted in the warehouse of the Faculty of Agriculture, University of Agriculture, Faisalabad (Latitude = 31°44′ N, longitude = 73°06′ E, Altitude = 184.4 m), during the winter season in 2018. A sandy loam soil, with pH of 8.4, 0.43 dSm−1 Ec, 0.77% nitrogen, 104 ppm exchangeable K, 120 ppm phosphorus and 0.9% of organic matter, was used as pot filling. The seeds of the chosen wheat cultivars, Ihsan-2016 (a commonly cultivated variety in arid areas) and Galaxy-2013 (cultivar used in irrigated areas) were collected from Barani Agricultural Research Institute, Chakwal and Ayub Agricultural Research Institute, Faisalabad, respectively.




2.2. Preparation of the Brassica Water Extract


The brassica water extract was prepared following the protocol of [27]. Firstly, brassica herbage was harvested at maturity, chopped with a fodder cutter into 2–3 cm pieces and then shade-dried to avoid rainwater-induced leaching losses. Next, the chopped material was soaked in distilled water (with 1:10 w/v ratio) for 24 h at room temperature (21 ± 2 °C) and then boiled at 100 °C to reduce the volume (up to 95%) for easy handling and application. The extract was then sieved and packed as 100% (stock solution) of brassica water extract, which was further used to prepare the various concentrations as per treatments. Foliar application was conducted at 45 days after sowing (DAS) with the help of a knapsack hand sprayer fitted with a T-jet nozzle with 207 kPa of pressure.




2.3. Experimental Design and Treatments


The study was based on three factors: three levels of drought stress (100%, 60% and 30% field capacity), various concentrations of brassica water extract (control, water spray, 0.5%, 1.0%, 1.5%, 2.0%, 2.5% and 3.0%) and two contrasting wheat cultivars, drought-tolerant Ihsan-2016 and the drought-sensitive Galaxy-2013. The sowing of wheat was performed under uniform soil moisture conditions and the foliar application of brassica water extract and drought stress were imposed at 45 DAS. After treatment implementation, soil moisture was determined on a daily basis with the help of a soil moisture meter (TZS-W, Zhejiang, China), and water losses were compensated by adding water to achieve the described level of field capacity in the respective treatment. Leaf samples from each pot were collected after 15 days of stress imposition for the determination of the biochemical and physiological attributes. The concentration of brassica water extract that revealed significantly higher morphological growth attributes was compared with the control in terms of photosynthetic pigments and oxidative metabolism in the wheat seedlings. The study was conducted in a glasshouse where the treatments were arranged under a complete randomized design with a factorial arrangement and each treatment was repeated three times.




2.4. Crop Husbandry


The seeds of both wheat cultivars were sown during the first week of October 2018 in plastic pots that measured 20 cm × 20 cm, and 5 kg of soil was used to fill each pot. The recommended dose of fertilizers (80:58:35 NPK mg kg−1) in the form of urea, DAP and SOP was used against the recommendation rate (160:100:60 kg ha−1) of wheat crop at the time of sowing. Seeds (15 per pot) of both wheat cultivars were sown at an equal distance, and a uniform stand was maintained by keeping ten seedlings per pot after the completion of emergence. All other practices, except for treatments, were kept uniform throughout the experimentation.




2.5. Data Recorded


2.5.1. Morphological Growth


Plant morphological characteristics were recorded at 60 DAS (15 days after stress applied). Five plants from each pot were uprooted to measure the seedling length and their fresh and dry weights. Shoot and root lengths were measured with the help of a meter rod, and the fresh weights were recorded using a digital weighing balance (TX323L, Shimadzu, Japan). The samples were oven-dried at 70 °C for 3 days and the dry weights were recorded.




2.5.2. Photosynthetic Pigments


The chlorophyll a and b and carotenoid contents were determined following the procedure of [28]. Leaf sample (0.5 g) from each treatment was homogenized with 8 mL of 80% acetone (v/v) and then filtered using filter paper. The absorbance of the filtrate solution was recorded using a spectrophotometer (UV-4000, ORI, Hille, Germany) at 663, 645 and 480 nm wavelengths for the chlorophyll a and b and carotenoid contents, respectively.




2.5.3. Physiological Attributes


Physiological attributes, i.e., the rate of photosynthesis (A), transpiration rate (E), internal carbon dioxide concentration (Ci) and stomatal conductance (gs), were recorded at 60 DAS using a photosynthesis system (Lci, 4225).




2.5.4. Enzymatic Antioxidants and H2O2 Content


Leaf samples were harvested at 60 DAS, kept in a disposable zipper bag and stored at −80 °C for the determination of antioxidant enzyme activity. The activity of SOD was measured by following the procedure of [29]. For this, 200 mg leaf sample was homogenized in 2 mL of extraction buffer (0.5 mM EDTA + 0.1 M phosphate pH 7.5) with precooled mortar and pestle. The homogenate was centrifuged at 10,000 rmp at 4 °C and the supernatant was stored at 4 °C. SOD activity in the supernatant was assayed by its ability to inhibit the photochemical reduction of nitrobluetetrazolium. A 3 mL assay mixture, containing 0.2 mL of 200 mM methionine + 1.5 M sodium carbonate + 0.1 mL 3 mM EDTA + 0.1 mL 2.25 mM NBT + 0.1 mL riboflavin (60 µM) + 1.5 mL 100 mM potassium phosphate buffer + 1 mL distilled water and 0.1 mL of enzyme, was incubated under two 15 W inflorescent lamps for 15 min; illuminated and nonilluminated reactions without supernatant served as calibration. The absorbance of the samples along with the blank were recorded at 560 nm wavelength in a spectrophotometer (UV-4000, ORI, Hille, Germany). One unit of enzyme activity was defined as the quantity of enzyme that reduced the absorbance reading of samples to 50% in comparison with tubes lacking enzymes (supernatant) and was calculated as follows.


  E n z y m e s   u n i t s     E U   =    Enzyme ∗    light   −   Enzyme #   light   − ighte # ∗   dark        Enzyme ∗      light    2     








where ∗ sample without enzyme, # sample with enzyme.



Fresh leaf samples (0.5 g) were ground in a 5 mL of 50 mM phosphate buffer (pH 7.8) with the help of a pestle and mortar. The homogenates were centrifuged at 15,000 rpm for 20 min at 4 °C. The supernatant was used to assess the peroxidase and catalase activity. POD activity was determined by following procedure of [30] with slight modifications. The reaction mixture contained 10 mM guaiacol + 5 mM H2O2 and 50 mM phosphate buffer (pH 7.0). The reaction mixture was preheated at 20 °C in a water bath. Then, 2.8 mL reaction solution + 0.2 Ml enzyme was added in 10 mL centrifuged tube and mix thoroughly. Absorbance was recorded with blank and with reaction mixture. Four absorbance readings were recorded at 470 nm wavelength with 1 min time interval using spectrophotometer (UV-4000, ORI, Hille, Germany).


  P O D   A c t i v i t y =   △ 470 ×    Vt    0.1 × V × T × W    



(1)




where V, Vt, T and W are the volume of the sample solution (mL), the measured liquid volume (mL), the measurement time and the fresh weight of the sample, respectively.



Catalase activity in fresh leaves was measured following the method of [31] with slight modification. A total of 100 Mm H2O2 + 50 mM phosphate buffer (pH 7.8) solution was preheated in water bath at 25 °C. In a 10 mL tube, 0.2 mL phosphate buffer + 0.2 mL enzyme solution was added and preheated in water bath for 3 min. Then, 0.3 mL (100 mM H2O2) solution was added in 10 mL tube. The control tube was heated in a boiling water bath for 5 min to kill the enzyme solution. After mixing, the absorbance at the 240 nm wavelength was calculated at interval of 1 min. With continuous determination for 4 min, 1 unit of enzyme activity (U) was considered as a decrease of 0.1 of A240 within 1 min.


  C A T   a c t i v i t y =   △ A 240 ×    Vt    0.1 × V × T × W    



(2)




where V, Vt, T and W are the volume of the sample solution (mL), the measured liquid volume (mL), the measurement time and the fresh weight of the sample, respectively. H2O2 contents were determined with the help of the procedure described by [32]. A total of 500 mg of fresh leaves were homogenized with 5 mL of 0.1% (w/v) trichloroacetic acid in a pre-chilled pestle and mortar. The homogenate was centrifuged at 12,000 rpm for 15 min. Then, 0.5 mL supernatant was mixed in 0.5 mL of 0.05 M phosphate buffer (pH 7.0) + 1 mL of 1 M potassium iodide. The mixture vortexed and absorbance was recorded at 390 nm using water as blank. The same steps were followed to make a standard curve by preparing different dilutions of hydrogen peroxide.





2.6. Statistical Analysis


Data collected were analyzed statistically using the analysis of variance technique with the help of SPSS (Analytical Software, Tallahassee, FL, USA), and differences among treatment means were compared using Tukey’s Honest Significant Difference (HSD) test at 5% probability level [33]. The calculation, graphical representation and correlation matrix of data were performed with Microsoft Excel, 2016, (Redmond, Washington, DC, USA), SigmaPlot version 10.0 (Systat Inc., San Jose, CA, USA), and R-software version 4.0.3 (R Studio, Boston, MA, USA), respectively.





3. Results


3.1. Morphological Growth


Shoot and root length as well as the fresh and dry weights of both wheat cultivars decreased with increasing drought levels (Table 1 and Table 2). The interactive effect of drought and brassica water extracts (BWE) on all morphological attributes, except for the shoot dry weight, was non-significant (p ≤ 0.05) for both wheat cultivars. Ihsan-2016 showed a decrease of 24–12% in shoot length, 43–19% in root length, 44–19% in shoot fresh weight, 56–23% in root fresh weight, 50–14% in shoot dry weight and 54–26% in root dry weight when grown under 30% and 60% FC, respectively, as compared with 100% FC. The respective decrease in these attributes of Galaxy-2013 were 24–10%, 46–21%, 44–18%, 62–30%, 49–23% and 58–28% under 30% and 60% FC as compared with 100% FC (Table 1 and Table 2). Nevertheless, the foliar application of BWE was effective in alleviating the detrimental effect of drought stress on the seedling growth of wheat cultivars, where maximum effectiveness was recorded for 2.0% BWE application (Table 1). Averaging both cultivars, the application of 2.0% BWE enhanced shoot length by 16, 18 and 19%, root length by 39, 45 and 74%, shoot fresh weight by 24, 31 and 29%, root fresh weight by 50, 83 and 151%, shoot dry weight by 39, 62 and 46% and root dry weight by 34, 38 and 73% under 100, 60 and 30% FC, respectively, as compared with the control (no BWE application). Nonetheless, such effects of BWE were more evident on the shoot growth of Ihsan-2016 and the root growth of Galaxy-2013 (Table 2).




3.2. Photosynthetic Pigments


The chlorophyll a, chlorophyll b, total chlorophyll and carotenoid contents of both wheat cultivars decreased with increasing drought levels (Figure 1; Table 1). The interactive effect of drought and BWE for all photosynthetic traits were non-significant (p ≤ 0.05) for both wheat cultivars (Table 1). Compared to 100% FC, the chlorophyll a and b, total chlorophyll and carotenoid contents decreased by 59 and 30%, 46 and 19%, 55 and 27%, and 57 and 27% at 30% and 60% FC, respectively, in Ihsan-2016 (Figure 1; Table 1). In Galaxy-2013, the chlorophyll a content decreased by 51 and 37%, chlorophyll b by 44 and 21%, total chlorophyll by 49 and 33% and carotenoid by 61 and 30% at 30% and 60% FC, respectively, as compared to 100% FC. Averaging both cultivars, the application of 2% BWE enhanced the chlorophyll a content by 54, 90 and 139%; chlorophyll b by 90, 108 and 141%; total chlorophyll by 41, 58 and 82%; and carotenoid by 47, 69 and 112% at 100, 60 and 30% FC, respectively, as compared with the control (no BWE application) (Figure 1; Table 1). The results reveal that BWE was more effective in enhancing chlorophyll a and b and the total chlorophyll contents under severe drought (30% FC) as compared with mild-drought (60% FC) and well-watered conditions (100% FC). The foliar spray of 2.0% BWE enhanced the chlorophyll content a by 55 and 59%, chlorophyll b by 94 and 86%, total chlorophyll by 64 and 65%, and carotenoid by 48 and 47% at 100% FC in Ihsan-2016 and Galaxy-2013, respectively (Figure 1).




3.3. Physiological Attributes


Drought treatments significantly (p ≤ 0.05) altered the photosynthetic rate (A), transpiration rate (E), internal carbon dioxide concentration (Ci) and stomatal conductance (gs) of both wheat cultivars (Table 1 and Table 3). The interactive effect of drought and BWE on these attributes, except for Ci, was significant for both cultivars (p ≤ 0.05). There was a significant decline of 53 and 21% in PN, 49 and 19% in E, 38 and 18% in Ci and 65 and 16% in gs in the leaves of Ihsan-2016 when grown at 30 and 60% FC, respectively, as compared to 100% FC. The corresponding decrease in these attributes for Galaxy-2013 was 57 and 21%, 46 and 21%, 42 and 20%, and 53 and 23% at 30 and 60% FC, as compared to 100% FC (Table 3). Nonetheless, the foliar application of BWE significantly (p ≤ 0.05) enhanced the gaseous exchange attributes in both wheat cultivars exposed to drought stress, where the maximum increase was recorded for 2% BWE application. Averaged across both cultivars, the application of 2.0% BWE enhanced PN by 73, 103 and 71%, E by 61, 82 and 59%, Ci by 45, 59 and 57%, and gs by 70, 120 and 83%, at 100, 60 and 30% FC, respectively, as compared with the control, indicating that the effect of BWE was more pronounced when the seedlings were subjected to severe drought (30% FC). The BWE-induced enhancement of these attributes, except for E, were more prominent in Ihsan-2016 as compared to Galaxy-2013 (Table 3).




3.4. Antioxidant Enzymes


Drought stress and BWE application significantly (p ≤ 0.05) affected the activities of superoxide dismutase (SOD), peroxidase (POD) and catalase (CAT) of both wheat cultivars (Figure 2; Table 1). In addition, their interactions also significantly (p ≤ 0.05) influenced the activities of antioxidant enzymes (except for SOD) in both wheat cultivars. The exposure of Ihsan-2016 and Galaxy-2013 to 60% FC enhanced the activity of SOD by 37 and 41%, POD by 41 and 51% and CAT by 31 and 33%, respectively, as compared with activities under 100% FC. A further increase in water deficit (30% FC) resulted in a significant decrease in the activities of SOD by 48 and 53%, POD by 39 and 46% and CAT by 43 and 58% in Ihsan-2016 and Galaxy-2013, respectively, as compared to 100% FC (Figure 2).



Nonetheless, the foliar application of BWE enhanced the activities of antioxidant enzymes under well-watered (100% FC) and drought stress conditions. Averaging both cultivars, the application of 2% BWE enhanced the activity of SOD by 61, 33 and 84%, POD by 96, 49 and 130% and CAT by 85, 67 and 81% at 100, 60 and 30% FC, respectively, as compared with the control treatment without BWE (Figure 2).




3.5. Hydrogen Peroxide (H2O2)


Hydrogen peroxide (H2O2) is produced under drought stress due to the incomplete reduction of oxygen to form water. In this experiment, the interactive effect of drought stress and BWE on H2O2 content was non-significant (p ≤ 0.05) in both wheat cultivars (Figure 2; Table 1). The H2O2 content in leaves of both wheat cultivars increased by 25 and 24% at 30% FC as compared with 100% FC. The foliar application of 2% BWE was helpful in reducing the H2O2 content under normal as well as drought stress, and the maximum decrease was recorded for 2.0% BWE, which decreased the H2O2 content by 30, 62 and 28% at 100, 60 and 30% FC, respectively, as compared with the control treatment without BWE application (Figure 2).




3.6. Correlation Analysis


The Pearson’s correlation analysis was conducted to assess the possible relationship/s among the different morphological, physiological and biochemical attributes of both wheat cultivars when grown under varying drought levels and subjected to the foliar application of the BWEs (Figure 3). All observed traits were positively correlated, except H2O2, which was negatively associated with the scavenging enzymatic and seedling growth attributes. Nonetheless, the activities of antioxidant enzymes were positively correlated with morphological as well as physiological attributes (Figure 3).





4. Discussion


4.1. Drought Stress and Plant Performance


Drought is one of the major abiotic stresses that causes injurious effects on the growth and productivity of wheat crops throughout the world [34]. Water deficit conditions induce changes in the morpho-physiological and yield-related traits of crop plants by increasing the production of ROS and causing oxidative damage and hormonal imbalance [35,36]. It also damages the cellular membrane [37] and encourages ABA biosynthesis and its binding to the receptor to initiate the signal transduction that may lead to the closure of stomata [38]. Drought inhibits chlorophyll synthesis and mineral uptake by the roots and their transport to above ground parts, which ultimately results in reducing seed yield, owing to less assimilate portioning [4]. At 30 and 60% FC, drought stress caused a marked reduction in morphological traits, mainly attributed to a reduction in cell division, elongation and expansion [39]. Similar to these findings, our results also showed a severe decline in shoot fresh and dry weights under moderate- to severe-drought stress (60% and 30% FC); this decline may also cause injurious effects to physiological traits. Moreover, similarly, a significant decline in photosynthetic rate and the activity of photosynthetic enzymes and pigments under drought stress was also observed by [40].



The production of ROS is a fundamental process to transmit cellular signals in plants upon exposure to stress [41]. However, under drought stress, the equilibrium between ROS and the antioxidant defense system is disturbed, inducing oxidative damage to cellular organelles [42]. In our study, under severe and moderate drought (30 and 60% FC), a significant reduction in antioxidant enzyme activities may lead to the enhanced over-accumulation of ROS (i.e., H2O2) that damages cellular organelles. Moreover, drought stress is also reported to hamper the shoot biomass that might lead to oxidative damage and curtails the efficiency of the photosynthetic system [43].




4.2. Foliar Application of the Brassica Water Extracts Lessened the Detrimental Effects of Drought


The application of 2.0% BWE reduced the damaging effect of drought by promoting morpho-physiological and antioxidant activities. Brassinosteroids, as a group of plant steroid hormones, can mediate various physiological processes in plants [44] and mitigate the adverse effects of drought stress [45]. The results of the present study reveal that BWE, particularly when applied with 2% concentration, augmented the morphological attributes in wheat; however, growth traits in both cultivars were reduced when BWE was applied at a concentration of above 2.0%. Under drought conditions, the improved morphological attributes due to BWE application could be linked with the brassinosteroid-mediated regulation of cell division, elongation, photomorphogenesis and xylem differentiation [46]. Moreover, our results also show that the foliar application of BWE enhanced shoot biomass in wheat, showing that these findings are in line with a previous report by [47], in which the authors reported that BRs, under BWE application, modulated the growth and development of crop plants.



The brassica water extracts modulated physiological processes by enhancing the activity of photosynthetic pigments. The chlorophyll contents decreased as the thylakoid membrane disintegrates upon cellular dehydration [48]. Under drought conditions, higher photosynthetic pigments, through the application of 24-eppibrassinolide, were reported previously by [49]. The results of the current study depict that drought stress hindered physiological functioning, such as the photosynthetic rate, internal carbon dioxide concentration and stomatal conductance, which could be linked to a reduced uptake of CO2 and a restricted chloroplast activity in the modulation of the photosynthetic process [50]; however, the foliar application of 2% BWE augmented physiological functioning, owing to the 24-eppibrassinolide-mediated improvement of leaf water status, photosynthetic activity, and the antioxidant defense system [51]. BWE reduced the damaging effect of ROS through accelerating the activity of antioxidant enzymes, including SOD, POD and CAT. Similarly, the foliar application of BWE has also been reported to enhance the activities of antioxidant enzymes, reduce H2O2 contents, mainly due to the BR-based scavenging action of ROS [52], and reduced drought-induced oxidative stress, due to the presence of 24-eppibrassinolide [53].




4.3. Drought Tolerance through Enhanced Physiological Attributes under the Foliar Application of Brassica Water Extracts


Water deficit conditions hinder the rate of carbon assimilation, reduce cell turgidity and cause oxidative damage [10,54]. Drought stress also caused a marked reduction in the photosynthesis process due to stomatal closure under the limited intake of CO2 to the mesophyll tissues [55]. Nevertheless, the exogenous application of BWE improved the gaseous exchange parameters, including net photosynthesis, under drought stress. These findings are in line with the previously reported results of [56], who showed that the application of BRs significantly and positively mediated intercellular CO2 concentrations and net photosynthetic rate under stress conditions. Transpiration rates are influenced negatively under water deficit conditions through the reduction in leaf size and increase in leaf dropping [57]. However, BWE application significantly increased the plant growth due to BR modulation under stress conditions as reported by [56]. In our work, enhanced drought tolerance was not only associated with more stomatal conductance, but also with modulated CO2 fixation, which ultimately causes increased photosynthetic rates.



Reduction in stomatal conductance is one of the main leaf-scale, foremost and short-term physiological responses that appear under drought conditions [58]. BWE application significantly promoted physiological functioning through the BRs-modulated delayed time of senescence under stress [59]. Moreover, the exogenous application of BRs also alleviates photoinhibition by triggering the efficiency of photosystem II (PSII) under stress conditions [60].




4.4. Brassica Water Extracts Strengthened the Antioxidant Defense System in Wheat under Drought Stress


A balance between ROS and antioxidant enzymes stabilizes the redox homeostasis through an efficient defense system [61]. Under drought stress, oxidative stress causes enhanced ROS production and restricted photosynthetic rates [8], retards the synthesis of nucleic acids and proteins, produces lipid peroxidation and finally cell death [62]. In this study, severe drought stress (30% FC) reduced the activity of antioxidant enzymes and enhanced the production of H2O2. However, the foliar application of 2% BWE enhanced antioxidant enzyme activities under moderate drought, which showed a higher drought tolerance. However, reduced antioxidant enzyme activities in the control treatment without BWE application in wheat seedlings suggested a reduced capability of the wheat plants to combat drought-induced oxidative damage. In our work, improved antioxidant activities reduce ROS-induced damages as evident from the reduced H2O2 concentration under BWE application. The better efficiency of biochemical attributes was recognized with the presence of BRs under BWE application. These findings are consistent with the previous report of [63], who showed that 24-epibrassinolide, under BWE application, enhanced the activity of antioxidant enzymes and reduced oxidative damage in plants.




4.5. Performance of Wheat Cultivars in Response to Drought and Brassica Water Extract Application


Severe drought stress caused a prominent and significant reduction in the morpho-physiological and biochemical attributes of the drought-sensitive cultivar (Galaxy-2013) than in those of the tolerant one (Ihsan-2016). However, the effect of the foliar application of BWE was more evident in the drought-tolerant cultivar (Ihsan-2016) of wheat. Higher tolerance was associated with accelerated antioxidant enzyme activities due to the inherent ability of the ROS-based scavenging system under the foliar application of the brassica water extract. This indicates that the wheat cultivar Ihsan-2016 has more potential to accelerate growth and antioxidant production for drought tolerance.





5. Conclusions


Drought stress, particularly at 30% FC, negatively affected the seedling growth, photosynthetic pigments, gaseous exchange parameters and biochemical attributes of wheat. Nevertheless, the hormetic effect of the foliar application of the brassica water extracts, particularly at a 2.0% concentration, significantly alleviated the negative effects of drought stress through the modulation of physiological functioning. Moreover, the enhanced drought tolerance through the foliar application of the brassica water extract was associated with a higher seedling biomass, photosynthetic pigments, better physiological functioning and improved activities of antioxidant enzymes.
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Figure 1. Effect of drought stress and foliar application of the brassica water extracts on chlorophyll a, chlorophyll b, total chlorophyll and carotenoid contents of the two wheat cultivars. Bars with different small letters differ significantly at 5% probability, according to Tukey’s HSD test. 
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Figure 2. Effect of drought and foliar application of the brassica water extracts on the activity of superoxide dismutase (a), peroxidase (b), catalase (c) and hydrogen peroxide (d) in the two wheat cultivars. Bars with different small letters differ significantly at 5% probability according to Tukey’s HSD test. 
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Figure 3. Correlation between the morpho-physiological and biochemical traits of the wheat cultivars under different drought levels. SDW: shoot dry weight; RDW: root dry weight; A: photosynthesis rate; E: transpiration rate; Ci: internal carbon dioxide concentration; gs: stomatal conductance; T. Chl.: total chlorophyll; H2O2: hydrogen peroxide; SOD: superoxide dismutase; POD: peroxidase; CAT: catalase. 
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Table 1. Summary of c regarding the effect of foliar application of the brassica water extracts on morphological, physiological and biochemical attributes in the two wheat cultivars under different drought levels.
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Traits

	
Source of Variation




	
Drought Stress (DS)

	
Brassica Water Extract (BWE)

	
DS × BWE




	
Ihsan-2016

	
Galaxy-2013

	
Ihsan-2016

	
Galaxy-2013

	
Ihsan-2016

	
Galaxy-2013






	
Shoot length (cm)

	
1228.73 **

	
1206.12 **

	
69.26 **

	
68.70 **

	
0.21 ns

	
0.98 ns




	
Root length (cm)

	
813.37 **

	
848.62 **

	
88.41 **

	
85.14 **

	
0.66 ns

	
0.33 ns




	
Shoot fresh weight (g)

	
402.29 **

	
324.48 **

	
10.32 **

	
14.39 **

	
1.07 ns

	
0.54 ns




	
Root fresh weight (g)

	
120.47 **

	
97.66 **

	
13.81 **

	
4.40 **

	
0.18 **

	
0.03 ns




	
Shoot dry weight (g)

	
10.63 **

	
10.55 **

	
1.09 **

	
0.87 **

	
0.06 **

	
0.03 **




	
Root dry weight (g)

	
8.55 **

	
7.87 **

	
0.37 **

	
0.19 **

	
0.003 ns

	
0.002 ns




	
Chlorophyll a (mg g−1 FW)

	
1.98 **

	
1.43 **

	
1.10 **

	
1.008 **

	
0.005 *

	
0.003 ns




	
Chlorophyll b (mg g−1 FW)

	
0.019 **

	
0.13 **

	
0.35 **

	
0.25 **

	
0.004 ns

	
0.0006 ns




	
Total chlorophyll (mg g−1 FW)

	
3.40 **

	
2.42 **

	
2.69 **

	
2.28 **

	
0.01 **

	
0.003 ns




	
Carotenoids (mg g−1 FW)

	
0.34 **

	
0.38 **

	
0.15 **

	
0.14 **

	
0.001 **

	
0.0004 ns




	
Photosynthesis rate (µmol Co2 m−2 s−1)

	
51.42 **

	
48.64 **

	
5.76 **

	
5.12 **

	
0.55 **

	
0.50 **




	
Transpiration rate (mmol H2O m−2 s−1)

	
28.06 **

	
29.96 **

	
4.28 **

	
5.92 **

	
0.16 **

	
0.21 **




	
Internal carbon dioxide (µmol CO2 mol air−1)

	
31,573.6 **

	
34,934.4 **

	
7054.5 **

	
6248.2 **

	
62.2 ns

	
59.4 ns




	
Stomatal conductance (mol H2O m−2 s−1)

	
0.09 **

	
0.09 **

	
0.02 **

	
0.02 **

	
0.0008 **

	
0.001 **




	
Superoxidase dismutase (U mg−1 protein)

	
6205.92 **

	
5911.06 **

	
1785.36 **

	
1143.50 **

	
36.19 *

	
16.40 ns




	
Peroxidase (U mg−1 protein)

	
91.60 **

	
92.22 **

	
55.04 **

	
48.90 **

	
0.62 **

	
0.83 **




	
Catalase (U mg−1 protein)

	
12.28 **

	
11.69 **

	
7.42 **

	
4.73 **

	
0.43 **

	
0.39 **




	
Hydrogen peroxide (umol g−1 FW)

	
6.97 **

	
20.02 **

	
4.97 **

	
3.27 **

	
0.04 ns

	
0.13 ns








** p ≤ 0.01; * p ≤ 0.05; ns p ≥ 0.05; FW: fresh weight.
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Table 2. Effect of drought and foliar application of the brassica water extracts on the morphological traits of the wheat cultivars.
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Ihsan-2016

	
Galaxy-2013




	
Shoot Length (cm)

	
Root Length (cm)

	
Shoot Fresh Weight (g)

	
Root Fresh Weight (g)

	
Shoot Dry Weight (g)

	
Root Dry Weight (g)

	
Shoot Length (cm)

	
Root Length (cm)

	
Shoot Fresh Weight (g)

	
Root Fresh Weight (g)

	
Shoot Dry Weight (g)

	
Root Dry Weight (g)






	
100% FC

	
Control

	
53.41 a–e

	
22.15 g–i

	
15.82 c–f

	
5.93 g

	
2.56 g–i

	
1.79 c–f

	
54.41 a–h

	
21.15 ef

	
14.80 a–e

	
5.28 de

	
2.18 gh

	
1.69 d




	
Water spray

	
54.41 a–d

	
23.15 f–h

	
16.50 b–f

	
6.46 fg

	
2.68 fg

	
1.99 b–e

	
56.41 a–f

	
22.15 de

	
15.36 a–c

	
5.77 cd

	
2.32 f–h

	
1.79 cd




	
0.5% BWE

	
56.41 a–c

	
25.15 d–g

	
17.43 a–e

	
7.24 de

	
2.93 d–g

	
2.17 a–c

	
58.41 a–d

	
24.15 cd

	
16.10 ab

	
6.37 bc

	
2.52 d–g

	
1.89 bc




	
1.0% BWE

	
58.41 ab

	
27.15 b–e

	
18.20 a–d

	
8.07 c

	
3.28 b–d

	
2.29 ab

	
59.41 a–d

	
26.15 c

	
17.00 a

	
6.88 ab

	
2.72 b–e

	
1.97 b




	
1.5% BWE

	
59.41 ab

	
29.15 a–c

	
19.27 a–c

	
8.87 ab

	
3.39 a–c

	
2.39 a

	
61.41 a–c

	
28.15 ab

	
17.53 a

	
7.07 ab

	
2.90 a–c

	
2.09 a




	
2.0% BWE

	
61.41 a

	
32.15 a

	
20.40 a

	
9.46 a

	
3.72 a

	
2.49 a

	
63.41 a

	
30.15 a

	
17.79 a

	
7.43 a

	
3.11 a

	
2.19 a




	
2.5% BWE

	
60.41 a

	
30.15 ab

	
19.8 0 ab

	
9.07 ab

	
3.62 ab

	
2.37 a

	
62.41 ab

	
28.15 ab

	
17.80 a

	
6.87 ab

	
3.01 ab

	
2.13 a




	
3.0% BWE

	
58.41 ab

	
28.15 b–d

	
19.46 a–c

	
8.46 bc

	
3.43 a–c

	
2.14 a–c

	
59.41 a–d

	
27.15 b

	
17.37 a

	
6.64 ab

	
2.80 a–d

	
2.08 a




	
60% FC

	
Control

	
47.41 c–h

	
17.15 j–l

	
13.40 f–i

	
3.93 jk–

	
2.02 j–l

	
1.29 h–k

	
48.41 e–j

	
16.15 h–j

	
11.40 e–g

	
3.46 gh

	
1.51 k–m

	
1.19 i




	
Water spray

	
48.4 c–f1

	
18.15 jk

	
13.81 e–h

	
4.36 h–j

	
2.28 h–j

	
1.39 g–j

	
50.41 d–i

	
17.15 g–i

	
11.92 d–g

	
3.86 g

	
1.59 kl

	
1.29 hi




	
0.5% BWE

	
50.41 b–g

	
20.15 h–j

	
14.60 d–g

	
5.06 h

	
2.59 g–i

	
1.59 f–i

	
52.41 c–i

	
19.15 fg

	
12.21 c–g

	
4.16 fg

	
1.81 i–k

	
1.36 gh




	
1.0% BWE

	
52.41 a–f

	
22.15 g–i

	
15.16 d–f

	
6.67 ef

	
2.81 e–g

	
1.69 e–g

	
53.41 b–i

	
21.15 ef

	
13.00 b–f

	
4.67 ef

	
1.98 h–j

	
1.46 fg




	
1.5% BWE

	
53.41 a–e

	
24.15 e–g

	
15.70 c–f

	
7.14 ef

	
2.99 d–f

	
1.74 e–g

	
55.41 a–g

	
22.15 de

	
14.50 a–e

	
5.03 de

	
2.40 e–g

	
1.51 ef




	
2.0% BWE

	
55.41 a–c

	
26.15 c–f

	
16.54 a–f

	
7.87 cd

	
3.31 b–d

	
1.84 c–f

	
57.41 a–e

	
24.15 cd

	
15.76 a–c

	
5.68 cd

	
2.61 c–f

	
1.59 e




	
2.5% BWE

	
54.41 a–d

	
24.15 e–g

	
14.94 d–g

	
7.04 ef

	
3.11 c–e

	
1.79 d–f

	
55.41 a–g

	
23.15 de

	
15.30 a–d

	
5.03 de

	
2.41 e–g

	
1.55 ef




	
3.0% BWE

	
52.41 a–f

	
23.15 f–h

	
15.10 d–f

	
6.46 fg

	
2.80 e–g

	
1.63 e–h

	
54.41 a–h

	
21.15 ef

	
14.76 a–e

	
4.77 ef

	
2.22 gh

	
1.49 ef




	
30% FC

	
Control

	
39.41 h

	
11.15 m

	
9.07 j

	
1.87 n

	
1.52 m

	
0.69 m

	
41.41 j

	
9.15 m

	
7.90 h

	
1.47 k

	
1.02 n

	
0.60 n




	
Water spray

	
40.41 h

	
12.15 m

	
9.60 ij

	
2.36 mn

	
1.77 lm

	
0.79 lm

	
42.41 j

	
10.15 lm

	
8.23 h

	
1.73 k

	
1.13 mn

	
0.68 mn




	
0.5% BWE

	
42.41 gh

	
14.15 lm

	
10.08 h–j

	
2.96 lm

	
1.80 lm

	
0.95 k–m

	
44.41 ij

	
12.15 kl

	
8.86 gh

	
2.17 jk

	
1.31 l–n

	
0.78 lm




	
1.0% BWE

	
43.41 f–h

	
16.15 kl

	
10.50 h–j

	
3.57 kl

	
1.91 j–l

	
1.09 j–l

	
46.41 g–j

	
14.15 jk

	
9.30 gh

	
2.64 ij

	
1.42 lm

	
0.85 kl




	
1.5% BWE

	
45.41 d–h

	
18.15 jk

	
10.61 h–j

	
4.17 i–k

	
2.02 j–l

	
1.14 j–l

	
47.41 f–j

	
16.15 h–j

	
10.0 f–h4

	
3.01 hi

	
1.51 k–m

	
0.95 jk




	
2.0% BWE

	
47.41 c–h

	
19.15 i–k

	
11.20 g–j

	
4.87 hi

	
2.21 i–k

	
1.24 i–k

	
48.41 e–j

	
18.15 gh

	
10.70 f–h

	
3.55 gh

	
1.62 j–l

	
0.98 j




	
2.5% BWE

	
45.41 d–h

	
17.15 j–l

	
10.50 h–j

	
4.23 i–k

	
2.01 j–l

	
1.19 jk

	
46.41 g–j

	
17.15 g–i

	
10.30 f–h

	
2.86 h–j

	
1.52 kl

	
0.95 jk




	
3.0% BWE

	
44.41 e–h

	
16.15 kl

	
10.06 h–j

	
3.83 jk

	
1.89 k–m

	
0.99 k–m

	
45.41 h–j

	
15.15 ij

	
9.80 f–h

	
2.57 ij

	
1.42 lm

	
0.88 j–l








Means with different small letters differ significantly at 5% probability, according to Tukey’s HSD test.
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Table 3. Effect of drought and foliar application of the brassica water extracts on physiological attributes.






Table 3. Effect of drought and foliar application of the brassica water extracts on physiological attributes.





	

	
Ihsan-2016

	
Galaxy-2013




	
A (µmol

Co2 m−2 s−1)

	
E (mmol

H2o m−2 s−1)

	
Ci (µmol

Co2 mol−2 air−1)

	
Gs (mmol

H2o m−2 s−1)

	
A (µmol

Co2 m−2 s−1)

	
E (mmol

H2o m−2 s−1)

	
Ci (µmol

Co2 mol−2 air−1)

	
Gs (mmol

H2o m−2 s−1)






	
100% FC

	
Control

	
4.07 gh

	
3.28 g–i

	
148 g–i

	
0.19 h–j

	
3.57 f

	
3.36 f–h

	
135 g–i

	
0.15 gh




	
Water priming

	
4.26 f–h

	
3.40 f–i

	
160 e–h

	
0.20 g–i

	
3.87 ef

	
3.90 ef

	
145 f–h

	
0.17 fg




	
0.5% BWE

	
4.86 e–g

	
3.90 d–g

	
175 c–f

	
0.22 f–h

	
4.36 de

	
4.30 de

	
165 d–f

	
0.20 ef




	
1.0% BWE

	
5.34 c–e

	
4.30 cd

	
195 b–d

	
0.26 d–f

	
4.86 cd

	
4.80 cd

	
185 a–d

	
0.24 b–e




	
1.5% BWE

	
6.07 a–d

	
4.80 ac

	
215 ab

	
0.31 a–c

	
5.57 ab

	
5.40 ab

	
200 ab

	
0.26 a–c




	
2.0% BWE

	
6.64 a

	
5.40 a

	
225 a

	
0.35 a

	
6.16 a

	
5.90 a

	
210 a

	
0.30 a




	
2.5% BWE

	
6.44 ab

	
5.10 ab

	
215 ab

	
0.33 ab

	
5.77 a

	
5.60 a

	
200 ab

	
0.28 ab




	
3.0% BWE

	
6.13 a–c

	
4.80 a–c

	
200 a–c

	
0.31 a–c

	
5.56 ab

	
5.40 ab

	
195 a–c

	
0.25 b–d




	
60% FC

	
Control

	
2.84 i–k

	
2.36 jk

	
110 jk

	
0.13 k–m

	
2.46 h

	
2.42 j–l

	
100 j–l

	
0.09 i–k




	
Water priming

	
3.06 ij

	
2.50 jk

	
120 j

	
0.15 j–l

	
2.67 gh

	
2.70 i–l

	
110 i–k

	
0.10 i–k




	
0.5% BWE

	
3.44 hi

	
2.90 h–j

	
135 h–j

	
0.20 g–i

	
3.26 fg

	
3.00 hi

	
125 h–j

	
0.13 g–i




	
1.0% BWE

	
4.23 f–h

	
3.50 e–h

	
165 e–g

	
0.24 e–g

	
3.86 ef

	
3.70 fg

	
145 f–h

	
0.17 fg




	
1.5% BWE

	
5.04 ef

	
4.10 de

	
185 c–e

	
0.28 c–e

	
4.76 cd

	
4.50 cd

	
165 d–f

	
0.22 c–e




	
2.0% BWE

	
5.63 b–e

	
4.50 b–d

	
195 b–d

	
0.30 b–d

	
5.04 bc

	
5.00 bc

	
180 b–e

	
0.26 a–c




	
2.5% BWE

	
5.24 de

	
4.30 cd

	
180 c–e

	
0.27 c–e

	
4.76 cd

	
4.70 cd

	
170 c–f

	
0.24 b–e




	
3.0% BWE

	
5.03 ef

	
4.00 d–f

	
170 d–g

	
0.25 ef

	
4.56 cd

	
4.40 de

	
155 e–g

	
0.21 d–f




	
30% FC

	
Control

	
1.87 l

	
1.40 m

	
78 l

	
0.09 m

	
1.57 j

	
1.70 m

	
70 m

	
0.06 k




	
Water priming

	
2.17 kl

	
1.70 lm

	
90 kl

	
0.10 m

	
1.77 ij

	
1.90 lm

	
75 lm

	
0.07 jk




	
0.5% BWE

	
2.57 j–l

	
2.10 kl

	
110 jk

	
0.12 lm

	
2.17 h–j

	
2.30 kl

	
90 k–m

	
0.10 i–k




	
1.0% BWE

	
2.77 i–k

	
2.40 jk

	
125 ij

	
0.15 j–l

	
2.27 hi

	
2.90 h–j

	
110 i–k

	
0.12 hi




	
1.5% BWE

	
2.87 i–k

	
2.60 jk

	
135 h–j

	
0.17 i–k

	
2.37 hi

	
3.1 hi

	
120 h–j

	
0.13 g–i




	
2.0% BWE

	
2.96 i–k

	
2.80 ij

	
150 f–i

	
0.19 h–j

	
2.57 h

	
3.20 g–i

	
130 g–i

	
0.15 gh




	
2.5% BWE

	
2.77 i–k

	
2.50 jk

	
135 h–j

	
0.18 h–j

	
2.37 hi

	
3.00 hi

	
120 h–j

	
0.13 g–i




	
3.0% BWE

	
2.56 j–l

	
2.30 j–l

	
130 ij

	
0.16 i–l

	
2.09 h–j

	
2.70 i–k

	
110 i–k

	
0.11 h–j








Means with different small letters differ significantly at 5% probability, according to Tukey’s HSD test.
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