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Abstract: Drought is one of the critical limitations to agricultural soils and crop plants. Scarcity of water is increasing due to climate change that lead to increasing threats to global food security. Therefore, ecofriendly and cost effective strategies are highly desirable for mitigating drought stress along with sustainable and smart agricultural production. The aim of the study was to mitigate DS using seed priming and exogenous supplementation of β-aminobutyric acid (BABA) in linseed (Linum usitatissimum L.). Different doses (0, 50, 100 and 150 µM) of BABA were used for seed priming agent and foliar spraying under three soil moisture levels viz., 25% (SM25), 45% (SM45) and 65% (SM65). The response variables of both experiments included different agro-botanical traits and oxidative stress indicators such as melondialdehyde content, free proline accumulation, and antioxidant defense in plants. The linseed plants showed water stress at SM25 that reduced plant height, number of branches per plant, time taken to flower initiation and heading, and root and shoot dry weights. Additionally, the number of capsules and seeds per capsule showed a significant decline at SM25, which led to a drastic reduction in 100-seed weight yield in linseed plants in both experiments. However, seed priming and foliar supplementation with of BABA (50–100 µM) significantly improved these morpho-agronomical attributes in linseed plants under DS. The results revealed that the BABA was fully active in linseed plants at SM25. Interestingly, the combination of SM25 with BABA significantly improved the antioxidant enzymes superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), and peroxidase (POD) activity, which significantly enhanced DS tolerance in linseed plants. These findings might be useful to oil seed breeders and farmers linseed for breeding program in linseed plants as well as sustainable agricultural production of oil seed crop plants.
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1  Introduction

Linseed (Linum usitatissimum L.) is an important oilseed and fiber crop that is generally used fora variety of industrial products [1,2]. Globally, it is cultivated more than 3.2 million hectares as oilseed crop, while 0.26 million hectares cultivated for fibre production [3]. Interestingly, around 20% oil is produced only for edible purposes, linseed oil is used for the manufacturing paints, varnishes, polishes, oilcloth, biodiesel and numerous cosmetic products [4]. Linseed is a rich source of digestible protein, dietary fibres, and an abundance of micro-nutrient, lignin and Omega-3 and Omega-6 fatty acids [5]. Linseed oil contains a variety of important fatty acids with a high amount of linoleic acid (38%–42%), that provide excellent health benefits for both humans and animals [6–9]. Linseed crop is moderately tolerant to abiotic stresses especially drought stress (DS) [2]. However, the crop is susceptible to DS at seedling stage, flower initiation and seed development stage due to its shallow root system [10]. Therefore, suitable strategies are highly demandable for sustainable linseed production under drought stress. Drought is one of the severe constraints that severely limits crop yield by lowering growth and yield traits of many economically important crops [11,12]. Drought stress (DS) disrupts the morphological and physiological processes in crop plants which leads to decrease seed yield and its qualitative traits [13]. DS reduces root proliferation [14], decreases the green pigment in leaves, decline lowers turgidity in leaves, damages cell membrane and slows down the process of cell division in plants [15]. Therefore, DS is key limiting factor of biochemical attributes of oilseed crops [16]. Plant have evolved several defense systems associated with abiotic stress tolerance. Plant accumulates free proline content, and antioxidants such as superoxide dismutase (SOD), catalase (CAT) and peroxidase (POD) under stressful conditions [17]. However, a great variation in these antioxidant concentrations has been observed under different intensities of DS [18]. Antioxidants consist of two types of mechanisms, enzymatic and non-enzymatic. These mechanisms assist the plants to deal effectively with reactive oxygen species (ROS) [19]. Ascorbate, as a non-enzymatic antioxidant protects the plant from the deterioration of H2O2 [20]. A number of antioxidants assist crop plants in deactivating ROS in such a way that CAT converts H2O2 into H2 and O2 and then oxidation of ascorbate gets started by the action of POD [21]. It has been observed that the increasing intensity of drought stress is the result of climate change. Due to the effect of DS, the quantity and quality of crops significantly declined. Thus, eco-friendly and cost effective approaches are imperative for alleviating DS in crops.

To off-set the adverse effects of DS, various types of signaling molecules such as Beta-aminobutyric acid (BABA) that is environmentally safe and non-proteinogenic amino acid, BABA plays an important role in abiotic stress tolerance in plants [22]. Several reports validated that BABA alleviates DS in maize [23], mitigates cadmium toxicity stress in soybean [24], DS in other plants [13,25], insect-pests attack in soybean and tomato [26,27]. In addition, positive roles BABA in imparting DS tolerance indifferent crops such as chrysanthemum [28], faba bean [29], brassica [23] and sunflower have been reported previously [13]. Seed priming (pre-sowing seed treatment for 6–48 h) with BABA alters seedlings’ growth, physiological, biological and chemical traits under DS [30]. In addition, it enhanced crop stand establishment, photosynthetic efficiency and plant survival [31]. Besides seed priming, exogenous foliar application of signaling molecules remained effective in promoting the growth and yield of French beans [32,33]. Recently, many successful attempts, consisting seed priming and foliar methods have been used to minimize the inhibitory effects of abiotic stresses on different plant species such as in sorghum under salinity stress [34], and in maize and rice under chilling stress [35]. Due to these advancements of BABA, it has not yet been studied whether the BABA alleviates DS in linseed seedlings. However, research gaps are still exist regarding the use of BABA against DS for important industrial oilseed crop like linseed. Therefore, research was designed with the hypothesis that not only the BABA dose but also the application method might influence linseed plants growth, yield and defense mechanisms when subjected to varying levels of DS. In this study, we find out the effect of DS on several physiological and agronomical traits of linseed plants. We also applied the seed priming process and foliar supplementation of different concentrations of BABA for mitigating DS in linseed plants.

2  Materials and Methods

2.1 Experimental Site and Planting Material

A study of two parallel pot experiments (seed priming experiment and foliar application experiment) was carried out at the college of Agriculture, Bahauddin Zakariya University, Bahadur Sub-Campus Layyah., Pakistan (30.58°N latitude, 70.57°E longitude) during winter season of 2018 and 2019. Seeds of linseed genotype, i.e., LS-12 were used as study material. For both experiments, clay pots with a dimensions of 26 cm internal diameter and 30 cm height, were used. Ten seeds were sown in each pot initially. After uniform germination, five healthy plants were kept for rest of the study. Each pot was filled with 8 kg of dried soil having sandy clay-loam texture. The soil pH was 7.60, saturation percentage 32.0, electrical conductivity 2.24 dSm−1, organic matter 0.48%, total nitrogen 0.034%, phosphorus 7.40 mg kg−1 and potassium 82 mg kg−1. Plant nutrient requirement was met by applying N, P and K at the rate of 84, 56 and 56 kg ha−1, respectively by applying fertilizers of urea, diammonium phosphate and sulfate of potash. The NPK doze was applied as 8 kg of potted soil, the dosage of 84, 56 and 56 kg ha−1 of NPK works out to 336, 224 and 224 mg NPK/8 kg potted soil or 730, 487 and 448 mg of Urea, DAP and SOP respectively in 8 kg potted soil. P and K fertilizers were applied as full strength, and N fertilizer in half strength, which were mixed and used in pot filling. However, the remaining N was applied at inflorescence development and emergence stage-5 [36]. Sowing was done on 13 November 2018, and harvesting was started in the 3rd week of April 2019. The fungicides and insecticides were used for plant protection.

2.2 Plant Treatments

2.2.1 Experiment 1: Seed Priming With β-Aminobutyric Acid (BABA)

The seed priming of linseed was done with four different doses of BABA (0, 50, 100 and 150 µM). These doses of BABA were selected following the study of Elsherbiny et al. [37]. The linseed seeds were soaked separately into the above mentioned four concentrations of BABA solution and aerated for 24 h. Priming with water (Hydro-priming) was considered as a control treatment. The BABA (β-aminoisobutyric acid) was purchased from Sigma-Aldrich. Soil moisture regimes and different concentrations of BABA were allocated factor wise and replicated three times under a completely randomized statistical design (CRD) factorial arrangement, and treatments were replicated thrice. Three moisture regimes with different field capacity levels, i.e., FC-40% = 25% soil moisture (SM25); FC-60% = 45% soil moisture (SM45) and FC-80% = 65% soil moisture (SM65) were used to impose drought stress. According to the method of Chakma et al. [38], soil moisture content (%) was calculated by using the following equation:


Soil moisture content (%) = Wet weight−Dry weightDry weight × 100
(1)

The level of SM65 was considered as the normal irrigation regime, SM45 as medium stress regime, while SM25 as severe stress regime and all these soil moisture levels were calculated by using the Eq. (1). Soil moisture meter was used to estimate soil moisture of different pots and then by adding water into each pot as per desired level according to the treatments.

2.2.2 Experiment 2: Foliar Application of Beta Aminobutyric Acid (BABA)

In this experiment, same concentration of BABA (0, 50, 100 and 150 µM) was sprayed on plant leaves with CRD factorial arrangement with three replications. The BABA doses were sprayed uniformly on the leaves of linseed before sunrise. Note, the BABA was applied 40 days after sowing as the linseed plant has grown in 30–60 DAS [39].

2.3 Data Recording

2.3.1 Growth Parameters

Days of flowering were recorded from the day of seedling emergence to the days of 50%, total ten plants were randomly used for the experiment. The harvesting was terminated while 50% capsules were became brown. At the harvesting stage (145 days after sowing), ten plants from each pot were harvested. The number of branches per plant was counted manually. The plant height was measured using length measuring tape and soil surface to shoot tip was considered for this trait. Root and shoot parts of the linseed were separated, and oven-dried at 70oC. Finally, the shoot and root dry weights were measured by using a digital balance.

2.3.2 Yield Parameters

During harvesting time, number of total capsules in total five plants were threshed and counted manually. The number of seeds per capsule, and then their average number were recorded. Number of seeds per plant was separated and their weight was recorded using a digital balance for measuring the 100-seeds weight was recorded using an automatic seed counting machine.

2.3.3 Determination of Oxidative Stress Indicators

Proline Accumulation

1 g of fresh leaf sample was extracted in 5% w/v solution of sulfosalicylic acid and centrifuged at 15000 g for about 10 min. Spectrophotometer was used to analyze proline contents at 520 nm in the chemical reaction of acidic ninhydrin. Toluene was used as a blank. Density of proline 0 to 520 μL (20–100 μg/ml) was used as a standard curve described by [40].

Determination of Melondialdehyde (MDA) Content

According to the method of [41],


MDA (nmol ⋅ ml−1)=[(A532−A600)155000] × 106
(2)

where A532 represents the highest absorption rate by modified thiobarbituric acid to malondialdehyde (TBA-MDA) assay. A600 representing the correction for nonspecific turbidity and MDA molar extinction coefficient was equal to 155000.

Hydrogen Peroxide (H2O2)

Briefly, 0.5 g of plant tissue was stored in liquid nitrogen until further analysis. At the time of analysis, sample was grounded with liquid nitrogen and centrifuged at 12000 g for 15 min. After that, 0.5 ml supernatant was to the solution containing K2SO4 (10 mM, 7.0 pH) and 1 ml of KI (1M). At 390 nm suspension OD was recorded [42].

Measurement of Catalase (CAT), Superoxide Dismutase (SOD), Peroxidase (POD) and Ascorbate Peroxidase (APX)

The CAT, SOD, POX and APX extraction was conducted at low temperature ranging from 0°C to 4°C. Plant tissue was grinded with liquid nitrogen. Briefly, 5 g of tissue was homogenized with a extracting buffering solution (K2SO4 50 mM, 7.8 pH). This homogenized mixture was centrifuged at 12000 g for 15 min. Chilling temperature (4°C) was maintained during expration process. The CAT activity was determined using the method used previously [43]. For this purpose we add 50 ml of enzyme extract (EE) in 2.5 ml of PO4 buffer of (50 mM, 7.4 pH) along with 0.1 ml of H2O2 (1%). Spectrophotometer was used and the absorbence of the solution extract was read at 240 nm. A procedure was being followed for identifying the activity of SOD [44]. A reaction homogenate was prepared containing K2PO4 (50 mM, 7.0 pH), EDTA (0.1 mM), APX mixture (0.5 mM), H2O2 (1.54 mM) EE (50 ml) by following the procedure of [45]. Activity of APX was checked by using spectrophotometer at 290 nm for 3 min due to the reduction in absorption.

2.4 Statistical Analysis

Two-way analysis of variance (ANOVA) was used for analysing experimental data. The software Statistix 8.1. was applied for this analysis. Furthermore, least significant difference test (LSD) test was considered where the signicant level was considered at p < 0.05 among the treatment means. Moreover, radar and bar graphs for the mean and interactive study of the present analyses were created by using program OriginProLabTM Analysis version 8.5.1.

3  Results

The recorded results revealed that individual effects of irrigation regime and various levels of BABA had significant influence at p < 0.05 on growth parameters (days to flowering, days to harvesting, branches on each plant, plant height, shoot and root dry weight), yield attributes (capsules per plant, weight of 100-seeds and seed yield) and oxidative stress indicators and antioxidants such as proline, MDA, H202, CAT, SOD, POD and APX. However, the average number of seeds in each linseed capsule was insignificant at p < 0.05 (Table 1). The interaction effect of irrigation regime and BABA were non-significant in both experiments. However, the number of branches and seed yield produced by each plant were significantly higher in seed priming experiment. In addition, the antioxidants activity was varied significantly in both experiments (Table 1). Severe stress regimes (SM25) and medium stress regime (SM45) considerably decreased the growth and yield traits while increase the antioxidant level of linseed compared to normal irrigation regime (SM65). However, the use of seed priming technique and foliar method of BABA in different concentrations enhanced these attributes by mitigating drought stress.
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3.1 Seed Priming with BABA Improved Plant Growth and under Drought Condition

In Experiment 1 (seed priming), the individual effect of irrigation regimes especially SM25 and SM45 decreased the days to flowering and harvesting by 8.53%, 5.78% and 3.69%, 1.84%, respectively, as compared to SM65. Application of BABA (50, 100 and 150 mM) decreased the effect of DS by increasing the days to flowering by 2.62%, 1.02%, 0% and days to harvesting by 1.82%, 0.16%, 0.16%, respectively, as compared to the control treatment (Table 2).
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The results showed that SM25 and SM45 reduced number of branches per plant as well as average height of plants by 13.8%, 5.5% and 15.1%, 4.1%, respectively, as compared to SM65. However, 50 mM of BABA application increased number of branches per plant by 3.7%, while 100 and 150 mM concentrations of BABA decreased their numbers by 5.7% and 11.7%, respectively in comparison to corresponding values recorded in control conditions. The improvement of plant height (2.76% and 0.25%) was recorded by the application of BABA (50 and 100 mM), while 150 mM of BABA decreased the plant height by 1.51% as compared to the control treatment (Table 2). The individual effect of SM25 and SM45 reduced the shoot dry weight and root dry weight by 39.8%, 18.3% and 39.9%, 18.5%, respectively, as compared to SM65. Application of BABA (50, 100 and 150 mM) minimized the adverse effects of DS by enhancing the shoot and root dry weights by 32.0%, 14.7%, 1.8% and 32.2%, 15.4%, 2.1%, respectively, as compared to the control (Table 3).

[image: images]

Similarly, number of capsules and seeds per plant and per capsules were decreased by moisture stress at SM25 and SM45 as compared to SM65. However, 50 mM of BABA application had a growth triggering effect, while BABA application at 100, 150 mM had a decreasing effect on capsules per plant by 13.2% and 3.8%, 5.8%, respectively, as compared to the control condition. Similarly, 50 and 100 mM of BABA application increased the number of seeds per capsule by 5.7% and 5.7%, while 150 mM of BABA application decreased this trait by 1.4% as compared to the control conditions (Table 4). The individual effect of SM25 and SM45 decreased the weight of 100-seeds and also seed yield by 32.2%, 11.9% and 51.9%, 25.8%, respectively, as compared to SM65. But, application of BABA (50, 100 and 150 mM) mitigated the effect of DS by improving 100-seed weight and seed yield per plant by 15.2%, 10.9%, 10.9% and 37.5%, 9.2%, 3.2%, respectively, as compared to the control conditions (Table 4).
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3.2 Foliar Application of BABA Enhanced Drought Atress Tolerance in Linseeds

The results pertaining to the individual effect of irrigation regimes (SM25 and SM45) revealed that these remained effective in decreasing the days to flowering and harvesting by 8.23%, 4.53% and 3.73%, 2.04%, respectively, in comparison to the SM65. The application of BABA (50, 100 and 150 mM) ameliorated the adverse effects of DS by increasing the days to flowering by 1.01%, 2.89% and 0% as compared to the control conditions. However, application of BABA (50 and 100 mM) also increased the days to harvesting by 0.72% and 1.44%, while 150 mM of BABA had 0.43% negative effect on days to harvesting as compared to the control conditions (Table 2).

The moisture regimes of SM25 and SM45 reduced the number of branches per plant and plant height by 18.3%, 7.6% and 15.6%, 5.1%, respectively, as compared to SM65. Foliar application of BABA (50, 100 and 150 mM) produced taller plants by 1.25%, 4.38% and 0.38%, respectively compared to the control treatment (Table 2). In terms of individual effect, SM25 and SM45 reduced the shoot dry weight and root dry weight by 31.2%, 18.0% and 42.5%, 24.0%, respectively, as compared to SM65. The application of BABA (50, 100 and 150 mM) triggered the shoot dry weight and root dry weight by 13.7%, 31.7%, 4.7% and 14.2%, 32.1%, 4.7%, respectively, as compared to the control conditions (Table 3). The number of capsules per plant and seeds per capsule were reduced by 26.1%, 11.1% and 7.9%, 4.9% in response to SM25 and SM45 compared to SM65. Only 100 mM of BABA application increased the number of capsules per plant by 12.4%, while 50 and 150 mM concentrations of BABA decreased the number of capsules per plant by 6.0% and 5.2%, respectively compared to the SM65. Similarly, the number of seeds per capsules were increased by 2.7% and 5.5% with 50 and 100 mM of BABA application, while 150 mM of BABA application decreased the number of seeds per capsule (1.5%) as compared to control treatment (Table 4).

The individual effect of irrigation regimes SM25 and SM45 decreased 100-seed weight and seed yield per plant by 32.3%, 12.9% and 52.1%, 24.9%, respectively, as compared to the SM65. The application of BABA (50, 100 and 150 mM) mitigated DS by enhancing 100-seed weight and seed yield per plant by 12.5%, 14.6%, 10.4% and 8.1%, 36.3%, 3.8%, respectively, as compared to the control condition (Table 4).

3.3 Comparison the Effect of Seed Priming and Foliar Application of BABA

The results of comparative study indicated that foliar application of BABA showed better performances for all the growth, yield and antioxidants parameters except for days to flowering, H2O2 and CAT content compared to the seed priming with BABA application (Table 5; Figs. 1 and 2). The maximum days to flowering in response to seed priming (73.9) and foliar spray 2 (73.47) were found for BABA concentration of 50 and 100 mM, respectively under SM65 (Table 5). The maximum number of branches and the seed yield per plant (4.00 cm and 5.29 g, respectively) were recorded following the application of 50 mM of BABA under SM65 (Table 5).
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Figure 1: Interactive study of irrigation regime (FC, feld capacity) and β-aminobutyric acid (BABA) on the Proline (μM g−1 FW), Melondialdehyde (MDA; μM g−1 FW) and Hydrogen Peroxide (H2O2; μM g−1 FW) of linseed in Experiment 1 (seed priming) and Experiment 2 (foliar application) at p < 0.05. SM25, FC-40% = 25% soil moisture; SM45, FC-60% = 45% soil moisture; SM65, FC-80% = 65% soil moisture
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Figure 2: Interactive study of irrigation regime (FC, field capacity) and β-aminobutyric acid (BABA) on the catalase (CAT; μM g−1 FW), superoxide dismutase (SOD; μM g−1 FW), Peroxidase (POD; μM g−1 FW) and ascorbate peroxidase (APX; μM g−1 FW) of linseed in Experiment 1 (seed priming) and Experiment 2 (foliar application) at p < 0.05. SM25, FC-40% = 25% soil moisture; SM45, FC-60% = 45%

For seed priming, the interaction effect of FC and BABA showed that of the maximum content of proline (145.98%), MDA (195.36%) and H2O2 (114.17%) were recorded especially by BABA (0 mM) under SM25 as compared to the SM65 (Fig. 1).

Contrastingly, the maximum content of CAT, SOD and POD were produced by BABA (150 mM) at SM25 which were 165.55%, 125.60% and 126.57%, respectively, than non-primed linseed seeds under SM65%. Contrastingly, seed priming with BABA (50 mM) under DS significantly increased the activity of APX (70.63%) in comparison to non-primed seeds under SM65 (Fig. 2). Likewise, foliar spray also showed significant enhancement of antioxidant activity in linseed crop under DS condition. The interactive impact of FC and BABA showed that the maximum proline (131.00%), MDA (114.24%) and H2O2 (51.29%) was identificed in seed sample that primed with BABA (0 mM) under FC-40% as compared to the SM65 (Fig. 1). In contrast, the increment in the activity of CAT, SOD, POD and APX was also observed for the 150 mM concentration of BABA in the presence of SM25 which was 105.80%, 114.58%, 125.43% and 55.67%, respectively as compared to 0 mM dose of BABA applied under SM65 (Fig. 2).

4  Discussion

Drought stress (DS) is one of the most serious challenges to the agricultural crop cultivation including linseed crops. Growth and yield are critical morphological parameters of linseed plants which are seriously reduced by DS [46]. The incidence of DS at critical growth stages (seedling, flowering, grain development, etc.) significantly reduces the seed yield of linseed [47,48]. The negative impacts of DS on the vegetative growth characteristics of linseed also hinder the progression of its reproductive growth life cycle [49]. However, this current study explored that the application of 50–100 mM of BABA as seed priming agent and exogenous foliar application on linseed improved the days to flowering (Table 5). Our results matched with the study of Ragia [28] whereby foliar application of BABA increased the growth and flower parameters and minimized the adverse effect of water deficit. Under DS condition, there was a significant decrease in the time to flowering (days to anthesis) while promoting flower appearance compared to the normal irrigation regime. The present study also revealed a gradual reduction in plant height and the number of branches per plant in linseed under water deficit conditions compared to normal irrigation. The diminished growth of plants under drought stress can be attributed to the inhibition of photosynthesis and a decrease in photosynthetic efficiency, ultimately disrupting the balance between source and sink relationship [50]. Moreover this study implies that the application of 50–100 mM of BABA mitigated the adverse effect of low moisture stress on linseed and these findings are consistent with Quéro et al. [51].

Shoot and root dry weights were pronouncedly influenced by DS as per results of our study, which might be attributed to limited supply of carbohydrates to sinks from leaves owing to disruption of photosynthetic process [52,53]. Reduction of water availability due to drought is obvious that leads to inhibition of plant root growth, resulting the transportation of water and minerals in several parts of plants, plant reclines of stomatal functioning and transpiration. This adverse effect can be least by the action of stress hormones abscisic acid (ABA) [54]. Likewise, application of BABA in different concentrations enhanced the ABA concentration in plant [55]. Water deficit negatively affected the crop production (Table 5) but the foliar application of BABA mitigated the detrimental effects [56]. However, our current study implies that the performance of physiological parameters were improved due to supplementation of BABA in linseed plants. This implies that root volume and nutrient uptake known to decrease with water deficit improved with BABA application. Further, BABA leads to accumulate several metabolites in plants and protects plants from stress signals, and this is useful when a plant is experiencing water deficit. The metabolites recover the gradient important for water uptake and thus protect the plant from drought stress [51].

Yield and yield-related parameters of different linseed genotypes were influenced differently by varying levels of DS as adverse effects of DS depend on plant species, time of incidence, severity and duration of DS, etc. [48]. With water deficit conditions, the number of capsules per plant, number of seeds, 1000-seeds weight, plant height, the number of branches per plant and seed yield declined as compared to normal irrigation [46]. Imposing low moisture stress prior to the anthesis stage was found to have a detrimental effect on physiological and yield characteristics. One of the main factors contributing to reduced seed weight is the shortened time to flowering that caused by drought stress. There is typically a negative correlation between seed yield per plant and the duration of flowering and maturity. Additionally, the number of capsules per plant is often associated with the total number of branches, while growth traits directly or indirectly influence yield traits in the production of linseed [49]. The DS was reported to involve serious reduction of grains number which is a valuable attribute at reproductive growth stages of crop plants [55]. The application of BABA promotes abscisic acid (ABA) accumulation in plants and improves the plant defense mechanism and yield parameters [55]. Foliar applied BABA enhanced 45% grain yield compared with the control (no application). Water stress and foliar application of BABA had a prominent effect on yield traits, but the interactive study showed non-significant results. Low moisture stress at the vegetative stage can affect photosynthetic pigments in plants and decline crop yields [13]. Higher accumulation of osmolytes such as proline, soluble sugar lead to enhance plant adaptation under [55,57]. Similarly, in this study 50 mM BABA as seed primed and 100 mM of foliar-applied BABA promoted the yield and yield-related parameters of linseed and minimized the adverse effect of DS (Tables 5). This observation is in agreement with previous findings, where a higher concentration of BABA was found to effectively preserve green pigments and support the nutrient cycle in plants, in contrast to lower doses of BABA [55,57].

Several osmolites such as proline, soluble sugar, glycine betaine, which help to plant adaptation under stressful conditions [58–60]. Proline is of the significant osmolites that level found to be induced even in drought stress and other oxidative that enhance plant fitness and adaptation [61]. The exogenous application of neurotransmitters alleviates oxidative stress-induced antioxidant enzyme activity in plants [62,63]. In this study, the improvement of plants attributes through exogenous supplementation BABA is newly reported in linseed. Additionally, BABA decreased the MDA content in linseed plants exposed to varying levels of DS This decrease in MDA level protect from membrane disruption [64]. Increase level of MDA and H2O2 was found in salt stressed plants [65,66]. The salt, drought and other abiotic stresses involved in inducing H2O2 accumulation as well as lipid peroxidation, which leads to enhance MDA concentration. As a consequence of these stress indicators several cellular difficulties occurs like membrane injury and reduction of membrane stability index [65]. The interactive study of BABA and low moisture stress showing the significant results of MDA and H2O2. In short MDA and H2O2 enhanced under low moisture stress condition [56]. However, our current study implies that the application of BABA lowers the MDA concentration [65] as well as H2O2 in linseed plant (Fig. 1).

The concentrations of MDA, H2O2, CAT, SOD and POD in lentil were enhanced under DS compared to well-watered conditions [67–69]. It is highly documented that elevation of antioxidant enzymes under stress significantly help to enhance stress tolerance in plants [70,71]. In this study, the enhancement of CAT, SOD and POD enzymes activity revealed that BABA is fully active at SM25 in linseed, which were also reported to be effective against ROS and helped plants in minimizing oxidative damage under DS conditions [72,73]. Application of BABA treatments on improved biosynthesis of CAT, SOD and POD antioxidants and decreased levels of H2O2 served as vital factor in protecting the membrane structure and ultimately plants survival was increased under severe DS conditions. Moreover, the BABA application on plants aided in scavenging ROS which might be attributed for improved number of seeds per capsule and higher 100-seeds weight of linseed [70,71,74].

From these findings it is confirmed that both methods (seed priming and foliar application) of BABA application are efficient in improving growth and production of linseed, hence the variations in environmental conditions, and stress levels may account for the divergent application methods and concentrations of BABA for different methods of application for achieving maximum potential.

5  Conclusions

This study implies that BABA mediating seed priming and foliar application significantly mitigates DS in linseed. The BABA significantly improved DS by regulating morpho-agrological, and physiological attributes, which enhanced plant adaptation in linseed under DS. This study also disclosed that exogenously applied BABA was fully active to enhance the antioxidant enzymes activity under moisture stress conditions which enabled crop plants to off-set the adverse effects of DS. These findings suggested that BABA was active at SM25 in linseed that further supported to mitigate oxidative stress indicators (MDA and H2O2). Moreover, the DS efficiency was dose dependent manner, seed priming and foliar application of BABA (50–100 µM) showed better performance under SM25, while high dose of BABA (150 µM) significantly inhibited plant growth, adaptation and yield performance in linseed. These findings might be useful to linseed growers and farmers for linseed breeding as well as mitigating the adverse effects of DS in linseed and other oil seed crops.
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Table 1: ANOVA showing the level of significance of the treatments affecting plant growth and yield
attributes under seed priming (Experiment 1) and foliar-applied (Experiment 2) beta aminobutyric acid

Parameters Seed priming (Experiment 1) Foliar application (Experiment 2)
Moisture B aminobutyric S x Moisture B-aminobutyric S x
regime (S) acid (BABA) BABA regime (S) acid (BABA) BABA

Days to flowering ** *ok * ok *% *

Days to harvesting ** ok ns *% ok s

Number of ok ok * ok ok ns

branches per plant

Plant height (cm)  ** ok ns ok o s

Shoot dry weight = ** ok ns ok ok ns

(2)

Root dry weight (g) ** ok ns ok *% s

Number of ok ok ns ok o s

capsules per plant

Number of seeds  ns ns ns ns ns ns

per capsule

100-seeds weight ~ ** ok ns *% ok s

Seed yield per *x *x *% ok *% s

plant

Proline (uM g ok ok ok sk ok o

FW)

MDA (uM g ! *ok ok *k ok ok ok

FW)

H,0, (UM g ' FW) ** *ok o ok ok ok

CAT (uM g_1 FW) ** 3k * o o %

SOD (UM g_1 FWw) ** 3k * o o %

POD (uM g ' FW) ** o * ok - ok

APX (LM g_1 FW) ** Hk ®ok *k sk *

Note: **Indicate highly significant, *indicate significant and ns indicate non-significant.
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Table 3: Summery of different levels of moisture regime and BABA on STW, shoot dry weight (g); RDW,
root dry weight (g) of linseed in Experiment 1 (seed priming) and Experiment 2 (foliar application) at p <

0.05

Treatments

Seed priming (Experiment 1)

STW

RDW

Foliar application (Experiment 2)

STW

RDW

Moisture regime (S)

SM,s
SMys
SMs
LSD < 0.01

23.30 £2.521C
31.60 = 2.933B
38.74 £ 3.038A
3.533

Beta aminobutyric acid (BABA)

0 uM

50 uM

100 uM
150 uM
LSD <0.01

27.83 £2.732C
36.71 £ 2.782A
31.90 + 1.994B
28.37 £2.534C
2.765

2.791 £ 0.273C
3.787 £0.311B
4.645 + 0.248A
0.304

3324 +£0.217C
4390 + 0.175A
3.832 +0.196B
3.391 +£0.243C
0.268

29.83 £2.437C
35.51 £ 1.894B
4331 £ 1.994A
1.943

32.28 £2.563C
36.66 + 2.835B
42.47 £2221A
33.77 £2.511C
2.698

3.043 £ 0.2743C
4.016 = 0.216B
5.284 +£0.217A
0.235

3.653 £ 0.294C
4.175 + 0.245B
4.824 + 0.217A
3.825 £ 0.189C
0.266

Note: Means with different letters differ significantly at p <0.05. SM,s, FC-40% = 25% soil moisture; SMys, FC-60% = 45% soil moisture; SMgs, FC-

80% = 65% soil moisture.
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Table 4: Summary of different levels of moisture regime and BABA on CPP, number of capsules per plant;
SPC, seeds per capsule; SW, 100-seeds weight (g) and SYP, seed yield per plant (g) of linseed in Experiment
1 (seed priming) and Experiment 2 (foliar application) at p < 0.05

Treatments Seed priming (Experiment 1) Foliar Application (Experiment 2)
CPP SPC CPP SPC

Moisture regime (S)

SM,5 66.01 £ 3.010C 7.671 £ 0.324A 68.75 +£3.321C 7.833 + 0.426A

SMys 75.23 £ 2.954B 7.671 £ 0.511A 82.83 £2.532B 8.083 + 0.400A

SMg;s 87.40 = 3.410A 8.333 £ 0.324A 93.11 £ 2.797A 8.500 + 0.634A

LSD <0.01 3.779
Beta aminobutyric acid (BABA)
0 uM 75.54 £ 2.569B

50 uM 85.57 £ 3.732A
100 uM 72.62 + 3.632BC
150 uM 71.11 £3.992C
LSD <0.01 4.188

SW
Moisture regime (S)
SM5 0.434 £ 0.032C
SMys 0.521 + 0.027B
SMg;s 0.599 + 0.021A

LSD <0.01 0.012
Beta aminobutyric acid (BABA)
0 uM 0.463 + 0.018C

50 uM 0.533 + 0.028A
100 uM 0.526 + 0.033AB
150 uM 0.512 + 0.019B

LSD <0.01 0.018

0.756

7.789 £ 0.422A
8.221 £ 0.527A
7.894 £ 0.422A
7.673 £ 0.375A
0.625

SYP

2.071 £ 0.301C
3.190 £ 0.242B
4.305 + 0.285A
0.326

2.836 + 0.183C
3.894 + 0.293A
3.097 + 0.166B
2.923 + 0.218BC
0.275

3.179

81.31 £2.926B
76.47 £ 4.001C
91.44 £ 3.875A
77.18 +3.765BC
4.479

SW

0.422 £ 0.011C
0.541 £ 0.016B
0.612 = 0.014A
0.014

0.482 + 0.024C
0.546 + 0.019AB
0.553 £ 0.037A
0.535 +£0.031B
0.019

0.986

8.351 £ 0.524A
8.221 £ 0.389A
8.446 + 0.454A
7.889 £ 0.487A
0.605
SYP

2.311 £0.339C
3.624 £ 0.371B
4.815 £ 0.258A
0.482

3.202 +£ 0.274C
3.460 = 0.307B
4363 + 0.263A
3.320 £ 0.219BC
0.315

Note: Means with different letters differ significantly at p <0.05. SM,s, FC-40% = 25% soil moisture; SMys, FC-60% = 45% soil moisture; SMgs, FC-

80% = 65% soil moisture.
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Table 2: Summery of different levels of moisture regime and BABA on DTF, days to flowering; DTH, days
to harvesting; BPP, number of branches per plant; PH, plant height (cm) of linseed in Experiment 1 (seed
priming) and Experiment 2 (foliar application) at p < 0.05

Seed priming (Experiment 1)

DTH

Foliar application (Experiment 2)

DTF

DTH

Treatments

DTF
Moisture regime (S)
SM5 66.48 £ 1.482C
SMys 68.48 £ 1.661B
SMg;s 72.67 £ 1.732A
LSD <0.01 2.108
Beta aminobutyric acid (BABA)
0 uM 68.64 £ 1.752C
50 uM 70.36 £ 1.519A
100 uM 69.27 + 1.396B
150 uM 68.57 +1.482C
LSD <0.01 1.981

BPP
Moisture regime (S)
SM,5 3.135 £ 0.085C
SMys 3.436 £ 0.103B
SMg;s 3.632 £ 0.064A
LSD <0.01 0.119
Beta aminobutyric acid (BABA)
0 uM 3.513 £ 0.076A
50 uM 3.641 £ 0.093A
100 uM 3.310 £ 0.068B
150 uM 3.104 £ 0.110C
LSD <0.01 0.849

135.8 £2.067C
138.4 +3.635B
141.0 + 3.814A
4.879

137.7 £4.026B
140.2 + 3.842A
137.9 £2.987B
137.9 +3.748B
4.178

PH

72.50 £ 1.012C
81.91 £ 1.743B
85.44 £ 1.018A
1.023

79.65 +£0.943B
81.83 £ 1.647A
79.87 £ 1.392B
78.42 +£1.289C
1.446

66.89 £ 1.521C
69.59 + 1.362B
72.88 + 1.491A
1.892

69.11 + 1.523C
69.82 + 1.583B
71.16 + 1.254A
69.13 £ 1.710C
2.143
BPP

3.209 £ 0.052C
3.611 £0.0814B
3.925 £ 0.0639A
0.128

3.568 £0.120B
3.471 £0.0711B
3.874 £ 0.0992A
3.476 £ 0.0653B
0.824

136.7 £5.732C
139.1 £3.851B
142.0 £4.173A
5.422

138.7 £3.692C
139.7 £3.901B
140.7 + 4.043A
138.1 £3.753C
4.669

PH

73.43 £ 1.114C
82.64 +0.882B
86.99 + 1.937A
1.141

79.81 + 1.438B
80.84 + 1.954B
83.30 = 2.004A
80.16 = 1.425B
1.662

Note: Means with different letters differ significantly at p < 0.05. SM;s, FC-40% = 25% soil moisture; SMys, FC-60%=45% soil moisture; SMgs, FC-

80% = 65% soil moisture.





OEBPS/Images/table-5.png
Table 5: Synergistic effect of soil moisture regimes with beta aminobutyric acid applied though seed
priming (Experiment 1) and foliar application (Experiment 2) on growth parameters (days to flowering,
number of branches per plant) and yield parameters (seed yield per plant) of linseed

Factor Experiment 1 Experiment 2
Days to Number of branches per  Seed yield per plant Days to flowering
flowering plant (2) (d)
(d)
FC x BABA
SM,s x BABA, 65.18 £ 0.233h  3.10 + 0.052¢f 1.76 £ 0.099f 65.44 £ 0.331e
SMjs x 67.68 £ 0.356f 3.40 + 0.066cd 2.43 £0.103e 67.15 £ 0.233d
BABAs,
SMjs x 66.51 £ 0.136g 3.07 + 0.097ef 223 £0.167¢ 68.60 £ 0.369¢
SMjs x 66.49 + 0.261g 2.93 + 0.084f 1.86 + 0.142f 66.36 = 0.293de
BABA 50
SMys x BABA, 67.94 £ 0.239%f 3.70 + 0.114b 2.80 £0.151d 68.73 + 0.464c¢
SMys x 69.52 + 0.256d 3.53 + 0.036bc 3.97 £ 0.225b 69.26 £ 0.358¢
BABAs,
SMys x 68.73 £0.604de 3.37 + 0.071cd 3.14 £ 0.117c 71.23 £ 0.376b
SMys x 67.82 + 0.357ef 3.10 + 0.061ef 2.85 £0.138cd 69.13 £ 0.234c¢
BABA 50
SMgs x BABA, 72.81 £0.378b 3.73 £0.072b 3.93 £0.133b 73.11 £0.218a
SMgs x 73.87 £ 0.238a 4.00 + 0.126a 529 +0.112a 73.08 + 0.416a
BABAs,
SMgs * 72.55+0.132b  3.50 + 0.103bcd 3.91 £ 0.188b 73.47 £ 0.464a
SMgs * 71.36 £ 0.474c  3.27 £ 0.070de 4.06 £0.189b 71.89 £ 0.332b
BABA 50

Note: FC, field capacity; BABA, beta aminobutyric acid; Means with different letters differ significantly at p < 0.05. SMys, FC-40% = 25% soil
moisture; SMys, FC-60% = 45% soil moisture; SMgs, FC-80% = 65% soil moisture.
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