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Abstract: The mechanism of selenium (Se)-induced salt tolerance was studied in moderately sensitive soybean (Glycine max L.) plants. To execute this view, soybean plants were imposed with salt stress (EC 6 dS m−1) applying NaCl. In other treatments, Se (0, 25, 50 and 75 µM Na2SeO4) was sprayed as co-application with that level of salt stress. Plant height, stem diameter, leaf area, SPAD value decreased noticeably under salt stress. Altered proline (Pro) level, together with decreased leaf relative water content (RWC) was observed in salt-affected plants. Salt stress resulted in brutal oxidative damage and increased the content of H2O2, MDA level and electrolyte leakage. Exogenous Se spray alleviated oxidative damage through boosting up the antioxidant defense system by increasing the activity of antioxidant enzymes such as catalase (CAT), peroxidase (POD) and glutathione reductase (GR), as well as by improving non-enzymatic antioxidants like glutathione (GSH) and GSH/glutathione disulfide (GSSG). The upregulated antioxidant defense system, restored Pro and leaf RWC, higher SPAD value conferred better growth and development in Se-sprayed salt-affected soybean plants which altogether put forth for the progressive yield contributing parameters and finally, seed yield. Among different doses of Se, soybean plants sprayed with 50 µM Na2SeO4 showed better salt tolerance.
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1  Introduction

Global climate change is negatively affecting plants’ habitat and productivity. Anthropogenic activities are also major reasons for altering the micro or macro-environment for growing plants. Melting glaciers, sea-level rise, cyclone, typhoon, tsunami, and modified regimes of precipitation increase salt-affected areas [1,2]. Groundwater lifting for irrigation or other purposes may increase salinity. Poor drainage facilities and irrigation systems also increase salinity [3]. According to FAO [4], more than one-third of the irrigated lands in this planet are affected by salinity which is increasing gradually. Salt stress imposing the osmotic and ionic stress in plant cell/tissue causes anomaly in physiological and biochemical processes of plants [5–7]. Protein synthesis and many other primary metabolism pathways are inhibited by salt stress. Water and nutrient uptake and transport in plants is also hampered significantly when the plants exposed to salt stress. Photosynthesis, mitochondrial and cytosolic reactions, assimilate translocation are adversely affected under salt stress [8–10]. Salinity stress restrains plant growth and development, can cause drastic yield reduction. Severe salt stress can cause plant death [5]. Salt stress also causes oxidative damage as this stress generates excessive reactive oxygen species (ROS) such as superoxide anion (O2•−), hydroxyl radical (•OH), hydrogen peroxide (H2O2) and singlet oxygen (1O2) [11]. Scavenging ROS antioxidant system protects plants from oxidative damage. Non-enzymatic antioxidants (ascorbic acid, AsA; glutathione, GSH; phenolic compounds, alkaloids, non-protein amino acids and α-tocopherols) and antioxidant enzymes (superoxide dismutase, SOD; catalase, CAT; ascorbate peroxidase, APX; glutathione reductase, GR; monodehydroascorbate reductase, MDHAR; dehydroascorbate reductase, DHAR; glutathione peroxidase, GPX; and glutathione-S-transferase, GST) are the major components of the antioxidant defense system of plants. Enhanced antioxidant defense mechanism is considered as one of the criteria to improve salt stress tolerance [11].

Selenium (Se) is not considered as essential nutrients but its beneficial roles have been proved to improve plant growth and developmental processes. Selenium improves root and shoot growth, reproductive development and yield performance of crops [5,12–14]. Selenium improves different physiological processes of plants, enhance membrane stability and increase root growth [15–17]. Selenium induces accumulation of osmoprotective molecules [15,18] which help in higher uptake of water from soil or plant growing media. Selenium up-regulates the uptake of macro and micro nutrients [19] in plants. Selenium supplementation enhances abiotic stress tolerance in plants includes drought, salt stress, extreme temperature stresses and heavy metal stresses [14,20–22]. Exogenous Se application restricts the uptake of Na+ and Cl− and maintains better K+/Na+ homeostasis and maintains nutrient homeostasis in salt-affected plants which enhance salt stress tolerance [5,12]. Role of Se as a regulator of antioxidant defense system has been also reported in some plants [12,16,17,23].

Soybean (Glycine max L.) is one of one of the most versatile plants cultivated mainly for protein and oil consumption in both temperate and tropical environments. Being a moderate salt-susceptible crop soybean often faces salt stress under field growing condition, which results in damaging effects in terms of growth, reproductive development and yield performance [24,25]. So, enhancing salt stress tolerance in such a widely adapted crop species is significant. The present study demonstrates the effect of salt stress on physiology, growth and developmental attributes as well as on yield of soybean plants. This study also elucidates the role of different doses of Se to alleviate the salt-induced damages on those studied parameters in soybean plants.

2  Materials and Methods

2.1 Experimental Materials and Treatments

Soybean (Glycine max L.) seeds were grown in an experimental shed at the greenhouse. Empty plastic pots with 18-inch depth and 14-inch diameter were used for the experiments. Twelve kilograms sun-dried soils along with organic manures and fertilizers (according to recommended dose) were applied in each pot. After that, pots were prepared for seed sowing. Five seedlings were kept in each pot and there were two sets of pots – one for morpho-physiological investigation and one for yield traits measurement. The soil of the experiment was non-calcareous dark grey. The pH value of the soil was 5.6. Salinity (6 dS m−1) was imposed to plants by adding NaCl gradually with irrigation water starting from 30 days after sowing (DAS) and a respective control was maintained adding fresh water. Both control and salt-stressed plants were supplemented with four levels of Se (0, 25, 50 and 75 µM Na2SeO4). Selenium was applied as a foliar spray at 1-week interval up to 75 DAS. The experiment was laid out in a randomized complete block design (RCBD).

2.2 Growth Parameters

The height of the plants was recorded after the duration of treatment was completed, at 15 days interval starting from 45 DAS. It was measured beginning from the ground level up to the tip of the leaf. The average height of five plants was considered as the height of the plant for each pot. Stem diameters were measured with a slide calliper. For leaf area measurement, first leaf images were taken by a digital camera and the area was calculated by using Image-J software.

2.3 Determination of Relative Water Content

Leaf was weighed and considered as fresh weight (FW). After that leaf was immersed in DH2O in Petri dish between two layers of filter paper and placed in the dark for a few hours. After removing water from the leaf surface the leaf was weighed once more. This weight was recorded as turgid weight (TW). After oven drying the leaf was weight again and recorded as dry weight (DW). Then, RWC was calculated as follows [26]:
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2.4 Determination of Proline Content

To estimate proline (Pro) Bates et al. [27] young leaf samples (0.5 g) was homogenized in sulfo-salicylic acid (3%) and centrifuged at 11,500 × g. The leaf extract, acid ninhydrin, and glacial acetic acid were mixed in 1:1:1 ratio, and then heated in a hot water bath. The solution was cooled in ice for the termination of reaction. Toluene was mixed thoroughly and the upper toluene chromophore with Pro was used for spectrophotometric measurement at 520 nm. A standard curve used to determine Pro concentrations.

2.5 SPAD Reading

Five leaves were randomly selected from each pot. Three places of each leaflet were measured by SPAD meter (atLEAF, FT Green LLC, USA) as SPAD.

2.6 Electrolyte Leakage

Plant sample (0.5 g leaf) was collected from each pot and then entered into the 15 ml empty falcon tube and then filled up with distilled water. After this falcon tubes were put into water bath at 40°C for 60 min. After that electrical conductivity (EC1) was taken by using the EC meter. Then falcon tubes were put into an autoclave. After autoclaving falcon tubes were cooled in room temperature then EC2 was taken. Electrolyte leakage (EL) was determined by using the following formula: EL = (EC1/EC2) × 100.

2.7 Estimation of H2O2 Content

Potassium-phosphate buffer (pH 6.5) was used to homogenize leaf sample (0.5 g). Then it was centrifuged (11,500 × g) for 15 min. Leaf extract was mixed with 0.1% TiCl4 in 20% H2SO4 (v/v). The supernatant was read for its absorbance at 410 nm in spectrophotometer. The H2O2 content was calculated using an extinction coefficient of 0.28 μM−1 cm−1 and expressed in nmol g−1 FW [28].

2.8 Determination of Lipid Peroxidation

Membrane lipid peroxidation had been estimated based on malondialdehyde (MDA) content [29]. Leaf tissue (0.5 g) was homogenized with trichloroacetic acid (TCA), and centrifuged at 11,500 × g for 12 min. Using thiobarbituric acid, MDA was determined in the UV-visible spectrophotometer at 532 nm, and corrected at 600 nm for non-specific absorbance.

2.9 Glutathione Metabolism

The extraction buffer was 5% meta-phosphoric acid amended with ethylenediaminetetraacetic acid (EDTA). Leaf sample (0.5 g) was homogenized and centrifuged (11,500 × g) to collect supernatant, which was neutralized by K-P buffer (pH 7.0).

Glutathione was measured following the method of Hasanuzzaman et al. [29]. Reduced glutathione (GSH) was oxidized by 5,5-dithio-bis(2-nitrobenzoic acid) (DTNB) and reduced with NADPH in the presence of GR. The absorption changes of 2-nitro-5 thiobenzoic acid (NTB) produced from the reduction of DTNB was measured. We used UV-visible spectrophotometer and absorbance was recorded at 412 nm.

Oxidized glutathione (GSSG) was determined removing GSH by 2-vinylpyridine. Total GSH and GSSG were measured by using standard curves with known concentrations of GSH and GSSG. Then, the GSH has been calculated subtracting GSSG from total glutathione.

2.10 Antioxidant Enzymes’ Activity Assay

Leaf (0.5 g) was homogenized in K-P buffer (pH 7.0) containing AsA, KCl, β-mercaptoethanol, and 10% glycerol (w/v) and the homogenate was centrifuged at 11,500 × g for 15 min.

Protein was detected [30] using bovine serum albumin (BSA) as protein standard.

CAT (EC: 1.11.1.6) activity was assayed considering reduction in optical absorbance recorded for 1 min at 240 nm caused by the degradation of H2O2 in reaction mixture comprised of K-P buffer (pH 7.0), H2O2, and enzyme solution. During calculating CAT activity extinction coefficient of 39.4 M−1 cm−1 was used [29].

DHAR (EC: 1.8.5.1) activity was determined using K-P buffer (pH 7.0), GSH, EDTA, and DHA were mixed to form the reaction buffer solution. The DHAR activity was estimated by measuring the absorbance at 265 nm for 1 min and 14 mM−1 cm−1 was the extinction coefficient [31].

GR (EC: 1.6.4.2) activity was determined using a reaction buffer solution of K-P buffer (pH 7), EDTA, GSSG, NADPH, and enzyme. Reduced absorbance at 340 nm for 1 min was recorded. The GR activity then was estimated using 6.2 mM−1 cm−1 as the extinction coefficient [29].

Peroxidase (POD, EC: 1.11.1.7) activity was estimated according to Nakano et al. [31].

2.11 Yield Attributes and Yields

The total number of pod plant-1 was counted from selected ten sample plants and then averaged. Ten pods from each plant were selected, and seeds were counted from each individual pod and then averaged. One hundred clean sun-dried grains were counted from the seed stock obtained from the sample plants and weighed by using an electronic balance. The seeds were separated manually and then sun-dried and weighed.

2.12 Statistical Analysis

The obtained data were subjected to one-way analysis of variance (ANOVA) and mean means were separated following Tukey’s honestly significant difference (HSD) test at p ≤ 0.05.

3  Results

3.1 Plant Height

Plant height was observed at 45, 60 and 75 DAS. Plant height increased due to the addition of Se, compared to control treatment (under non-stressed condition). Increase of Se dose gradually increased the plant height except for 75 µM Se. Rather this dose decreased the plant height. Salt stress caused a reduction of plant height by 31%, compared to control whereas Se supplementation in salt growing media restored the plant height except the 75 µM Se. This trend of the plant height was noticed at 45, 60 and 75 DAS (Figs. 1A–1C).
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Figure 1: Effect of Se (0, 25, 50 and 75 µM Na2SeO4) on plant height at 45 days after sowing (DAS) (A), 60 DAS (B) and 75 DAS (C) in soybean plants grown under non-saline and salt-stress (6 dS m−1, induced by NaCl) condition. Data presented are the means ± SD of three replicates and data followed by the same letters are not significantly different at p < 0.05 as per Tukey’s HSD test

3.2 Leaf Area and Stem Diameter

The leaf area showed a slight increase in Se sprayed treatments than the control treatment. The imposition of salt stress decreased the leaf area of soybean plants, compared to control. Selenium sprayed soybean plants exposed to salt stress retrieved the leaf area of salt-affected plants except for the addition of 75 µM Se (Fig. 2A).
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Figure 2: Effect of Se (0, 25, 50 and 75 µM Na2SeO4) on leaf area (A) and stem diameter (B) in soybean plants grown under non-saline and salt-stress (6 dS m−1, induced by NaCl) condition. Data presented are the means ± SD of three replicates and data followed by the same letters are not significantly different at p < 0.05 as per Tukey’s HSD test

Selenium (25 and 50 µM) increased stem diameter of soybean plants than the control treatment. Salt stress reduced the diameter, compared to control. When Se was applied the salt-affected plants reduced the damaging effects of salt stress and the stem diameter was increased, compared to salt-affected plants. The highest dose of Se failed to increase the stem diameter of salt-stressed plants (Fig. 2B).

3.3 Physiological Parameters

Reduction of leaf RWC under salt stress, compared to the control treatment had been noticed in soybean plants. Selenium spray at the rate of 25 and 50 µM with the salt added soil increased the RWC by 24% and 38%, respectively. No change was observed for 75 µM Se addition under salt stress (Fig. 3A).
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Figure 3: Effect of Se (0, 25, 50 and 75 µM Na2SeO4) on leaf relative water content (RWC) (A), proline (Pro) content (B), SPAD value (C) and electrolyte leakage (D) in soybean plants grown under non-saline and salt-stress (6 dS m−1, induced by NaCl) condition. Data presented are the means ± SD of three replicates and data followed by the same letters are not significantly different at p < 0.05 as per Tukey’s HSD test

Salt stress increased the Pro content of soybean plants by 56%, compared to control. Further increase of Pro level by 24%, 63% and 31%, were recorded in 25, 50 and 75 µM Se added soybean plants under salt stress, compared to only salt-stressed soybean plants (Fig. 3B).

The SPAD values of leaves reduced drastically due to salt toxicity. Salt affected plants showed 33% reduction in SPAD value when compared with control. Alleviating the damaging effect of salt stress to some extent 50 µM Se co-treatment improved the SPAD value by 38% than the salt-affected soybean plants without Se addition. Neither the 25 µM nor the 75 µM Se addition was able to improve the SPAD value of salt-affected plants (Fig. 3C).

Salt stress caused electrolyte leakage as evidenced by 69% increase than the control. Selenium supplementation with salt stress decreased electrolyte leakage. In case of 25 µM Se addition with salinity the change of electrolyte leakage was not significant while 50 and 75 µM Se decreased electrolyte leakage by 30% and 22%, compared to that of salt distressed soybean plants (Fig. 3D).

3.4 Oxidative Stress Markers

While looking at the non-stress condition, i.e., growing media without salinity exogenous Se addition slightly increased H2O2 level (compared to control) except 25 µM Se. Salt stress caused higher generation of H2O2 by 75%, compared to control. Co-treatment of Se of 25, 50 and 75 µM as foliar spray reduced H2O2 level by 21%, 36% and 36%, respectively, compared to salt stress alone (Fig. 4A).
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Figure 4: Effect of Se (0, 25, 50 and 75 µM Na2SeO4) on the content of H2O2 (A) and MDA (B) in soybean plants grown under non-saline and salt-stress (6 dS m−1, induced by NaCl) condition. Data presented are the means ± SD of three replicates and data followed by the same letters are not significantly different at p < 0.05 as per Tukey’s HSD test

There was no difference among the MDA levels of non-stressed treatments. Increase of MDA level is one of the salt stress-induced oxidative stress indicators. The imposition of salt stress increased MDA by 56%, compared to control. This increase of MDA level reversed when salt-imposed soybean plants were supplemented with Se. Soybean plants sprayed with 25, 50 and 75 µM Se diminished the MDA level by 21%, 31% and 28%, respectively, compared to the MDA level of salt-affected soybean plants (Fig. 4B).

3.5 Glutathione Metabolism

Soybean plants showed differential responses for glutathione metabolism. Salt stress did not alter GSH level but highly raised the GSSG level (by 56%), compared to control treatment (Figs. 5A and 5B). As a result, a drastic reduction of GSH/GSSG by 43% was confirmed, compared to that ratio of control plants (Fig. 5C). Adding of 25 and 50 µM Se increased GSH level by 14% and 34%, respectively in salt-affected soybean plants, compared to salt stress only (Fig. 5A). Foliar spray of 25, 50 and 75 µM Se with salt treatment lessened the GSSG level by 28%, 31% and 30%, respectively, compared salt treated plants alone (Fig. 5B). As a result, higher GSH/GSSG of 43%, 94% and 54%, respectively were observed in 25, 50 and 74 µM Se treated salt-affected plants (compared to salt-affected plants without Se spray) (Fig. 5C).
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Figure 5: Effect of Se (0, 25, 50 and 75 µM Na2SeO4) on the content of GSH (A) and GSSG (B); GSH/GSSG (C) in soybean plants grown under non-saline and salt-stress (6 dS m−1, induced by NaCl) condition. Data presented are the means ± SD of three replicates and data followed by the same letters are not significantly different at p < 0.05 as per Tukey’s HSD test

3.6 Activities of Antioxidant Enzymes

Salt stress was the reason for the reduction of GR activity by 32% in contrast to control. Its activity was restored by Se addition. An increase in GR activity by 22% was noticed for 25 µM Se addition with salt treatment, compared to salt treatment alone. Adding 50 and 75 µM Se with salt treatment upregulated GR activity by 58% and 74%, respectively compared to salt stress treatment (Fig. 6A).
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Figure 6: Effect of Se (0, 25, 50 and 75 µM Na2SeO4) on the activity of GR (A), DHAR (B), CAT (C) and POD (D) in soybean plants under non-saline and salt-stress (6 dS m−1, induced by NaCl) condition. Data presented are the means ± SD of three replicates and data followed by the same letters are not significantly different at p < 0.05 as per Tukey’s HSD test

The activity of DHAR increased under salt stress by 31% when compared to control. Slight decrease in DHAR activity had been noticed in Se added salt treated plants irrespective of dose of Se (Fig. 6B).

The activity of CAT highly decreased due to salt stress by 31%, compared to control. Exogenous Se addition restored its activity in salt-affected soybean plants. The highest increase of CAT activity (by 73%, compared to control) was recorded for 50 µM Se under salt stress, compared to salt treatment alone. Without this, when 25 and 75 µM Se were applied as a foliar spray, the CAT activity increased by 49% and 29% in salt treated plants, compared to salt treatment alone (Fig. 6C).

Drastic reduction in POD activity was induced by salt stress. Its activity reduced by 27%, compared to control. In case of 25 and 75 µM Se added salt treatment the POD activity didn’t increase but the addition of 50 µM Se increased POD activity increased by 24% under salt stress, compared to salt stress alone (Fig. 6D).

3.7 Yield Attributes

Salt toxicity adversely affected different physiological attributes and growth parameters. As a result, salt-affected plants showed a reduction in number of pods plant−1. Salt stress resulted in 43% reduction in number of pods plant−1 than the control plants without salt stress. While adding Se, this parameter showed better performance showing the putative effect due to application of 50 µM Se. Foliar spray of 50 µM Se with salinity resulted in 41% higher number of pods plant−1 than the salt treatment without Se (Fig. 7A).
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Figure 7: Effect of Se (0, 25, 50 and 75 µM Na2SeO4) on No. of pods plant−1 (A), pod length (B), No. of seeds pod−1 (C) and seed yield plant−1 (D) in soybean plants grown under non-saline and salt-stress (6 dS m−1, induced by NaCl) condition. Data presented are the means ± SD of three replicates and data followed by the same letters are not significantly different at p < 0.05 as per Tukey’s HSD test

Selenium application could not improve the pod length significantly under non-stress condition, compared to control. As a result of salt stress pod length decreased by 50%, compared to control. Selenium addition increased the pod length of salt-affected plants with the highest (by 27%, compared salt treatment alone) increase in 50 µM Se addition with salt stress (Fig. 7B).

In this study, no. of seeds pod−1 negatively affected by salt stress showing a reduction by 36%, compared to control. In case of Se added salt treatment increase of no. of seeds pod−1 was noticed for 50 µM Se addition. Addition of 50 µM Se with salt stress caused 24% increase of no. of seeds pod−1, compared to salt treatment alone (Fig. 7C).

Salt stress significantly decreased the seed yield of soybean. Soybean plants suppressed with 6 dS m−1 NaCl resulted 41% reduction of seed yield plant−1, compared to control plants without salt stress. The results again demonstrated that 50 µM Se was more proficient in alleviating injurious effect of salt stress; in this case, Se supplementation increased seed yield plant−1 by 32%, compared to salt treatment alone (Fig. 7D).

4  Discussion

Being a moderate salt-susceptible crop soybean cannot tolerate high saline condition [24,25], and this plant may face salt stress in their growing period. In this study, we investigated the effect of salt stress on soybean and of the protective role of exogenous Se.

Salt-induced primary stress is water stress caused by altered osmotic potential differences between the outer side of the root and inner cytosol of the root. This reduced water uptake adversely affects growth processes. Salt stress causes distorted cytosolic metabolism, reduction of assimilates production and mobilization of photosynthetic products. These can hamper vegetative as well as reproductive growth and development [32,33]. Reduction of photosynthetic pigment content, decreased photosynthesis rate also affect growth under salt stress. In the present study plant height, stem diameter and leaf area examined as growth parameters also decreased under salt stress, but Se-sprayed soybean plants reversed those negative effects on growth parameters and improved growth parameters had noticed, compared to salt stress alone. Several previous reports proved that Se put forth beneficial effects on growth parameters and improved different growth parameters such as dry matter, plant height, leaf area, etc., in salt-affected plants [12,34].

Due to alteration of osmotic potential in the root zone of a plant grown in the salt imposed growing media plants suffer from osmotic stress that reduces the water uptake, compared to the normal growing condition without any stress. So, salt-affected plants show decreased water content in the plant [6,7]. The leaf RWC decreased in salt stressed soybean plants in our study, compared to control. Again, when Se was applied as foliar spray plants recovered from that stress condition to some extent and improved leaf RWC was noticed, compared to salt-affected plants without Se supplementation [6,7]. Higher accumulation of endogenous Pro by exogenous Se addition in the present studied soybean plants and the consequent osmoprotective function is supposed to work in improving the leaf RWC [6,7]. Some other research findings not only observed higher Pro accumulation but also observed higher accumulation of other osmoprotectants like soluble protein, sugar [15] in Se treated salt-affected plants which can improve plant water uptake. Selenium-induced improved root growth [15,16] and membrane structure of plants [6,7,11] improve water uptake by root and transport it to other parts of the plants, which increase the water content.

As an osmolyte, Pro has been proved itself as a regulator of osmotic potential and water potential. Up-regulation of Pro is a common phenomenon of any kind of reduced water stress induced by either direct drought stress, or physiological drought stress occurred as a secondary effect of other stresses like salt stress, metal toxicity stress, etc. [29]. Increase of Pro has been documented in broad-spectrum of cases for salt stressed plants as plants have their own stress adaptation mechanism [15,18]. Salt affected plants of this present experiment accumulated higher Pro, compared to control. In this study, compared to control, the addition of Se as foliar spray resulted in a slight increase in Pro level (compared to control) indicating its role in Pro biosynthesis or regulating metabolism or degradation [15,18,35]. Moreover, compared to the only salt treated plants, Se prayed salt treated plants showed significant higher Pro accumulation demonstrating the role of Se as a regulator of Pro accumulation. In previous studies, other plants showed an acceleration of Pro accumulation by Se addition under salt stress [15,18] and this evidence indicates the regulatory role Se for Pro biosynthesis or degradation. In their study, Sattar et al. [15] proved that Se is not the only enhancer of Pro accumulation but also enhancer for soluble protein, sugar accumulation in wheat plants under salt stress which acted as vital osmoregulators for enhancing salt tolerance.

The decreased SPAD value indicating the greenness of leaf contributed by decreased chlorophyll (chl) content under salt stress (compared to control) whereas Se sprayed salt-affected plants showed higher chl level (compared to salt stress alone). Salt stress can increase the ROS production, which has damaging effects on the structural integrity of the membrane of the cell as well as the membrane of its ultrastructural organs. So, disintegration of the chloroplast membrane can decrease the Chl or greenness of leaves [12,36]. Again salt-induced reduction in magnesium (Mg) content can be correlated to the reduction of Chl content as it is the vital structural component of Chl. In the case of Se supplemented salt-affected soybean plants, the Mg content as well as the Chl content increased significantly (compared to salt stress alone) [37]. Supplementation of Se in salt-affected Solanum melongena L. cv. Baladi increased the chl content (compared to only salt stress treatment), which was indicated by higher SPAD value [36]. These findings support the finding of the present study that foliar spray of Se increased SPAD value of salt-affected soybean plants.

Like other abiotic stresses, salt stress provokes oxidative stress in different ways. Modified stomatal conductance, disrupted photosystem activity, altered enzymatic activities of cytosol, chloroplast, mitochondrial or other ultrastructural organs are the common reasons for salt-induced oxidative stress [38,39]. Salt stress highly increased the content of H2O2 and MDA as well as the electrolyte leakage in the soybean plants in the present study, which are clear indicators of oxidative stress. Selenium spray decreased the H2O2 and MDA as well as the electrolyte leakage, compared to salt stress alone and in this case, the lowest reduction of these oxidative stress markers has been documented for 50 µM Se. Selenium has been proved to up-regulate the content of different non-enzymatic antioxidants in addition to the activity of enzymes of the antioxidant defense system under stressed conditions which alleviate oxidative stress induced by different abiotic stress [23,40]. Similar to the findings of our study, previous studies also reported the decreased H2O2 and MDA under salt stress [11,16] and other abiotic stresses [23,41,42] due to Se supplementation.

Glutathione is one of the strongest ROS scavengers which decreased due to salt stress but increased in Se supplemented salt-affected plants. Increase of H2O2 and MDA as well as the electrolyte leakage in the soybean plants partly due to this reduction of GSH level, this finding is supported by previous other reports [11,43]. The GSH is oxidized to GSSG during scavenging ROS. So, a high level of GSSG is a clue that the plant is in stress, and the similar rise of GSSG in salt-affected soybean plants of the present study indicate that the salt stress effected on those plants. However, when the exogenous Se was sprayed on salt-affected soybean plants, the GSH level increased (with the higher increase in 50 µM Se) and GSSG level declined significantly which are the mark for stress relaxation. So, it can be assumed that Se can reduce the salt stress effects to some degree [11]. Not only the content of GSH but also the GSH/GSSG plays a vital role to maintain cellular redox homeostasis. The role of GSH/GSSG in intercellular signaling system is vital for the adaptive response of plants [44–46]. Drastic reduction of GSH/GSSG was the result of salt stress, and this detrimental effect was alleviated to a great extent when exogenous Se was applied as a foliar spray, and an upregulated GSH/GSSG was noticed (compared to salt stress alone). This up-regulated GSH/GSSG is suggested to play a crucial role in maintaining cellular redox homeostasis and adaptive response for salt stress tolerance in soybean plants of the present study [11,44–46].

Catalase is one of the most capable and active enzymes for scavenging H2O2. Severe reduction of the CAT activity of salt distressed soybean plants showed a high level of H2O2. The activity of POD also decreased in salt added treatment (compared to control). The DHAR is one of the major enzymes in ascorbate-glutathione (AsA-GSH) cycle and liable for recycling of ascorbate, which is a very strong ROS scavenger. Noteworthy decrease of DHAR activity was observed in salt-affected soybean plants. In AsA-GSH cycle the oxidized GSSG is recycled back to the reduced form GSH by the activity of GR and continuously support the antioxidant defense system doing the work of ROS scavenging. Salt stress decreased the GR activity at such level that GSH level decreased, GSSG and GSH/GSSG altered to cause a significant increase of ROS and subsequent oxidative damage. Then, in Se sprayed salt-affected soybean plants, the activity of GR increased in such point that GSH level increased, GSSG level decreased, and GSH/GSSG improved to cause significant down-regulation of ROS generation and the consequent oxidative injury. Foliar spray of Se with salt stress also up-regulated the activity of CAT and POD, compared to salt stress alone. These higher enzymatic activities also contributed to the reduction of ROS and oxidative damage. The altered activity of enzymatic antioxidants as affected by salt stress (compared to control) of the present study and then their up-regulation in Se added salt treatment (compared to the salt stress alone) are in the same line with the findings of several previous studies [11,12,16,17]. There can be assorted elucidation for Se persuaded improved antioxidant defense system. Selenium priming boosted the expression of mitogen-activated protein kinase and calcium-dependent protein kinase genes which act as a signal to improve the antioxidant defense system components [12]. Exogenous Se addition improved the translocation of minerals like iron, zinc, and manganese towards the rice shoot [19] and as these minerals are biochemical, structural components of antioxidant enzymes which improved the SOD, POD, and CAT activities [47]. These reviews suggest and support the findings of the present study, where it is evident that Se improves the antioxidant defense system and decrease oxidative stress. There might have other cross-talk between and among Se, ROS, antioxidant components and other elements or compounds of soybean plants which demands further investigation.

Seed yield is one of the ultimate goals of soybean plant production as the seed is its edible part. Salinity reasons a 20%–40% reduction in seed yield of soybean [48,49]. Liu et al. [5] reported a 30%–58% reduction of seed weight under salt stress. Salt stress can decrease the seed yield of the soybean plants due to various reasons. Salt stress caused a reduction of the total number of flower, decreased pollen size and deformed its shape, reduced pollen wall thickness, pollen aperture size, pollen viability, pollen germination rate and pollen tube length [50]. These kinds of reproductive development anomalies are a major reason to reduce pod set, pod size, seed set and thus reduce soybean yield. In the present study, the plants were imposed with salt stress from the beginning of their growth stage which unfavorably affected the vegetative growth and reproductive development. As a consequence, decreased no. of pods plant−1, pod length, no. of seeds pod−1 were recorded which were then contributed in the reduction of seed yield plant−1 and these damaging effects of salt stress are similar to previous other studies [5,48,49,51,52]. Higher Na+ and the Cl− concentrations in seeds and pod walls hampered pod development, caused reduction in pod number plant−1, seed number plant−1, seed weight plant−1 and 100-seed weight [5]. However, foliar spray of Se alleviated the damaging effect of salt stress, improved the yield contributing characters and the final yield. This result is supported by previous research findings that Se addition increases yield in soybean or other crops [53,54].

5  Conclusion

The present study investigates the beneficial role exogenous Se in improving salt tolerance in soybean plants. Selenium played a pivotal function for alleviating oxidative damage through regulating the antioxidant defense system, which includes both the non-enzymatic and enzymatic components. Selenium successfully restored the greenness of leaves from chlorosis induced by salt toxicity. Thus, Se spray in salt affected soybean plants improved the biochemical together with the physiological attributes which played a constructive role to recover soybean plants from damage due to salinity. Application of Se as foliar spray improved growth parameters, yield contributing characters and the targeted seed yield. However, keeping the regulatory role of Se in mind, that was obtained from the present study and from the previous other studies, further research can be considered in various aspects. Dose-dependent experiment with different growth stages, the function of Se in different biosynthesis, metabolic or catabolic pathways, role of Se in different other physiological processes can be executed under different types of salt stress. There might have cross-talk between and among Se, ROS, antioxidant components, other elements or compounds of soybean plants which demands further investigation.
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