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Abstract

:

Soil salinity severely declines the availability of water and essential minerals to the plants, which hinders growth. The present study evaluates the potential roles of indole-3-acetic acid (IAA) and 6-benzyladenine (BA) for mitigating the adverse effects of soil-salinity in faba bean (Vicia faba L.). Plants were exposed to 150 mM NaCl stress and were sprayed with IAA (1.15 mM) or BA (0.9 mM). Our results revealed that foliar application of IAA or BA improved the growth traits of salinized faba bean due to the increased uptake of K+, Ca2+, and Mg2+ ions, accumulation of free amino acids, soluble sugars, and soluble proteins, and activity of superoxide dismutase, catalase, peroxidase, and ascorbate peroxidase. The principal component analysis (PCA) and heatmap clustering indicated that salinity-exposed plants exhibited lower growth and biomass production, which correlated with higher accumulation of Na+ and malondialdehyde. Moreover, electrophoretic patterns of protein showed new bands in IAA- or BA-treated salt-stressed plants, indicating that IAA or BA treatment can reprogram the metabolic processes to confer salinity tolerance. We also found that IAA has a greater capacity to ameliorate the salt stress than BA, although there is no significant difference in yield between these treatments. Finally, these findings can be helpful for a better understanding of IAA- and BA-mediated salt tolerance mechanisms and increasing production of faba bean in saline soils.
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1. Introduction


Plants are often exposed to a variety of environmental stresses such as salinity, drought, and temperature that have undesirable consequences on their growth and biomass production [1]. Soil salinity is one of the devastating abiotic stresses limiting crop growth and productivity worldwide [1,2,3]. Salinity mainly hinders many physio-chemical processes in plants including seed germination [4], seedling establishment [5], enzymatic activities [6], and DNA, RNA, and protein synthesis [7]. According to some scientists, nearly one-fifth of irrigated lands are salt-affected, implying that one-third of the world’s food-producing area is affected [8]. Following this, most of the fertile lands would be affected by salt intrusion by the mid-twentieth century [9]. This is a serious issue because saline areas are expanding at a rate of 10% annually, which would be exacerbated by increased global warming and climatic changes [10].



Salinity in nature is a dynamic environmental constraint caused primarily by the presence of excessive salts in rooting media. Initially, salinity causes osmotic stress in plants and directly affects the metabolic processes [11]. Later, salinity causes ionic toxicity because of the over-accumulation of Na+ and Cl− ions in cells [11]. Furthermore, it causes nutrient imbalance by hindering the absorption of required mineral nutrients [11]. Various morpho-physiological and biochemical alterations emerge due to the ionic misbalance in plants, especially at early growth stages [12]. Salinity-induced water insufficiency and nutrient such as Ca2+, K+, Fe2+, and Zn2+ deficiency within plants leads to photosynthesis disruption and oxidative stress [13]. Overall, salinity causes the reduction of leaf area, stomatal conductance, and chlorophyll levels in the plants [14] and promotes the generation of reactive oxygen species (ROS) [15].



It is an important challenge for researchers to address the declining food production and ensure food supply for the ever-increasing population by enhancing crop plant tolerance to salinity [16]. Various mitigation and adaptation methods of salt tolerance in plants have already been studied to overcome the worst conditions of high soil salinity [17]. Some researchers have employed plant growth regulators (PGRs) to mitigate the adverse effects of salinity on plants [11,18].



Phytohormones, often known as PGRs, are small bioactive compounds synthesized by plants that can act locally or transport to the distant sites of the plant body to accelerate growth and development in both non-stress and stressful conditions [19,20]. Growth and developmental processes are also regulated by the applications of several PGRs including auxin [21] and cytokinins (CKs) [22]. These PGRs can alleviate the negative effects of salt stress by increasing seed germination, growth, development, and yield [23]. One of the most common auxins produced by plants is indole-3-acetic acid (IAA), which is the first identified plant hormone [24,25]. Reports show that IAA also governs plant growth response in different crop plants under salt stress including in Triticum Durum [26], Lycopersicon esculentum L. [27], and Zea mays L. [28]. Seed priming with IAA effectively diminished the adverse effects of salt stress on seed germination and plant growth of Triticum aestivum [29] and Zea mays [28]. CKs also promote plant growth aspects and the developmental process and plant adaptation to stress [23,30,31]. 6-Benzylaminpurine (BA) is a synthetic analog of cytokinin that acts the same as other naturally occurring cytokinins [32]. Naturally, CKs are produced in the plant root tips and developing seeds [33]. Applications of CKs including BA have been described to mitigate various abiotic stresses (e.g., salinity in Solanum melongena Mill. [34], drought in Zea mays [35], and waterlogging in Zea mays [36]).



Faba bean, which belongs to the family Fabaceae, is the third most important legume crop and is cultivated in more than 60 countries as a cool-season legume [37]. In semi-arid regions, saline soils severely constrain the productivity of faba bean [38] and result in a maximum 50% yield loss [39]. Remembering the adverse effects of salinity on faba bean plants, this research work was designed to realize the effects of exogenous IAA or BA on the growth and growth-related parameters of faba bean under saline conditions for mitigating salt stress and promoting salt tolerance mechanisms. Furthermore, for the first time, our research compared the efficacy of IAA and BA in faba bean salinity stress mitigation.




2. Materials and Methods


2.1. Plant Material, Treatment, and Experimental Design


This experiment was carried out under greenhouse conditions with relative humidity of 65–75% and average night and day temperature ranging from 27 to 35 °C. At first, faba bean, cultivar Assiut 80 Roomy, seeds were surface-sterilized for 5 min using mercuric chloride (0.1%) and washed thoroughly using distilled water several times. After that, 10 seeds were sown in each pot filled with 5 kg of air-dried soil (sand:clay, 3:1 v/v). To add the nutrient and treatment solutions, a 15-cm long perforated plastic pipe was inserted into the soil of each pot. Proper moisture condition was maintained by daily irrigation with tap water and a stable osmotic potential was maintained for uniform seed germination. After germination, plants were thinned out and each pot contained five faba bean plants. On the 14th day after sowing, germinated faba bean seedlings were exposed to salinity stress.



The experimental design was based on a combination of two factors: stress (salinity, 0 and 150 mM NaCl) and exogenous treatment (IAA or BA). Plants were exposed to two salinity levels, 0 mM NaCl and 150 mM NaCl and spayed with water or 1.15 mM IAA or 0.9 mM BA. A constant volume (50 mL per pot) of IAA or BA was sprayed using a hand pump sprayer. Tween-20 (0.1%) was added to ensure maximum delivery of IAA or BA to the leaves. To avoid light-induced degradation of those phytohormones, we usually sprayed plants during the evening. IAA or BA solutions were applied two times 10 and 20 days after salinization. We kept the IAA or BA application method simple so that it could be readily useable for farmers. Several previous studies have shown that exogenous IAA or BA mediates plant physiological responses [26,27,28,34,35,36], indicating that exogenous IAA or BA may penetrate the plant system. Thus, there were six treatment conditions as follows: (i) control (C), 0 mM NaCl water spray; (ii) 150 mM NaCl + water spray (S); (iii) 0 mM NaCl + 1.15 mM IAA (IAA); (iv) 150 mM NaCl + 1.15 mM IAA (S + IAA); (v) 0 mM NaCl + 0.9 mM BA (BA); and (vi) 150 mM NaCl + 0.9 mM BA (S + BA). This experiment was designed as a completely randomized model with three replications for each treatment and each replication contained five faba bean plants. The plants were grown under these treatment conditions for 120 days.




2.2. Measurement of Plant Growth Parameters


After 105 days of salinization, measurement of the root fresh weight (RFW), shoot fresh weight (SFW), leaf fresh weight (LFW), root dry weight (RDW), shoot dry weight (SDW), and leaf dry weight (LDW) were recorded from 15 plants. These dry weights were measured after drying in an aerated oven at 80 °C for 96 h to reach a constant weight. Samples were also ground and stored for different chemical analyses. Leaf area (LA) was measured using the disk model described by [40]. At the harvest stage, 120 days after sowing (DAS), the number of nodules, fresh yield, and dry yield were recorded.




2.3. Extraction and Analysis of Proline, Soluble Sugars, Soluble Proteins, and Free Amino Acid Contents


All these parameters were determined using the fresh leaves of plants. Proline extraction and determination were done according to the description of [41]. Soluble sugar (SS) content was determined according to the published method [42] based on anthrone-sulfuric acid. Soluble protein (SP) content was determined following the method of [43] using bovine serum albumin as the standard. The content of total free amino acids (FAA) was estimated by following the protocol of [44].




2.4. Estimation of Different Mineral Ion Contents


Different plant parts of faba bean (i.e., root, stem, leaf, and seed) were harvested and rinsed with deionized water. Fresh samples were dried in the oven at 70 °C for 96 h. Dried plant parts were fully ground and treated with HNO3:HClO4 (2:1 v/v) for 2 h at 220 °C following the protocol of [45]. The contents of Na+ and K+ were analyzed by an atomic absorption flame spectrophotometer (Model AA-6400 F, Shimadzu Corporation, Kyoto, Japan). The Ca2+ and Mg2+ contents were determined using the versene (disodium dihydrogen ethylene-diamine-tetraacetic acid) method of titration [46].




2.5. Measurement of Lipid Peroxidation


Heath and Packer [47] described the procedure for measuring the level of lipid peroxidation in the term of malondialdehyde (MDA). Fresh leaves (0.2 g) of plants were homogenized with 5 mL of 5% trichloroacetic acid (TCA) solution and centrifuged at 15000× g for 10 min at 4 °C. Along with 4 mL of 20% TCA containing 0.5% thiobarbituric acid solution, 2 mL aliquot of the supernatant was added. Then the mixtures were kept incubated for 30 min at 95 °C and immediately transferred in an ice bath and centrifuged at l0,000× g for 10 min. Then, the supernatant was quickly placed in an ice bath and repeated in the centrifuge for 10 min at 11,000× g. The supernatant absorption and the non-specific absorption value were quantified at 532 nm and 600 nm, respectively. The MDA content was estimated by employing the absorption coefficient of 155 nM−1 cm−1.




2.6. Extraction and Determination of Antioxidant Enzymatic Activity


Mukherjee and Choudhuri [48] described the procedure for different enzyme extraction. First, 0.2 g of the fresh leaf sample of day-old plants was taken with liquid nitrogen and finely ground using a chilled mortar and pestle and added 5 mL of 100 mM potassium-phosphate of (K-P) buffer (100 mM, pH 7.0) with disodium EDTA (0.1 mM) and polyvinylpyrrolidone (0.1 g). The homogenized sample was filtered with cheesecloth and centrifuged at 15,000× g for 10 min at 4 °C and the supernatant was used for the analysis of the following antioxidant assay such as superoxide dismutase (SOD; EC 1.15.1.1), catalase (CAT; EC 1.11.1.6), peroxidase (POD; EC 1.11.1.7), and ascorbate peroxidase (APX; EC 1.11.1.11). Scebba et al. [49] described the protocol for measuring the SOD activity. Determination of CAT activity was performed based on Aebi [50]. The method of Maehly and Chance [51] was used to determine the POD activity. The decreased absorbance at 290 nm as ascorbic acid was oxidized determined the APX activity [52]. All spectrometric readings were taken through a Spectronic Genysis1M 2PC spectrophotometer (Spectronic Instruments, Waltham, MA, USA).




2.7. Electrophoretic Detection of Protein by Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis


Electrophoretic patterns of protein were identified by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) following the procedure of [53] and [54].




2.8. Statistical Analysis


One-way analysis of variance (ANOVA) was performed followed by performing Tukey’s test (p < 0.05) using the ‘multcompView’ package of the statistical programming language R 3.6.1. The ‘pheatmap’ package was used for constructing heatmap and hierarchical clustering considering Euclidean distances and ‘ggplot2′, ‘factoextra’, and ‘FactoMineR’ packages were used for principal component analysis (PCA) in R 3.6.1.





3. Results


3.1. Foliar Applications of IAA or BA Improved Plant Growth and Yield Components


The salt-stressed faba bean plants showed a considerable decrease in all growth parameters such as RFW, RDW, SFW, SDW, LFW, LDW, LA, and number of nodules as well as fresh and dry yields than the non-stressed plants (Table 1). However, IAA- and BA-treated plants, ‘S + IAA’ and ‘S + BA’, exhibited a considerable increase in these growth traits and yields of faba bean under salinity stress conditions. Particularly, in salt-stressed faba bean plants, foliar application of IAA (S + IAA) and BA (S + BA) increased RFW (by 59.2% and 49.5%), RDW (by 38.9% and 30.5%), SFW (by 28.8 and 26.6%), SDW (by 32.9% and 28.9%), LFW (by 9.6 and 7.0%), LDW (by 25.5% and 22.2%), fresh yield (36.8 and 33.0%), dry yield (59.8% and 63.8%), number of nodules (160.7% and 151.9%), and LA (30.4 and 27.6%), respectively. The positive effects on all growth traits and yield of IAA or BA treatments on ‘S + IAA’ and ‘S + BA’ faba bean plants were almost comparable (Table 1). Furthermore, ‘IAA’ and ‘BA’ plants showed a significant increment of all studied growth and yield parameters than the control plants (Table 1).




3.2. Applications IAA or BA Changed the Accumulation of Osmoprotectants Level


Salinity stress significantly reduced the SS and SP contents in the root, stem, leaf, and seed of faba bean plants versus control plants (Figure 1A–H). However, the SS and SP contents were significantly higher in the root, stem, and leaf in ‘S + IAA’ and ‘S + BA’ treatments than the only salt-stressed plants (Figure 1A–H). In seed, ‘S + IAA’ and ‘S + BA’ treatments increased significant SS content, but not SP content compared to only salt-stressed plants (Figure 1D–H). Among the two treatments, ‘S + IAA’ and ‘S + BA’, there were no significant differences in SS and SP contents between the organs except for seed and stem; where ‘S + IAA’ induced plants were higher than the ‘S + BA’ (Figure 1A–H). Moreover, ‘IAA’ and ‘BA’ plants also showed significantly higher SP and SS contents in almost all studied plant organs except in seed against control (Figure 1A–H). In contrast, the results showed the opposite pattern in the case of FAA and proline accumulation, where the contents of FAA and proline accumulation increased in salt-stressed plants than in the control plants (Figure 1I–P). However, the ‘S + IAA’ and ‘S + BA’ plants showed a further significant increase of FAA content than the salt-stressed and control plants (Figure 1I–L), whereas there was a significant increase of proline content than salt-stressed plants in almost all organs except seed (Figure 1M–P). Only ‘IAA’ and ‘BA’ plants also exhibited significantly higher FAA contents in all plant organs, whereas proline significantly decreased only in the stem and leaf of faba bean compared to the control plants (Figure 1I–P).




3.3. Exogenous IAA or BA Regulated the Mineral Homeostasis under Salt Stress


Salinity significantly enhanced the Na+ content and decreased K+, Ca2+, and Mg2+ contents in root, stem, leaf, and seed of faba bean plants versus non-stress plants (Figure 2A–P). However, foliar application of IAA or BA in ‘S + IAA’ and ‘S + BA’ plants significantly diminished the accumulation of Na+ content and improved the accumulation of K+, Ca2+, and Mg2+ contents in root, stem, leaf, and seed compared to only salt-stressed faba bean plants (Figure 2A–P). Besides, K+, Ca2+, and Mg2+ contents also significantly increased in ‘IAA’ and ‘BA’ plants against the control plants (Figure 2E–P). The ‘S + BA’ plants showed significantly higher accumulation of Na+ in root, leaf, and seed than ‘S + IAA’ plants (Figure 2A,C,D).




3.4. Applications of IAA or BA Prevented Lipid Peroxidation by Enhancing Antioxidant Enzymes


We determined the content of MDA, and activities of SOD, CAT, POD, and APX of faba bean leaves to appraise their roles of IAA or BA on ROS detoxifications and membrane protection under salinity conditions. In salt-stressed faba bean plants, the MDA content and SOD, CAT, POD, and APX activities increased significantly over the control plants (Figure 3A–E). Further foliar application of IAA or BA significantly increased the activities of antioxidant enzymes such as SOD, CAT, POD, and APX in ‘S + IAA’ and ‘S +BA’ plants compared to the only salt-stressed plants (Figure 3B–E). At the same time, the MDA content significantly decreased in ‘S + IAA’ and ‘S +BA’ faba bean plants compared to the only salt-stressed plants (Figure 3A). Between the two treatment, ‘S + IAA’ treatment showed a higher effect on MDA decrement than ‘S + BA’ treatment (Figure 3A) and a higher increment of CAT activity (Figure 3C).




3.5. Visualization and Understanding of Treatment-Variable Relationship through Hierarchical Clustering and PCA


To imagine all findings together, we generated a clustered heatmap with a color intensity that also classified variables in four clusters (I–IV) (Figure 4A). Clusters-I and -II mainly represent all growth and yield traits, K+, Ca2+, Mg2+, SS, SP contents of root, stem, leaf, and seed and FAA content of the seed. All those variables of cluster-I and -II showed the lowest values in ‘S’ treatment and increasing trend under ‘S + IAA’ and ‘S + BA’ treatments (Figure 4A). Cluster-III represents Na+ and proline contents of root, stem, leaf, and seed and MDA content, which were highest in the ‘S’ treatment and showed a decreasing trend under S + IAA’ and ‘S + BA’ treatments (Figure 4A). This means that supplementation of IAA or BA by foliar spray to salt-stressed plants partially recovered those variables. Cluster-IV represents the activities of enzymatic antioxidants such as SOD, POD, APX, CAT, and FAA in root, stem, and leaf (Figure 4A). Variables of Cluster-IV showed an increasing trend in ‘S + IAA’ and ‘S + BA’ treatments in comparison with that in ‘S’ and ‘C’ plants (Figure 4A). Afterward, PCA was performed to grasp the association of all clusters of variables with different treatments. The PCA biplot revealed that ‘IAA’ and ‘BA’ treatments were strongly associated with variables of Cluster-II, while ‘S + IAA’ was strongly associated with Cluster-IV and moderately associated with Cluster-I (Figure 4B). Moreover, ‘S + BA’ treatment was moderately associated with Cluster-III and -IV (Figure 4B). Only salt-stress treatment, ‘S’ treatment, was strongly associated with Cluster-III (Figure 4B).




3.6. Foliar Application of IAA or BA Changes Protein Expression Pattern under Salt Stress


The alternation in protein banding pattern during salt-stress alone or combination with IAA or BA treatments produced new polypeptide bands and disappeared from other polypeptide bands (Figure 5, Table S1 and Figure S1). The data showed the appearance and disappearance of different bands with different molecular weights from 221 kDa to 15 kDa. Salinity stress at 150 mM NaCl expressed new polypeptide bands of molecular weights, 213, 137, 118, 85, and 16 kDa compared with the non-saline condition (Figure 5 and Table S1). In contrast, bands of molecular weights 150, 126, 115, 109, 108, 104, 92, 91, 88, 70, 50, 39, 33, 22, and 18 kDa appeared under the non-saline condition but is absent under salt stress condition. Applications of IAA or BA in faba bean plants produced nine and eight new bands, respectively, where five bands at the same molecular weights, except IAA (200, 84, 83, and 16 kDa) and BA (163, 137, and 135 kDa) (Figure 5, Table S1 and Figure S1). While faba bean plants grown under 150 mM NaCl of salinity and treated with IAA or BA showed a new band at 12 and 11 with the same molecular weight of 217, 208, 132, 130, 85, 84, 83, 17, 16, 15 kDa except for IAA (204 and 115 kDa) and BA (213 kDa), respectively. Moreover, our results also showed a new band of 85 kDa under stressed conditions and application of IAA or BA in non-stressed conditions (Figure 5, Table S1 and Figure S1).





4. Discussion


Plants exposed to salinity stress exhibited a reduction in growth and yield potential [31,55,56]. However, foliar applications of IAA or BA mitigated the negative effects of salinity, as evidenced by the improvements of root, shoot, and leaf weights and leaf area of faba bean (Table 1). To clarify the fundamental mechanisms of exogenous IAA- and BA-mediated salinity stress alleviation, we examined several biochemical features that could be used to improve faba bean endurance under salinity stress conditions.



In our study, salinity had severe negative effects on faba bean plants, as manifested by the significant reductions of growth and biomass when compared to non-stressed plants (Table 1). This growth reduction eventually contributed to the significant yield loss of faba bean plants (Table 1). Similar findings were also reported in other legumes like Vigna radiata [13], Cicer arietinum [57], Lupinus albus [58], and Vicia faba [59] under salt-stress condition. On the other hand, foliar applications of IAA resuscitated the growth performance of salt-stressed faba bean plants as shown by improved morphological attributes (Table 1). Similar positive effects of IAA were also observed in different crops under stress conditions such as under salt stress in Zea mays [28], Oryza sativa [60], Solanum lycopersicum [27], Solanum tuberosum [61], Carica papaya [62], and under drought stress in Triticum aestivum [63] and Trifolium repens [64]. Auxin acts as a driver of several morpho-physiological processes [65]. Under salt stress conditions, auxin levels and transporter expression were decreased, thereby the plant cannot translocate auxins [66]. However, the foliar application of IAA might help to recover the levels of auxin in faba bean plants. Application of BA has also been proven as a promising tool in the alleviation of the adverse effects of the salt stress (i.e., leaf senescence and developmental or physiological damage) in several crops such as Solanum melongena, Triticum aestivum, Lolium perenne, and Jasminum nudiflorum [34,67,68,69]. In agreement with these reports, in our study, BA application also enhanced the growth of faba bean under salt stress conditions (Table 1). Here, both ‘S + IAA’ and ‘S + BA’ plants showed a prominent increase in root FW and DW, number of nodules, and leaf area relative to only salt-stressed plants (Table 1). This above-mentioned result indicates that the foliar spraying of IAA or BA assisted faba bean plants to maintain better root and leaf growth. Subsequently, the better root growth facilitated more moisture and nutrient uptake from the soil, the higher nodulation helped plants to fix more N2 from the atmosphere, and the larger leaf area ensures better photosynthesis. These beneficial outcomes ultimately improved the growth-related parameters and biomass production of faba bean plants under salinity stress conditions (Table 1). The PCA showed a relatively stronger association of ‘S + IAA’ and ‘S + BA’ plants with growth and yield traits than the ‘S’ plants, which also clearly indicated that IAA- or BA-treatment effectively enhanced salinity stress tolerance in faba bean plants (Figure 4B).



Plants were often subjected to osmotic stress as a result of salinity, and to combat this stress, plants produced and accumulated a variety of osmolytes in their cells such as proline, SS, SP, and FAA [70,71]. Thus, the accumulation of osmolytes like proline, SS, SP, and FAA plays an important role in maintaining water balance and osmotic potential in plants [72,73]. In our study, salinity induced a significant increase in the accumulation of proline and FAA contents and a decrease in SS and SP contents in all organs of faba bean plants (Figure 1). In agreement with our findings, [13] reported an increased proline and FAA contents in salt-stressed Vigna radiata, and [74] showed an increased proline and FAA contents and decreased SP content in saline-alkaline-stressed Cynara scolymus plants. Our findings also showed that the levels of proline accumulation in faba bean corresponded to the levels of cellular osmotic imbalance. However, in both the ‘S + IAA’ and ‘S + BA’ faba bean plants, the amount of proline accumulation was significantly reduced whereas the levels of SS, SP, and FAA were significantly enhanced (Figure 1), indicating that IAA or BA treatments can reduce the severity of salt-induced osmotic imbalance in faba bean plants. Moreover, there was an increase in SP, SS, and FAA contents in ‘S + IAA’ and ‘S + BA’ plants (Figure 1A–L), indicating that these plants had a better metabolic condition than only salt-stressed plants. Aside from osmoprotection, the SS, SP, and FAA can play several vital roles in plant stress tolerance including cellular signaling, cell membrane defense, secondary metabolite biosynthesis, and organic nitrogen and carbon supply [75,76]. Overall, our results suggest that the increased accumulation of SP, SS, and FAA in different organs of faba bean ensure elevated water status in root, stem, and leaves of ‘S + IAA’ and ‘S + BA’ plants and prevents the excessive accumulation of proline (Figure 1). The PCA also validated our results that proline content showed a stronger association with ‘S’ plants than ‘S + IAA’ and ‘S + BA’ plants (Figure 4B). It should be noted that IAA- and BA-mediated improvements of osmolyte accumulation and better osmotic adjustment have also been recorded in Glycine max under water stress [77], Triticum aestivum under drought stress [63], Solanum melongena under salt stress [34], and Zea mays under boron stress [78].



The poor growth performance of salinized plants was closely correlated with ionic toxicity because of an overloaded accumulation of toxic Na+ in the cells, and a substantial decrease in beneficial ions, namely K+, Ca2+, and Mg2+ contents in all organs of faba bean (Figure 2A–D), which might have occurred due to the damages of the cell membrane, ion leakage, and disturbance in essential ion uptakes [31]. Our results are also supported by different studies under salt stress in different crops such as Oryza sativa [79,80] and Salicornia europaea [81]. The PCA biplot also showed positive correlations between salinity treatment and Na+ contents in different plant parts (Figure 4B). Supplementing salt-stressed faba bean plants with IAA or BA increased accumulation of K+, Ca2+, and Mg2+ contents while decreased Na+ content in all plant organs (Figure 2), which supported a piece of indirect, but strong evidence that IAA or BA treatments helped in effective removal of Na+ into the vacuoles and abundance of nutrients, especially K+, as further beginning by enhancing leaf succulence, increasing the plant’s ability to survive as a consequence of improved cell membrane integrity, increased nutritional balance, and improved physical appearance of salt-stressed faba bean plants [10,82]. Similar results were noticed in several experiments that reported the functions of exogenous IAA in boron-stressed Zea mays [78] and salt-stressed Zea mays [28], and of exogenous BA in salt-stressed Lolium perenne cv. Pinnacle [68] and boron-stressed Zea mays [78] plants. Interestingly, ‘S + BA’ plants showed less accumulation of Ca2+ content in the seed, which may be due to the high accumulation of Na+ in the seed, whereas root and leaf perhaps recover the adverse effects of Na+, but ultimately seed was affected (Figure 2).



Our findings showed that faba bean plants exposed to NaCl-induced stress had significantly higher MDA content than the control plants (Figure 3A). It is well known that when plants are exposed to salt, they accumulate an excessive amount of Na+, which disrupts the plant metabolism system and places significant stress on the plants, causing oxidative stress to the plant’s cellular components [83,84]. The higher levels of ROS directly deteriorate the lipid membranes of the plants, which accelerates the accumulation of MDA, as a result, lipid membrane peroxidation occurs, acting as a positive indicator of oxidative damage [85]. We found that salt-stressed plants had higher MDA levels than non-stressed plants (Figure 3A) and similar results were also obtained by [86] on Cicer arietinum plants and by [59] on Vicia faba plants. More importantly, we obtained that exogenously IAA or BA reduced MDA accumulations and improved membrane integrity in faba bean plants grown under salt stress (Figure 3A). These results suggest that IAA or BA might recover the adverse effect of faba bean plants from salt stress by reducing oxidative damage and contributed to better salinity tolerance. Salt stress also increases the enzymatic antioxidant activities like APX, SOD, POD, and CAT significantly in faba bean plants (Figure 3B–E). Upregulation of the oxidative defense system has also been found in different crops under different abiotic stresses, for example, Brassica oleracea var. botrytis [87], Brassica napus [88], Zea may [84], Oryza sativa [89], whereas opposite findings were reported in Pisum sativum [90] and Oryza sativa [45]. However, our results indicated that foliar application of IAA or BA significantly upregulated the activities of all studied antioxidant enzymes in the faba bean plants under salt stress (Figure 3B–E), which indicates that these ROS scavenging enzymes defend the faba bean plant from salt stress by catalyzing the O2•− to O2 and H2O2, and H2O2 to H2O in the cell and increasing the oxidative stress tolerance. This is supported by what has been earlier observed by [91] under boron stress on Triticum aestivum, Zea mays [78], and under salt stress in Nigella sativa [92]. Accordingly, our PCA results also demonstrated that ‘S + IAA’ and ‘S + BA’ faba bean plants showed a stronger and positive correlation with enzymatic antioxidants whereas ‘S’ plants showed a stronger and positive correlation with MDA content (Figure 4B). Furthermore, the ‘S + IAA’ plants showed a relatively stronger positive correlation with antioxidant enzymes than ‘S + BA’ plants (Figure 4B), indicating that IAA had a better influence on the elevation of antioxidant enzymes than BA.



The protein pattern expression indicated the ability of a plant’s tolerance to salt stress and specific polypeptide was synthesized by plants under salt stress for salt adaptation [93]. Our study also showed that during salinity stress, faba bean plants synthesized a various number of new stress-specific proteins under salt stress for better salt adaptation (Figure 5). Several studies have already established that under stress situations, different plants produced several new specific proteins (i.e., in rice leaf [94] and faba bean seedlings [95]). Under different abiotic stresses like heat stresses, the plant changes the protein pattern and produces a new protein band, which can be confirmed by electrophoretic analysis [96]. The protein related to salt stress is a positive indicator of salinity stress compared to non-stressed plants [97]. Finally, our results showed both salinity stress and foliar application of IAA or BA, creating a major change in the plant protein profile with different intensities. Faba bean plants showed better adaptation and increased saline tolerance, which was confirmed by the exhibited new protein profiles under both saline and treated with IAA or BA conditions. The IAA applied plants produced more new protein bands than BA (Figure 5 and Table S1), indicating that IAA has more ability to rescue the plants from salt stress and adapt to the salt stress condition.




5. Conclusions


In conclusion, we provided strong evidence that applications of IAA or BA on salt-stressed faba bean plants successfully alleviated salt stress-induced effects by reducing the accumulation of Na+ that re-establishes mineral homeostasis, enhancing antioxidant enzymes that reduce oxidative stress, and maintaining osmotic adjustment via osmolyte upregulation. The protein profile also indicated the disappearance of polypeptide bands in response to stress and foliar applications of IAA or BA showed a new protein band and newly expressed protein that might diminish the adverse effects of salt stress and increase better adaptation to faba bean plants. Both plant hormones showed similar effects on the growth and yield improvement of faba bean plants. IAA has shown more ability to reduce the accumulation of Na+ and MDA content and to increase the CAT activity and appearance of a newer band than the BA. However, future studies should be required at the root level on large scale using different concentrations of IAA or BA applications to a wide range of crop species to find out the beneficial roles of IAA or BA in the management of salinity stress under different salinity stress regions worldwide.
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Figure 1. Effects of indole-3-acetic acid (IAA) or 6-benzyladenine (BA) foliar applications on various osmolytes in different organs of faba bean plants grown under normal and saline conditions. (A–D) soluble sugar (SS) contents in root, stem, leaf, and seed; (E–H) soluble protein (SP) content in root, stem, leaf, and seed; (I–L) free amino acid (FAA) content in root, stem, leaf, and seed; (M–P) proline content in root, stem, leaf, and seed. Each boxplot represents values of three independent replicates (n = 3). Different alphabets indicate a statistically significant difference (p < 0.05) by Tukey’s test. C, 0 mM NaCl + water spray; S, 150 mM NaCl + water spray; IAA, 0 mM NaCl + 1.15 mM IAA; S + IAA, 150 mM NaCl + 1.15 mM IAA; BA, 0 mM NaCl + 0.9 mM BA; S + BA, 150 mM NaCl + 0.9 mM BA. 
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Figure 2. Effects of indole-3-acetic acid (IAA) or 6-benzyladenine (BA) foliar applications on various ion accumulation in different organs of faba bean plants grown under non stress and saline conditions. (A–D) Na+ contents in root, stem, leaf, and seed; (E–H) K+ content in root, stem, leaf, and seed; (I–L) Ca2+ content in root, stem, leaf, and seed; (M–P) Mg2+ in root, stem, leaf, and seed. Each boxplot represents values of three independent replicates (n = 3). Different letters above the bars indicate a statistically significant difference (p < 0.05) by Tukey’s test. C, 0 mM NaCl + water spray; S, 150 mM NaCl + water spray; IAA, 0 mM NaCl + 1.15 mM IAA; S + IAA, 150 mM NaCl + 1.15 mM IAA; BA, 0 mM NaCl + 0.9 mM BA; S + BA, 150 mM NaCl + 0.9 mM BA. 
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Figure 3. Effects of foliar-applied indole-3-acetic acid (IAA) or 6-benzyladenine (BA) on (A) malondialdehyde (MDA) content, (B) SOD (superoxide dismutase) activity, (C) CAT (catalase) activity, (D) POD (peroxidase) activity, and (E) APX (ascorbate peroxidase) activity in faba bean plants grown under normal and saline conditions. Each boxplot represents values of three independent replicates (n = 3). Different alphabets indicate a statistically significant difference (p < 0.05) by Tukey’s test. C, 0 mM NaCl + water spray; S, 150 mM NaCl + water spray; IAA, 0 mM NaCl + 1.15 mM IAA; S + IAA, 150 mM NaCl + 1.15 mM IAA; BA, 0 mM NaCl + 0.9 mM BA; S + BA, 150 mM NaCl + 0.9 mM BA. 
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Figure 4. Hierarchical clustered heatmap and principal component analysis (PCA) were performed to understand the relationship between the treatment variable. (A) Different parameters mean values were normalized and clustered. Color scale stipulates the changing trend of different parameters of normalized mean values under different treatment conditions. (B) PCA was used to analyze the entire data. The central point lines of biplot indicate positive or negative correlations of different variables; where their closeness indicates correlation strength with a particular treatment. The variables are root fresh weight (RFW), shoot fresh weight (SFW), leaf fresh weight (LFW) root dry weight (RDW), shoot dry weight (SDW), leaf dry weight (LDW), no. of nodules (Nodules), leaf area (LA), soluble sugars (SS), soluble proteins (SP), free amino acid (FAA), proline (Pro), malondialdehyde content (MDA), superoxide dismutase (SOD) activity, catalase (CAT) activity, peroxidase (POD) activity, ascorbate peroxidase (APX) activity. The notation with different parameters ‘_S’, ‘_R’ and ‘_L’ indicate stem, root and leaf, respectively. C, 0 mM NaCl + water spray; S, 150 mM NaCl + water spray; IAA, 0 mM NaCl + 1.15 mM IAA; S + IAA, 150 mM NaCl + 1.15 mM IAA; BA, 0 mM NaCl + 0.9 mM BA; S + BA, 150 mM NaCl + 0.9 mM BA. 
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Figure 5. Protein patterns of faba bean plants in response to salinity stress alone or in combination with indole-3-acetic acid (IAA) or 6-benzyladenine (BA) foliar spray. C, 0 mM NaCl + water spray; S, 150 mM NaCl + water spray; IAA, 0 mM NaCl + 1.15 mM IAA; S + IAA, 150 mM NaCl + 1.15 mM IAA; BA, 0 mM NaCl + 0.9 mM BA; S + BA, 150 mM NaCl + 0.9 mM BA. The values followed by X indicates the molecular weight of protein in kilodalton (kDa) unit. 
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Table 1. Effects of foliar applications indole-3-acetic acid (IAA) or 6-benzyladenine (BA) on growth and yield components of faba bean grown under salt stress.
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	Treatment
	RFW (g)
	RDW (mg)
	SFW (g)
	SDW (mg)
	LFW (g)
	LDW (mg)
	Fresh Yield (g)
	Dry Yield (g)
	No. of Nodules
	LA (cm2)





	C
	2.11 ± 0.02d
	183 ± 1.76e
	3.34 ± 0.02d
	531 ± 1.20d
	3.42 ± 0.03d
	372 ± 3.48d
	2.78 ± 0.04d
	1.70 ± 0.03bc
	2.30 ± 0.02d
	20.90 ± 0.17d



	S
	1.03 ± 0.01a

(−51.2)
	95 ± 3.18a

(−48.1)
	2.29 ± 0.02a

(−31.4)
	291 ± 2.40a

(−45.1)
	2.60 ± 0.03a

(−23.9)
	221 ± 2.90a

(−40.5)
	1.85 ± 0.04a

(−33.4)
	0.94 ± 0.02a

(−44.8)
	0.79 ± 0.02a

(−65.5)
	14.13 ± 0.17a

(−32.3)



	IAA
	2.41 ± 0.02b

(14.2)
	209 ± 2.02b

(14.2)
	3.55 ± 0.02b

(6.1)
	583 ± 3.18b

(9.8)
	3.94 ± 0.02b

(14.9)
	392 ± 2.64b

(5.3)
	4.38± 0.03b

(57.7)
	2.13 ± 0.04b

(25.2)
	3.41 ± 0.02b

(48.4)
	22.76 ± 0.14b

(8.9)



	S + IAA
	1.64 ± 0.02c

(−22.3)
	132 ± 2.33c

(−27.9)
	2.95 ± 0.03c

(−11.6)
	387 ± 2.33c

(−27.0)
	2.85 ± 0.01c

(−16.7)
	273 ± 2.51c

(−26.6)
	2.53 ± 0.03c

(−8.9)
	1.50 ± 0.01c

(−11.5)
	2.06 ± 0.03c

(−10.4)
	18.43 ± 0.26c

(−11.8)



	BA
	2.35 ± 0.02b

(11.7)
	196 ± 3.18d

(6.9)
	3.49 ± 0.01b

(4.3)
	575 ± 3.18b

(8.3)
	3.84 ± 0.02b

(12.1)
	381 ± 4.04bd

(2.3)
	4.36 ± 0.03b

(56.9)
	2.12 ± 0.04b

(24.4)
	3.42 ± 0.01b

(48.8)
	22.46 ± 0.27b

(7.5)



	S + BA
	1.54 ± 0.02c

(−26.8)
	124 ± 2.33c

(−32.1)
	2.90 ± 0.02c

(−13.1)
	375 ± 3.21c

(−29.4)
	2.78 ± 0.03c

(−18.7)
	270 ± 2.33c

(−27.3)
	2.46 ± 0.03c

(−11.3)
	1.54 ± 0.07c

(−9.3)
	1.99 ± 0.03c

(−13.4)
	18.03 ± 0.20c

(−13.7)







The variables are root fresh weight (RFW), shoot fresh weight (SFW), leaf fresh weight (LFW) root dry weight (RDW), shoot dry weight (SDW) leaf dry weight (LDW), no. of nodules, leaf area (LA). Data represented as means and standard errors of three independent replicates (n = 3). Different alphabets indicate a statistically significant difference (p < 0.05) based on Tukey’s test. C, 0 mM NaCl + water spray; S, 150 mM NaCl + water spray; IAA, 0 mM NaCl + 1.15 mM IAA; S + IAA, 150 mM NaCl + 1.15 mM IAA; BA, 0 mM NaCl + 0.9 mM BA; S + BA, 150 mM NaCl + 0.9 mM BA. The values in the parenthesis indicate percentage (%) change versus control and the ‘−‘ sign indicates the decrease.
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