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Sphingobacterium sp. BHU-AV3 Induces Salt Tolerance in Tomato by Enhancing Antioxidant Activities and Energy Metabolism
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Salt tolerant bacteria can be helpful in improving a plant’s tolerance to salinity. Although plant–bacteria interactions in response to salt stress have been characterized, the precise molecular mechanisms by which bacterial inoculation alleviates salt stress in plants are still poorly explored. In the present study, we aimed to determine the role of a salt-tolerant plant growth-promoting rhizobacteria (PGPR) Sphingobacterium BHU-AV3 for improving salt tolerance in tomato through investigating the physiological responses of tomato roots and leaves under salinity stress. Tomato plants inoculated with BHU-AV3 and challenged with 200 mM NaCl exhibited less senescence, positively correlated with the maintenance of ion balance, lowered reactive oxygen species (ROS), and increased proline content compared to the non-inoculated plants. BHU-AV3-inoculated plant leaves were less affected by oxidative stress, as evident from a reduction in superoxide contents, cell death, and lipid peroxidation. The reduction in ROS level was associated with the increased antioxidant enzyme activities along with multiple-isoform expression [peroxidase (POD), polyphenol oxidase (PPO), and superoxide dismutase (SOD)] in plant roots. Additionally, BHU-AV3 inoculation induced the expression of proteins involved in (i) energy production [ATP synthase], (ii) carbohydrate metabolism (enolase), (iii) thiamine biosynthesis protein, (iv) translation protein (elongation factor 1 alpha), and the antioxidant defense system (catalase) in tomato roots. These findings have provided insight into the molecular mechanisms of bacteria-mediated alleviation of salt stress in plants. From the study, we can conclude that BHU-AV3 inoculation effectively induces antioxidant systems and energy metabolism in tomato roots, which leads to whole plant protection during salt stress through induced systemic tolerance.
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INTRODUCTION

Soil salinity is one of the major abiotic stresses that severely affect seed germination rate, plant growth, and productivity. Worldwide, around 20% of cultivated land and almost 50% of irrigated land is affected by salt (Machado and Serralheiro, 2017). Soil salinity restricts plant growth via osmotic and ionic stress. For instance, soluble salts present in the soil induce osmotic stress in roots, which hinders water acquisition in plant cells, and at high concentrations of salts, accumulation of sodium and chloride ions in plant cells cause ionic stress and can lead to nutrient deficiency. In addition, ionic stresses disturb the equilibrium of reactive oxygen species (ROS) in plant cells, which directly causes oxidative stress (Vaishnav et al., 2016a, b).

Salinity response in plants is a complex mechanism involving regulation of both physiological and molecular processes. The modification or activation of different metabolic processes during salt stress is controlled by the plant’s innate immunity and the habitat-imposed immunity provided by associated microbes (Vaishnav et al., 2019). A group of plant-beneficial microbes are known as plant growth-promoting rhizobacteria (PGPR), and they provide various benefits to the plants under both biotic and abiotic stresses. Application of salt-tolerant PGPR is a sustainable and cost-effective solution for cultivation in saline soil. Salt-tolerant PGPR can survive in saline soil and help plants tolerate salinity by several synergistic mechanisms, i.e., increasing osmolyte accumulation, phytohormone signaling, nutrient uptake, and antioxidant capacity (Sharma et al., 2016). A positive outcome of a plant’s interaction with beneficial microbes during salt stress is a promising way to improve crop productivity in saline soils. However, there is a need to understand the mechanisms of beneficial interaction between plant and microbes to alleviate stress.

How plant-associated microbes modulate host physiology to withstand stress conditions is a topic of interest. Recently, some attempts have been made to understand plant responses to salt stress with microbial inoculation, and these suggest the involvement of antioxidative machinery, osmolyte accumulation, and phytohormone signaling (Cao et al., 2017; Chanratana et al., 2019; Orozco-Mosqueda et al., 2019; Vimal et al., 2019; Yoo et al., 2019). However, targeting a single response and single plant tissue will miss the broader effect of plant–microbe interaction and also limit our understanding of stress signaling. In this context, advanced molecular tools and technologies will facilitate the characterization of plant–microbe interactions and may expand our understanding. Protein and gene transcript studies can provide meaningful insights for describing the interactions of plants with beneficial microbes under stress conditions (Cheng et al., 2012; Singh et al., 2017; Jaemsaeng et al., 2018; Kumar et al., 2019). Investigating and analyzing the plant’s root protein can provide a clear picture of the changes occurring at the time of microbe interaction. Only a few reports are available on combinational effects of beneficial microbes and salt stress through protein study, and these show that most of the expressed proteins in plants under salinity stress are related to transcription and translation factors, photosynthesis, lignin biosynthesis, and antioxidative and defense proteins (Cheng et al., 2012; Vaishnav et al., 2015; Singh et al., 2017). However, plant growth response to microbial application may vary with the experimental conditions, microbial diversity, and plant functional groups (Afroz et al., 2013).

Tomato is a vegetable crops grown all over the world for its nutritional value. Tomato is highly sensitive to salinity stress, which affects germination, vegetative growth, fruit set, development, ripening of fruit, and fruit quality. Previously, some attempts have been made to induce salt tolerance in tomato by inoculating other PGPR strains (Mayak et al., 2004; Tank and Saraf, 2010; Palaniyandi et al., 2014; Cordero et al., 2018). However, the molecular mechanism of PGPR-mediated salt tolerance in tomato plants is poorly explored. Therefore, the purpose of the present work is to (i) examine the plant growth-promoting properties of the strain Sphingobacterium sp. BHU-AV3; (ii) document the changes in tomato root proteins in response to salt stress when inoculated with the salt-tolerant strain BHU-AV3; (iii) compare the root and leaf tissues for contents of ions, proline, and different isoforms of antioxidative enzymes induced during salt stress upon inoculation of the strain BHU-AV3. This study extends our understanding of microbially mediated systemic tolerance in plants and motivates us to use microbial inoculants for the reclamation of salt lands.



MATERIALS AND METHODS


Isolation, Identification, and NaCl Tolerance of the Bacterial Strain

BHU-AV3 was isolated from an agricultural field of Banaras Hindu University, Varanasi, India, on nutrient agar medium (NA) supplemented with 2% sodium chloride (NaCl). The molecular characterization of the BHU-AV3 bacterium was done by 16S rRNA gene sequencing using universal primers 27F (5′AGAGTTTGATCCTGGCTCAG 3′) and 1492R (3′ACGGCTACCTTGTTACGACTT 5′). The sequence was analyzed by Nucleotide BLAST (BLASTn) and further verified through the EzTaxon database. The salt tolerance ability of the BHU-AV3 bacterium was determined through inoculation in nutrient broth medium (NB) supplemented with 0.1–0.85 M NaCl and incubated at 28 ± 2°C.



Determination of Plant Growth-Promoting (PGP) Activities

One-day-old bacterial culture (1.1 × 108CFU) was used for the detection of PGP activities. Phosphate solubilization activity was determined by the modified method of Mehta and Nautiyal (2001). Bacterial culture was grown in NBRIP-BPB medium supplemented with phenol red dye (0.001%) and incubated at 28 ± 2°C for 3–4 days. The change in medium color from red to yellow indicated Pi solubilization.

Siderophore production was estimated on chrome azurol S agar (CAS) medium. BHU-AV3 culture was inoculated on CAS agar plates and incubated at 28 ± 2°C for 72 h. After incubation, the formation of orange halos around bacterial colonies represents a positive result for siderophore production (Schwyn and Neilands, 1987).

Indole-3-acetic acid (IAA) production by BHU-AV3 bacterium was determined as per the method of Gordon and Weber (1951). One-day-old bacterial culture was inoculated in NB medium containing Tryptophan (200 μg/mL) and incubated for 72 h with shaking (120 rpm) at 28 ± 2°C. Thereafter, complete culture was centrifuged and the supernatant collected. A volume of 1 mL of supernatant was mixed with 3 mL of Salkowski’s reagent (1 mL of 0.5 M FeCl3 in 50 mL of 35% HClO4) and kept in the dark for 30 min. The development of a pink color represents a positive result for IAA production.



Plant Growth Assay With BHU-AV3 Inoculation

A loopful bacterial culture (24 h old) was dissolved aseptically in phosphate buffer saline (pH 7.4) and maintained at 108 CFU mL–1. The bacterial cells were collected and resuspended in 1% of sterilized carboxymethyl cellulose (CMC) solution. Tomato seeds (cv. Kashi amrit) were surface-sterilized by 1.0% NaOCl for 1 min followed by 70% ethanol for 3 min and then rinsed with sterile distilled water three times. Sterilized seeds were dried on pre-sterilized blotting paper. The dried seeds were soaked into a bacterial suspension for priming, while only CMC-treated seeds served as a control. The primed seeds were kept in an incubator at 28 ± 2°C for 24 h. After incubation, seeds were sown in earthen pots filled with sterile soil. There were four treatment groups, i.e., (1) control, (2) salt (NaCl), (3) bacterial (BHU-AV3) inoculation, and (4) bacterial inoculation + salt. The complete experiment had a randomized block design, where three replications for each treatment were present under controlled conditions. Seven days after germination, salt treatment was given by irrigation with 50 mM NaCl for 4 days in the respective treatments. Seedlings were harvested at 21 days and evaluated for plant growth parameters.



Evaluation of Physiological Responses of Plants to Salt Stress

Different physiological traits were measured to quantify the impact of salinity on tomato plants, as reported by Negrão et al. (2017).

Total free proline content and ion measurement were performed in root and leaf tissues. Proline content was measured according to the method of Bates et al. (1973). The chromophore-containing toluene was measured at 520 nm. The amount of proline was determined in μg/g fresh weight (FW) from a standard curve.

For Na+ and K+ ion measurement, samples were dried in a hot air oven at 60°C for 3–4 days and then ground into a fine powder. A 1-g dry powder sample was extracted with 5 ml of HNO3 at 37°C overnight. The filtered solution was diluted by distilled water and used for flame photometer analysis. Ion contents were measured in mg/g dry weight (DW).

Chlorophyll estimation was performed by the method of Moran and Porath (1980). The total chlorophyll content was quantified using the following formula, and the amount was expressed as μg Chlorophyll/g FW.
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The relative water content (RWC) was measured in plant leaves according to the protocol of Sade et al. (2015). Leaf samples were immediately placed in polythene bags after plucking to minimize water loss through transpiration. Samples were weighed to measure fresh weight (FW) and then kept in distilled water for 8 h. The leaf samples were placed between blotting papers to absorb excess water and then again weighed for turgid weight (TW). The samples were then oven-dried (60°C for 48 h) and again weighed to obtain dry weight (DW). The RWC was calculated by the following formula:
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In situ Detection of ROS, Lipid Peroxidation, and Cell Death

In situ detection was estimated by the modified method of Ray et al. (2016). ROS production in the form of superoxide radicals was detected in tomato plant leaves. Leaves were kept in 25 mL of nitroblue tetrazolium (NBT) solution (10 μg/mL NBT dissolved in 50 mM phosphate buffer, pH 7.6) for 3 h in the dark. For lipid peroxidation, leaves were stained with Schiff’s reagent for 1 h, and aldehyde formation was detected as the end product of lipid peroxidation. Cell death was analyzed by immersing leaves in 0.1% Evan’s blue solution for 15 min. After staining, leaves were boiled in 95% (v/v) ethanol for 30 min in a water bath. Thereafter, leaves were kept in 40% glycerol before examination.



Antioxidant Enzyme Activity Assays and Zymography

Antioxidant enzyme activities were performed in root and leaf tissues of tomato plant. The crude protein was extracted according to the method of Qureshi et al. (2013). One gram of tissue was homogenized in 4 mL of 100 mM potassium phosphate buffer (pH 7.4) containing 1 mM ethylenediaminetetraacetate (EDTA), 2% polyvinylpyrrolidone (PVP), and 1 mM phenylmethylsulfonyl fluoride (PMSF). The crude extract was centrifuged at 15,000 × g for 20 min at 4°C, and the supernatant was then collected; this was used as an enzyme extract. Total protein content was estimated according to the Bradford (1976) method.

Determination of peroxidase (POD) enzyme activity and zymography of its isoforms were performed as per the method of Kumari et al. (2015). POD activity was expressed in U/mg protein. POD isoforms were identified by native-polyacrylamide gel electrophoresis (PAGE) on 10% acrylamide gel. Polyphenol oxidase (PPO) activity was quantified as per the method of Weisany et al. (2012), and activity was expressed in U/mg protein. PPO isoforms were identified according to the method of Ramamoorthy et al. (2002). The native-PAGE gel was immersed in 0.1% p-phenylene diamine for 30 min. Thereafter, the solution was discarded and the gel was exposed to 20 mM catechol.

Superoxide dismutase (SOD) activity was determined according to the method of Qureshi et al. (2013), in which photo-reduction of nitroblue tetrazolium chloride (NBT) was measured at 560 nm. A 50% photo-reduction of the NBT was measured as one unit of SOD enzyme, and the activity was expressed in U/mg protein. Zymography of SOD isoforms was performed as per the method of Kumari et al. (2015).



Extraction of Total Proteins and 1D SDS-PAGE, Trypsin Digestion, and In-Gel Extraction of Peptides for MALDI

Total proteins were extracted from root tissue by the phenol extraction method (Isaacson et al., 2006). The soluble fraction of extracted proteins was subjected to separation on 10% polyacrylamide gel using SDS-PAGE (Laemmli, 1970). The differentially expressed protein bands in bacteria-inoculated salt-stressed plants (T4) were observed and selected for trypsin digestion. Bands were excised from the gel and further processed for trypsin digestion as per the method of Mahajan et al. (2014). Peptides were extracted and submitted for peptide mass fingerprint (PMF) using a MALDI-TOF mass spectrometer. The generated data were searched for on the Swiss-Prot database using the MASCOT search engine (Matrix Science, London, United Kingdom).



Expression Analysis of the m-RNA Genes of Selected Proteins Using qRT PCR

Root tissues were crushed in liquid nitrogen immediately after harvesting, and RNA was extracted with Trizol (Merck GeNei). The extracted RNA was treated with DNase, which was further used for cDNA synthesis. RNA was reverse transcribed by using Avian Myeloblastosis Virus (AMV) reverse transcriptase and Oligo (dT)18 primer. qRT–PCR was performed in a real-time PCR system (Bio-Rad Laboratories) using Eva Green SYBER Master Mix. The primers of selected genes were designed through IDT software; details are given in Table 1. The delta–delta CT method was applied to compare relative expression. The actin gene was chosen for normalization.


TABLE 1. Details of primers used in the qRT-PCR study.
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Statistical Analysis

The data obtained were subjected for significance analysis through analysis of variance (ANOVA) testing. Then, post hoc testing was performed using the DMRT test. All analysis described was performed in SPSS software version 11.5.



RESULTS


Molecular Characterization and PGP Attributes of BHU-AV3 Isolate

As part of a program to discover salt-tolerant PGPR, BHU-AV3 isolate was recovered from an agricultural field. The isolate is most closely related to Sphingobacterium, with 99% identity based on 16S rDNA gene sequence analysis. The sequence data of BHU-AV3 has been deposited to the GenBank database with the accession number MK588751 (Figure 1). Screening of the PGP traits of strain BHU-AV3 revealed characteristics of phosphate solubilization, siderophore production, and indole-3-acetic acid (IAA) production (Figure 2). The strain BHU-AV3 is moderately halophilic, as it tolerates NaCl up to 4% (w/v).
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FIGURE 1. Phylogenetic tree constructed by using neighbor-joining analysis between BHU-AV3 isolate and reference bacterial sequences retrieved from GenBank based on 16S rDNA sequences. The tree shows the phylogenetic position of BHU-AV3 isolate among the genus of Sphingobacterium. GenBank accession numbers are given in parentheses. Numbers at nodes indicate percentages of bootstrap support, based on 1,000 resample datasets. Evolutionary analyses were conducted in MEGA7.



[image: image]

FIGURE 2. Qualitative estimation of plant growth-promoting properties of BHU-AV3 isolate. (A) Siderophore assay – yellow zone indicates positive result; (B) IAA production assay – development of pink color indicates positive result; (C) Pi solubilization test – development of red to yellow color indicates positive result.




Effect of BHU-AV3 on Plant Growth Parameters Under Salt Stress

Salt stress caused a significant negative effect on plant growth parameters. All growth parameters were reduced under salt stress as compared to the control condition. However, BHU-AV3 was able to protect plants from severe damage due to salt toxicity (Figure 3). BHU-AV3-inoculated plants (T4) registered significantly enhanced shoot and root length (44 and 51.3%) as compared to T2 treatment. Similarly, bacterial inoculation significantly enhanced plant biomass as compared to un-inoculated plants under salt stress. T4 treatment showed an increase of 54% biomass compared to the un-inoculated control plants (T2) under salt stress (Table 2). Under non-salt conditions (T1 and T3), both treatments showed similar trends in plant growth parameters.
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FIGURE 3. Effect of bacterial (BHU-AV3) inoculation on tomato plant growth under salt stress. (A) Control plants; (B) bacteria (BHU-AV3)-inoculated plants; (C) salt (NaCl) treatment; (D) bacterial inoculation + salt.



TABLE 2. Effect of bacterial (BHU-AV3) inoculation on tomato plant growth parameters under salt stress conditions.
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Effect of BHU-AV3 on Physiological Response to Salt Stress

A significant decrease in chlorophyll content was observed under salt stress. However, the BHU-AV3-inoculated plants (T4) had significantly higher (56%) chlorophyll content compared to un-inoculated plants (T2). The relative water content in tomato plants was remarkably reduced under saline conditions. Nevertheless, T4-treatment plants accumulated more water content (91%) compared to T2-treatment plants (Table 2). In addition, in terms of ion contents, Na+ content was significantly increased under salt stress conditions. In T2 treatment, plant roots had 190% higher Na+ content with respect to non-salt treatment (T1), whereas BHU-AV3-inoculated plant root (T4) had only 125% higher Na+ content than non-salt treatment (T3). On the other hand, the K+ content was significantly decreased in both salt treatments (T2 and T4). However, in T4 treatment, the plants exhibited a smaller decrease in K+ content (29%) compared to T2 plants (50%) from their respective controls. Hence, a 5-fold increment in Na+/K+ was recorded in T2 plant roots, whereas only a 2.2-fold increment was found in T4 plant roots compared to T1- and T3-treatment plants, respectively. T4-treatment plant leaves showed significantly less accumulation of Na+ content (36%) as compared to T2-treatment plant leaves (Table 3). Proline content was increased in both salt stress treatments (T2 and T4). Remarkably and in contrast to T2 treatment, T4-treatment plant roots had an increment (40%) in proline content. However, leaf tissue accumulated less proline content in T4 (27%) as compared to T2 plants (Table 3). These results suggest that strain BHU-AV3 relieved the negative effect of Na+ ion toxicity on tomato plant physiology under salt stress. All of these physiological parameters were observed at constant levels in non-salt stress treatments (T1 and T3).


TABLE 3. Effect of bacterial (BHU-AV3) inoculation on ion and proline content in different tomato plant tissues under salt stress conditions.
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Effect of BHU-AV3 on Antioxidant Enzyme Activity in Response to Salt Stress

Comparative study of antioxidant enzyme activities was performed in root and leaf tissues with different treatments. Salt stress generally stimulates the antioxidant system throughout the plant. BHU-AV3 strain-inoculated roots (T4) showed higher POD (50%), SOD (29%), and PPO (16%) as compared to T2-treated plant roots. In leaf tissue, un-inoculated plants (T2) displayed significant increases in all enzymatic activities compared to T4 plants. Under non-salt conditions, both treatments (T1 and T3) maintained the same level of POD, SOD, and PPO activities (Figures 4–6). Further, the impact of salt stress on isozyme profiles was also explored. Native PAGE coupled with activity localization showed multiple isoforms of POD, PPO, and SOD in roots, while in leaves, faint bands were observed. Examination of POD isozyme profiles in the roots revealed five isoforms (POD1-5), and the activity of POD3, POD4, and POD5 was higher in T4 plants compared to T2 plants. In leaves, only one isoform, POD5, was detected in all treatments and exhibited higher expression in T4 plants (Figure 7). In the case of PPO activity, a total of six isoforms (PPO1-6) were expressed. Of these, PPO1 was expressed in root tissue only, whereas PPO5 and PPO6 were expressed only in leaves. In roots, the expressions of PPO2, PPO3, and PPO4 isozymes were found to be highest in T4 treatment compared to other treatments. In leaves, PPO2–PPO6 isoforms were highly expressed in the T4 treatment compared to the others (Figure 8). As shown in Figure 9, only two prominent SOD bands were detected in roots, while no band was found in leaves. The expression of SOD1 was higher in T4 plants compared to other treatments, while the SOD2 isoform was expressed only in T4 plant root.
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FIGURE 4. Effect of bacterial (BHU-AV3) inoculation on peroxidase (POD) activity in root and leaves under salt stress. T1 – control, T2 – salt (NaCl), T3 – bacterial (BHU-AV3) inoculation, and T4 – bacterial inoculation + salt. Values represent the mean ± SD, n = 3. Different letters on each bar indicate significant differences (P = 0.05) after DMRT test.
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FIGURE 5. Effect of bacterial (BHU-AV3) inoculation on superoxide (SOD) activity in root and leaves under salt stress. T1 – control, T2 – salt (NaCl), T3 – bacterial (BHU-AV3) inoculation, and T4 – bacterial inoculation + salt. Values represent the mean ± SD, n = 3. Different letters on each bar indicate significant differences (P = 0.05) after DMRT test.
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FIGURE 6. Effect of bacterial (BHU-AV3) inoculation on dismutase polyphenol oxidase (PPO) activity in root and leaves under salt stress. T1 – control, T2 – salt (NaCl), T3 – bacterial (BHU-AV3) inoculation, and T4 – bacterial inoculation + salt. Values represent the mean ± SD, n = 3. Different letters on each bar indicate significant differences (P = 0.05) after DMRT test.
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FIGURE 7. Zymography of POD isoforms expressed in root and leaves upon bacterial (BHU-AV3) inoculation under salt stress. Lanes 1 and 5 – salt treatment; Lanes 2 and 6 – bacterial (BHU-AV3) inoculation + salt; Lanes 3 and 7 – bacterial inoculation; Lanes 5 and 8 – Control. POD 1–5 represents number of isoforms expressed.
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FIGURE 8. Zymography of PPO isoforms expressed in root and leaves upon bacterial (BHU-AV3) inoculation under salt stress. Lanes 1 and 5 – salt treatment; Lanes 2 and 6 – bacterial (BHU-AV3) inoculation + salt; Lanes 3 and 7 – bacterial inoculation; Lanes 5 and 8 – Control. PPO 1–5 represents number of isoforms expressed.
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FIGURE 9. Zymography of SOD isoforms expressed in root and leaves upon bacterial (BHU-AV3) inoculation under salt stress. Lanes 1 and 5 – salt treatment; Lanes 2 and 6 – bacterial (BHU-AV3) inoculation + salt; Lanes 3 and 7 – bacterial inoculation; Lanes 5 and 8 – Control. SOD 1–5 represents number of isoforms expressed.




Effect of BHU-AV3 on in situ ROS Detection and the Effect of ROS on Plant Cells

Superoxides were detected as bluish spots due to formazan formation on the leaf surface. In the presence of salt, leaves had higher staining, indicative of the production of ROS; however, plants inoculated with the strain BHU-AV3 (T4) showed lighter staining than un-inoculated plants (T2). In cell death analysis, un-inoculated plant leaves had more area of necrotic lesions in indigo blue spots compared to inoculated plants under salt stress. Lipid peroxidation was estimated through detection of malondialdehyde contents as pink spots on the leaf surface. T2-treated plant leaves exhibited a higher number of pinkish spots compared to T4-treated plants (Figure 10). These results suggest that strain BHU-AV3 reduced ROS content in salt-stressed tomato plants.
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FIGURE 10. Histochemical analysis of cell death, ROS production, and lipid peroxidation in tomato plant leaves upon bacterial (BHU-AV3) inoculation under salt stress. ROS detection – blue spots show production of superoxide radicals; cell mortality – light blue spots show cell mortality; lipid peroxidation – red spots show lipid peroxidation. (A) Control; (B) salt (NaCl); (C) bacterial (BHU-AV3) inoculation; (D) bacterial inoculation + salt.




Effect of BHU-AV3 on Root Protein Profiling in Response to Salt Stress

The differential expression of proteins produced in roots upon inoculation with BHU-AV3 under salt stress was investigated using a non-targeted approach. A total of 11 different protein bands were detected in tomato plant roots. The five highly expressed proteins in the T4 treatment were identified by MALDI-TOF/MS. Proteins were identified based on a high MASCOT score and peptide match (Table 4). The proteins expressed in T4 treatments were enolase, involved in the glycolytic pathway, ATP synthase, associated with energy metabolism, thiamine biosynthesis protein, elongation factor 1 alpha (EF1-alpha), involved in protein biosynthesis during the translation process, and catalase, associated with the ROS-scavenging process under stress conditions.


TABLE 4. Differentially expressed proteins in tomato plant roots upon bacterial inoculation (BHU-AV3) under salt stress conditions.
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Correlation of Protein Data With Gene Expression Analysis

To correlate the protein data, gene expression analysis through qRT-PCR was performed for all five selected proteins. The mRNA expression of selected proteins was up-regulated in bacterially inoculated plant roots under salt stress (T4) in a similar way as determined by the 1-D PAGE analysis. In T2 treatment, plants exhibited less expression of all the tested mRNA genes compared to T4 plant roots (Figure 11).
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FIGURE 11. Effect of bacterial (BHU-AV3) inoculation on expression of selected proteins’ mRNA in roots under salt stress. T1 – control, T2 – salt (NaCl), T3 – bacterial (BHU-AV3) inoculation, and T4 – bacterial inoculation + salt. Values represent the mean ± SD, n = 3. Different letters on each bar indicate significant differences (P = 0.05) after DMRT test.




DISCUSSION

While salt-tolerant PGPRs have received scientific attention due to their application in the reclamation of saline land, the molecular mechanism underpinning PGPR-mediated salt stress alleviation in plants has not yet been investigated systematically. Understanding of the molecular mechanisms involved is essential for developing salt-tolerant crop varieties (Chinnusamy et al., 2005; Vaishnav et al., 2014; Qin et al., 2016). In the present study, experiments were conducted to test the response elicited in tomato plants by inoculation with salt-tolerant BHU-AV3 under salt stress. The challenge by 200 mM NaCl resulted in reduced growth and biomass, imbalance of ions, decreased water content, and production of reactive oxygen species (ROS) in tomato plants. However, tomato plants inoculated with BHU-AV3 exhibited less senescence under 200 mM NaCl stress, positively correlated with the maintenance of ion balance, chlorophyll content, relative water content, and a low ROS level in plant cells.

Phylogenetic analysis of BHU-AV3 isolate using 16S rDNA sequencing revealed a similarity of the isolate with Sphingobacterium sp. Further, BHU-AV3 exhibited plant growth-promoting abilities that indicate the potentiality that the BHU-AV3 isolate would promote plant growth under nutrient-limited conditions. Sphingobacterium spp. are reported to have beneficial PGP traits, with plant growth-promotion abilities under different stress conditions (Marques et al., 2010; Ahmed et al., 2014; Cardinale et al., 2015; Rolli et al., 2015). In addition, the isolate BHU-AV3 was also found to tolerate salt stress up to 4% NaCl concentration. Sphingobacterium spp. are also reported to participate in soil remediation processes (Lodewyckx et al., 2002; Miliute et al., 2015).

BHU-AV3-inoculated plants had a higher biomass content under salt stress compared to un-inoculated plants, which is probably due to IAA production and nutrient solubilization activity of the BHU-AV3 strain in soil. Several other findings are also available on PGPR producing IAA and nutrient solubilization activities that helped increase plant growth and biomass accumulation in plants as an adaptive response to salt stress (Ali et al., 2014; Qin et al., 2014; Hahm et al., 2017; Pandey and Gupta, 2019). In the present work, a comparative study was performed in root and leaf tissues to evaluate the differences in physiological responses to salt stress upon inoculation with BHU-AV3. Interestingly, there were obvious differences in ion, antioxidant enzyme, and free proline contents in the leaves and roots of salt-stressed plants. A high salt concentration outside the root is known to cause ion imbalances in plants (Flowers and Yeo, 1986). Studies have reported a reduced level of internal K+ at high external NaCl concentrations (Horie et al., 2011; Wakeel, 2013). Due to this, an increased ratio of Na+/K+ was observed, which reduced plant growth and caused ionic toxicity (Hariadi et al., 2010; Abdelaziz et al., 2019). Our study revealed that salt stress induced a significant increase in Na+ content and Na+/K+ compared to the non-salt stress condition. It was observed that BHU-AV3-inoculated plant roots exhibited lower accumulations of Na+ and Na+/K+ compared to un-inoculated plants under salt stress. In addition, the accumulation of Na+ in leaves was less in bacterially inoculated plants compared to un-inoculated plant leaves. Several reports are available on PGPR mediation of salt tolerance in plants by reducing the transport of Na+ from the roots to leaves (Yasar et al., 2006; Zhang et al., 2013; Win et al., 2018; Romero-Munar et al., 2019). ROS are induced during salt exposure and lead to oxidative stress in plant cells (Miller et al., 2010; Sharma et al., 2012). Fortunately, plants have antioxidants to scavenge these enhanced ROS. In the present study, POD, PPO, and SOD enzyme activities were evaluated in tomato plants as a salt defense response, and augmented expression with a high number of isoforms of these enzymes was found in BHU-AV3-inoculated plant root. Four POD isoforms, two SOD isoforms, and four PPO isoforms with different molecular weights were significantly up-regulated in tomato plant roots inoculated with BHU-AV3 compared to un-inoculated plants under salt stress. The expression of multiple isoforms of antioxidant enzymes is involved in reducing the content of ROS and preventing the cell-damage (Kim et al., 2005; Zhang et al., 2013; Vighi et al., 2017; Arora and Bhatla, 2017; Sukweenadhi et al., 2018). In one study, new POD and SOD isoforms were expressed in response to salt stress tolerance in potato plants (Rahnama and Ebrahimzadeh, 2005). BHU-AV3-inoculated plant leaves had lower expression of antioxidant enzyme activities and fewer number of their isoforms compared to un-inoculated plant leaves under salt stress.

The roots of BHU-AV3-inoculated plants accumulated higher proline content compared to non-inoculated plant roots under salt stress, suggesting the role of higher proline in the maintenance of osmotic balance inside the root (Claussen, 2005; Zhu et al., 2019). In addition, increased proline content protects membrane proteins and enzymes from oxidative burst (Szabados and Savouré, 2010). Several studies have confirmed the ability of microbes to mitigate the effects of oxidative bursts by increasing the activity of osmolyte contents and antioxidant enzymes (Khanna et al., 2019; Rajput et al., 2019; Vaishnav et al., 2019; Zahir et al., 2019). Interestingly, BHU-AV3-inoculated plant leaves exhibited less proline content compared to un-inoculated plants. The differences in antioxidant enzyme activities and free proline content between leaves and roots might be due to different metabolisms and functions of tissues (Cavalcanti et al., 2007). A few studies have reported on variability in the salt stress response in separate plant tissues upon bacterial inoculation (Cardinale et al., 2015; He et al., 2018). In another explanation, lower accumulation of proline and antioxidant enzymes indicates that plants are less affected by salt stress (Kohler et al., 2009; Zhang et al., 2013; Latef and Chaoxing, 2014). Negrão et al. (2017) described that root tissues are more prone to salt stress compared to shoot and leaf, as they are directly in contact with soil. Our results suggest that BHU-AV3 reduced osmotic and oxidative stress in plants by inducing proline content and antioxidant enzyme activities in roots, which are basically exposed to the salt stress. This hypothesis is also supported by results of in situ detection of ROS, lipid peroxidation, and cell death. BHU-AV3-inoculated plant leaves had less accumulation of ROS content and lower lipid peroxidation and cell death under salt stress compared to un-inoculated plant leaves.

In this study, one of our major focuses was on induced salt stress-responsive proteins in tomato plant roots upon inoculation with BHU-AV3. After a non-targeted protein study, we identified five proteins that were highly expressed under salt stress conditions, namely enolase, ATP synthase, thiamine biosynthesis protein, elongation factor 1 alpha (EF1-alpha), and catalase. The protein expression was further correlated by target-based gene expression analysis of the selected proteins. The gene expression analysis confirmed the up-regulation of all of the tested genes expression in BHU-AV3-inoculated plant roots. The consistency between the protein expression level and transcription level of the five selected protein genes manifests that the expression of these proteins may be controlled at the transcriptional level during bacterial interaction with plants under salt stress (Zhang et al., 2015; Cao et al., 2017).

Induction of energy metabolism under salt stress can be addressed by an increase in the abundance of ATP synthase and enolase proteins in tomato plants upon bacterial inoculation, while un-inoculated plants had lower expression of the same proteins. In a similar way, overexpression of ATP synthase in roots led to greater tolerance to salt stress in plants (Zhang et al., 2006; Li et al., 2011; Agrawal et al., 2016; Cao et al., 2017).

In addition, enolase is an important enzyme of the glycolysis pathway. Studies are available showing that increased ENO gene expression under salt stress generates more energy to cope with stress (Yan et al., 2005; Barkla et al., 2009; Zhang et al., 2018). The glycolysis pathway is the best way to generate energy quickly under normal (non-stress) conditions (Kürsteiner et al., 2003). In the present study, enhancement in the synthesis of ATP synthase and enolase upon bacterial inoculation suggests that these proteins may play important roles in maintaining the energy state and protecting plants against salt stress conditions.

An increase in expression of thiamine protein was observed in BHU-AV3-inoculated plant roots under salt stress. The thiamine synthesis protein supplies thiamine pyrophosphate (TPP) for several metabolic processes in plants (Goyer, 2010). In addition, thiamine is also involved in plant adaptations to different abiotic stresses (Tunc-Ozdemir et al., 2009; Rapala-Kozik et al., 2012). In one study, an exogenous application of thiamine was found to induce salinity tolerance in plants (Sayed and Gadallah, 2002).

EF1-alpha protein is involved in the initiation and elongation stage of mRNA translation and protein synthesis. The higher expression of EF1-alpha protein in BHU-AV3-inoculated plant roots suggests its participation in higher protein synthesis to protect the plant cells against salt toxicity, as previously explained by Shin et al. (2009) and Fercha et al. (2013). In addition, EF1-alpha proteins were also reported to perform a chaperone function by interacting with unfolded proteins, thereby protecting them from aggregation under stress conditions (Ristic et al., 2007; Bukovnik et al., 2009).

Catalase (CAT) is known for its antioxidant nature. It converts hydrogen peroxide (H2O2) into water and oxygen. It is highly specific for H2O2 and does not require a reductant in activity. A significant induction of CAT removed the ROS produced during salt stress in BHU-AV3-inoculated plants. Our results are in conformity with other findings that report enhanced activities of CAT enzymes in PGPR-inoculated plants under oxidative stress (Chen et al., 2016; Mesa-Marín et al., 2018; Afridi et al., 2019).



CONCLUSION

The current report extends our understanding of the salt tolerance mechanisms in tomato plants following inoculation with a salt-tolerant PGPR strain, BHU-AV3. Our findings clearly demonstrated that inoculation with BHU-AV3 increased salt tolerance in tomato plants and that the roots were physiologically more responsive to alleviating salt stress. The tomato plant roots showed more severe changes in accumulating Na+, proline, and antioxidant enzymatic activities compared to the leaves under salt stress with BHU-AV3 inoculation. Enhanced activities of these parameters in roots resulted in a decrease in oxidative stress in tomato plants, as measured in leaves with respect to ROS content, MDA content, and cell death assay. The protein study revealed that carbohydrate and energy metabolism, antioxidative enzymes, and translation-related proteins were up-regulated in BHU-AV3-inoculated plant roots in response to salt stress. These proteins may work cooperatively to enhance salt tolerance and enable them to survive under severe stress. Insights gained from such research increases our understanding of plant–microbe interactions and could aid in engineering plants with improved salt tolerance. In addition, such salt-tolerant PGPRs boost the potential to decrease the use of agrochemicals on cultivated land and perhaps enhance crop productivity on saline soils around the world.



DATA AVAILABILITY STATEMENT

The datasets generated for this study can be found in the NCBI GenBank, Accession number MK588751.



AUTHOR CONTRIBUTIONS

AV designed and conceived of the research and drafted the manuscript. JS and PS helped in most of the experimental work. RR helped in the compilation of data and interpretation of the results. HS and BS coordinated the work and edited the manuscript.



ACKNOWLEDGMENTS

AV wants to acknowledge SERB-NPDF (PDF/2017/000689) for providing financial assistance. PS and RR are grateful to a UGC-RET fellowship. JS is thankful of a CSIR-SRF fellowship.


REFERENCES

Abdelaziz, M. E., Abdelsattar, M., Abdeldaym, E. A., Atia, M. A., Mahmoud, A. W. M., Saad, M. M., et al. (2019). Piriformospora indica alters Na+/K+ homeostasis, antioxidant enzymes and LeNHX1 expression of greenhouse tomato grown under salt stress. Sci. Hort. 256:108532. doi: 10.1016/j.scienta.2019.05.059

Afridi, M. S., Mahmood, T., Salam, A., Mukhtar, T., Mehmood, S., Ali, J., et al. (2019). Induction of tolerance to salinity in wheat genotypes by plant growth promoting endophytes: Involvement of ACC deaminase and antioxidant enzymes. Plant Physiol.Biochem. 139, 569–577. doi: 10.1016/j.plaphy.2019.03.041

Afroz, A., Zahur, M., Zeeshan, N., and Komatsu, S. (2013). Plant-bacterium interactions analyzed by proteomics. Front. Plant Sci. 4:21. doi: 10.3389/fpls.2013.00021

Agrawal, L., Gupta, S., Mishra, S. K., Pandey, G., Kumar, S., Chauhan, P. S., et al. (2016). Elucidation of complex nature of PEG induced drought-stress response in rice root using comparative proteomics approach. Front. Plant Sci. 7:1466. doi: 10.3389/fpls.2016.01466

Ahmed, I., Ehsan, M., Sin, Y., Paek, J., Khalid, N., Hayat, R., et al. (2014). Sphingobacterium pakistanensis sp. nov., a novel plant growth promoting rhizobacteria isolated from rhizosphere of Vigna mungo. Anton. Van. Lee. 105, 325–333. doi: 10.1007/s10482-013-0077-0

Ali, S., Charles, T. C., and Glick, B. R. (2014). Amelioration of high salinity stress damage by plant growth-promoting bacterial endophytes that contain ACC deaminase. Plant Physiol. Biochem. 80, 160–167. doi: 10.1016/j.plaphy.2014.04.003

Arora, D., and Bhatla, S. C. (2017). Melatonin and nitric oxide regulate sunflower seedling growth under salt stress accompanying differential expression of Cu/Zn SOD and Mn SOD. Free Radic. Biol. Med. 106, 315–328. doi: 10.1016/j.freeradbiomed.2017.02.042

Barkla, B. J., Vera-Estrella, R., Hernández-Coronado, M., and Pantoja, O. (2009). Quantitative proteomics of the tonoplast reveals a role for glycolytic enzymes in salt tolerance. Plant Cell 21, 4044–4058. doi: 10.1105/tpc.109.069211

Bates, L. S., Waldren, R. P., and Teare, I. D. (1973). Rapid determination of free proline for water-stress studies. Plant Soil 39, 205–207. doi: 10.1016/j.dental.2010.07.006

Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 72, 248–254. doi: 10.1016/0003-2697(76)90527-3

Bukovnik, U., Fu, J., Bennett, M., Prasad, P. V., and Ristic, Z. (2009). Heat tolerance and expression of protein synthesis elongation factors, EF-Tu and EF-1α, in spring wheat. Funct. Plant Biol. 36, 234–241.

Cao, Y., Luo, Q., Tian, Y., and Meng, F. (2017). Physiological and proteomic analyses of the drought stress response in Amygdalus Mira (Koehne) Yü et Lu roots. BMC Plant Biol. 17:53. doi: 10.1186/s12870-017-1000-z

Cardinale, M., Ratering, S., Suarez, C., Montoya, A. M. Z., Geissler-Plaum, R., and Schnell, S. (2015). Paradox of plant growth promotion potential of rhizobacteria and their actual promotion effect on growth of barley (Hordeum vulgare L.) under salt stress. Microbiol. Res. 181, 22–32. doi: 10.1016/j.micres.2015.08.002

Cavalcanti, F. R., Lima, J. P., Ferreira-Silva, S. L., Viégas, R. A., and Silveira, J. A. (2007). Roots and leaves display contrasting oxidative response during salt stress and recovery in cowpea. J. Plant Physiol. 164, 591–600. doi: 10.1016/j.jplph.2006.03.004

Chanratana, M., Joe, M. M., Choudhury, A. R., Anandham, R., Krishnamoorthy, R., Kim, K., et al. (2019). Physiological response of tomato plant to chitosan-immobilized aggregated Methylobacterium oryzae CBMB20 inoculation under salinity stress. 3 Biotech. 9:397. doi: 10.1007/s13205-019-1923-1

Chen, L., Liu, Y., Wu, G., Veronican Njeri, K., Shen, Q., Zhang, N., et al. (2016). Induced maize salt tolerance by rhizosphere inoculation of Bacillus amyloliquefaciens SQR9. Physiol. Plant. 158, 34–44. doi: 10.1111/ppl.12441

Cheng, Z., Woody, O. Z., McConkey, B. J., and Glick, B. R. (2012). Combined effects of the plant growth-promoting bacterium Pseudomonas putida UW4 and salinity stress on the Brassica napus proteome. Appl. Soil Ecol. 61, 255–263. doi: 10.1016/j.apsoil.2011.10.006

Chinnusamy, V., Jagendorf, A., and Zhu, J. K. (2005). Understanding and improving salt tolerance in plants. Crop Sci. 45, 437–448. doi: 10.2135/cropsci2005.0437

Claussen, W. (2005). Proline as a measure of stress in tomato plants. Plant Sci. 168, 241–248. doi: 10.1016/j.plantsci.2004.07.039

Cordero, I., Balaguer, L., Rincón, A., and Pueyo, J. J. (2018). Inoculation of tomato plants with selected PGPR represents a feasible alternative to chemical fertilization under salt stress. J. Plant Nutr. Soil Sci. 181, 694–703. doi: 10.1002/jpln.201700480

Fercha, A., Capriotti, A. L., Caruso, G., Cavaliere, C., Gherroucha, H., Samperi, R., et al. (2013). Gel-free proteomics reveal potential biomarkers of priming-induced salt tolerance in durum wheat. J. Proteom. 91, 486–499. doi: 10.1016/j.jprot.2013.08.010

Flowers, T. J., and Yeo, A. R. (1986). Ion relations of plants under drought and salinity. Funct. Plant Biol. 13, 75–91.

Gordon, S. A., and Weber, R. P. (1951). Colorimetric estimation of indoleacetic acid. Plant Physiol. 26, 192. doi: 10.1104/pp.26.1.192

Goyer, A. (2010). Thiamine in plants: aspects of its metabolism and functions. Phytochem. 71, 1615–1624. doi: 10.1016/j.phytochem.2010.06.022

Hahm, M. S., Son, J. S., Hwang, Y. J., Kwon, D. K., and Ghim, S. Y. (2017). Alleviation of salt stress in pepper (Capsicum annum L.) plants by plant growth-promoting rhizobacteria. J. Microbiol. Biotechnol. 27, 1790–1797. doi: 10.4014/jmb.1609.09042

Hariadi, Y., Marandon, K., Tian, Y., Jacobsen, S. E., and Shabala, S. (2010). Ionic and osmotic relations in quinoa (Chenopodium quinoa Willd.) plants grown at various salinity levels. J. Exp.Bot. 62, 185–193. doi: 10.1093/jxb/erq257

He, Y., Wu, Z., Wang, W., Ye, B. C., Zhang, F., and Liu, X. (2018). Different responses of Capsicum annuum L. root and shoot to salt stress with Pseudomonas putida Rs-198 inoculation. J. Plant Growth Regul. 38, 799–811. doi: 10.1007/s00344-018-9891-y

Horie, T., Brodsky, D. E., Costa, A., Kaneko, T., Schiavo, F. L., Katsuhara, M., et al. (2011). K+ transport by the OsHKT2; 4 transporter from rice with atypical Na+ transport properties and competition in permeation of K+ over Mg2+ and Ca2+ ions. Plant Physiol. 156, 1493–1507. doi: 10.1104/pp.110.168047

Isaacson, T., Damasceno, C. M., Saravanan, R. S., He, Y., Catalá, C., Saladié, M., et al. (2006). Sample extraction techniques for enhanced proteomic analysis of plant tissues. Nat. Protoc. 1:769. doi: 10.1038/nprot.2006.102

Jaemsaeng, R., Jantasuriyarat, C., and Thamchaipenet, A. (2018). Molecular interaction of 1-aminocyclopropane-1-carboxylate deaminase (ACCD)-producing endophytic Streptomyces sp. GMKU 336 towards salt-stress resistance of Oryza sativa L. cv. KDML105. Sci. Rep. 8:1950. doi: 10.1038/s41598-018-19799-9

Khanna, K., Jamwal, V. L., Kohli, S. K., Gandhi, S. G., Ohri, P., Bhardwaj, R., et al. (2019). Plant growth promoting rhizobacteria induced Cd tolerance in Lycopersicon esculentum through altered antioxidative defense expression. Chemosphere 217, 463–474. doi: 10.1016/j.chemosphere.2018.11.005

Kim, S. Y., Lim, J. H., Park, M. R., Kim, Y. J., Park, T. I., Seo, Y. W., et al. (2005). Enhanced antioxidant enzymes are associated with reduced hydrogen peroxide in barley roots under saline stress. J. Biochem. Mol. Biol. 38, 218–224. doi: 10.5483/bmbrep.2005.38.2.218

Kohler, J., Hernández, J. A., Caravaca, F., and Roldán, A. (2009). Induction of antioxidant enzymes is involved in the greater effectiveness of a PGPR versus AM fungi with respect to increasing the tolerance of lettuce to severe salt stress. Environ. Exp. Bot. 65, 245–252. doi: 10.1016/j.envexpbot.2008.09.008

Kumar, G., Bajpai, R., Sarkar, A., Mishra, R. K., Gupta, V. K., Singh, H. B., et al. (2019). Identification, characterization and expression profiles of Fusarium udum stress-responsive WRKY transcription factors in Cajanus cajan under the influence of NaCl stress and Pseudomonas fluorescens OKC. Sci. Rep. 9:14344. doi: 10.1038/s41598-019-50696-x

Kumari, S., Vaishnav, A., Jain, S., Varma, A., and Choudhary, D. K. (2015). Bacterial-mediated induction of systemic tolerance to salinity with expression of stress alleviating enzymes in soybean (Glycine max L. Merrill). J. Plant Growth Regul. 34, 558–573. doi: 10.1007/s00344-015-9490-0

Kürsteiner, O., Dupuis, I., and Kuhlemeier, C. (2003). The pyruvate decarboxylase1 gene of Arabidopsis is required during anoxia but not other environmental stresses. Plant Physiol. 132, 968–978. doi: 10.1104/pp.102.016907

Laemmli, U. K. (1970). Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature 227:680. doi: 10.1038/227680a0

Latef, A. A. H. A., and Chaoxing, H. (2014). Does inoculation with Glomus mosseae improve salt tolerance in pepper plants? J. Plant Growth Regul. 33, 644–653. doi: 10.1007/s00344-014-9414-4

Li, W., Zhang, C., Lu, Q., Wen, X., and Lu, C. (2011). The combined effect of salt stress and heat shock on proteome profiling in Suaeda salsa. J. Plant Physiol. 168, 1743–1752. doi: 10.1016/j.jplph.2011.03.018

Lodewyckx, C., Vangronsveld, J., Porteous, F., Moore, E. R. B., Taghavi, S., and van der Lelie, D. (2002). Endophytic bacteria and their potential applications. Crit. Rev. Plant. Sci. 21, 583–606.

Machado, R. M. A., and Serralheiro, R. P. (2017). Soil salinity: effect on vegetable crop growth. Management practices to prevent and mitigate soil salinization. Horticulturae 3:30. doi: 10.1002/jsfa.7989

Mahajan, N. S., Mishra, M., Tamhane, V. A., Gupta, V. S., and Giri, A. P. (2014). Stress inducible proteomic changes in Capsicum annuum leaves. Plant Physiol. Biochem. 74, 212–217. doi: 10.1016/j.plaphy.2013.11.017

Marques, A. P., Pires, C., Moreira, H., Rangel, A. O., and Castro, P. M. (2010). Assessment of the plant growth promotion abilities of six bacterial isolates using Zea mays as indicator plant. Soil Biol. Biochem. 42, 1229–1235. doi: 10.1016/j.soilbio.2010.04.014

Mayak, S., Tirosh, T., and Glick, B. R. (2004). Plant growth-promoting bacteria confer resistance in tomato plants to salt stress. Plant Physiol.Biochem. 42, 565–572. doi: 10.1016/j.plaphy.2004.05.009

Mehta, S., and Nautiyal, C. S. (2001). An efficient method for qualitative screening of phosphate-solubilizing bacteria. Curr. Microbiol. 43, 51–56. doi: 10.1007/s002840010259

Mesa-Marín, J., Del-Saz, N. F., Rodríguez-Llorente, I. D., Redondo-Gómez, S., Pajuelo, E., Ribas-Carbó, M., et al. (2018). PGPR reduce root respiration and oxidative stress enhancing Spartina maritima root growth and heavy metal rhizoaccumulation. Front. Plant Sci. 9:1500. doi: 10.3389/fpls.2018.01500

Miliute, I., Buzaite, O., Baniulis, D., and Stanys, V. (2015). Bacterial endophytes in agricultural crops and their role in stress tolerance: a review. Zemdirbyste. 102, 465–478. doi: 10.13080/z-a.2015.102.060

Miller, G. A. D., Suzuki, N., Ciftci-Yilmaz, S., and Mittler, R. O. N. (2010). Reactive oxygen species homeostasis and signalling during drought and salinity stresses. Plant Cell Environ. 33, 453–467. doi: 10.1111/j.1365-3040.2009.02041.x

Moran, R., and Porath, D. (1980). Chlorophyll determination in intact tissues using N, N-dimethylformamide. Plant Physiol. 65, 478–479. doi: 10.1104/pp.65.3.478

Negrão, S., Schmöckel, S. M., and Tester, M. (2017). Evaluating physiological responses of plants to salinity stress. Ann. Bot. 119, 1–11. doi: 10.1093/aob/mcw191

Orozco-Mosqueda, M., Duan, J., DiBernardo, M., Zetter, E., Campos-Garcia, J., Glick, B. R., et al. (2019). The production of ACC deaminase and trehalose by the plant growth promoting bacterium Pseudomonas sp. UW4 synergistically protect tomato plants against salt stress. Front. Microbiol. 10:1392. doi: 10.3389/fmicb.2019.01392

Palaniyandi, S. A., Damodharan, K., Yang, S. H., and Suh, J. W. (2014). Streptomyces sp. strain PGPA39 alleviates salt stress and promotes growth of ‘Micro Tom’tomato plants. J. Appl. Microbiol. 117, 766–773. doi: 10.1111/jam.12563

Pandey, S., and Gupta, S. (2019). ACC deaminase producing bacteria with multifarious plant growth promoting traits alleviates salinity stress in French bean (Phaseolus vulgaris) plants. Front. Microbiol. 10:1506. doi: 10.3389/fmicb.2019.01506

Qin, S., Zhang, Y. J., Yuan, B., Xu, P. Y., Xing, K., Wang, J., et al. (2014). Isolation of ACC deaminase-producing habitat-adapted symbiotic bacteria associated with halophyte Limonium sinense (Girard) Kuntze and evaluating their plant growth-promoting activity under salt stress. Plant Soil 374, 753–766. doi: 10.1007/s11104-013-1918-3

Qin, Y., Druzhinina, I. S., Pan, X., and Yuan, Z. (2016). Microbially mediated plant salt tolerance and microbiome-based solutions for saline agriculture. Biotechnol. Adv. 34, 1245–1259. doi: 10.1016/j.biotechadv.2016.08.005

Qureshi, M. I., Abdin, M. Z., Ahmad, J., and Iqbal, M. (2013). Effect of long-term salinity on cellular antioxidants, compatible solute and fatty acid profile of Sweet Annie (Artemisia annua L.). Phytochem. 95, 215–223. doi: 10.1016/j.phytochem.2013.06.026

Rahnama, H., and Ebrahimzadeh, H. (2005). The effect of NaCl on antioxidant enzyme activities in potato seedlings. Biol. Plant. 49, 93–97. doi: 10.1007/s10535-005-3097-4

Rajput, R. S., Ram, R. M., Vaishnav, A., and Singh, H. B. (2019). “Microbe-based novel biostimulants for sustainable crop production,” in Microbial Diversity in Ecosystem Sustainability and Biotechnological Applications, ed. T. Satynarayan (Singapore: Springer), 109–144. doi: 10.1007/978-981-13-8487-5_5

Ramamoorthy, V., Raguchander, T., and Samiyappan, R. (2002). Induction of defense-related proteins in tomato roots treated with Pseudomonas fluorescens Pf1 and Fusarium oxysporum f. sp. lycopersici. Plant Soil 239, 55–68.

Rapala-Kozik, M., Wolak, N., Kujda, M., and Banas, A. K. (2012). The upregulation of thiamine (vitamin B 1) biosynthesis in Arabidopsis thaliana seedlings under salt and osmotic stress conditions is mediated by abscisic acid at the early stages of this stress response. BMC Plant Biol. 12:2. doi: 10.1186/1471-2229-12-2

Ray, S., Singh, V., Singh, S., Sarma, B. K., and Singh, H. B. (2016). Biochemical and histochemical analyses revealing endophytic Alcaligenes faecalis mediated suppression of oxidative stress in Abelmoschus esculentus challenged with Sclerotium rolfsii. Plant Physiol. Biochem. 109, 430–441. doi: 10.1016/j.plaphy.2016.10.019

Ristic, Z., Mom_cilovicì, I., Fu, J., Callegari, E., and DeRidder, B. P. (2007). Chloroplast protein synthesis elongation factor, EF-Tu, reduces thermal aggregation of rubisco activase. J. Plant Physiol. 164, 1564–1571. doi: 10.1016/j.jplph.2007.07.008

Rolli, E., Marasco, R., Vigani, G., Ettoumi, B., Mapelli, F., Deangelis, M. L., et al. (2015). Improved plant resistance to drought is promoted by the root−associated microbiome as a water stress−dependent trait. Environ. Microbiol. 17, 316–331. doi: 10.1111/1462-2920.12439

Romero-Munar, A., Baraza, E., Gulías, J., and Cabot, C. (2019). Arbuscular mycorrhizal fungi confer salt tolerance in giant reed (Arundo donax L.) plants grown under low phosphorus by reducing leaf Na+ concentration and improving phosphorus use efficiency. Front. Plant Sci. 10:843. doi: 10.3389/fpls.2019.00843

Sade, N., Galkin, E., and Moshelion, M. (2015). Measuring arabidopsis, tomato and barley leaf relative water content (RWC). Bioprotocol 5:1451.

Sayed, S. A., and Gadallah, M. A. A. (2002). Effects of shoot and root application of thiamin on salt-stressed sunflower plants. Plant Growth Regul. 36, 71–80.

Schwyn, B., and Neilands, J. B. (1987). Universal chemical assay for the detection and determination of siderophores. Anal. Biochem. 160, 47–56. doi: 10.1016/0003-2697(87)90612-9

Sharma, A., Vaishnav, A., Jamali, H., Srivastava, A. K., Saxena, A. K., and Srivastava, A. K. (2016). “Halophilic bacteria: potential bioinoculants for sustainable agriculture and environment management under salt stress,” in Plant-Microbe Interaction: An Approach to Sustainable Agriculture, ed. D. K. CHoudhary (Singapore: Springer), 297–325. doi: 10.1007/978-981-10-2854-0_14

Sharma, P., Jha, A. B., Dubey, R. S., and Pessarakli, M. (2012). Reactive oxygen species, oxidative damage, and antioxidative defense mechanism in plants under stressful conditions. J. Bot. 2012:26. doi: 10.1155/2012/217037

Shin, D., Moon, S. J., Park, S. R., Kim, B. G., and Byun, M. O. (2009). Elongation factor 1α from A. thaliana functions as molecular chaperone and confers resistance to salt stress in yeast and plants. Plant Sci. 177, 156–160. doi: 10.1016/j.plantsci.2009.05.003

Singh, R. P., Runthala, A., Khan, S., and Jha, P. N. (2017). Quantitative proteomics analysis reveals the tolerance of wheat to salt stress in response to Enterobacter cloacae SBP-8. PLoS One 12:e0183513. doi: 10.1371/journal.pone.0183513

Sukweenadhi, J., Balusamy, S. R., Kim, Y. J., Lee, C. H., Kim, Y. J., Koh, S. C., et al. (2018). A growth-promoting bacteria, Paenibacillus yonginensis DCY84T enhanced salt stress tolerance by activating defense-related systems in Panax ginseng. Front. Plant Sci. 9:813. doi: 10.3389/fpls.2018.00813

Szabados, L., and Savouré, A. (2010). Proline: a multifunctional amino acid. Trends Plant Sci. 15, 89–97. doi: 10.1016/j.tplants.2009.11.009

Tank, N., and Saraf, M. (2010). Salinity-resistant plant growth promoting rhizobacteria ameliorates sodium chloride stress on tomato plants. J. Plant Int. 5, 51–58. doi: 10.1080/17429140903125848

Tunc-Ozdemir, M., Miller, G., Song, L., Kim, J., Sodek, A., Koussevitzky, S., et al. (2009). Thiamin confers enhanced tolerance to oxidative stress in Arabidopsis. Plant Physiol. 151, 421–432. doi: 10.1104/pp.109.140046

Vaishnav, A., Jain, S., Kasotia, A., Kumari, S., Gaur, R. K., and Choudhary, D. K. (2014). “Molecular mechanism of benign microbe-elicited alleviation of biotic and abiotic stresses for plants,” in Approaches to Plant Stress and their Management, ed. R. K. Gaur (Cham: Springer), 281–295. doi: 10.1007/978-81-322-1620-9_16

Vaishnav, A., Kumari, S., Jain, S., Varma, A., and Choudhary, D. K. (2015). Putative bacterial volatile−mediated growth in soybean (Glycine max L. Merrill) and expression of induced proteins under salt stress. J. Appl. Microbiol. 119, 539–551. doi: 10.1111/jam.12866

Vaishnav, A., Kumari, S., Jain, S., Varma, A., Tuteja, N., and Choudhary, D. K. (2016a). PGPR-mediated expression of salt tolerance gene in soybean through volatiles under sodium nitroprusside. J. Basic Microbiol. 56, 1274–1288. doi: 10.1002/jobm.201600188

Vaishnav, A., Varma, A., Tuteja, N., and Choudhary, D. K. (2016b). “PGPR-mediated amelioration of crops under salt stress,” in Plant-Microbe Interaction: An Approach to Sustainable Agriculture, ed. D. K. Choudhary (Berlin: Springer), doi: 10.1007/978-981-10-2854-0_10

Vaishnav, A., Shukla, A. K., Sharma, A., Kumar, R., and Choudhary, D. K. (2019). Endophytic bacteria in plant salt stress tolerance: current and future prospects. J Plant Growth Regul. 38, 650–668. doi: 10.1007/s00344-018-9880-1

Vighi, I. L., Benitez, L. C., Amaral, M. N., Moraes, G. P., Auler, P. A., Rodrigues, G. S., et al. (2017). Functional characterization of the antioxidant enzymes in rice plants exposed to salinity stress. Biol. Plant. 61, 540–550. doi: 10.1007/s10535-017-0727-6

Vimal, S. R., Patel, V. K., and Singh, J. S. (2019). Plant growth promoting Curtobacterium albidum strain SRV4: an agriculturally important microbe to alleviate salinity stress in paddy plants. Ecol. Indicat. 105, 553–562. doi: 10.1016/j.ecolind.2018.05.014

Wakeel, A. (2013). Potassium–sodium interactions in soil and plant under saline−sodic conditions. J. Plant Nutr. Soil Sci. 176, 344–354. doi: 10.1002/jpln.201200417

Weisany, W., Sohrabi, Y., Heidari, G., Siosemardeh, A., and Ghassemi-Golezani, K. (2012). Changes in antioxidant enzymes activity and plant performance by salinity stress and zinc application in soybean (Glycine max L.). Plant Omics 5:60.

Win, K. T., Tanaka, F., Okazaki, K., and Ohwaki, Y. (2018). The ACC deaminase expressing endophyte Pseudomonas spp. Enhances NaCl stress tolerance by reducing stress-related ethylene production, resulting in improved growth, photosynthetic performance, and ionic balance in tomato plants. Plant Physiol. Biochem. 127, 599–607. doi: 10.1016/j.plaphy.2018.04.038

Yan, S., Tang, Z., Su, W., and Sun, W. (2005). Proteomic analysis of salt stress−responsive proteins in rice root. Proteomics 5, 235–244. doi: 10.1002/pmic.200400853

Yasar, F., Uzal1, O., Tufenkcil, S., and Yildiz, K. (2006). Ion accumulation in different organs of green bean genotypes grown under salt stress. Plant Soil Environ. 52, 476–480. doi: 10.17221/3469-pse

Yoo, S. J., Weon, H. Y., Song, J., and Sang, M. K. (2019). Induced tolerance to salinity stress by halotolerant bacteria Bacillus aryabhattai H19-1 and B. mesonae H20-5 in tomato plants. J. Microbiol. Biotechnol. 29, 1124–1136. doi: 10.4014/jmb.1904.04026

Zahir, Z. A., Nadeem, S. M., Khan, M. Y., Binyamin, R., and Waqas, M. R. (2019). “Role of halotolerant microbes in plant growth promotion under salt stress conditions,” in Saline Soil-Based Agriculture By Halotolerant Microorganisms, ed. M. Kumar (Singapore: Springer), 209–253. doi: 10.1007/978-981-13-8335-9_10

Zhang, M., Fang, Y., Ji, Y., Jiang, Z., and Wang, L. (2013). Effects of salt stress on ion content, antioxidant enzymes and protein profile in different tissues of Broussonetia papyrifera. South Afr. J. Bot. 85, 1–9. doi: 10.1016/j.sajb.2012.11.005

Zhang, S., Zhao, Z., Zhang, L. L., and Zhou, Q. Y. (2015). Comparative proteomic analysis oftetraploid black locust (Robinia pseudoacacia L.) cuttings in different phasesof adventitious root development. Trees 29, 367–384. doi: 10.1007/s00468-014-1116-9

Zhang, X., Takano, T., and Liu, S. (2006). Identification of a mitochondrial ATP synthase small subunit gene (RMtATP6) expressed in response to salts and osmotic stresses in rice (Oryza sativa L.). J. Exp. Bot. 57, 193–200. doi: 10.1093/jxb/erj025

Zhang, Y. H., Chao, C. H. E. N., Shi, Z. H., Cheng, H. M., Jie, B. I. N. G., Zheng, C. X., et al. (2018). Identification of salinity-related genes in ENO2 mutant (ENO2-) of Arabidopsis thaliana. J. Int. Agri. 17, 94–110. doi: 10.1016/s2095-3119(17)61720-9

Zhu, D., Hou, L., Xiao, P., Guo, Y., Deyholos, M. K., and Liu, X. (2019). VvWRKY30, a grape WRKY transcription factor, plays a positive regulatory role under salinity stress. Plant Sci. 280, 132–142. doi: 10.1016/j.plantsci.2018.03.018


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Vaishnav, Singh, Singh, Rajput, Singh and Sarma. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fmicb-11-00443-g001.jpg
13—

54

12

51

—

100

R

® Sphingobacterium sp. BHU-AV3 (MK588751)
Sphingobacterium sp. clone SGR202 (JQ793549)
Sphingobacterium sp. M30 (JX102496)
Sphingobacterium sp. BAB-5625 (KU867840)
Sphingobacterium changzhouense N7 (NR 135709)
Sphingobacterium defergens S41 (KU323618)
Pseudomonas sp. AU (KJ184311)
Sphingobacterium sp. SMrs30 (JX485734)
Sphingobacterium sp. NBRC 13496 (AB680419)
Sphingobacterium sp. MOSW1-8 (KP406351)
Sphingobacterium changzhouense (MH982228)





OPS/images/fmicb-11-00443-g002.jpg





OPS/images/fmicb-11-00443-g003.jpg
L A e S

A





OPS/images/fmicb-11-00443-e001.jpg
x 5/sample weight(g)





OPS/images/fmicb-11-00443-e000.jpg
Chlorophyllcontent = [(ABSgs1 x 7.04) + (ABSgq7 x 20.27)]





OPS/images/fmicb-11-00443-g008.jpg
PPO1 |






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Sphingobacterium sp. BHU-AV3 Induces Salt Tolerance in Tomato by Enhancing Antioxidant Activities and Energy Metabolism



		INTRODUCTION



		MATERIALS AND METHODS



		Isolation, Identification, and NaCl Tolerance of the Bacterial Strain



		Determination of Plant Growth-Promoting (PGP) Activities



		Plant Growth Assay With BHU-AV3 Inoculation



		Evaluation of Physiological Responses of Plants to Salt Stress



		In situ Detection of ROS, Lipid Peroxidation, and Cell Death



		Antioxidant Enzyme Activity Assays and Zymography



		Extraction of Total Proteins and 1D SDS-PAGE, Trypsin Digestion, and In-Gel Extraction of Peptides for MALDI



		Expression Analysis of the m-RNA Genes of Selected Proteins Using qRT PCR



		Statistical Analysis







		RESULTS



		Molecular Characterization and PGP Attributes of BHU-AV3 Isolate



		Effect of BHU-AV3 on Plant Growth Parameters Under Salt Stress



		Effect of BHU-AV3 on Physiological Response to Salt Stress



		Effect of BHU-AV3 on Antioxidant Enzyme Activity in Response to Salt Stress



		Effect of BHU-AV3 on in situ ROS Detection and the Effect of ROS on Plant Cells



		Effect of BHU-AV3 on Root Protein Profiling in Response to Salt Stress



		Correlation of Protein Data With Gene Expression Analysis







		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		ACKNOWLEDGMENTS



		REFERENCES

















OPS/images/fmicb-11-00443-g009.jpg





OPS/images/fmicb-11-00443-e002.jpg
RWC(%) = (FW — DW)/(TW — DW) x 100





OPS/images/fmicb-11-00443-g004.jpg
Root [ Leaves

(uieyoud Bw/n)aod

Treatments





OPS/images/fmicb-11-00443-g005.jpg
KX Root [ Leaves

1

R RRRRRRRLS
TR

B RREREIRIRLIKIKKLKLIKLLS
e Fofototolotetetetetetete e tetetetetototet

8 2 =

=]

(uie301d Bw / n) oS

Treatments





OPS/images/fmicb-11-00443-g006.jpg
g
3
-
A
]
4

(ujejoud Bw / n) Odd

Treatments





OPS/images/fmicb-11-00443-g007.jpg





OPS/images/fmicb-11-00443-t003.jpg
Treatments Na* (mg/g DW) K+ (mg/g DW) Nat/K+ Proline (Lg/g FW)

Root Leaf Root Leaf Root Leaf Root Leaf
T 6.1+ 0.7° 3.3+0.4° 10.7 £ 0.52 8.7 £ 0.6 0.5+ 0.2° 0.3 +0.01° 87.0 £3.2° 45.0 + 2.6°
T2 17.7+1.22 11.8+0.82 5.0+ 0.3° 3.240.7° 3.5+ 0.6° 3.6+0.8 131.0 £ 4.3° 114.0 + 4.12
T3 5.8 + 0.6° 3.6 £ 0.6° 11.54+1.02 9.5+0.5° 0.5+ 0.2° 0.3 +0.01° 83.0 £2.4° 420+ 3.1°
T4 131 £1.9° 7.6+ 1.2° 8.1 + 0.6b 7.0+ 0.9 1.6+ 0.5° 1.0 £0.2b 184.0 + 3.52 83.0 £5.2b

T1, control; T2, salt (NaCl); T3, bacterial (BHU-AV3) inoculation; and T4, bacterial inoculation + salt. Values represent the mean + SD, n = 3. Different superscript letters
in the same column are significantly different (p = 0.05, DMRT analysis was carried out).
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Band UniProtKB* Homologous protein** mW* (Da) pl$ PLGSS® Coverage®™ Matched® Molecular function™ ¥ Biological® function

number Accession Score (%) Peptides

1 BITU32 Thiamine biosynthesis protein ThiC variant L1 72573 6.0337 836.6132 32.9231 9 ADP-ribose Response to vitamin B1
OS Solanum lycopersicum GN thiC PE 3 SV 1 pyrophosphohydrolase activity

2 P30264 Catalase isozyme 1 OS Solanum lycopersicum 56470 6.5764 1237.124  38.2114 24 Catalase activity Hydrogen peroxide
GN CAT1 PE2 SV 1 catabolic process

3 Q2MI93 ATP synthase subunit beta chloroplastic OS 53433 5.0967 651.9818  28.1124 8 ATP binding ATP synthesis coupled
Solanum lycopersicum GN atpB PE 3 SV 1 proton transport

4 P17786 Elongation factor 1 alpha OS Solanum 49256 9.4614 651.9798 30.3571 14 GTPase activity Translation
lycopersicum PE 2 SV 1

5 P26300 Enolase OS Solanum lycopersicum GN PGH1 47768 5.5746 1619.976  32.4324 12 Phosphopyruvate hydratase Glycolytic process

PE2SV 1

activity

*Accession number according to the UniProt database. ** Homologous protein identified in the UniProt database. ¥ mW, molecular weight. $p/, isoelectric point. $8Jon score of identified protein using UniProt database.
¥ Sequence coverage; proteins with <25% sequence coverage were excluded from the result. £Proteins with more than three matched peptides were considered. *¥ Molecular Function, category using molecular
functional classification by UniProt database. ££Biological Function, category using biological functional classification by UniProt database.
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Thiamine (ThiC) (NM_001317405)

Elongation factor-1a (EF-7a) (XM_004240531)
Actin (NM_001330119)

Forward primer

TCGCGATGGTGCTATGAACA
GGCAGGTTGGGGTGTAATGA
GGTGAACGTACTCGGGAAGG
CTTTCCGGGGATGAACCACA
GTGCATTTGATGAGCACGGA
TGGCTCCTAGCAGCATGAAG

Reverse primer

TGTCTTGCCTGTCAGGTTCC
CAATCTCAACACTTGGAACTGC
TGCTTGGACGAAACGGAAGA
ATTGGCTCCAACTCAGGGTG
AGCAGTGACCAAGACTGTGT
ACACTACAATTGCATCTCTGGTC
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Treatments Shoot length (cm) Root length (cm) RWC (%)

T 18.6 +1.22 6.7 +0.82 85.6 + 3.72
T2 9.0 + 0.6° 3.4 +0.4° 34.0 +2.6°
T3 16.5 +0.92 7.8 +0.6% 88.6 &+ 3.12
T4 13.0£0.7° 5.2+ 0.7° 65.0 £ 2.9°

Chlorophyll (ng/g FW)

80.9 4+ 4.32
450 + 3.2°
84.6 +2.92
70.0 £ 2.0°

Biomass content (g)

0.28 £0.032
0.13 + 0.04°
0.31 +£0.03%
0.20 + 0.02°

T1, control; T2, salt (NaCl); T3, bacterial (BHU-AV3) inoculation; and T4, bacterial inoculation + salt. Values represent the mean + SD, n = 3. Different superscript letters

in the same column are significantly different (p = 0.05, DMRT analysis was carried out).
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