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Plant growth-promoting rhizobacteria (PGPR) are root endophytic bacteria used for growth promotion, and they have broader applications in enhancing specific crop yield as a whole. In the present study, we have explored the potential of Rhizobium pusense MB-17a as an endophytic bacterium isolated from the roots of the mung bean (Vigna radiata) plant. Furthermore, this bacterium was sequenced and assembled to reveal its genomic potential associated with plant growth-promoting traits. Interestingly, the root endophyte R. pusense MB-17a showed all essential PGPR traits which were determined by biochemical and PGPR tests. It was noted that this root endophytic bacterium significantly produced siderophores, indole acetic acid (IAA), ammonia, and ACC deaminase and efficiently solubilized phosphate. The maximum IAA and ammonia produced were observed to be 110.5 and 81 μg/ml, respectively. Moreover, the PGPR potential of this endophytic bacterium was also confirmed by a pot experiment for mung bean (V. radiata), whose results show a substantial increase in the plant's fresh weight by 76.1% and dry weight by 76.5% on the 60th day after inoculation of R. pusense MB-17a. Also, there is a significant enhancement in the nodule number by 66.1% and nodule fresh weight by 162% at 45th day after inoculation with 100% field capacity after the inoculation of R. pusense MB-17a. Besides this, the functional genomic annotation of R. pusense MB-17a determined the presence of different proteins and transporters that are responsible for its stress tolerance and its plant growth-promoting properties. It was concluded that the unique presence of genes like rpoH, otsAB, and clpB enhances the symbiosis process during adverse conditions in this endophyte. Through Rapid Annotation using Subsystem Technology (RAST) analysis, the key genes involved in the production of siderophores, volatile compounds, indoles, nitrogenases, and amino acids were also predicted. In conclusion, the strain described in this study gives a novel idea of using such type of endophytes for improving plant growth-promoting traits under different stress conditions for sustainable agriculture.
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INTRODUCTION

The soil bacteria Rhizobia of the family Rhizobiaceae cover an array of different bacterial genera, including Sinorhizobium, Rhizobium, Mesorhizobium, Bradyrhizobium, Azorhizobium, and Allorhizobium (Manasa et al., 2017). The symbiotic association between the soil bacterium Rhizobium and leguminous crops was first reported by Frank (1889) in stem- and root-nodulating bacteria. Generally, most of the rhizobial species are endophytes and colonize intracellularly for root growth promotion (Mus et al., 2016). Rhizobia can promote plant growth by both direct and indirect methods (Gopalakrishnan et al., 2015). Furthermore, many rhizobial species such as Rhizobium oryziradicis, Rhizobium rhizoryzae, Rhizobium oryzicola, Rhizobium pseudoryzae, and Rhizobium rhizosphaerae show a non-symbiotic association with paddy crops (Zhang et al., 2015; Zhao et al., 2017). Rhizobia is also employed as plant growth-promoting rhizobacteria (PGPR) to increase plant growth through phosphate solubilization, fixation of nitrogen, development of ACC deaminase, siderophore development, and production of indole-3-acetic acid (IAA) (Pravin et al., 2016). This symbiosis relationship between the rhizobium and leguminous crop is essential for better productivity in agricultural systems. It was reported that merely 2–3% of bacteria help in root growth promotion (Souza et al., 2015). The rhizospheric zone is the core and chief region of microbiome interaction with its host plant due to the presence of food exudates. Rhizobium is well-known for plant microbiome due to its growth-promoting traits (Poole et al., 2018; Ferreira et al., 2019). Among all rhizobial species, Bradyrhizobium japonicum is reported as the best one for siderophore production and Rhizobium leguminosarum trifolii for phosphate solubilization and IAA production on a large scale (Garcia-Fraile et al., 2012). Hence, the isolation, selection, screening, and exploitation of efficient endophytic bacteria in agricultural practices have immense significance in maintaining the sustainability of agroecosystems.

On the other hand, an in silico study of various strains revealed which types of genes and how many are responsible for the plant growth-promoting (PGP) traits. It is reported that Bacillus subtilis Marbug 168 was the first PGPR strain that was sequenced and analyzed. It is composed of 4,100 genes that code for different proteins (Moszer, 1998). Along with this, a genomic study of other rhizobial species and PGPR strains that act as biofertilizers show that they play a significant role in bio-inoculant technology because they help in the identification of those genes that have an invaluable role and beneficial activity in agriculture (Ayuso-Calles et al., 2020).

Therefore, the overarching goals of the present study include (1) the isolation and identification of the Rhizobium isolated from the roots of Vigna radiata; (2) the characterization of its PGPR traits such as siderophore production, ammonia production, IAA production, HCN, ACC deaminase enzymatic activity, and V. radiata plant growth enhancement by pot experiment; and (3) in silico analysis by genome annotation to find out the particular functions carried by different genes.



MATERIALS AND METHODS


Bacterial Culture

The bacterial culture used for this study was procured from the Department of Microbiology, CCS Haryana Agricultural University, Hisar, India, and stored on yeast extract mannitol agar (YEMA) media plates (Hossain et al., 2019). The abiotic stress tolerance, PGPR properties, phylogenetic analysis, and genomic annotation were then studied for further analysis.



Effects of Abiotic Stress Factors on Rhizobium pusense MB-17a


Temperature Tolerance

Temperature tolerance analysis was deliberated with five sets of temperature, i.e., 28 to 53°C (Figure 1A). This was achieved by inoculating the isolate in YEMA broth and incubating it at 110 rpm for 56 h by taking their generation time. The resulting growth was observed at 600 nm against the sterile medium by using a spectrophotometer (Igiehon et al., 2019).


[image: Figure 1]
FIGURE 1. Effect of abiotic factors (A) temperature and (B) PEG on the growth of Rhizobium pusense MB-17a.




High pH and Salt Tolerance

The optimum and favorable range of pH was determined by inoculating the isolate in YEMA broth at different pH ranges (3.0 to 11) (Table 1). The inoculated culture flask was incubated for 48 h at 110 rpm and 28°C by taking their generation time. Finally, the growth of the isolate was observed at 600 nm by taking an uninoculated culture as a blank (Hang et al., 2019; Tewari and Sharma, 2020). In the same way, salt tolerance was observed by adding different concentrations of NaCl, i.e., 100 to 400 mM, into the YEMA broth. The inoculated culture flask was incubated for 48 h at 110 rpm and 28°C. Finally, the growth of the isolate was observed at 600 nm by taking an uninoculated culture as blank (Mrabet et al., 2011).


Table 1. Different buffer systems for the pH tolerance test.
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Polyethylene Glycol (PEG) as Drought Stress

Drought tolerance was determined by inoculating the rhizobial isolate in YEMA broth with different ranges of PEG 6000, i.e., 0, 10, 20, 30, and 40% (Yadav et al., 2015; Mondal et al., 2017). The inoculated flasks were incubated for 48 h at 110 rpm and 28°C by taking their generation time. Finally, the growth of the isolate was observed at 600 nm by taking an uninoculated culture as a blank. Each experiment of abiotic stress tolerance was done in triplicate.




Biochemical and Morphological Characterization

The morphological features of the test isolate were characterized by using a Gram staining protocol. Besides, biochemical tests like Methyl Red and Voges-Proskauer (MRVP), indole, catalase, citrate utilization, and oxidase tests were performed (Rana et al., 2011; Andy et al., 2020).



Evaluation for Different PGP Traits


Phosphate Solubilization Activity


Qualitative Screening for PSB

The bacterial isolate was screened for phosphate solubilization activity by a qualitative method on a Pikovskaya (1948) agar medium plate containing Ca3 (PO4)2. For this, the bacterial isolate was spotted on the Pikovskaya agar plate and incubated at 28°C for 7 days (Mehta and Nautiyal, 2001). The occurrence of the halo zone around the spotted culture specifies phosphate solubilization activity. The halo zone formed around the colony was determined by the phosphate solubilization index (PSI). It was calculated as the ratio of the total diameter (zone + colony) to the colony diameter (Premono et al., 1996; Chawngthu et al., 2020):
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Quantitative Screening for PSB

The stannous chloride method was used for the quantitative screening of solubilized phosphate (King, 1932). For the solubilization activity, the bacterial isolate was inoculated in the National Botanical Research Institute (NBRIP) liquid media containing tricalcium phosphate and incubated at 28°C for 2–10 days at 110 rpm. The culture was centrifuged for 20 min at 4°C and 8,000 rpm. Mixed with 100 μl of supernatant was 3.2 ml of distilled water, accompanied by 500 μl of molybdate solutions. In addition, 200 μl of stannous chloride solutions was mixed with this solution and vortexed for 5 min. Finally, the sample was incubated for 40 min at room temperature, and optical density was measured at 600 nm. The quantity of phosphate solubilization was measured by using the KH2PO4 standard curve (Olsen and Sommers, 1982).




Siderophore Production

For the qualitative assay of the siderophore production, the bacterial culture was spotted on Chrome Azurol S (CAS) agar medium plate. The spotted CAS agar plate was incubated at 28°C for 6 days (Schwyn and Neilands, 1987). After incubation, a clear orange-yellow halo zone around the spotted culture indicates a positive result for siderophore production.



HCN Production

The protocol mentioned by Kremer and Souissi (2001) was used to evaluate HCN output. For this, on a King's B agar plate supplemented with 4.4 g of glycine per liter, the bacterial isolate was streaked. After that, in the picric acid solution (0.05% solution in 2% sodium carbonate), a Whatman No. 1 filter paper was dipped and placed on the cover of the streaked plate. The streaked plate was covered by Parafilm and incubated at 28°C for 5 days. The change in the color of the lid from yellow to orange-brown shows a positive result for HCN production (Ali et al., 2020).



Ammonia Production

A qualitative assay for NH3 production was carried out by using the protocol of Cappucina and Sherman. In this method, 72 h-old bacterial culture was inoculated in 10 ml of peptone water and incubated at 28°C for 3 days. Subsequently, 1 ml of Nessler's reagent was added to each inoculated tube. The appearance of a yellow-brown color shows the positive result of ammonia production (Cappuccino and Sherman, 1992). The resulting ammonia production was quantified and measured by a spectrophotometer at 450 nm by using 0.1–10 μmol ammonium sulfate standard curve.



IAA Production

The IAA production of the rhizobial isolate was determined by the colorimetric assay described by Tang and Bonner (1948). The isolate was inoculated in YEM broth supplemented with 100 to 500 μg/ml of L-tryptophan and placed at 28°C for 2–7 days. The culture was then centrifuged at 10,000 g for 12 min. The supernatant was mixed with Salkowski reagent, and the IAA concentration was determined. The occurrence of a light pink color indicates the positive result for IAA production. The total amount of IAA was estimated by using the standard curve of known IAA concentration (10–200 μg/ml). Negative control was taken by mixing 2 ml of sterile broth with 2 ml of Salkowski reagent. This experiment was done in triplicate, and average reading was taken (Gordon and Weber, 1951).



1-Aminocyclopropane-1-Carboxylate Deaminase (ACCD) Production

To determine the ACC deaminase activity, the selected isolate was inoculated in 10 ml of YEM broth at 28°C up to their stationary growth phase. For the inducible activity of ACC deaminase, the cultured cells were centrifuged and washed with 0.1 M of Tris–HCl at pH 7.5. After this, the cells were suspended in 4 ml of DF minimal medium that was supplemented with 3 mM of ACC and incubated at 30°C at 120 rpm for 72 h.

After optimum growth, ACC deaminase activity was measured by calculating ammonia and α-ketobutyrate concentration by the breakdown of ACC through ACC deaminase (Penrose and Glick, 2003). The highly induced bacterial cells were collected by the centrifugation process at 4,000 g for 4 min. Afterward, the cells were washed with 0.1 M of Tris–HCl at pH 7.5 and again suspended in 200 μl of 0.1 M Tris–HCl at pH 8.5. For 40 s, the resulting cells were mixed with toluene, then vortexed, and incubated at a temperature of 28°C for 30 min with 5 μl of 0.3 M ACC. The negative control for this test was 50 μl of bacterial body cell suspension without ACC while the blank had 50 μl of 0.1 M Tris–HCl with 5 μl of 0.3 M ACC at pH 8.5. The resulting sample was mixed with 500 μl of 0.5 N HCl, and at 10,000 g centrifugation, cell debris was removed. A 1-ml sample supernatant was mixed with 500 μl of 0.5 N HCl and 200 μl of dinitrophenylhydrazine (2,4DNPH) solutions and incubated at 30°C for 30 min. After this process, 1 ml of 2 N NaOH was mixed with the prepared sample, and absorbance was taken at 540 nm. The resulting sample was compared with the standard curve of α-ketobutyrate ranging between 0.1 and 1.0 μmol.



Antibiotics Sensitivity Test

For this test, the standard disk diffusion method was used to determine the antibiotics sensitivity of selected rhizobial isolates (Massa et al., 2020). The rhizobial culture was grown and spread on YEMA media plates and incubated for 72 h at 28°C. Different HiMedia antibiotic disks were used: kanamycin (30 μg), nalidixic acid (30 μg), cefotaxime (30 μg), penicillin G (10 μg), and cefotaxime (30 μg). These discs were placed on the YEMA plates with their different concentrations, and the inhibition zone was deliberated in mm around the disk.



Antifungal Activity

The selected isolate MB-17a was screened for antifungal activity against Fusarium oxysporum by using PDA according to the method of Dikin et al. (2006). The fungal culture was taken from the PDA plate and placed at the center of the YEMA plate that was inoculated by the selected bacterial isolate. This antifungal activity was measured after 5 days, and the zone of inhibition was measured by the following formula: % Inhibition = Radial growth of the pathogen in control (mm)—Radial growth of the pathogen in treatment (mm)/Radial growth of the pathogen in control (mm).




Identification of PGPR Strain by 16S rRNA Gene Sequencing and Its Phylogenetic Analysis

The genomic DNA of the bacterial isolate was extracted by the phenol/chloroform CTAB method (Wilson, 2001). The extracted DNA was used to set up a PCR for the amplification of the 16S rDNA gene with specific primers using 16S forward and 16S reverse primers (Hakim et al., 2020). The amplification of a ~1,500 bp amplicon was observed. The eluted PCR product was sequenced by using an ABI 3730xl sequencer by Sanger's method. The obtained data were compared and analyzed by using BLAST on the National Center for Biotechnology Information (NCBI). The sequences obtained were submitted to the NCBI gene bank, and the isolate accession numbers were assigned. By using Clustal W software, the phylogenetic tree was constructed by the neighbor-joining method (Ji et al., 2020).



Pot Experiment

An experiment with pot culture at CCS HAU, Hisar, India, has determined the impact of Rhizobium pusense MB-17a isolate on the growth of V. radiata. This triplicate experiment was performed using a fully randomized design (RCBD). The crop was grown in 8-in. earthen pots in 5 kg of non-sterile soil taken from the fields of CCS, HAU (longitude: 75°46′E and latitude: 29°10′N). With different field capacities, i.e., 50 and 100% FC, each pot was irrigated regularly. The recommended fertilizer doses, i.e., NPK (potassium muriate, phosphate urea, and urea were added at a ratio of 10:70:27/kg/ha before sowing the crop. V. radiata seeds were surface-sterilized by dipping in 95% ethanol, then immersed for 4 min in 0.2% mercuric chloride, and washed eight times with distilled water. On the other hand, the bacterial culture was grown in YEMA broth and incubated at 30°C. By taking absorbance at 600 nm (109-1010 cells/ml), 1 ml of this overnight grown culture was applied on each V. radiata seed for 15 min followed by the sowing of seeds to a depth of 5 mm. In the control pot, seeds were treated with only the YEMA medium, not with the culture suspension. In contrast, seeds of V. radiata were also inoculated as a reference bacterial strain, i.e., Rhizobium pusense MB-703, for the comparison with Rhizobium pusense MB-17a.

All the pots were placed in sunlight and regularly irrigated according to their field capacity. Each set of experiments was harvested after 30, 45, and 60 DAS. At each interval, plant dry weight, plant fresh weight, shoot length, root length, nodule number, nodule fresh weight, and nodule dry weight were measured.



Statistical Analysis

All these pot experiments were performed in triplicate (n = 3), and the data were expressed as the mean ± SD. Values were analyzed by using one-way ANOVA, and a p < 0.05 was considered statistically significant.



In silico Analysis

R. pusense MB-17a genomic sequence was retrieved on the website of NCBI (https://www.ncbi.nlm.nih.gov/nuccore/NC_022545.1). The genome annotation analysis for PGP traits was performed by using the Rapid Annotation using Subsystem Technology (RAST), online software (Aziz et al., 2008). Besides, SEED viewer methods in the SEED website were used to conduct a practical genome analysis (Overbeek et al., 2014; Zinina et al., 2019). The data analysis and genomic annotation for the R. pusense MB-17a strain contributes to the clarification of its extraordinary taxonomic classification and its adequacy for large genome studies (Suarez et al., 2019). On the whole, the genome generally supplies information to validate, detect, and understand many of its previously assessed features that are relevant to the promotion of plant growth under various stress conditions.




RESULT AND DISCUSSION


Biochemical and Morphological Characterization

The MB-17a strain was a Gram-negative, small rod-shaped strain that produces a white milky colony with a smooth surface on the YEMA agar plate. The results for the development of indole, catalase, and nitrate reductase were shown to be positive. Citrate could also be used as a source of carbon. Other test results for H2S production, oxidase test, and Voges-Proskauer were reported to be negative by MB-17a (Table 2).


Table 2. Biochemical and morphological characterization of isolate MB-17a.
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Effect of Abiotic Stress Factors on Rhizobium pusense MB-17a

pH is an essential factor that affects the growth of microbes to a large extent. Initially, the bacterial isolate MB-17a shows little growth at pH 3, but after attaining pH from 5 to 9, it showed significant growth. It showed that growth increased with a rise in pH, accompanied by a decrease in alkaline pH (Msimbira and Smith, 2020). The effect of different pH values on the growth of Rhizobium pusense MB-17a is demonstrated in Figure 2B. Along with pH, salt concentration also affects the growth of microbial strain on a large scale. Sometimes, the symbiosis process between the rhizobial and its host plant enables it to tolerate the salt concentration to a large extent (Abdiev et al., 2019). In the present study, it is observed that MB-17a showed optimum growth up to 100 mM salt concentration, but after a high salt concentration, i.e., from 200 to 400 mM, its growth decreases with an increase in salt concentration (Figure 2A). Like salt and pH, temperature is the most significant factor that influences the growth of microorganisms. It was reported initially that the rhizobial strain shows optimum growth at temperatures of 28 to 33°C. After this range, their activity becomes low and shows no growth (Alexandre and Oliveira, 2013). In this study, R. pusense MB-17a has also shown the most favorable growth at 28 and 33°C, but after this range, the growth of the strain decreases with a high rate, and at the last range, it showed no growth at 53°C, as shown in Figure 1A. Another abiotic factor, i.e., PEG concentration, also affects the growth of the microbial strain (Kour et al., 2020). Optimum growth was observed up to 10% PEG concentration, but after this range, the growth of MB-17a declined to a large extent (Figure 1B). This shows that MB-17a can adapt up to a limited range of stress and can enhance the growth of the host plant.


[image: Figure 2]
FIGURE 2. Effect of abiotic factors (A) salt and (B) pH on the growth of Rhizobium pusense MB-17a.




IAA and ACCD Production

The screening of PGP traits of MB-17a is shown in Table 3. The significant attribute of this isolate is the production of indolic phytohormonal compounds. These phytohormones encourage the root length and root growth on a large scale, which helps the host plant take more nutrients from the soil (de Souza et al., 2013). This bacterial strain exhibited better IAA-producing capability and produced IAA of 15.5 μg/ml. It is observed that IAA production was more increased in the presence of tryptophan and showed various levels in the different concentrations of tryptophan. This isolate showed a high quantity of IAA production with an increase in tryptophan concentration up to 450 μg/ml (Figure 3). The maximum IAA production by this isolate is 110.5 μg/ml (Table 3). In various studies, it is reported that several rhizobial species enhance IAA and auxin production in response to L-tryptophan during salinity and stress conditions (Iqbal et al., 2016). Lebrazi et al. (2020) reported a production of 116 and 105 μg/ml IAA by Rhizobium species.


Table 3. Assessment of PGP traits of strain MB-17a.
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FIGURE 3. Effect of time and different tryptophan concentrations on IAA production.


On the other hand, the ACC deaminase enzyme activity was determined by quantifying the α-ketobutyrate amount during the breakdown of ACC by the ACC deaminase enzyme (Figure 4A). It is observed that during this test, the MB-17a isolate uses ACC as a nitrogen source by synthesizing ACC deaminase enzyme, which results in 18 μM/mg protein/h alpha-ketobutyrate production (Table 3).


[image: Figure 4]
FIGURE 4. Quantification evaluation of (A) ACC deaminase activity, (B) ammonia production, and (C) phosphate solubilization.




Ammonia Production and Phosphate Production

The other significant PGP trait of this isolate is ammonia production. By this trait, the selected isolate reported ammonia production by utilizing peptone as a substrate which is used by the host plant. Sometimes, large ammonia production also generates alkaline conditions in the soil, which checks the growth of various pathogenic fungi (Karthika et al., 2020). The study shows that 81 μg/ml of ammonia was produced by the MB-17a isolate (Figure 4B).

The selected isolate showed a significant zone of phosphate solubilization on the Pikovskaya agar medium plate containing Ca3 (PO4)2. A clear zone appeared around the colony after 6 days of incubation. The PSI of this isolate was 2.67, and in quantitative measurement, it showed a significant phosphate solubilization value of 53 μg/ml (Figure 4C).



Determination of Antibiotics Sensitivity Test and Antifungal Activity

The selected isolate showed resistance against kanamycin, nalidixic acid, cefotaxime, penicillin G, and cefotaxime antibiotics. It was observed that it showed 2.4, 3.1, 4.1, 3.5, and 4.2 mm zones of inhibition against kanamycin, nalidixic acid, cefotaxime, penicillin G, and cefotaxime, respectively. Hence, it showed that this isolate possessed good resistance against different types of antibiotics.

The selected isolate showed a significant positive result for the antifungal activity. It showed a zone of inhibition of 18 mm against the test pathogen. It is observed that this isolate produces enzymes like cellulases, chitinases, proteases, and glucanases that help in the cell wall degradation of fungi in the culture plate. Yang et al. (2019) reported that along with rhizobia, many other PGPR isolates exhibit this antifungal activity against fungus-like Phytophthora parasitica, Phytophthora capsici and F. oxysporum.



Determination of HCN and Siderophore Production

The HCN-producing ability of this isolate was confirmed on a King's B agar medium plate. It showed an orange-brown color on the lid of the plate that shows a positive result for HCN production. It is reported that HCN plays a significant role in checking the growth of pathogenic fungi in soil. On the other hand, the siderophore-producing ability of this isolate was confirmed by a CAS agar plate assay. This isolate produced a significant orange halo zone around the inoculated isolate on the CAS agar plate media (Table 3).



16S rRNA Sequencing and Its Phylogenetic Analysis

The strain MB-17a was identified on the basis of the 16 rRNA sequences with gene bank accession number MW021471, which belonged to R. pusense. There was 100% sequence similarity with R. pusense strain YIC4260, Rhizobium species IRBG74, Rhizobium species JNVUTL9, Rhizobium species R55, Rhizobium species HGR13, Rhizobium species CO51, Rhizobium species Ho-1, Rhizobium species LM-5. Furthermore, it has 99% sequence similarity with Rhizobium species DG22. The phylogenetic tree of Rhizobium pusense MB-17a with its closest neighbor strain is constructed (Figure 5).


[image: Figure 5]
FIGURE 5. Phylogenetic tree of Rhizobium pusense MB-17a with their closest neighbor.




Assessment of PGP Traits in Response to Plant Growth Promotion

The potential of the Rhizobium pusense MB-17a for plant growth was determined by using as bio-inoculant for the V. radiata crop by performing a pot experiment. A reference strain MB-703 was taken for comparison purposes with the test inoculant. The obtained data revealed that Rhizobium pusense MB-17a showed stimulatory effects on plant weight, plant height, nodule number, nodule weight, shoot length, and root length. There was a substantial increase in the plant's fresh weight by 76.1% and dry weight by 76.5% at the 60th day after inoculation (Table 4). Also, there is a significant increase in the nodule number by 66.1% and nodule fresh weight by 162% at the 45th day after inoculation with 100% field capacity after the inoculation of R. pusense MB-17a (Table 6). Furthermore, it also showed a positive impact on shoot length and root length with 52.8% and 64.3% enhancement after 60th DAS (Table 5). The changes in each parameter are shown in Tables 4–6 at regular intervals, i.e., after 30, 45, and 60 DAS. Hence, the Rhizobium pusense MB-17a was found to be more effective and beneficial for plant growth promotion. These stimulatory results of Rhizobium pusense MB-17a are responsible for its diazotrophic nature, and therefore, it can be considered a PGPR strain for plant growth promotion. A similar type of results and increase in biomass has been studied by many researchers by taking into account the many endophytic rhizobia-like families such Phyllobacteriaceae, Rhizobiaceae, and Bradyrhizobiaceae (Lugtenberg and Kamilova, 2009; Bhattacharyya and Jha, 2012). They show a unique association potential with the root nodules of leguminous plants. Mehboob et al. (2012) also studied the potential of rhizobia with some non-leguminous plants.


Table 4. Effect of Rhizobium pusense MB-17a on plant fresh weight and dry weight on Vigna radiata growth at the 30th, 45th, and 60th DAS.
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Table 5. Effect of Rhizobium pusense MB-17a on shoot and root length on Vigna radiata growth at the 30th, 45th, and 60th DAS.
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Table 6. Effect of Rhizobium pusense MB-17a on nodule number and nodule dry and fresh weight on Vigna radiata growth at the 30th and 45th DAS.

[image: Table 6]



In silico Analysis

Genomic annotation of the R. pusense MB-17a strain was performed to know the PGP traits and genes responsible for various stress tolerance factors. In general, the annotated genome usually gives information to validate, identify, and recognize many of the species' previously assessed properties that are significant to the promotion of plant growth under various stress conditions. It is observed that this species has many other genes that carry out different particular functions like sulfur, protein, and RNA metabolism; capsule and cell wall formation; potassium and nitrogen metabolism; iron acquisition; defense, disease, and virulence mechanisms; membrane transport; stress response; metabolism of aromatic compounds; cell signaling regulation; regulation of pigments; and vitamins and prosthetic group formation (Figure 6). However, this study is focused on the genes that are responsible for iron acquisition and its metabolism, nitrogen metabolism, membrane transport, stress response, defense and virulence mechanisms, and cell signaling that marked its potential for PGPR traits (Table 7). In this study, the genome of R. pusense MB-17a contains seven genes that are responsible for iron acquisition and its metabolism. These genes encode for the production of the siderophore that helps in iron uptake. Moreover, traits like siderophore and ammonia production were also confirmed by PGP characteristics and were found to help in aerobactin biosynthesis and ammonia assimilation. Aerobactin biosynthesis genes, viz., iucABCD, are either chromosome or plasmid borne and cloned from the plasmid pColV-K30 (de Lorenzo et al., 1986). The strain has 21 genes for membrane transport, with different types of transporters, viz., uni-sym and antiporters, trap transporters, and ABC transporter system, that help in the movement of different types of solutes within the host plant. Apart from this, it also possesses three genes for nitrogen metabolism that help in the assimilation of [image: image] during the symbiosis process. Furthermore, the genome of R. pusense MB-17a also contains 22 stress responding genes, out of which 10 genes are responsible for the oxidative and 10 for osmotic stress response along with two genes for the detoxification process. The genes responsible for osmotic stresses participate in choline and betaine biosynthesis. These stress response genes like rpoH, otsAB, and clpB enhance the symbiosis process during adverse conditions. Also, glutathione biosynthesis and the gamma-glutamyl cycle are responsible for osmotic tolerance. Along with stress response, eight genes code for the defensive mechanism against various pathogens. Consequently, these genes encode the various mechanisms under stressful conditions.


[image: Figure 6]
FIGURE 6. Genomic annotation of Rhizobium pusense MB-17a.



Table 7. Depiction of different genes encoding for PGP traits and their roles.
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In some previous studies, it is reported that genes cysA, cysP, and cysW help in the transportation process of thiosulfate and sulfate in Pseudomonas species that act as PGPR. Also, the otsA/otsB pathway has also been studied under stressful conditions like low temperature, high salinity, and osmotic stress (Duan et al., 2013). Moreover, copA, copB, and copC genes code for copper resistivity by the various strains of PGPR (Voloudakis et al., 2005). Also, betB, betA, and betT act as betaine aldehyde dehydrogenase, choline dehydrogenase, and choline transporter, respectively, which validates the role of Sphingomonas species LK11 in PGP traits and also in stress resistance mechanism due to the presence of Na+/H+ antiporters (nha) (Halo et al., 2015).




CONCLUSION

This study presented the multiple PGP traits of R. pusense MB-17a that improve and enhance the growth and development of V. radiata under different field capacities. A substantial increase in the plant's fresh weight, plant dry weight, nodule number, and nodule fresh weight was confirmed by a pot experiment at the 60th day after the inoculation of R. pusense MB-17a. Besides, the genomic annotation of this strain reveals the genes involved in nitrogen metabolism, sulfur metabolism, defense mechanism, iron acquisition and metabolism, and membrane transport. A total of 22 stress responding genes are responsible for the oxidative and osmotic stress response along with the detoxification process, and seven genes are responsible for iron acquisition and its metabolism. Furthermore, it has 21 genes for membrane transport with different types of transporters, viz., uni-sym and antiporters, trap transporters, and ABC transporter system, that help in the movement of different types of solutes within the host plant. Overall, the annotated genome gives information to confirm, identify, and recognize many of the strain's previously assessed properties that are relevant and significant to the promotion of plant growth under various stress conditions. The exploitation of this resourceful PGPR may be an imperative eco-friendly substitute in improving PGP traits, crop growth, and also for phytoremediation under intense environmental conditions.
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