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In the present investigation, the main aim is to identify and characterize the potential drought tolerant plant growth promoting consortium for agricultural productivity. Three bacterial isolates were isolated from hot spring of Chumathang area of Leh district. Bacillus species (BHUJP-H1, BHUJP-H2, and BHUJP-H3) were done some biochemical tests including catalase, cellulase, amylase, indole-3-acetic acid, phosphate solubilisation, production of ammonia, siderophore, and hydrogen cyanide. Molecular characterization of isolates was done by 16S rDNA sequencing, e.g., Bacillus subtilis BHUJP-H1 (KU312403), Bacillus sp. BHUJP-H2 (KU312404) and B. licheniformis BHUJP-H3 (KU312405). The genetic diversity of the isolates was assessed by seven inter simple sequence repeat, all primer shows high polymorphism. The highest polymorphism efficiency and polymorphism information content showed by UBC-809 and UBC-836 which were 100% and 0.44 respectively, the lowest is by UBC-807 75% and 0.28 respectively. On an average 90.69% polymorphism efficiency and 0.40 polymorphism information contents obtained by used markers. The highest, 11.08 and the lowest, 4.50 effective multiplex ratios obtained for primer UBC-823 and UBC-807, on an average 7.99 effective multiplex ratio obtained. The highest, 4.89 and the lowest, 1.25 marker indexes obtained by UBC-836 and UBC-807 respectively and on an average 3.24 obtained. The UPGMA cluster analysis divided a population into two clusters I and II, in which BHUJP-H1 and BHUJP-H2 grouped under same while BHUJP-H3 grouped under another cluster. The treatment combination of Bacillus subtilis BHUJP-H1, B. subtilis BHUJP-H1+ B. licheniformis BHUJP-H3 and B. subtilis BHUJP-H1+ Bacillus sp. BHUJP-H2+ B. licheniformis BHUJP-H3 were recorded better combination for enhancing plant growth attributes of Vigna radiata as compared to control and others. The plant growth promoting consortium, e.g., Bacillus subtilis BHUJP-H1, Bacillus subtilis BHUJP-H1+ B. licheniformis BHUJP-H3 and B. subtilis BHUJP-H1+ Bacillus sp. BHUJP-H2+ B. licheniformis BHUJP-H3 can be further used as effective microbial inoculant for enhancing the production of mungbean in field conditions. Bacillus sp. BHUJP-H1 and Bacillus sp. BHUJP-H2 may use as drought tolerant plant growth promoting consortium for enhancing the sustainable agricultural productivity.
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INTRODUCTION

Chumathang area of Ladakh region of Indian subcontinent forms a part of the tectonically active belt having many hot springs (Siangbood and Ramanujam, 2011). In general, hot springs are of utmost importance because of the unique characteristic thermophilic biocatalysts produce by thermophilic microorganisms thriving under the extreme temperature condition. Thermostable enzymes such as protease, lipase, amylase, cellulase, phosphatase, asperginase, esters, and carboxylase from thermophiles are gaining more attention due to the medical, industrial and agriculture benefits. Lele and Deshmukh (2016) and Mohammad et al. (2017) reported that the various Bacillus spp. has been isolated from hot springs which has ability to produce thermostable enzymes. Therefore, the hot springs are recently gained more interest toward the production and enhancement of enzymes, sugars, compatible solutes and antibiotics (Satyanarayana et al., 2005). However, biodiversity of such extreme environments, the microbes have received several attentions because of their diverse and unique ecology, chemistry and the opportunity to identify a novel molecule (Kuddus and Ramtekke, 2012). Although, the possibility of the presence of new microbes with high economic and industrial values, there are limited reports available on the microbial diversity of hot springs from India (Panda et al., 2015). As the culture dependent studies are valuable for isolating microorganisms and exploring their properties, the culture independent methods offer a more comprehensive assessment of microbial diversity (Tringe and Hugenholtz, 2008). Bacillus licheniformis was isolated and molecularly characterized by Saharan and Verma (2014) which show the ability of multiple plant growth promoting characteristics such as ammonia production, indole acetic acid production, phosphate solubilization, catalase production, heavy metal tolerance and ACC deaminase activity. isolate is a potential PGPR candidate for enhancing sustainable agriculture. Gutiérrez-Manero et al. (2001) reported that the B. pumilus and B. licheniformis have been documented to produce gibberellins. Other scientist reported that B. licheniformis, B. cereus, B. circulans, B. subtilis, and B. thuringiensis found as potential biocontrol agents having chitinolytic activities (Sadfi et al., 2001). The strains Bacillus licheniformis SB3086 secreted the Novozymes by their spores which play an important role as phosphate solubilizer strain and it is also effective against Dollar spot disease of plants (Saharan and Verma, 2014). Other scientist Kayasth et al. (2013) reported that the Bacillus licheniformis identified and explored as the potential PGPR strain to be developed as multifunctional biofertilizer for multiple crop production.

Thermophilic microorganisms have been recognized for its abundant significance in the industry owing their capability to function at the extreme environmental condition. The microbial diversity in various hot springs from United States, Russia, Iceland, Algeria, New Zealand, and India have recently been investigated and identified by using 16S rRNA sequence from culture-independent or culture-dependent methods (Claus and Fritz, 1989; Reysenbach et al., 1994, 2000; Huber et al., 1998; Ghosh et al., 2003; Van den Burg, 2003; Nazina et al., 2004; Schaffer et al., 2004; Belkova et al., 2007; Kecha et al., 2007; Ghati et al., 2013). Hot spring metagenomics suggests that the dominant phylum and the dominant taxa within each phylum in distinct hot spring which depends on temperature, pH, and geochemistry of waters. The need of more depth analysis requires understanding the total bacterial diversity of hot springs. In a recent study, the Bacillus strains have been isolated and tested by biochemical and molecular levels. These strains were recovered from the wide range of extreme environments of Atri and Taptapani hot springs of Odisha (Cihan et al., 2012). In India, the hot spring of Bakreshwar, Balarampur, Chumathang, Panamic, Manikaran, and Vashisht have been characterized as rare places which can be potential sources of novel genes and microorganisms with a unique characteristic (Sharma et al., 2009; Kumar et al., 2013).

ISSR-PCR tools and techniques is very good and effective for genetic diversity analysis. ISSR (inter simple sequence repeat) is a quick and cheap molecular marker techniques for multiple application regarding the categorization of genetic similarity among populations and species (Baysal et al., 2011). The complementary sequences between two neighboring microsatellite is applied as PCR primers; the variable region among them converts amplified. The choice of ISSR was depended on their comparative practical easiness, level of polymorphisms, cheaper technology, simply relevant for prokaryote and eukaryote for amplifying which sequences that are more copious during evolution (Kumar et al., 2013).

There are recent advancement of tools and technologies, the extremophilic microorganisms identified as a potential sources of novel pigments (as food additives), enzymes like cellulases which can be valuable in agriculture as inoculants (plant growth-promoting bacteria) or bio control agents in extreme habitats (Khan and Patel, 2007; Srinivas et al., 2009). Another importance of extremophilic strains application can be used as the enhancement of soil productivity and fertility where the soil pH is extreme, it may be more saline or acidic. In this circumstances, extremophiles microbial consortium will be better and novel aspect for sustainable agricultural production. Therefore, the stress resistant microbial diversity of Bacillaceae and Paenibacillaceae can be identified and characterized in these extreme environments. In acidic soils, the availability of essential nutrients like, phosphorus, calcium, magnesium, and molybdenum are affected. Some studies are reported on the dissemination and multiplicity of bacteria in acidic soils (Perez et al., 2007; Yadav et al., 2011; Verma et al., 2013). The arid deserts have different types of microbial communities that can persist extreme environment including hot temperature and low moisture. Such environments encompass typically poor soils quality with low organic content and limited amounts of bioavailable inorganic nutrients. The microbiota of desert ecosystems is not only responsible for enhancing the productivity, biogeochemical cycling of elements and ecosystem balance, but also for soil neogenesis and improvement of soil structure. The balance of soil carbon storage is depended upon microbial activities in response to the climate change which will partially control and loss under future temperature and precipitation conditions. The aim of present study is to isolate and characterize bacterial species to develop plant growth promoting consortium for enhancing sustainable agriculture.

MATERIALS AND METHODS

Isolation of Microorganisms

The soil and water samples were collected from hot spring of Chumathang of Leh district, Ladakh region of Jammu and Kashmir, India. Isolation of microorganisms was done by serial dilution and plating methods. We took 1 g of moist soil in a test tube that contains 9 ml of sterile saline water (0.85% NaCl) and mixed properly then serially diluted up to 10–7. Total 100 μl aliquots of each dilution were transferred and spread aseptically on different agar plates such as Nutrient agar, Kenknight and Munaiers agar, Potato Dextrose Agar, Tryptone Soya agar, Pikovskaya agar, and King’s B Base. The plates were incubated for 2–5 days at 45°C. After incubation, the different microbial colonies were found on plates. We counted and calculated the total numbers of colonies forming unit (CFU). Subsequently, the different types of colonies were picked up and streaked on respective plates for further purifying a single and pure colony. The presumptive isolates of phosphate solubilizers were screened and selected on the basis of halo zone produced in Pikovskaya agar. All microbial isolate was sub-cultured on their respective medium by the streaking method to get pure colonies and stored on slant media at 4°C and also glycerol stock in -80°C for further use. We have isolated three microbes which showed more effective and fast growth on high temperatures like 45, 50, and 60°C.

Morphological and Biochemical Properties of Microbes

Microorganisms were characterized according to morphological characteristics such as bacterial isolates colony margin, shape and color (Kloepper et al., 1992; Gilbert and Jack, 1993) and biochemical assays including, Gram staining, amylase, catalase and cellulase test (Cappuccino and Sherman, 1992; Aneja, 2003) (Tables 1, 2).

TABLE 1. Morphological characters of isolated bacterial strains from hot spring.
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TABLE 2. Biochemical characterization of isolated bacterial strains.
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Plant Growth Promoting Properties of Thermophilic Bacillus Strains

Plant growth promoting properties such as Indole-3-acetic acid (IAA) was estimated in unit μg/ml of broth culture and performed by methods of Bric et al. (1991) (Table 3). The phosphate solubilization activity was estimated in unit μg/ml of broth culture and performed on Pikovskaya agar medium containing tricalcium phosphate (Pikovskaya, 1948) followed by Ammonium bicarborate diethylene triamine penta acetic acid (AB-DTPA) method (Soltanpour and Workman, 1981) and soluble phosphorus was determined by Ascorbic acid method (Watanabe and Olsen, 1965) (Table 4). HCN production test was done by adapting the method of Lorck (1948). Additionally, the ammonia production was evaluated by the methods of Cappuccino and Sherman (1992).

TABLE 3. Estimation of IAA production in thermophilic Bacillus strains in broth cultures at different concentration of tryptophan concentrations.
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TABLE 4. PGPR activities of isolated thermophilic Bacillus species.
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Effect of Organophosphate Insecticide on Growth of Bacillus Strains and Their Interaction

Disk diffusion method was used for growth of microbes with insecticide. Tolerance levels of microbial strains with different concentration of insecticide were determined using the filter paper disk technique. These techniques also used for test of antibiotics resistance of microbes (Bauer et al., 1966) and later used to test the effect of insecticide on microbial growth (Mallik and Tesfai, 1983; Martensson, 1992). Monocrotophos insecticide commercial name Monocrown 36% SL was obtained from the market. The recommended dose of Monocrotophos is 0.8 mL/L (0.8 μL/mL) of water. The recommended dose of Monocrotophos was diluted to 1X (0.8 μL/mL), 2X (1.6 μL/mL) and 10X (80 μL/mL) using the same solvent (water). Others, chlorpyrifos insecticide commercial name Messban 20% EC was obtained from the market. The recommended dose of chlorpyrifos is 2 mL/L of water. The recommended dose of chlorpyrifos was diluted to 1X (2 μL/mL), 2X (4 μL/mL), 3X (6 μL/mL), and 10X (20 μL/mL) using the same solvent (water). Sterile filter paper disk was used for insecticide test. Sterile filter paper disk was used for insecticide test. The sterilized disks were dipped in different concentration of insecticides and put on respective microbial inoculated plate of nutrient agar under laminar air flow. Control disk was dipped with sterile distilled water and put on respective media with inoculated strains. Insecticide disks were put on the nutrient agar plate which is uniformly spread with a pure culture of different microbial strains. The plates were then incubated at 30°C for 48 h. Thus, each plate contained four disks of different concentrations of monocrotophos insecticide (Control, 1X, 2X, and 10X) were prepared for the experiment. While, four disks of Control, 1X, 2X, 3X, and 10X concentrations of chlorpyrifos was prepared for the experiment. After 48 h plates were observed for the zone of inhibition around the disks (Table 5).

TABLE 5. Inhibition zone of monocrotophos (monocrown 36% SL) and chlorpyrifos (Messban 20% EC) on growth of microbes6.
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Molecular Identification of Isolated Microbial Strains

Genomic DNA Extraction From Microorganisms

The single colony was grown in nutrient broth at 28 ± 2°C in shaker incubator with 120 rpm for overnight. Genomic DNA extraction was isolated by using methods described by Sambrook and Russel (2001). Genomic DNA was checked on a 0.8% (w/v) agarose gel electrophoresis containing ethidium bromide and it was run with 100 V for 45 min in 1X TAE buffer (0.04 M Tris acetate, 0.001 M EDTA) along with EcoR1/Hind III double digest Lamda DNA marker (Banglore Genei, Pvt., Ltd., Bangalore, India).

Amplification of 16S rDNA by Polymerase Chain Reaction (PCR)

In this study, we used (Tamura et al., 2007) universal primer for amplification of 16S rDNA gene in all bacterial species. This primer was custom synthesized by Bangalore Genei Pvt. Ltd., Bangalore, India. The 50 μl of reaction mixture consisted of 50 ng of genomic DNA, 2.5 units of Taq polymerase, 5 μl of 10 X buffer (100 mM Tris-HCl, 500 mM KCl pH-8.3), 200 μM dNTP, 1.5 mM MgCl2 and 10 pmoles of each primer. The forward primer 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and reverse primer 1492R (5′-TACGGTTAC CTTGTT ACGACTT-3′) (Miller et al., 2013) were used. Amplification was performed under the following thermal (PCR System 2720, Applied Biosystems, Singapore) conditions: initial denaturation at 94°C for 5 min, followed by 34 cycles of denaturation at 94°C for 1 min, annealing at 52°C for 1.5 min, extension at 72°C for 2 min and a final extension at 72°C for 7 min. Amplified PCR products (5 μl) were resolved on a 1.5% (w/v) agarose gel at 100 V for 45 min in 1X TAE buffer containing ethidium bromide (EtBr) along with 500 bp DNA ladder (Bangalore Genei Pvt., Ltd. Bangalore, India). We obtained the expected size of PCR product (1500 bp). It was purified using PCR purification kit (Invitrogen, PureLinkTM PCR purification kit, United States) for the sequencing of 16S rDNA.

In order to establish the genetic relationship, we used 16S rDNA gene sequence of isolated species along with reference strains retrieved from ribosomal database project. Multiple sequence alignment was done by Clustal W and MEGA 4.0 software for construction of phylogenetic tree with 500 bootstrap replication. The evolutionary distances were computed using the Maximum Composite Likelihood method (Nei et al., 1985).

Assessment of Genetic Diversity Using ISSR

Genetic diversity of the bacterial species was assessed by ISSR markers. A total 7 ISSR marker selected as it’s frequently being used in the laboratory, producing reproducible and polymorphic bands (UBC-807, UBC-808, UBC-809, UBC-811, UBC-823, UBC-824, and UBC-836) primers were used for genetic diversity assessment (Table 6). For ISSR PCR was performed in a volume of 15 μl reaction mixture containing 1 μl template DNA (80 ng), 1.5 μl 10 × PCR buffer, 0.35 μl of dNTPs (25 mM), 0.3 μl MgCl2 (1.5 mM), 1.2 μl random primer (10 pM), 0.25 μl Taq polymerase (3 units) and 10.4 μl, sterile distilled water. The reaction was carried out in a DNA Engine Dyad ALD1234 (Biorad, United States). The PCR programmed for an initial denaturation for 4 min at 94°C, then 38 cycles of 1 min denaturation at 94°C, 1 min annealing at 55°C, and 1 min extension at 72°C with a final extension at 72°C for 10 min. The PCR amplification with each ISSR primer was repeated twice to verify the reproducibility of the results. The amplified ISSR amplicons were analyzed by electrophoresis in 2.5% agarose gel using Tris–Acetic acid–Ethylene diamine tetraacetic acid buffer. The number of amplified amplicons was recorded using a gel documentation system (AlphaImager 3400).

TABLE 6. Detail of ISSR primers and their amplification profile used in genetic diversity assessment.
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ISSR Data Analysis and Scoring

The amplified bands of ISSR on gels were scored as one (1) for present and zero (0) for absent. Evaluation of fragment patterns was carried out by the similarity index (SI). The similarity matrix data was calculated by Jaccard index using NTSYSpc Version 2.11X software. The polymorphism information content (PIC) were calculated by the using formula (Roldàn-Ruiz et al., 2000); PICi = 2fi (1 – fi), for each locus. Where PICi is the polymorphic information content of the locus i, fi is the frequency of the amplified fragments and 1 - fi is the frequency of non-amplified fragments. The effective multiplex ratio (EMR) is calculated by multiplying the proportion of polymorphic loci per their total number with total number of polymorphic loci (per primer) with the following formula as described by Powell et al. (1996) and Nagaraju et al. (2001) EMR = np(np/n) Where np is the number of polymorphic loci, and n is total number of loci. Marker index (MI) is a statistical parameter utilized for estimation of the total utility of the maker system. MI is the product of the PIC value (or expected heterozygosity, HE) and EMR (Powell et al., 1996; Nagaraju et al., 2001) MI = PIC ∗ EMR. The similarity matrix data was subjected to unweighed pair group method for arithmetic average (UPGMA) cluster analysis to generate a dendrogram using average linkage procedure.

Effect of Different Treatment Combinations of Bacillus Strains on Plant Growth Attributes of Vigna radiata Under Plant Growth Chamber

Healthy seeds of Vigna radiata was selected and sterilized with 0.02% Mercuric chlorite. The sterilized seed was put on wetted cotton with sterilizing distilled water containing Petri dish for 24 h. The germination percentage of seeds was observed 98% after 24 h. We have filled 150 g sterilized garden soil in sterilized thermocol glass. The bacterial strains were grown in nutrient broth media. After seed sterilization, 10 seeds were inoculated [108 colony farming unit (CFU) per seed] as per treatment combinations (Table 7). Ten inoculated seeds were showed in respective treatment combination of cups. The experiment was designed with 8 treatments and 3 replications. The experiment setup was put in plant growth chambers. After complete germination in each treatment, only five plants were left for further analysis. After 10 days, plants were uprooted and took length (cm/plant) and fresh weight (g/plant) of shoot and root of Vigna radiata.

TABLE 7. Treatment combination of bacterial strains.

[image: image]

Statistical Analysis

The experimental setup was prepared with nineteen treatments and three replications. The results were expressed as the mean ± SE of different independent replicates. Analysis of variance (ANOVA) followed by Duncan post hoc multiple comparison tests was done using SPSS software (version 16.0). The values of P ≤ 0.05 were considered as statistically significant.

RESULT

Morphological and Biochemical Characteristics of Thermophilic Bacillus Species

Three bacterial strains such as BHUJP-H1, BHUJP-H2, and BHUJP-H3 were isolated, analyzing the cultivable aerobic bacteria from hot spring and checked their morphological, biochemical properties and growth pattern on different temperature range from 30 to 60°C. The cell morphologies of B. subtilis species BHUJP-H1 show gram positive character, rod and circular shape, Bacillus sp. BHUJP-H2 reflect gram positive characteristic having circular rod and spindle form and B. licheniformis BHUJP-H3 show gram positive character having rod and filamentous form were observed (Verma et al., 2010). In the present study, the colonies morphology of strains BHUJP-H1 (flat elevation, curled margin, and creamy white color), BHUJP-H2 (flat elevation, undulate margin and whitish color) and BHUJP-H3 (flat elevation, curled margin and whitish color) were observed (Table 1). The amylase production was recorded in isolated bacterial strains BHUJP-H1 and BHUJP-H3 but not in BHUJP-H2. The biochemical characteristic such as catalase and cellulase production was observed in all three isolated Bacillus species. Out of which, BHUJP-H1 and BHUJP-H2 showed more cellulase production as compared to BHUJP-H3. These Bacillus strains were found good growth on nutrient agar media at 30, 40, 50, and 60°C. B. subtilis strain BHUJP-H1, Bacillus sp. species BHUJP-H2, and B. licheniformis strain BHUJP-H3 have the ability to grow in the broader temperature range from 30 to 60°C. The BHUJP-H1 was found to more growth at an extreme high temperature of 60°C as compared to BHUJP-H2 and BHUJP-H3 (Table 2). The B. subtilis BHUJP-H1 was showed faster growth rate at 60°C as compared to 30, 40, and 50°C. The variation in growth vs. temperature expressed that this bacterium can survive in adverse environmental condition.

Plant Growth Promoting Properties of Thermophilic Bacillus Species

In order to estimate, indole-3-acetic acid (IAA) production was found in three thermophilic Bacillus strains at 150 and 300 μg/ml concentration of tryptophan, where the tryptophan is used as a precursor of IAA synthesis. The bacterial strains Bacillus sp. BHUJP-H2 and B. licheniformis BHUJP-H3 showed a significant IAA production as compared to B. subtilis BHUJP-H1 at concentrations (150 and 300 μg/ml) of tryptophan in broth medium after 24, 48, and 72 h incubation. IAA syntheses by bacterial strains have recorded a range from 14.65 to 34.76 μg/ml in broth medium. At the tryptophan concentration of 150 μg/ml, the IAA production was estimated significant increase in Bacillus sp. (25.41, 26.36, and 24.06 μg/ml) and B. licheniformis (20.93, 24.34, and 31.79 μg/ml) as compared to B. subtilis (14.65, 17.12, and 18.35 μg/ml) during incubation period of 24, 48, and 72 h, respectively. Similarly, it was also observed at 300 μg/ml concentration of tryptophan, bacterial strains B. licheniformis (24.55, 32.52, and 34.76 μg/ml) Bacillus sp. (25.74, 22.94, and 22.27 μg/ml) showed significant IAA production as compared to B. subtilis (21.36, 19.08, and 24.85 μg/ml) after incubation period of 24, 48, and 72 h, respectively (Table 3). The main entity has observed that the Bacillus sp. and B. licheniformis were found more significant IAA synthesis than B. subtilis.

The thermophilic B. licheniformis BHUJP-H3 was showed the more significant increase (33.01 μg/ml) phosphate solubilisation as compared to Bacillus sp. BHUJP-H2 (12.76 μg/ml) and B. subtilis BHUJP-H1 (12.09 μg/ml) at 3 days’ incubation in Pikovaskaya broth media at 45°C. Whereas, Bacillus sp. BHUJP-H2 (63.14 μg/ml) was obtained higher phosphate solubilisation followed by B. licheniformis BHUJP-H3 (42.14 μg/ml) as compared to B. subtilis BHUJP-H1 (22.48 μg/ml) at 6 days’ incubation period. Bacillus sp. and B. licheniformis BHUJP-H3 were found to be more phosphate solubilising strain than BHUJP-H1 at 3 and 6 days’ incubation, respectively (Table 4). Ammonia, hydrogen cyanide (HCN) and siderophore production were observed in isolated thermophilic species of B. subtilis and Bacillus sp. while B. licheniformis was unable to produce HCN and siderophore. B. subtilis was showed more HCN production as compared to others (Table 4).

Insecticide Tolerance of Monocrotophos and Chlorpyrifos Ability of Bacillus Strains

The monocrotophos and chlorpyrifos insecticide is the commercial available group of organophosphate insecticide which is widely used in agriculture. We have tested the effect of this insecticide on microbial growth on nutrient agar media by the methods of disk diffusion. The growth inhibition test was performed by using four concentrations of insecticide 1x, 2x, 3x, and 10x. The bacterial strains BHUJP-H1, BHUJP-H2 and BHUJP-H3 were showed no inhibition zone against monocrotophos that means these strains were more tolerant (Table 5). While chlorpyrifos, the bacterial strains BHUJP-H1 and BHUJP-H2 showed the zone of inhibition at 1x, 2x, and 3x concentration that means these strains are susceptible. The strain BHUJP-H3 was found tolerance at all concentration of insecticides (Table 5), that means strains BHUJP-H3 is tolerant.

The Molecular Characterization of Thermophilic Bacillus

The Genomic DNA of all species was resolved on 0.8% agarose gel. The 16S rDNA was amplified by PCR using 16S universal primers 27F forward and 1492R reverse primer. Amplified 16S rDNA gene was resolved on the agaroge gel and their size was found to be 1500 bp. It was sequenced by automated sequencer from Centre of Human Genetic Disorder, Institute of Science, BHU, Varanasi, India. The 16S rDNA analysis followed by BLAST search exhibited close to 16S rDNA database similarity. A comparison with the 16S rDNA sequences available in the GenBank database indicated that the strain BHUJP-H1, showed 98% similarity with B. subtilis strain M65 (Accession No. KC315772). The strain BHUJP-H2 showed 93% similarity with Bacillus sp. COA-2P (Accession no. KM575935) and also strain BHUJP-H2 showed 99% similarity with B. licheniformis strain RA32UN (Accession No. KJ867517). According to similarity index of the partial gene sequence, the microbial strains BHUJP-H1, BHUJP-H2 and BHUJP-H3 were confirmed microbial strains as Bacillus genus. The sequences of the strains BHUJP-H1, BHUJP-H2 and BHUJP-H3 were deposited in NCBI GenBank database with different accession number KU312403, KU312404, and KU312405, respectively. The 16S rDNA has confirmed the identification of hot spring bacteria such as B. subtilis strain BHUJP-H1 (Accession No. KU312403), Bacillus sp. strain BHUJP-H2 (Accession No. KU312404) and B. licheniformis strain BHUJP-H3 (Accession No. KU312405). The phylogenetic tree between 9 taxa were generated using the UPGMA method (Figure 1). The thermophilic bacterial strains Bacillus sp. BHUJP-H2 and B. subtilis BHUJP-H1 is more closely related taxa as compared B. licheniformis BHUJP-H3. BHUJP-H3 showed similarity with known taxa of HT-W34-B1 and RA32UN.
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FIGURE 1. The phylogenetic tree between 9 taxa were generated using the UPGMA method. The thermophilic bacterial strains Bacillus sp. BHUJP-H2 and B. subtilis BHUJP-H1 is more closely related taxa as compared B. licheniformis BHUJP-H3. BHUJP-H3 showed similarity with known taxa of HT-W34-B1 and RA32UN.



Genetic Diversity Assessment of Thermophilic Bacillus by ISSR

In order to assess the genetic diversity, the ISSR have been performed among these species. The genomic DNA of thermophilic B. subtilis BHUJP-H1, Bacillus sp. BHUJP-H2 and B. licheniformis BHUJP-H3 has PCR amplified gene in respect of seven primers. Out of all screened primers, UBC-809, UBC-836, shows 100% polymorphism efficiency while UBC-823 shows 92.30%, UBC-808 and UBC-824 shows 90.00%, UBC-811 and UBC-807 showed 87.50 and 75.00% polymorphism respectively and overall polymorphism efficiency was 90.69% (Table 6). The average number of polymorphic band amplified by ISSR was 8.71 per primer and the number of amplicons varies from 7 to 13 with a size range of 250-2250 base pair. The highest polymorphism content (PIC) showed by the UBC-809 and UBC-836 while the lowest, 0.28 by UBC-807, the overall average PIC 0.40 obtained (Table 6). The highest, 11.08 and lowest, 4.50 EMR obtained for primer UBC-823 and UBC-807, the average EMR of the used primers, 7.99 obtained (Table 6). The highest, 4.89 and lowest, 1.25 MI obtained with primer UBC-836 and UBC-807 respectively and an average of 3.24 MI obtained with all used primer. The amplified bands showed similar banding pattern with respect to seven random primers between thermophilic B. subtilis BHUJP-H1 and Bacillus sp. BHUJP-H2 Whereas, B. licheniformis BHUJP-H3 showed different banding patterns that indicate this strain is genetically different from BHUJP-H1 and BHUJP-H2 (Figure 2). In dendrogram, B. subtilis BHUJP-H1 and Bacillus sp. BHUJP-H2 grouped under the same cluster whereas B. licheniformis BHUJP-H3 in separate cluster. The ISSR analysis showed high polymorphism among the three isolates.
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FIGURE 2. Inter simple sequence repeat (ISSR) analysis of three Bacillus strains by using 7 sets of primers: UBC-807, UBC-808, UBC-809, UBC-811, UBC-823, UBC-824, and UBC-836, here gel picture of primers UBC-807, UBC-808, UBC-809, UBC-811, and UBC-823 showed different band pattern on 2.5% gel agarose gel M: Marker size 1 kb plus (Banglore genei), amplification between three strain H1: B. subtilis BHUJP-H1; H2: Bacillus sp. BHUJP-H2 and H3: B. licheniformis BHUJP-H3.



The genetic diversity between isolated thermophilic B. subtilis BHUJP-H1, Bacillus sp. BHUJP-H2 and B. licheniformis BHUJP-H3 was done by ISSR profile, which classified them into two groups based on their capacity for producing various biochemical and plant growth promoting activities (Figure 3).
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FIGURE 3. UPGMA dendrogram based on the Nei’s genetic similarity index illustrating the genetic relationship among 3 Bacillus species.



Effect of Different Treatment Combinations of Bacillus Strains on Plant Growth Attributes of Vigna radiata

The treatment combination of B. subtilis BHUJP- H1, B. subtilis BHUJP- H1+ B. licheniformis BHUJP-H3, and B. subtilis BHUJP- H1+ Bacillus sp. BHUJP-H2+ B. licheniformis BHUJP-H3 were recorded significant growth of shoot length (cm/plant) as compared to control (Un-inoculated) and others after 10 days seedling growth of mungbean plants (Table 7). The B. subtilis BHUJP- H1+ B. licheniformis BHUJP-H3 and B. subtilis BHUJP- H1 were found the more significant increase in shoot length as compared to others (Figure 4A). In root length, treatment B. subtilis BHUJP-H1+ Bacillus sp. BHUJP-H2+ B. licheniformis BHUJP-H3 was found more significant enhancement followed by B. subtilis BHUJP-H1+Bacillus sp. BHUJP-H2, B. subtilis BHUJP-H1+ B. licheniformis BHUJP-H3 and Bacillus sp. BHUJP-H2+ B. licheniformis BHUJP-H3 than control, B. subtilis BHUJP- H1, Bacillus sp. BHUJP-H2 and B. licheniformis BHUJP-H3 (Figure 4B).


[image: image]

FIGURE 4. Effect of microbial culture on plant growth attributes after 10 days inoculation, (A) shoot length (cm) of Vigna radiate per plant; (B) Root length (cm) of Vigna radiata per plant; (C) fresh shoot weight (g) of Vigna radiata per plant; (D) Fresh root weight (g) of Vigna radiata per plant; (E) Fresh leaf weight (g) of Vigna radiata per plant.



The fresh shoot weight of mungbean was recorded after 10 days uprooted plants of different treatment combination. Fresh shoot weight was significantly observed more in all treatment combinations as per controls. Treatment B. subtilis BHUJP-H1+ Bacillus sp. BHUJP-H2 and B. subtilis BHUJP-H1+ B. licheniformis BHUJP-H3 were found the more significant fresh weight of shoot followed by Bacillus sp. + B. licheniformis, Bacillus sp. BHUJP-H2, B. subtilis + Bacillus sp. + B. licheniformis, B. licheniformis and Bacillus sp. as compared to control (Figure 4C). But in the case of root weight (g/plant) was found only significant in treatment B. licheniformis BHUJP-H3 as compared to all others while the enhancement of root weight was observed in treatment combination of strains BHUJP-H1+ BHUJP-H2, BHUJP- H1+ BHUJP-H3, BHUJP-H2+BHUJP-H3 and BHUJP-H1 as compared to others (Figure 4D). The leaf fresh weight (g/plant) was recorded more significant in treatment combination of B. subtilis BHUJP- H1+ B. licheniformis BHUJP-H3 and B. subtilis BHUJP- H1+ Bacillus sp. BHUJP-H2 followed by Bacillus sp. BHUJP-H2+ B. licheniformis BHUJP-H3, B. licheniformis BHUJP-H3 and B. subtilis BHUJP- H1+ Bacillus sp. BHUJP-H2+ B. licheniformis BHUJP-H3 as compared to control after 10 days seedling growth (Figure 4E). Overall, an impact of different treatment combination of Bacillus strains has enhanced the shoot length and fresh shoot weight as compared to control (Figure 5).
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FIGURE 5. Effect of microbial inoculation of enhancing plant height as per different treatment combination of Vigna radiata after 10 days seed inoculation.



DISCUSSION

Bacterial Screening and Biochemical Properties

There is increasing the global warming and climate changes, a major issue that affects the biodiversity. In the present study, we isolated bacteria from extreme hot spring condition so they have very good properties for producing thermo-tolerant enzymes and novel biomolecules (plant growth promoter compound) that can play a key role for industrial, agricultural and biotechnological applications. The selected species were identified as Bacillus by comparing with the reference strains of B. subtilis BHUPSB13, Paenibacillus polymyxa BHUPSB16 (Verma et al., 2016) and B. megaterium BHUPSB14 (Verma and Yadav, 2018). As per morphological, biochemical and molecular characterization, the isolated bacterial strains were identified as B. subtilis BHUJP-H1, Bacillus sp. BHUJP-H2 and B. licheniformis BHUJP-H3. The current study revealed that Bacillus strains were found in the sediment of hot spring of Chumathang area, Ladakh region. Previously, Yadav et al. (2015) have studied about a microbial diversity of various hot spring water and sediments that they found B. megaterium, B. subtilis, B. firmus, and B. pumilus.

The amylase, catalase, and cellulase production were observed in BHUJP-H1, BHUJP-H2 and BHUJP-H3, while straining BHUJP-H2 unable to produce amylase. These enzymes are thermostable and capable of producing various types of enzymes for industrial use and these strains can be used as the future alternative of enzymes production. Also, identifying enzymes producing capability these extremophilic stains are required to access for utility in various fields of medicine, agriculture and microbiology. The characteristic, especially, cellulase enzyme plays a key role in the degradation of cellulosic material for bioethanol production and also degradation of organic residues for enhancing the soil fertility and health. The cellulase enzyme play an important role in composting of agro-cellulosic material in soil to enhance soil fertility and health by providing adequate carbon source for survival of rhizosphere microbes and their proliferation. The catalase is also used for the manufacture of baked goods, beverages preparation, the textile industry and cosmetic industry (Zhang et al., 2010). Amylase also plays a significant role in starch degradation (Abd-Elhalem et al., 2015). B. subtilis BHUJP-H1, Bacillus sp. strain BHUJP-H2, and B. licheniformis strain BHUJP-H3 has the ability to grow in a wide range of temperatures (30–60°C). The variation in growth temperature (30, 40, 50, and 60°C) expressed that this can survive in adverse environmental condition. A number of studies show that is possible because of the bacterial genome have been modified in a stress condition for better survival and fitness in changing environmental conditions. It may be possible to bacterial genes could be regulated and adjusted according to adverse conditions (Panda et al., 2015). Thermophilic microorganisms have recently gained more scientific and industrial importance because of their thermal stability and activity (Coolbear et al., 1992). Similarly, Yadav et al. (2015) have reported that the extreme conditions may be resources for the new genus of Bacillus that can be flourished well under the extremes pH, temperature, salinity, and moisture. Bacillus strains have the ability to produce endospore that can protect them from the diverse environmental condition.

Plant Growth Promoting Properties of Bacillus Strains

Plant growth promoting properties of B. subtilis BHUJP-H1, Bacillus sp. BHUJP-H2 and B. licheniformis BHUJP-H3 were showed production of IAA, HCN, ammonia and siderophore and the phosphate solubilisation except for the BHUJP-H3 that unable to produce HCN and siderophore. In the previous study, B. subtilis, IAA production was found more significantly increased in Bacillus sp. and B. licheniformis according to increase the concentration of tryptophan. Similarly, Ahmad et al. (2005) have also observed that Azotobacter and Pseudomonas show the ability for enhancing the IAA production according to increase in the concentration of tryptophan, where tryptophan uses a precursor for IAA synthesis under the broth culture. IAA concentration may vary between the different strains and it is also affected by growth, media and nutrient availability (Sridevi and Veera Mallaiah, 2007). IAA plays a vital role in the plant growth hormones for enhancing the cell division, plant growth, and yield (Verma et al., 2010). Bacillus sp. was observed more significant IAA production followed by B. licheniformis than the B. subtilis. Swain et al. (2007) have previously reported IAA producing by B. subtilis spp. That showed significantly higher than Burkholderia sp., Bacillus sp., Pseudomonas sp. BHUPSB04, Pseudomonas sp. BHUPSB06 and Paenibacillus sp. as compared to Trichoderma and Azospirillum under the broth culture in presence of tryptophan (Verma et al., 2010, 2014). Bacillus sp. BHUJP-H2 and B. licheniformis BHUJP-H3 has recorded more significant enhancement in the phosphate solubilisation than the Bacillus sp. BHUJP-H1. Phosphate solubilisation occurs by Bacillus species because of production of the acids for lowering the pH of broth media that support the conversion of an insoluble form of phosphate into the soluble form. These strains can be used as effective and efficient phosphate solubilising strains for enchanting the agricultural productivity. In previous reports by Rudresh et al. (2005), Valverde et al. (2006), Ahmad et al. (2008), and Verma et al. (2010, 2014) have shown that Pseudomonas, Bacillus, Azotobacter, and Mesorhizobium are potential phosphate solubilizers. In the present study, ammonia production was shown by all isolated strains whereas, the HCN and siderophore estimated by BHUJP-H1 and BHUJP-H2. Ammonia is significantly effective for plant growth and also the enhancing soil fertility. Whereas, the HCN and siderophore were estimated by BHUJP-H1 and BHUJP-H2. Siderophore provides the iron for plant growth. HCN production indirectly helps in plant growth by suppressing the growth of soil borne-phytopathogens and it blocked the electron chain in pathogens for decreasing the population. Bacillus sp. BHUJP-H1, Bacillus sp. BHUJP-H2 and B. licheniformis BHUJP-H3 show the strong ability of plant growth promoting properties. It can provide nutrients to crops by the direct mechanism including these plant growth properties like IAA, ammonia for nitrogen, siderophore for the iron and solubilisation of phosphate for phosphorus whereas, the indirect mechanism such as HCN production to suppress the plant pathogens.

Effect of Monocrotophos and Chlorpyrifos Insecticide on Growth of Bacillus Strains

The monocrotophos and chlorpyrifos insecticide are a commercially available group of organophosphate insecticide which are the broad range of insecticide used in agricultural production. The bacterial strains BHUJP-H1, BHUJP-H2 and BHUJP-H3 were showed no inhibition zone against monocrotophos that means these strains are more tolerant. The strains BHUJP-H1 and BHUJP-H2 showed a zone of inhibition at 1x, 2x, and 3x concentration chlorpyrifos and these strains are more susceptible. While strain BHUJP-H3 was found tolerance at all concentration of insecticides. The tolerant strain can have the ability to degrade or resistance against monocrotophos and chlorpyrifos while the others strains but some strains have shown growth inhibition zone at a different concentration, these types stains may not have the ability to degrade the insecticides. Those strains may be degraded the insecticide and used as a sole source of carbon for their growth and development (Verma et al., 2014; Hamada et al., 2015; Jadhav and David, 2016).

Molecular Identification by 16S rDNA and Diversity Assessment of Thermophilic Bacillus by ISSR

The partial 16S rDNA gene sequencing, thermophilic bacterial strains BHUJP-H1, BHUJP-H2 and BHUJP-H3 were identified as Bacillus sp. BHUJP-H1 (KU312403), B. subtilis BHUJP-H2 (KU312404) and B. licheniformis BHUJP-H3 (KU312405). Yadav et al., 2015 have previously reported that 13 genera, 9 (Bacillus, Halobacillus, Lysinibacillus, Oceanobacillus, Paenibacillus, Salinibacillus, Sediminibacillus, Thalassobacillus, and Virgibacillus) belong to Bacillaceae and 4 (Ammoniphilus, Aneurinibacillus, Brevibacillus, and Paenibacillus) that belongs to Paenibacillaceae were isolated from thermal plants. Similarly, Acharya and Chaudhary (2012) isolated from Barkeshwar hot spring in West Bengal and identified as B. licheniformis WBS1 and Bacillus sp. WBS3 by 16S rRNA. The 16S rDNA is easy tools for identification of microorganisms using BLAST. Similar sequences of known bacterial strains were identified for construction of the phylogenetic tree. The phylogenetic tree between 9 taxa was constructed by using UPGMA. The thermophilic BHUJP-H3 showed similarity with the known taxa of strains HT-W34-B1 and RA32UN.

Inter simple sequence repeat markers are one of the cheapest and easiest marker systems with high efficiency in generating polymorphism among populations and being a PCR based fingerprint, very helpful and informative tool in genetic diversity studies as well as it is also a fast genotyping technique which is widely used in characterization of genetic diversity among populations (Baysal et al., 2011; Akramipour et al., 2017). In the present study the genetic diversity assessment performed by ISSR molecular markers which is generally used in microbial diversity assessment (Baysal et al., 2011; Baysal, 2015; Rayar et al., 2015; Akramipour et al., 2017). Total 7 ISSR primers used for assessment produced 7-13 bands and 67 total bands out of which 61 polymorphic bands with an average 8.71 bands per primer and 90.68 overall polymorphism efficiency. The PIC, the ability of a marker to establish polymorphism in the population depending on the number of alleles detected and on their distribution frequency (Botstein et al., 1980). Thus, PIC identifies the discriminatory ability of the marker. In present study the highest and the lowest PIC obtained by the UBC-809 and UBC-836 while the lowest, 0.28 the overall PIC value 0.40 obtained by the used marker system (Table 6) suggest high polymorphism among the species. For the dominant markers, the maximum PIC value is 0.5. The markers having similar distribution in population higher the PIC values. The PIC value also depends on the distribution frequency of the alleles (Chesnokov and Artemyeva, 2015). The total number of polymorphic loci (per primer) is the measure of EMR, the higher EMR value, higher the effectiveness of the primer marker system. In the present study the highest, 11.08 and lowest, 4.50 EMR obtained for primer UBC-823 and UBC-807, the average EMR value for the used primers, 7.99 obtained (Table 6). The high EMR suggest that the used ISSR markers are potential for the study of genetic diversity within bacterial population, our result is also supported by recent study where the ISSR markers potentially used for assessment of genetic diversity (Baysal et al., 2011; Rayar et al., 2015; Akramipour et al., 2017). The MI is a statistical factor which estimate whole effectiveness of the used maker system. The higher MI value indicate better is the method (Nagaraju et al., 2001; Chesnokov and Artemyeva, 2015). In present study the highest, 4.89 and lowest, 1.25 MI obtained with primer UBC-836 and UBC-807 respectively and with an average of 3.24 MI obtained with all used primer. The high MI value proved the suitability of ISSR marker for genetic assessment in bacterial population, the result is supported by the recent (Baysal et al., 2011; Rayar et al., 2015; Akramipour et al., 2017) findings. The ISSR assessment showed that the thermophilic B. subtilis BHUJP-H1 and Bacillus sp. BHUJP-H2 showed similar band pattern. While, B. licheniformis BHUJP-H3 showed different banding patterns which means this strain is genetically different from strains BHUJP-H1 and BHUJP-H2. The dendrogram was constructed by UPGMA method based to find out that the B. subtilis BHUJP-H1 and Bacillus sp. BHUJP-H2 showed the close relationship between them as compared to B. licheniformis BHUJP-H3. Our result also showed that all seven ISSR markers worked efficiently in genetic diversity assessment. The genetic diversity of B. subtilis BHUJP-H1, Bacillus sp. BHUJP-H2 and B. licheniformis BHUJP-H3 were done by ISSR profile, which classified them in two groups according to their capacity for producing various biochemical and plant growth promoting properties.

In the present study, the cluster I showed only single B. licheniformis BHUJP-H3 and cluster II showed two species B. subtilis BHUJP-H1 and Bacillus sp. BHUJP-H2. In both clusters, some biochemical and plant growth promoting activities were found to significant difference including IAA production, phosphate solubilisation, and ammonia while HCN and siderophore production only produced in the cluster I which belongs to group of Bacillus strains BHUJP-H1 and BHUJP-H2. The genetic polymorphism of Bacillus strains from hot spring sources by RAPD and phenotypic characteristic has been studied by Hazem and Manar (2003) and resulted in 5 major clusters with the 60% similarity. The thermophilic strains have the ability to play a key role for industrial applications. Furthermore, Bacillus sp. BHUJP-H1, Bacillus sp. BHUJP-H2 and B. licheniformis BHUJP-H3 can be used as drought resistance plant growth promoting strains for sustainable agricultural production. Also, these strains can be used for harnessing some industrially important enzymes because of improving the growth under the extreme environmental conditions. It can be useful for maintaining the soil health and early warning indicators of environmental changes, it became essential to study its genetic diversity.

Effect of Bio-inoculant of Bacillus Strains on Plant Growth Attributes of Vigna radiata Under Plant Growth Chamber

Plant growth of any plants was affected by soil nutrient content which is totally governed by the different types of microbes and their physiological and biological process to help in enhancing soil fertility and health under rhizosphere. The healthy rhizosphere plays an important role in enhancing the plant growth by the direct indirect mechanism of soil microbes Verma et al. (2010). We have attempted to take different treatment combination of plant growth promoting bacillus strains for enhancing plant growth attributed under plant growth chamber. The significant enhancement of shoot length (cm/plant) in treatment combination of B. subtilis BHUJP-H1, Bacillus sp. BHUJP-H2, B. subtilis BHUJP-H1+ Bacillus sp. BHUJP-H2, B. subtilis BHUJP-H1+ B. licheniformis BHUJP-H3, Bacillus sp. BHUJP-H2+ B. licheniformis BHUJP-H3 and B. subtilis BHUJP-H1+ Bacillus sp. BHUJP-H2+ B. licheniformis BHUJP-H3 were recorded as compared to control (Un-inoculated) and Bacillus licheniformis BHUJP-H3 after 10 days seed inoculation. The combination B. subtilis BHUJP-H1+ B. licheniformis BHUJP-H3, B. subtilis BHUJP-H1 and B. subtilis BHUJP-H1+ Bacillus sp. BHUJP-H2+ B. licheniformis BHUJP-H3 were found a more significant increase in shoot length followed by others, because the B. subtilis BHUJP-H1 and B. licheniformis BHUJP-H3 produce more IAA which help as plant growth hormones to promote shoot growth as compared to Bacillus sp. BHUJP-H3. While the strain B. subtilis BHUJP-H1 was not enhanced significant growth of root length but root length recorded higher than control. The possibility of non-significant root length growth by Bacillus subtilis BHUJP-H1 can be very short experiment in small cup or may be production of HCN can be inhibit the growth of root length. Some studies by Bakker and Schippers (1987) and Bakker et al. (1989) have been reported that the Pseudomonas spp. suspected to inhibit potato root development by their production of hydrogen cyanide. Cyanide producing Pseudomonas spp. also causes growth inhibition in lettuce and bean (Alstrom and Burns, 1989; Schippers et al., 1990).

Others, strains BHUJP-H3 and BHUJP-H3 showed maximum phosphate solubilisation and ammonia production while Bacillus subtilis BHUJP-H1 showed average phosphate solubilisation, Ammonia, HCN, and siderophore. These parameters may be support for enhancing shoot length of mungbean plant in soils under plant growth chambers. The combination of BHUJP-H1+ BHUJP-H2+ BHUJP-H3, BHUJP-H1+ BHUJP-H2, BHUJP-H1+ BHUJP-H3, and BHUJP-H2+ BHUJP-H3 were recorded more significant increase in root length as compared to control. Fresh shoot weight was significantly observed more in all treatment combinations as per control. The treatment Bacillus licheniformis BHUJP-H3 gave only significant enhancement of root weight (g/plant) than others while the enhancement of root weight was observed in others treatment combination. The leaf fresh weight (g/plant) was recorded more significant in treatment combination of BHUJP-H1+ BHUJP-H3 and BHUJP-H1+ BHUJP-H2, BHUJP-H1+ BHUJP-H2+ BHUJP-H3 as compared to control after 10 days seedling growth. Overall, the impact of different treatment combination of Bacillus strains has enhanced the shoot length and fresh shoot weight as compared to control. Similarly, the enhancement of plant growth was found due to plant growth promoting properties of different strains. Ait Kaki et al. (2017) reported that B. amyloliquefaciens (4RH) strain showed very significant property of biocontrol and biofertilization characteristics under in vitro so he recommended a potential agent for future bioinsecticide for integrate pest management and organic agricultural productions. Figueiredo et al. (2008) have been found that CIAT 899 rhizobia strains co-inoculated with Paenibacillus polymyxa strain DSM 36 which enhance higher shoot and root dry weight than single inoculation with CIAT 899 strain in common bean. Similarly, Elkoca et al. (2010) reported an increased shoot dry weight as a result of co-inoculation of common bean with B. megaterium (M-3) strain and Rhizobium strain. The treatment combination of B. subtilis BHUJP-H1, B. subtilis BHUJP-H1+ B. licheniformis BHUJP-H3 and B. subtilis BHUJP-H1+ Bacillus sp. BHUJP-H2+ Bacillus licheniformis BHUJP-H3 were recorded more better combination for enhancing plant growth attributes of Vigna radiata followed by B. subtilis BHUJP-H1+ Bacillus sp. BHUJP-H2 and Bacillus sp. BHUJP-H2+ B. licheniformis BHUJP-H3 as compared to control and others.

CONCLUSION

The optimal growth of strain BHUJP-H1 was at the extreme temperature of 60°C as compared to BHUJP-H2 and BHUJP-H3. BHUJP-H1 was found efficient growth at temperature 60°C than 30, 40, and 50°C. Bacillus sp. BHUJP-H1, Bacillus sp. BHUJP-H2 and B. licheniformis BHUJP-H3 were produced catalase, cellulase, ammonia, HCN, siderophore, IAA and also solubilised the phosphate, while B. licheniformis BHUJP-H3 could not be produced HCN and siderophore. Strain BHUJP-H1, Bacillus sp. BHUJP-H2 and B. licheniformis BHUJP-H3 gave good cellulase activities and tolerant against monocrotophos insecticide while straining BHUJP-H1 and BHUJP-H2 showed susceptible against chlorpyrifos at 1x, 2x, and 3x concentration. The treatment combination of B. subtilis BHUJP-H1, B. subtilis BHUJP-H1+ B. licheniformis BHUJP-H3 and B. subtilis BHUJP-H1+ Bacillus sp. BHUJP-H2+ B. licheniformis BHUJP-H3 were recorded better combination for enhancing plant growth attributes of Vigna radiata followed by as compared to control and others. The stains B. subtilis BHUJP-H1, B. subtilis BHUJP-H1+ B. licheniformis BHUJP-H3, and B. subtilis BHUJP-H1+ Bacillus sp. BHUJP-H2+ B. licheniformis BHUJP-H3 can be further used as effective microbial inoculant for enhancing production of mungbean under field conditions. Others strain Bacillus sp. BHUJP-H1 and Bacillus sp. BHUJP-H2 can be used as drought tolerant plant growth promoting bacteria for enhancing the sustainable agriculture production. In future, these strains can be used as a consortium for drought tolerant bio-inoculants for agricultural farming.
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Bacterial strains

B. subtilis BHUJP-H1
Bacillus sp. BHUJP-H2
B. licheniformis BHUJP-H3

1AA production (j1g/mi) at different incubation time

150 pg/ml tryptophan concentration

24h 48h 72h
14.65 + 0.66% 1712 £0.13 1835 +0.33%
26.41+0.52¢ 26.36 + 1.15° 24.06 +0.12°
20.93 + 1.26° 24.34 £ 0.63° 31.79 4 1.57°

300 jug/ml tryptophan concentration

24h 48h 72h
21.36 % 1.29% 19.08 + 1.152 24.85 +0.36°
25.74 +1.31° 22.94 +£1.91° 22.27 +0.30°
24.55 + 0.88° 32,52 4+ 0.63° 34.76 + 1.12°

IAA, Indole-8-acetic acid (ug/mi) at 150 and 300 wg/ml tryptophan as precursor; Values are the mean = SD (standard deviatior), Mean values in each column with the
same superscript (5) do not differ significantly but different superscript is showed significantly different between each treatments by Duncan post hoc multiple comparison

tests (P < 0.05).
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Strains Biochemical characterization Growth at different temperature

Amylase Catalase Cellulase 30°c a0°c 50°C 60°C 80°C
B. subtilis BHUJP-H1 + ++ ++ + + + ++ -
Bacillus sp. BHUJP-H2 = 4 + + + + ¥ -
B. licheniformis BHU-H3 + 4 ++ + o 2 ¥ =

Single positive sign (+): normal activity showed; double positive sign (+-+): more activity showed of particular enzyme and growth by bacterial strains; negative sign (-):
o enzyme activity and no growth.





OPS/images/fmicb-09-01293-t005.jpg
Strain Monocrotophos after 48 h

1x 2x 3x 10x Response 1x
BHUJP-H1 — — - - Tolerant =+
BHUJP-H2 - - - - Tolerant A
BHUJP-H3 - - - - Tolerant -

2x

+
+

Chilorpyrifos after 48 h

3x

10x

Response

Susceptible
Susceptible
Tolerant

Single positive sign (+): showed growth inhibition zone against insecticide concentration; negative sign (—): no inhibition zone that means bacteria grow on media plate
against insecticide concentration; 1x, 2x, 3x, and 10x mean insecticide concentration increasing with respect of recommended doge in agricultural field for pest control.
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Bacterial strains Phosphate solubilisation (g/ml) NH3 HCN Siderphore

3days 6 days
B. subtilis BHUJP-H1 12.09 £ 0.89° 2248+ 1472 + + +
Bacillus sp. BHUJP-H2 12.76 £ 1.15% 63.14 % 0.97° + + +
B. licheniformis BHU-H3 3301+ 0910 42,14 1 1.458° + = =

Values are the mean + SD (standard deviation), Mean values in each column with the same superscript (s) do not difer significantly but different superscript is showed
significantly different between each treatment by Duncan post hoc multiple comparison tests (P < 0.05); Single positive sign (+): normal activity showed; double positive
sign (+-+): more activity showed of particular properties like HCN (hydrogen cyanide) by bacterial strains; negative sign (~): no activity.
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