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A natural bacterial isolate that shows multiple plant growth-promoting activities was isolated from fermented panchagavya (a mixture of five indigenous cow products). It is a gram-positive, endospore-forming bacteria identified as Bacillus sp. PG-8 by 16S rRNA gene sequencing. The Bacillus sp. PG-8 have shown multiple plant growth-promoting activities as indole acetic acid (2.78 μg/ml), gibberellic acid (0.7 mg/ml), ammonia (6.51 μmol/ml), exopolysaccharide (2.6% w/v) production, and phosphate solubilization (198.27 μg/ml). The Bacillus sp. PG-8 has ability to survive under the abiotic stress conditions such as temperature (28–46◦C), pH (5.0–12.0), salt (0.5–20.0% w/v NaCl), and osmotic resistance (1–10% w/v PEG-6000). Due to its diverse characteristics, the effect of Bacillus sp. PG-8 was tested on Arachis hypogea (groundnut). The seeds treated with Bacillus sp. PG-8 demonstrated a 70% germination rate with seedling vigor indexes of 154. In pot study, Arachis hypogea growth showed 1.38, 1.38, 1.32, 1.39, and 1.52 times increase in root hair number, leaf numbers, leaf width, leaf length, and leaf area, respectively. The addition of Bacillus sp. PG-8 culture to the Arachis hypogea plant resulted in a significant improvement in plant growth. Bacillus sp. PG-8 is a spore producer with stress tolerance and multiple plant growth-promoting properties, which makes it a potential liquid biofertilizer candidate.
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INTRODUCTION

Panchagavya refers to as “combination of five cow products of indigenous cow,” which includes dung, urine, milk, curd, and ghee. Traditionally, it has been used in many ancient Indian health and sustainable agriculture customs. Fermented panchagavya is an organic liquid preparation mentioned in ancient Indian literature such as Vrikshayurveda that depicts the good farming practices for different plants (Natarajan, 2002).

Bacillus sp. is the most attractive among the plant growth-promoting rhizobacteria due to their spore-forming ability, and therefore, they contribute significantly in commercial formulations used for field application. Fermented panchagavya also contains a diverse microbial population with a 54% cultivable bacterial population dominated by the Bacilli group in panchagavya preparation (Anandham et al., 2015). The bacteria isolated from panchagavya belonged to Bacillus safensis or Bacillus cereus, which showed plant growth-promoting attributes (Radha and Rao, 2014). Two plant growth-promoting bacteria (PGPB), Bacillus pumilus and Bacillus subtilis, were reported in the fermented panchagavya (Ram et al., 2019).

Biofertilizers are living microorganisms that increase the growth and also the development of plants by amassing the accessibility of mineral nutrients, solubilizing phosphorus, and production of phytohormones (Mushtaq et al., 2021). The production of plant growth regulators by microorganisms delivers several benefits to the host plant with the facilitation of root system expansion, which increases the absorption of water and nutrients and improves plant survival (Verma et al., 2017). The PGPB have some properties such as nutrient solubilization, stress tolerance, and phytohormone production (Numan et al., 2018). PGPB are colonized at or near the root of the plant, and their wave of efficacy hits the doorstep of major functional aspects of the entire plant (Mondal et al., 2020). The dominant PGPBs such as Bacillus subtilis and Bacillus subterraneus demonstrated considerable germination with Arachis hypogea in pot tests for plant growth and protection qualities (Syed et al., 2020).

The demand for pesticides and chemical fertilizers has increased enormously to get high-yield crops in contemporary agriculture practices. The current trend even upsets the delicate balance of the ecosystem. Conventional agriculture practices rely very much on the intensive use of synthetic inputs to produce the bulk of the world's food and energy crops. However, these farming systems also contribute to global climate change and environmental degradation (Crowder and Illan, 2021). Concerns over the negative impacts of conventional agriculture have spurred interest in more sustainable alternative farming systems that may replace the synthetic inputs with organic biofertilizers and pesticides (Chaudhary et al., 2017). Advantages of organic farming systems include greater profitability, increased biodiversity, enhanced soil quality, and reduced pesticides, and good quality nutritious food will lead to the overall economic development of a healthy society. The Arachis hypogea was used as model plant as it is a cash crop and widely sown across the state of Gujarat and many regions of India. Owing to the nutritional value and oil content of the groundnut seeds, it remains in high demand. In this context, this study provides the impact of Bacillus sp. PG-8 isolated from fermented panchagavya on Arachis hypogea growth.



MATERIALS AND METHODS


Isolation of Bacteria From Fermented Panchagavya

For the preparation of panchagavya, five cow products were collected from the Bansi Gir Gaushala in Ahmedabad, Gujarat, India. Panchagavya was a prepared method described by Gohil et al. (2020).

Fermented panchagavya samples were diluted up to 10−7, and 0.1 ml of each dilution was spread onto nutrient agar plates for the isolation of bacteria. The nutrient agar plates were incubated at 30°C for 48 h. The colonies were enumerated and characteristics were recorded. Among the isolates, PG-8 bacterial isolate that shows multiple plant growth-promoting activities and survived in various abiotic stress conditions was selected for further study. The pure culture of PG-8 bacteria was maintained and preserved by periodic transfer onto nutrient agar slants at 4°C in the refrigerator.



Microbial Identification and Phylogenetic Analysis

Identification of bacterial strain PG-8 was attempted through sequence analysis of the 16S rRNA gene. Universal 16S rRNA gene primers 27F (5'-AGAGTTTGATCCTGGCTCAG-3') and 1492R (5'-GGTTACCTTGTTACGACTT-3') were used for amplification (Goldfarb et al., 2011). DNA sequencing reaction of PCR amplicon was carried out with BDT v3.1 Cycle sequencing kit on ABI 3730xl Genetic Analyzer. The gene sequence was used to carry out BLAST with the database of NCBI GenBank database and aligned using multiple alignment software programs (http://www.ncbi.nlm.nih.gov/).

The evolutionary history was arranged by the neighbor-joining method (Saitou and Nei, 1987). The bootstrap consensus tree inferred from 500 replicates is taken to represent the evolutionary history of the taxa analyzed (Felsenstein, 1985). The percentage of replicate trees in which the associated taxa clustered organized in the bootstrap test (500 replicates) are shown next to the branches (Felsenstein, 1985). This analysis involved 9 nucleotide sequences. All ambiguous sites were removed for each sequence pairwise deletion option. Phylogenetic and molecular evolutionary analyses were conducted using MEGA 11 (Kumar et al., 2018). The nucleotide sequence of Bacillus sp. PG-8 was submitted to the National Centre for Biotechnology Information (NCBI).



Inoculum Preparation

The Bacillus sp. PG-8 culture from slant was inoculated in sterile nutrient broth and incubated at 30°C for 24 h. Cells were separated by centrifugation at 5,000 rpm for 10 min and the supernatant was removed. The cell pellet was resuspended in sterile normal saline to get optical density values of 1.0 containing ~ 8 × 108 cells/ml. The prepared culture suspension was used as a 1.0% (v/v) inoculum to study the plant growth-promoting parameters. In the pot experiment, five ml of this culture suspension was used to treat the plants.



Plant Growth-Promoting Traits

The Bacillus sp. PG-8 qualitatively showed multiple plant growth-promoting activities such as the production of indole acetic acid (IAA), gibberellic acid (GA), ammonia (NH3), exopolysaccharides (EPSs), hydrogen cyanide (HCN), and also phosphate (P) and zinc (Zn) solubilization. It was further tested to quantify the plant growth-promoting activities.


IAA Production

For IAA production, 50.0 ml of Luria-Bertani broth (pH 7.5) containing 0.1% (w/v) L-tryptophan in 250-ml flask was inoculated with 1.0% (v/v) inoculum and incubated at 30°C in the dark, as IAA is light sensitive, 120 rpm on an orbital shaker. IAA production was carried out in 24-h intervals from 24–144 h until production was decreased.


IAA estimation

The spectrophotometric estimation of IAA was done according to Bric et al. (1991). Culture supernatant (1 ml) was mixed with 2.0 ml of Salkowski reagent and incubated at room temperature (RT) in the dark for 30 min. Development of pink color shows the production of IAA and absorbance was recorded at 530 nm. The standard calibration curve of IAA (5.0–50.0 μg/ml) was prepared to calculate the IAA production.




GA Production

Gibberellic acid production was carried out in 50.0 ml nutrient broth (pH 7.4) in 250-ml flask, 1.0% (v/v) inoculum, at 30°C, 120 rpm on an orbital shaker for 96 h. GA production was measured from 24–96 h.


GA Estimation

An equal volume of cell-free supernatant and ethyl acetate (EA) was taken in a test tube and shook vigorously. The EA extract was collected separately in a glass beaker, and the extraction was repeated three times. The separated EA extract was allowed to evaporate at room temperature. The residues were dissolved in 2.0 ml methanol. To this, 1.0 ml DNPH (2, 4 – dinitrophenylhydrazine) was added and incubated in a boiling water bath for 5 min. After incubation, it was cooled in an ice-water bath, and 5.0 ml of 10% (w/v) alcoholic potassium hydroxide was added, allowed to stand for 10 min at RT. To this, 15.0 ml of sterile distilled water was added, and the intensity of the color (red wine) produced was measured at 430 nm (Graham and Thomas, 1961). A standard calibration curve of GA (0.1–0.8 mg/ml) was prepared in methanol.




NH3 Production

Ammonia production was determined in a test tube containing 20.0 ml sterile peptone water, pH 7.2. It was inoculated with 1.0% (v/v) inoculum and incubated at 30°C, 120 rpm on an orbital shaker for 144 h. The amount of NH3 produced was measured every 24–144 h.


Estimation of NH3

Spectrophotometric estimation of ammonia was done as described by Cappucino and Sherman (1992). Culture supernatant (1 ml) was mixed with 0.1 ml Nessler's reagent, and the final volume was made to 5.0 ml by adding ammonia-free distilled water. NH3 production is indicated by a change in color from yellow to brown, and absorbance was measured at 425 nm. The NH3 produced was calculated using the ammonium hydroxide (0.2–2.0 μmol/ml) standard calibration curve.




EPS Production

The EPS production was checked qualitatively by spot inoculation on the brain–heart infusion (BHI) agar plate, at 30°C as mucoid colonies with blackening. For quantitative EPS estimation, 100.0 ml nutrient broth (pH 7.1) containing 4.0% (w/v) sucrose was inoculated with 1.0% (v/v) inoculum and incubated at 30°C, 120 rpm on an orbital shaker up to 72 h. The amount of EPS produced was measured over 24–72 h.


Estimation of EPS

The estimation of EPS was done by solvent extraction described by Azeredo and Oliveira (1996). For extraction, 10.0 ml cell-free culture supernatant plus 30.0 ml of chilled acetone were mixed for precipitation at 4°C for 12 h. Precipitates were collected on a preweighed aluminum foil and wet weight was recorded. The precipitates were allowed to dry at 50–60°C, and the dry weight of the precipitates was recorded until three consecutive constant readings.




P Solubilization

The qualitative phosphate solubilization test was carried out using the spot inoculation technique on an agar plate containing an insoluble tricalcium phosphate (TCP) and incubated at 30°C for 120 h (Pikovskaya, 1948). A yellow zone develops surrounding the colony as a result of phosphate solubilization. The phosphate solubilization index (PSI) was calculated using the formula below.
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Quantitative P Solubilization

A total of 100.0 ml sterile Pikovskaya's broth (pH 7.0 ± 0.2) in 250-ml flasks were inoculated and incubated at 30°C, at 120 rpm on an orbital shaker for 15 days. The amount of phosphate soluble was measured every 5–15 days.

The amount of phosphate solubilized by Bacillus sp. PG-8 was estimated by the stannous chloride method (King, 1932) and pH reduction was noted.

A total of 2.0 ml sample was centrifuged at 10,000 rpm for 20 min to separate the cells. To 0.1 ml supernatant, 0.9 ml double distilled water and 1.0 ml chloromolybdic acid was added. Contents in test tubes were diluted by adding 4.0 ml double distilled water. To this, 25.0 μL chlorostannous acid reagent was added, and the test tubes were mixed well till blue color developed. Absorbance was measured at 600 nm. The total amount of phosphate solubilized was calculated against K2HPO4 (10.0–100.0 μg/ml) standard calibration curve.




HCN Production

The HCN produced was detected by picrate assay with some modifications (Bakker et al., 1987). Bacillus sp. PG-8 was streaked on King's B agar plate supplemented with 4.4 g/L glycine. The plate was sealed with parafilm and incubated at 30°C for 168 h. HCN production was indicated a color change of filter paper from yellow to orange-brown.



Zn Solubilization

Qualitative Zn solubilization was carried out on agar plates (pH 7.0) having 0.1% (w/v) insoluble zinc oxide by spot inoculation (Bunt and Rovira, 1955). The plates were incubated at 30°C for 12 days. Zn solubilizing bacteria produce a zone of clearance around the colony.




Abiotic Stress Response of Bacillus sp. PG-8

The ability of Bacillus sp. PG-8 to tolerate different stress conditions such as salinity, drought, temperature, and pH was checked. The bacterial culture was grown on various conditions, and bacterial growth was measured on an arbitrary scale. A triple plus symbol denoted higher bacterial growth, a double plus indicate moderate growth, and a single plus indicate lower growth.


Salinity Stress

The salt tolerance of isolates was checked by observing their growth on the nutrient agar medium supplemented with different NaCl concentrations (0.5, 5, 10, 15, and 20%; w/v). The Bacillus sp. PG-8 was streaked on these plates and incubated at 28°C for 72 h.



Drought Stress

The drought resistance of Bacillus sp. PG-8 was tested on nutrient agar medium supplemented with polyethylene glycol (6000) (1, 5, 10%; w/v). The pure culture was streaked on the plates and incubated at 28°C for 72 h.



Temperature Stress

The Bacillus sp. PG-8 was examined for its ability to grow at 28°C, room temperature (16–33), 37, 40, and 46°C on nutrient agar media. Pure culture suspension was streaked on the plates and incubated at different temperatures for 72 h.



pH Tolerance

On nutrient agar media, pH tolerance was checked by growing Bacillus sp. PG-8 at different pH values 5.0, 7.0, 9.0, 11.0, and 12.0. The pure culture was streaked on the nutrient agar plates with different pH values and incubated at 28°C for 72 h.




Seed Germination Test

Seeds of Arachis hypogea were collected from the local agriculture seed shop, Ahmedabad, Gujarat. The seeds were washed thoroughly with water to remove the dirt followed by washing with distilled water two times to remove any remaining tap water. Then, the seeds were treated with 0.1% (v/v) of HgCl2 solution for 2–3 min. Seeds were then cleaned three times with 70% (v/v) ethanol followed by rinsing with sterile distilled water five times. Disinfected seeds were used for the seed germination test and pot experiment.

Seeds (nos.100) were placed on sterile cotton in a sterile petri plate. Pure culture suspension of Bacillus sp. PG-8 was added to the petri plates containing seeds and incubated at room temperature. For comparative evaluation, untreated seeds were treated with distilled water used as controls. After 72 h, germinated seeds were counted, and the germination percent and seed vigor index were calculated by the following formula:
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Pot Experiment

The pot study was conducted in plastic bags with 18.0 cm × 8.0 cm height and diameter in the month of February–March, 2020, with an average temperature (35 ± 4°C) in the departmental greenhouse, Gujarat University, Ahmedabad.

About 12.0 kg soil was collected from a depth of 4.0 inches in a sterile plastic bag from the central library garden of Gujarat University Campus for a pot experiment. For the preparation of the pot, garden soil was filled with approximately 500 g of UV sterile soil having a neutral pH. The disinfected seeds of Arachis hypogea were sowed and watered slightly after transplanting at a depth of 0.5 cm. The experiment was carried out in duplicate for both the plants. Plants were treated with 5.0 ml Bacillus sp. PG-8 suspension, and the treatments were administered every five days after seeding (DAS). Two control bags were treated with sterile distilled water instead of culture. The plant from each pot was uprooted on the 10th, 20th, and 30th day to study the effect of Bacillus sp. PG-8 on fresh plant weight, dry weight, shoot length, root length, stem diameter, root hair number, leaf number, leaf width, leaf length, and leaf area of individual plants.




RESULTS AND DISCUSSION


Morphological and Cultural Characteristics

A total of sixty-four culturally different bacteria were isolated from the fermented panchagavya (Gohil et al., 2020). Bacterial cultures were screened for their plant growth-promoting activities and abiotic stress tolerance. Among the isolates, a gram-positive PG-8 bacteria showed multiple plant growth-promoting activities with abiotic stress responses, and it was selected for further study. High levels of bacterial diversity and richness were reported in the fermented panchagavya (Gunwantrao and Patil, 2015). The 15 bacterial cultures were isolated from panchagavya and shown to have a variety of plant growth-promoting traits by Nagaraj and Sreenivasa (2009). A number of thirty-seven diverse groups of bacteria were isolated from panchagavya (Bhat et al., 2005). Similarly, our results confirm that fermented panchagavya is having rich bacterial diversity and many bacteria show plant growth-promoting activities.

The PG-8 is having a 4–5-mm size colony with an irregular margin and “Medusa-head” (Figure 1). Colonies have sticky consistency when manipulated with a loop. PG-8 is a big rod-shaped, endospore-forming bacteria that showed a gram-positive reaction (Figure 1). Colonial characteristics of the PG-8 are recorded in Table 1. The gram-positive bacterial population was found higher in panchagavya (Ram et al., 2019). The microbial load of panchagavya showed a considerable number of gram-positive bacteria (Patnaik et al., 2012). The natural bacterial isolate PG-8 from the fermented panchagavya is a gram-positive, endospore-forming, rod-shaped bacteria closely related to the Bacillus genus.


[image: Figure 1]
FIGURE 1. Growth of Bacillus sp. PG-8 on nutrient agar plate and Gram's staining.



Table 1. Colonial characteristics of Bacillus sp. PG-8.
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Identification of PG-8 Strain Through 16S RRNA Gene Sequencing

A 16S rRNA gene sequencing was done to identify PG-8. Phylogenetic analysis showed 97.4% percent similarity with the gene sequence of MT225680.1 Bacillus haynesii strain 190311L225 MT516447.1 Bacillus sp. (in: Bacteria) strain L23, MT525268.1 Bacillus paralicheniformis strain SA25, MT527538.1 Bacillus paralicheniformis strain CB211, MT534566.1 Bacillus sonorensis strain NB35, MT534569.1:11-1370 Bacillus licheniformis strain NB45, MW819909.1 Bacillus spongiae strain DN-5, and MW876139.1 Bacillus haynesii strain XJB-19 that showed the highest degree of homology was used to construct a phylogenetic tree using the neighbor-joining method.

The evolutionary history was inferred using the maximum composite likelihood method (Tamura et al., 2004). The percentage of trees in which the associated taxa clustered together is shown next to the branches. The analysis involved 9 nucleotide sequences. There were a total of 1,520 positions in the final dataset. The nucleotide sequence of 1,500 base pairs Bacillus sp. PG-8 was deposited in the nucleotide GenBank database under the accession number OK175649.

The 16S rRNA gene sequence of the bacterial strains isolated from panchagavya belonged to Bacillus safensis and Bacillus cereus (Radha and Rao, 2014). Panchagavya contains Bacillus aquimaris, Bacillus subtilis, Bacillus cereus, Bacillus licheniformis, Bacillus endophyticus, and Bacillus barbaricus (Donaldson and Emmanuel, 2021). The bacterial strain PG-8 isolated from panchagavya has shown the phylogenetic relatedness with Bacillus strains (Figure 2). The results are in line with those reported earlier and show the potential application of genus Bacillus in plant growth promotion.


[image: Figure 2]
FIGURE 2. Neighbor-joining phylogenetic tree of Bacillus sp. PG-8.




Primary Screening of Bacillus sp. PG-8 for Plant Growth-Promoting Parameters

The Bacillus sp. PG-8 was tested for various plant growth-promoting qualities qualitatively, which include phytostimulant production, nutrient solubilization, and plant protectants. The results revealed that the Bacillus sp. PG-8 possesses a variety of plant growth-promoting capabilities such as the production of IAA, GA, NH3, EPS, and phosphate solubilization (Table 2).


Table 2. Primary screening of Bacillus sp. PG-8 for plant growth-promoting traits.
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Bacillus sp. PG-8 formed a black mucoid colony on the brain–heart infusion agar plate after 48 h, which indicates that EPS producer. Phosphate solubilization by Bacillus sp. PG-8 was observed in the form of a yellow zone formed around the colony on the Pikovskaya agar plate after 72 h. Bacillus sp. PG-8 was incapable of producing hydrogen cyanide and zinc solubilization.

Various PGPB often exhibit one or more plant growth-stimulating traits, each with distinct activity under different environmental and soil circumstances (Olanrewaju et al., 2017). PGPB have numerous plant growth-promoting characteristics such as phosphate and zinc solubilization with IAA, HCN, and exopolysaccharide production (Kalam et al., 2020). Panchagavya isolates were shown to be effective in plant growth promotion through the solubilization of insoluble phosphate and the production of indole acetic acid (Panchal, 2016). Various Bacillus sp. have been reported for multiple PGP activities such as IAA, GA, EPS production, and P solubilization (Bonatelli et al., 2020; Miljaković et al., 2020; Magotra et al., 2021). As PG-8 shows multiple plant growth-promoting activities, it can be applied in the field to supplement nutrients and augment plant growth.



Secondary Screening of Bacillus sp. PG-8 for Plant Growth-Promoting Parameters
 
Indole Acetic Acid Production

Indole acetic acid production is very common among the PGPB because it helps in root expansion and uptake of nutrients. The Bacillus sp. PG-8 has produced 2.78 μg/ml IAA in the presence of 0.1% (w/v) tryptophan, at 30°C after 120 h (Figure 3A). Rhizospheric isolate Bacillus thuringiensis produced 0.20 μg/ml IAA with 0.1% (w/v) tryptophan after 21 h (Batista et al., 2021). Bacillus siamensis isolated from rhizospheric soil produced 5.14 μg/ml IAA with 0.1% (w/v) tryptophan after 72 h (Saleem et al., 2021). The Bacillus sp. PG-8 has reasonably produced a good amount of IAA compared to other PGPR.


[image: Figure 3]
FIGURE 3. (A) Indole acetic acid production, (B) Gibberellic acid production, (C) Ammonia production, (D) Exopolysaccharide production.




Gibberellic Acid Production

Gibberellic acid is a phytohormone that helps in seed germination and plant growth. The Bacillus sp. PG-8 was able to produce the highest gibberellic acid 0.70 mg/ml at 30°C after 72 h in nutrient broth (Figure 3B). Rhizospheric isolate Bacillus siamensis produced 0.24 mg/ml GA after 96 h in broth (Ambawade and Pathade, 2015). Bacillus cereus isolated from the rhizosphere produced 0.39 mg/ml GA in a nutrient broth after 216 h (Pandya and Desai, 2013). PGPR, Bacillus pumilus, and Bacillus licheniformis produced physiologically active gibberellins in the host plant (Gutiérrez-Mañero et al., 2001). Our isolate produced double the amounts of gibberellic acid within 72 h than those reported earlier.



Ammonia Production

Ammonia production is the most common mechanism of PGPB. Considerable ammonia production was found in peptone broth by fermented panchagavya bacterial isolate. Bacillus sp. PG-8 produced the maximum 6.51 μmol/ml ammonia production after 120 h and was decreased after 144 h (Figure 3C). Agbodjato et al. (2015) reported that 80% of plant growth-promoting Bacillus species have shown ammonia production. Rhizobacteria, Bacillus cereus, and Bacillus megaterium produced 2.3 and 6.2 μmol/ml of ammonia, respectively, after 72 h (Dutta and Thakur, 2017). Bacillus megaterium isolated from soil produced 2.04 μmol/ml ammonia after 96 h (Krunal and Sanjay, 2020). Ammonia accumulation in soil may lead to alkaline conditions that suppress the growth of several plant pathogens. Production of ammonia is important for nitrogen accumulation because it promotes root, shoot, and biomass growth, which accelerates plant growth (Masclaux-Daubresse et al., 2010).



EPS Production

Bacterial exopolymer substances are released in response to the physiological stress encountered in the natural environment. Exopolysaccharide was recovered by acetone extraction, and significant production was found by panchagavya bacterial isolate. The Bacillus sp. PG-8 was able to produce 2.6% (w/v) EPS in nutrient broth containing 4.0% (w/v) sucrose after 24 h (Figure 3D). EPS production was gradually decreased then after 24 h in the broth. Bacillus licheniformis isolated from soil produced 0.6% (w/v) EPS after 96 h (Gupta et al., 2021). Bacillus licheniformis produced 4.8% (w/v) EPS after 96 h with 10.0% (w/v) sodium succinate (Malick et al., 2017). Paenibacillus polymyxa isolated from wasp honeycombs was able to produce 2.4% (w/v) EPS with 5.0% (w/v) sucrose after 48 h (Liyaskina et al., 2021). The source and concentration of sugar in the medium affect EPS production. Panchagavya isolates Bacillus sp. PG-8 produced considerable EPS with lower sugar concentrations within 24 h. The Bacillus sp. PG-8 is capable of secreting EPS that may protect themselves and the host plants against abiotic stresses such as drought, salinity, or heavy metal pollution.



Phosphate Solubilization

Phosphate solubilizing bacteria improve the phosphates availability by solubilizing them and making them available to the plant. Bacillus sp. PG-8 has shown the phosphate solubilization index of 1.8 after 72 h. The Bacillus sp. PG-8 has solubilized 198 μg/ml insoluble tricalcium phosphorus after 10 days in Pikovskaya's broth (Figure 4). Bacillus sp. PG-8 was able to solubilize tricalcium phosphate sources along with a pH drop from 7.0 to 4.5 after 10 days. The Bacillus cereus was able to solubilize 159 μg/ml tricalcium phosphate after 10 days in Pikovskaya's broth (Salwan et al., 2021). Rhizospheric isolate Bacillus cereus was able to solubilize 140 μg/ml phosphate after 3 days (Abdelmoteleb and Gonzalez-Mendoza, 2020). Bacillus xijun isolated from rhizospheric soil solubilized 130 μg/ml phosphate after 15 days showing pH drop from 7.0 to 4.7 (Zhong et al., 2021). The Bacillus sp. PG-8 showed better phosphate solubilization compared to the above PGPR.


[image: Figure 4]
FIGURE 4. Zone of phosphate solubilization on a plate and its rate in Pikovskaya's broth.


Multiple plant growth-promoting activities, such as IAA, GA, EPS, ammonia production, and P solubilization by Bacillus sp. PG-8 are summarized in Table 3 with other Bacillus species. Panchagavya isolate Bacillus sp. PG-8 produced higher IAA than B. safensis and B. albus. GA production is about 30 times higher than other Bacillus sp. Our isolate also produced more ammonia production than B. cereus and showed similar phosphate solubilization.


Table 3. Plant growth-promoting traits of Bacillus sp. PG-8 with other Bacillus species.
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Abiotic Stress Response

Abiotic stress is responsible for significant yield losses on crop scale worldwide. Bacillus sp. PG-8 responded well in abiotic stress such as, osmotic resistance, salt, temperatures, and pH and results are as noted in Table 4.


Table 4. Abiotic stress response of Bacillus sp. PG-8.
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The growth of Bacillus sp. PG-8 was examined on a nutrient agar plate at temperatures ranging from 28 to 46°C, and the results revealed the growth of Bacillus sp. PG-8 was good over the range. Bacillus sp. PG-8 can survive at lower and also higher temperatures. Generally, bacterial growth is reduced at the field level in summer due to higher temperatures. Bacterial culture's ability to withstand higher and lower temperatures is important in the preparation of liquid biofertilizers. Plants and bacteria produce several proteins that increase their tolerance to extreme temperatures. Bacillus sp. is more tolerant to high temperatures due to the production of heat-shock proteins and the presence of extremely resistant and dormant endospores (Getahun et al., 2020). Bacillus cereus and Bacillus subtilis can tolerate temperatures up to 45°C (Ashraf et al., 2019). Bacillus sp. PG-8 can be employed at the field level because of its capacity to tolerate higher temperatures.

Bacillus sp. PG-8 showed good growth on the nutrient agar plate with 0.5–10.0% (w/v) salt. The decreased growth was observed at 15 to 20% (w/v) salt but it could survive the higher salt levels. Bacillus tequilensis and Bacillus aryabhattai can tolerate up to 12% (w/v) salt (Shultana et al., 2020). The formation of biofilm and exopolysaccharides kept the viability of bacterial cells under salt stress to protect them in the rhizosphere. Bacillus sp. PG-8 produces more EPS, and the blackening of the colony on the BHI plate indicates that it may form a biofilm.

The growth of Bacillus sp. PG-8 was examined on a nutrient agar plate having different pH values (5.0, 7.0, 9.0, 11.0, and 12.0), and better growth was observed with a pH range of 5.0–12.0. The Bacillus sp. PG-8 may thrive in a range of pH environments, which include acidic, neutral, and basic. Bacillus thuringiensis was able to survive in 4.0–10.0 pH (Getahun et al., 2020). Bacillus subtillus growth was observed in acidic and alkaline media with a pH range of 5.0 to 8.0 on nutrient agar plates (Zahid, 2015). Bacillus genus has chemoreceptor adaptation systems for sensing chemical gradients (Tohidifar et al., 2020). The presence of sodium chloride, sodium carbonate, sodium hydrogen carbonate, and sulfuric acid in the soil induces crop stress (Sairam et al., 2002). PGPB may thrive in both acidic and alkaline soils and aid in the growth of plants.

The PEG (6000) at 5, 10, and 20% (w/v) concentration is equivalent to osmotic potential levels of −0.27, −0.54, and −1.09 MPa, respectively. Bacillus sp. PG-8 can tolerate polyethylene glycol concentrations up to 10% (w/v) and stress up to −0.54 MPa to maintain a high water activity level. Bacillus amyloliquefaciens and Bacillus licheniformis could tolerate matric stress up to −0.73 MPa (Vardharajula et al., 2011). PGPB isolate Pseudomonas fluorescens was able to grow in stress at a minimum water potential (-0.30 MPa) with PEG-6000 (Niu et al., 2018). Bacillus amyloliquefaciens has the ability to sustain pepper growth in the face of drought, salt, and heavy metal stress (Kazerooni et al., 2021). Bacillus thuringiensis showed better temperature tolerance at 45°C, tolerance of acidic and alkaline pH, high salinity, and drought resistance (Getahun et al., 2020). Significant effects of plant tolerance to abiotic stress are that it will result in promoting the yield and production of crops to feed humans and livestock. Bacillus sp. PG-8 showed that multiple abiotic stress tolerance hence could be useful for field application.



Seed Germination

Seed germination is one of the most crucial phases of the growth cycle in plant development. The percentage germination ability of Bacillus sp. PG-8 is shown in Figure 5. The seeds of Arachis hypogea treated with Bacillus sp. PG-8 showed 75 percent seed germination with 154 seed vigor index whereas control showed 70 percent and 110, respectively. Bacillus licheniformis culture-treated Arachis hypogea seedlings showed 85% germination (Shifa et al., 2015). Seed germination is a parameter of prime significance and fundamental to total biomass and yield production. As Bacillus sp. PG-8 has a beneficial effect on Arachis hypogea seed germination, it can be used to promote plant growth in the field.
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FIGURE 5. Seed germination by Bacillus sp. PG-8.




Pot Experiment

In primary tests, Bacillus sp. PG-8 was tested for its beneficial role in producing phytohormones and releasing phosphorus in the broth medium. The biological contribution of Bacillus sp. PG-8 on the growth of Arachis hypogea was investigated, and the results were recorded with control (Table 5). The results revealed that the pure culture of Bacillus sp. PG-8 has a great influence on the development of the plant.


Table 5. Effect of Bacillus sp. PG-8 on the growth of Arachis hypogea.
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It was observed that treated plants had longer roots and shoots, more number of leaves with better breadth and length than the untreated control plants (Figure 6). In addition, treated plants had a higher fresh weight and dry weight. Arachis hypogea inoculated with Bacillus sp. PG-8 showed remarkable improvements in the fresh weight, dry weight, shoot length, root length, root hair number, and stem diameter by 1.08, 1.15, 1.09, 1.08, 1.38, and 1.05 times, respectively, after the 30th day. Arachis hypogea inoculated with Bacillus sp. PG-8 showed remarkable improvements in the leaf numbers, leaf width, leaf length, and leaf area by 1.38, 1.32, 1.39, and 1.52 times, respectively, after the 30th day (Figure 6).


[image: Figure 6]
FIGURE 6. Arachis hypogea plant after 30 days.


Bacillus species, such as Bacillus subtilis, Bacillus amyloliquoefaciens, Bacillus cereus, Bacillus pumilus, and Bacillus polymyxa, are well known for their plant growth and development abilities because they produce antibiotics and produce phytohormones and phosphate solubilization (Majumdar, 2017). The Bacillus sp. PG-8-treated plants showed growth parameters that indicated that they can survive easily in soil. The Bacillus sp. was able to solubilize the additional insoluble nutrients and simultaneously help the plant growth. Bacillus is the most common nonrhizobial endophytic genus in summer crops, and it can enhance plant root development (Bhutani et al., 2018). By regulating auxin-responsive genes, PGPR regulates endogenous IAA levels in rice roots, which causes root architectural alterations (Ambreetha et al., 2018). Bacillus sp. was effectively exploited to enhance the growth and yield of V. radiata. Bacillus megaterium, Bacillus pumilus, and Bacillus subtilis increased shoot length by 55.55, 46.46, and 46.20% over control, respectively (Kumari et al., 2018). Arachis hypogea treated with Bacillus licheniformis exhibited good plant development (Shifa et al., 2015). Inoculation of soil or crops with PGPB is a potential technique for boosting plant growth, thus reducing the usage of environmentally harmful chemical fertilizers (Alori et al., 2012). The increase in growth attributes of Arachis hypogea might be due to the involvement of Bacillus sp. PG-8 by increasing the availability of nutrients, biosynthesis of plant growth regulators such as auxins, gibberellic acid, and phosphate solubilization.




CONCLUSION

In this study, PGPB was isolated from fermented panchagavya. The Bacillus sp. PG-8 has multiple plant growth-promoting properties such as the production of gibberellic acid, indole acetic acid, ammonia, exopolysaccharide, and phosphate solubilization. Application of Bacillus sp. PG-8 improved Arachis hypogea growth as compared to control. It showed considerable improvements in the shoot length, root length, root hair number, leaf number, and leaf area in both plants. A spore-forming Bacillus sp. PG-8 shows multiple plant growth-promoting abilities and can survive in stress conditions, which makes it a potential candidate for application as bioinoculants and biofertilizers.
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Fresh weight ()
Dry weight (g)
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Root length (cm)
Root hair number
Leaf widith (cm)
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Leaf number

Leaf area (cm?)
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022
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122
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