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Abstract
Disease control using microbes that exhibit beneficial effects on plants to strengthen the host is a foremost require-
ment in agriculture. The aim of the present study is to search for an effective biocontrol agent against Rhizoctonia 
solani endowed with high plant growth potential. A total of 95 bacterial strains were isolated from the soybean plant 
rhizosphere and screened in vitro against R. solani by dual culture technique, revealing that strain PB-35(R11) was the 
most efficient for controlling R. solani with 54.835% inhibition. Isolate PB-35 was identified by 16S ribosomal RNA (rRNA) 
gene sequencing as Bacillus mojavensis. It was observed that, in order to effectively control R. solani in vitro, B. mojavensis 
produced volatile metabolites. Fourier-transform infrared (FTIR) analysis revealed the presence of aldehyde (CHO) group 
(1739.79 cm−1), acetyl group (1896.03 cm−1), and cyanide group (2360.87 cm−1) in the crude extract of isolate PB-35(R11). 
Furthermore, the siderophore, indole acetic acid (IAA), catalase, oxidase, and chitinase production ability as well as phos-
phate solubilization potential of PB-35(R11) make it beneficial for crop growth and soil biofortification.
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1  Introduction

Pathogenic microorganisms affect plant health and rep-
resent a major ongoing threat to sustainable agriculture 
and ecosystem stability worldwide. Chemicals used in agri-
culture to increase yields and kill pathogens, pests, and 
weeds have a harmful impact on the ecosystem. Because 
of current public concern about the side effects of agro-
chemicals, there is increasing interest in improving under-
standing of the cooperative activities among plants and 
rhizosphere microbial populations and an urgent need for 
biological agents. Use of plant growth promoting rhizo-
bacteria (PGPR) is a better alternative to solve this problem 
[22].

Over 95% of bacteria exist in plant roots, and host plants 
obtain many nutrients through soil bacteria. Hence, this 

should be the richest source to explore to identify poten-
tial PGPR which may be useful for development of bioin-
oculants for growth and yield enhancement of crop plants 
[47]. Agricultural products are the primary dietary source 
of proteins, carbohydrates, fat, vitamins, and other nutri-
ents. Soybean (Glycine max L. Merrill) is one of the best 
“all-in-one” sources, having very high nutritional value. To 
achieve good health, consumption of healthy food is the 
main concern, being directly related to the present agro-
ecosystem. As populations increase, the need for dietary 
sources is increasing greatly day by day. This high demand 
has resulted in excessive use of different chemicals in the 
form of phytohormones and pesticides to promote plant 
growth and address pathogens, respectively, to obtain 
quick results [25]. However, due to the extreme diversity of 
pathogens and serious diseases, severe plant loss and yield 
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reduction are common in susceptible soybean cultivars 
[57, 58]. Rhizoctonia solani is one of the most important 
soil-borne fungal pathogens, developing in both cultured 
and noncultured soils in the form of sclerotia that do not 
generate asexual spores [6]. Damping-off of seedlings is 
the most common disease caused by R. solani [35]. Use 
of fungicides to control soil-borne disease is costly and 
also results in environmental and human health hazards, 
as well as adversely affecting beneficial microorgan-
isms in the soil [12]. Biological control of soil-borne plant 
pathogens using treatment of seeds with antagonists has 
recently emerged as a promising alternative to the use 
of synthetic pesticides [15, 48]. Bacillus is a Gram-posi-
tive, facultative anaerobic, endospore-forming bacterial 
genus, being the most abundant in the soil rhizosphere, 
where naturally occurring soil bacteria aggressively colo-
nize plant roots and benefit plants by promoting growth 
[13, 18, 21, 57]. Jain et al. [25] isolated 10 bacterial strains 
from soybean rhizosphere and studied their effect on 
soybean plant growth promotion, revealing potential for 
phosphate solubilization, IAA production, and N2 fixation 
activity. In the work presented herein, rhizospheric isolates 
from soybean plant rhizosphere soil were identified and 
screened for their antagonism towards a fungal pathogen 
R. solani, which causes damping-off disease in soybean. 
Furthermore, the isolates were characterized regarding 
their abiotic stress tolerance, certain plant-beneficial activ-
ities (phosphate solubilization and IAA production), and 
plant growth promotion in greenhouse condition.

2 � Materials and methods

2.1 � Field sites, soil sampling, and physicochemical 
characterization

Different representative sampling sites with soybean cul-
tivation from Kamptee region (Nagpur) in Maharashtra, 
India (five different villages: Ajni, Ranala, Kalamna, Gada, 

and Awandi) were surveyed and sampled for soybean 
rhizospheric soil (Table 1).

Soil samples were collected aseptically after careful 
uprooting plants and removing excess soil by shaking the 
plant thoroughly. The adherent soil was collected in sterile 
plastic bags. Each sample was divided into two parts—
one part was air dried and used to analyze soil properties, 
while the other was stored at 4 °C for further microbial 
community analysis. The physicochemical properties of 
the soils were analyzed as per standard methods [34]. All 
samples were tested and analyzed for pH, electrical con-
ductivity (EC), and nitrogen (N), phosphorus (P), potassium 
(K), and organic carbon (C) content (Table 1).

2.2 � Isolation and culture condition

A total of 95 different rhizobacterial strains were isolated 
from the rhizospheric soil samples of soybean plants by 
serial dilution technique [20] and heat treatment method 
[56] on five different isolation agars, viz. actinomycete 
isolation agar, Pseudomonas isolation agar, oatmeal agar, 
nutrient agar, and ISP-2 medium, and incubated at 37 °C 
for 24 h. The total viable count was calculated by counting 
colony-forming units (CFUs) per gram of soil. Furthermore, 
colonies were purified and stored at 4 °C as well as −20 °C 
for routine study and long-term glycerol storage, respec-
tively. The fungal pathogen R. solani used in the present 
study was obtained from the National Fungal Culture Col-
lection of India (NFCCI-188) Agharkar Research Institute, 
Pune.

2.3 � Antagonism assay

Isolates were screened by antagonism test against R. solani 
using dual culture assay technique as described by Rabha 
et al. [39]. Degree of antagonism was determined by meas-
uring the mycelial growth of the pathogen and inhibition 
zone after 72 h of incubation. The percentage inhibition of 
mycelial growth was calculated on the 7th and 14th day of 
an experiment using the equation [41].

Table 1   Physiological parameters of soil from five sampling sites

Physicochemical properties of soil: EC, electrical conductivity; N, nitrogen; P, phosphorus, K, potaash; OC, organic carbon; Cu, copper, Fe, 
iron; Zn, zinc; Mn, manganese

Soil code Parameters

Soil pH EC N (kg ha−1) P (kg ha−1) K (kg ha−1) OC (%) Cu (ppm) Fe (ppm) Zn (ppm) Mn (ppm)

Soil no. I 7.2 0.96 125.0 75.8 62.5 0.37 0.44 0.33 0.39 3.11
Soil no. II 7.4 0.91 129.0 63.7 55.2 0.32 0.39 0.31 0.41 2.21
Soil no. III 7.7 0.98 105.0 80.2 49.8 0.28 0.41 0.38 0.27 2.84
Soil no. IV 7.8 1.01 19.0 7`1.6 68.3 0.35 0.47 0.29 0.42 2.65
Soil no. V 7.5 0.95 142.0 62.8 65.7 0.35 0.45 0.31 0.37 3.27
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where C is the radial growth of fungus in control plates 
(mm) and T is the radial growth of fungus on a plate inocu-
lated with each antagonist (mm).

2.4 � Microscopy of fungal mycelia

Morphological changes caused by the antagonistic bac-
terium Bacillus mojavensis PB-35(R11) on the mycelia of 
the phytopathogenic R. solani after culturing on potato 
dextrose agar (PDA) plates for 6–7 days were examined 
directly under phase-contrast microscopy (Metzer Ltd.) 
and scanning electron microscopy (SEM) as described by 
Torres et al. [54].

2.5 � Phenotypes of bacterial isolates

Colony morphology, size, shape, elevation, margin, color, 
and aerobic/anaerobic nature were recorded after 24–48 h 
of growth on nutrient agar plates at 28 ± 2 °C as described 
by Somasegaran and Hoben [49]. Gram reaction was per-
formed as described by Vincent and Humphrey [55]. The 
motility of native isolates was studied by the hanging drop 
technique described by Cappuccino and Sherman [7, 8]. A 
series of biochemical tests were conducted using standard 
methods. The growth at varying temperatures (45 °C 50 °C, 
55 °C, and 60 °C) was also studied.

2.6 � Biochemical characteristics of isolates

Catalase assay was performed according to Hayward 
[23]. Briefly, a few drops of 30% H2O2 were added to log-
phase rhizobacterial culture pellets on a glass slide. The 
appearance and intensity of gas bubbles were observed 
for catalase activity. For oxidase assay, tested isolates were 
spotted onto trypticase soya agar plates and incubated 
for 24 h at 28 ± 2 °C. After incubation, two to three drops 
of tetramethylethylenediamine (TEMED) were added to 
the surface of the test organism, and a color change to 
maroon was taken as positive for oxides [40]. Produc-
tion of urease was demonstrated by stab-inoculating the 
culture into Christensen’s urea agar medium. The tubes 
were incubated at 30 °C for 24 h, and degradation of urea 
was indicated by a change in color of the medium in the 
test tubes, with purple–pink indicating a positive result 
[8]. Chitinase production was evaluated as described 
previously [33]. Briefly, a log-phase culture of the tested 
strain was inoculated by a single streak on chitin medium 
plates then incubated at 30 °C for 24 h. Then 0.1% Congo 
Red solution was spread over the plates, with clear halos 

Percentage of inhibition =
C − T

C
× 100,

around and beneath the growth indicating enzymatic deg-
radation, measured after 5–14 days of incubation. Differ-
ent sugars were used as nutrient sources to analyze the 
hydrolysis potential of tested strains [27]. Briefly, different 
sugars (dextrose, lactose, mannitol, maltose, fructose, and 
sucrose) were taken in test tubes, each containing suffi-
cient amount of beef extract and peptone. To detect acid 
formation, phenol red was added as pH indicator, and test 
tubes inoculated with bacterial culture and six control test 
tubes were incubated at 30 ± 2 °C for 24 h. The tempera-
ture tolerance ability of the studied isolates was evaluated 
in nutrient broth medium inoculated with 5 µl log-phase 
culture. The inoculated flasks were incubated at 45 °C, 
50 °C, 55 °C, and 60 °C, and the growth was observed by 
spectrophotometer after 24–72 h.

2.7 � Plant growth promoting (PGP) characteristics

Phosphate solubilization ability was revealed by dissolu-
tion of precipitated tricalcium phosphate [Ca3(PO4)2] in 
agar medium [37], estimated quantitatively according to 
the procedure described by Farhat et al. [17]. For potas-
sium and zinc solubilization assays, inoculum of isolates 
was spotted onto Aleksandrov medium and zinc oxide 
(ZnO) in agar medium, respectively [20]. Screening of 
bacterial isolates for hydrogen cyanide (HCN) production 
was carried out using cultures grown on King’s B medium 
with alkaline picric acid as indicator [4]. N2 fixation was 
tested by inoculating bacterial isolates in glucose nitrogen 
free mineral medium (G-NFMM) containing bromophenol 
blue solution (BTB) for 1 week at 28 °C [29]. Qualitative 
production of IAA was tested according to the procedure 
described by Singh et al. [47]. A loopful of bacterium was 
inoculated and incubated into presterilized peptone broth 
for 48 h at 37 °C. After 48 h, 1 ml Kovac’s reagent was added 
to all tubes, including control, and shaken after 15 min. The 
appearance of a red ring at the top is a clear indication of 
IAA production. IAA production was tested quantitatively 
according to the procedure described by Ahmad [2]. Quali-
tative and quantitative assay of chitinase production was 
carried out according to previously described procedures 
[33]. Siderophore production was tested qualitatively 
using chromeazurol S (CAS) medium [43].

2.8 � Fermentation and extraction of crude 
metabolites

Based on the zone of inhibition in primary screening, 
B.  mojavensis PB-35(R11) was investigated to extract 
metabolites produced during antagonism. Briefly, log-
phase culture of B.  mojavensis PB-35(R11) was grown 
in nutrient broth (1000 ml) at 37 °C for 6 days. The cell 
mass was then separated by centrifugation at 5000 rpm 
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followed by addition of 50% ethyl acetate (500 ml) to fer-
mented broth cultures and vigorous shaking for 20 min, 
then left to stand to obtain a clear solvent phase and aque-
ous phase. To concentrate the antimicrobial metabolites 
produced by the isolate, the clear solvent phase was sepa-
rated, evaporated in a vacuum drier, and subjected to FTIR 
analysis.

2.9 � FTIR analysis

FTIR analysis was performed to investigate the presence 
of different functional groups in the antifungal com-
pounds (extracted secondary metabolites) of B. mojaven-
sis PB-35(R11). The FTIR analysis was carried out using a 
Thermo Scientific Nicolet iS50FTIR in the mid-IR region 
of 400–4000 cm−1 with 16 scan speeds. The sample was 
prepared using pure KBr (5:95). Electromagnetic radiation 
ranging between 2500 nm and 20,000 nm was passed 
through a sample and absorbed in bands by stretching or 
bending of molecules in the sample. The absorbed wave-
lengths are characteristic of the absorbing bond. The pel-
lets were fixed in the sample holder and analyzed.

2.10 � Molecular characterization

Genomic DNA (gDNA) extraction was carried out as 
described by Pospiech and Neumann [37]. The ampli-
fied 16S rRNA gene was obtained from isolated gDNA by 
polymerase chain reaction (PCR) using universal primers 
PA and PH as described previously [46]. The presence and 
yield of specific PCR products was checked by 1% agarose 
(wt/vol) gel electrophoresis, visualized by ethidium bro-
mide staining and ultraviolet (UV) transillumination. Fur-
ther, the amplified 16S rRNA gene product was sequenced 
by Bangalore Geni (India). Sequences were identified and 
annotated by BLASTN search analysis against National 
Center for Biotechnology Information (NCBI) database and 
deposited in GenBank. Alignment of gene sequences with 
retrieved datasets was performed by using the ClustalW 
program in MEGA version 5.0 software [51]. Phylogenetic 
analysis and the robustness of the tree topology were 
calculated by bootstrap analysis with 1000 replications of 
sequences for neighbor joining.

2.11 � Pot assay

Pot assay was performed in a greenhouse chamber to eval-
uate the biocontrol potential as well as PGP characteristics 
of PB-35(R11), as described previously by Singh et al. [48]. 
Briefly, pre-surface-sterilized soybean seeds (variety 9305) 
were bacterized with B. mojavensis (PB-35) then transferred 
to pots prefilled with sterilized sand. Noninoculated seed 
as well as R. solani-treated sand pot seedlings were used 

as control. Further, seed germination, plant length, root 
length, shoot length, plant fresh weight, plant dry weight, 
and nodule numbers were recorded. Chlorophyll content 
in experimental plant leaves was calculated as described 
by Ferjani et al. [17]. All experiments were carried out in six 
replicates in greenhouse condition.

2.12 � Statistical analysis

Data were subjected to one-way analysis of variance 
(ANOVA), and means were compared by Duncan’s multi-
ple-range test [13].

3 � Results

3.1 � Soil analysis

The physicochemical properties of the soils were ana-
lyzed using standard methods, revealing pH of 7.2–7.8, 
electrical conductivity of 0.91–1.01, nitrogen content of 
19–142 kg ha−1, phosphorus content of 62.8–80.2 kg ha−1, 
potaash content of 49.8–68.3 kg ha−1, organic carbon con-
tent of 0.28–0.37%, and copper content of 0.39–0.47 ppm 
(Table 1). Microbiological studies were conducted and 
revealed the presence of bacteria in soil samples obtained 
from the rhizosphere of soybean at different sites of Kamp-
tee region (Nagpur) in Maharashtra, India.

3.2 � Isolation, identification, and characterization 
of screened antagonistic bacteria

The total viable counts of bacteria in different ecological 
niches from the five soil samples varied from 6.27875 to 
8.17609 log CFU/g soil. A total of 95 rhizobacterial strains 
were isolated from the soybean rhizospheric soil samples. 
All strains were screened for in vitro antagonistic activity. 
Among 95 isolates, 45 showed inhibitory activity against 
R. solani. The antagonistic effectiveness of the bacterial 
isolates varied from moderate to excellent, as revealed by 
their aggressive antifungal activity with inhibition zones 
> 20 mm. Among them, strain PB-35(R11) exhibited potent 
antagonistic activity against R. solani, with the largest 
inhibition zone of 40 mm and inhibition of 54.285%, sug-
gesting a novel source for isolation and application of this 
potent isolate for biological control of damping-off disease 
in soybean.

Strain identification is one of the most powerful 
approaches to determine the genus and species of iso-
lates that do not fit any recognized biochemical profiles, 
for strains generating only a “low likelihood” or “accept-
able” identification using commercial systems [26, 52]. 
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Hence, the screened PB-35(R11) strain was identified as 
B. mojavensis by 16S rRNA gene annotation and BLAST 
search of NCBI.

The BLAST annotation result of the 16S rRNA gene 
revealed that PB-35(R11) is closest to B. mojavensis. Phy-
logenetic clustering was carried out using the neighbour-
joining method for isolate PB-35(R11) along with the 
closest lineages of the genus Bacillus (Fig. 1). The phylo-
genetic tree constructed for the partial 16S rRNA gene 
sequence (> 1400 pb) of PB-35(R11) clustered with the 
clade of Bacillus sp. (JQ236812), B. sonorensis (LN997930), 
B. subtilis (HQ678662), and B. mojavensis (JF901760). The 
characterized sequence was deposited in the NCBI data-
base under accession no. MH646673 (B. mojavensis R11 
strain PB-35), and culture was deposited to the National 
Culture Collection Center NAIMCC Mau under accession 
no. NAIMCC-B-02050.

3.3 � Microscopy of fungal mycelia

The inhibition of fungal growth by B.  mojavensis PB-
35(R11) in a dual culture was visualized by phase-contrast 
microscopy (Fig. 2a–c). The interaction between the prom-
ising strain PB-35(R11) and the fungal pathogen R. solani 
was also investigated by SEM (Fig. 2). The micrographs 
clearly revealed inhibition of apical growth of hyphae, 
curling of fungal mycelia tips, and irregular distortions 

in fungal hyphae in the presence of bacterial antagonist 
(Fig.  2e–f ). Micrographs of control treatment showed 
intact mycelia (Fig. 2d).

3.4 � FTIR spectroscopy

The FTIR spectrum of the crude extract from the bacte-
rial isolate showed strong absorption bands at 1739.79, 
1896.03, and 2360.87 cm−1 (Fig. 3), which can be attrib-
uted to aldehyde (CHO), acetyl, and cyanide groups, 
respectively.

3.5 � Morphological and biochemical 
characterization of bacterial isolate

The characteristics of PB-35(R11) colonies are described in 
Table 2. PB-35(R11) was cream-colored and opaque, being 
slightly irregular in shape, rough, and bulging upward. 
PB-35 was aerobic with round-ended rods and motile, 
testing positive for Gram stain, endospore, catalase, chi-
tinase, dextrose, maltose, sucrose, mannitol, fructose, 
Voges–Proskauer (V–P), and citrate utilization but negative 
for oxidase, urease, lactose, methyl red (MR), and indole.

Fig. 1   Phylogenetic tree based 
on nucleotide sequences of 
16S rRNA gene of B. mojavensis 
PB-35(R11)
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3.6 � Plant growth promoting (PGP) characteristics

The PGP characteristics of strain PB-35(R11) were charac-
terized and compared with those of other strains, being 
found positive for phosphate solubilization, nitrogen 
fixation activity, ammonia production, IAA production, 
hydrogen cyanide (HCN) production, chitinase produc-
tion, and siderophore production but negative for zinc 
solubilization and potassium solubilization (Table  2). 
Qualitative analysis of culture supernatant revealed that 
the selected Bacillus strain PB-35(R11) was able to produce 
significant IAA with tryptophan but failed to produce it in 
the absence of l-tryptophan. Quantitative assay showed 
that PB-35(R11) produced 29 ± 0.63 µg ml−1 IAA. Moreover, 
qualitative and quantitative assays of phosphate solubili-
zation revealed a similar pattern to the IAA trait, quantified 
as 86.88 ± 1.75 mg ml−1. Quantification assay of chitinase 
showed that PB-35(R11) produced 74.49 ± 0.70 units mg−1 
protein of chitinase. HCN, ammonia, and siderophore pro-
duction were also found high in PB-35(R11).

3.7 � Greenhouse experiment

The results of the pot trial revealed that PB-35(R11) was 
the best strain for inoculation of soybean plants in terms 
of PGP, resulting in significant elevation of nodule number, 

root length, shoot length, fresh weight, dry weight, and 
total chlorophyll (Table  3; Fig.  4a). Inoculation of soy-
bean seeds with R. solani effectively regressed all growth 
parameters, while inoculation with PB-35(R11) enhanced 
plant growth (61.770 ± 0.178) and offered protection 
from R. solani (Fig. 4). After treatment, the nodule num-
ber was significantly increased to 8.370 ± 0.077. Quanti-
fication of total chlorophyll revealed the highest content 
(1.265 ± 0.124 mg/g leaf fr.wt) as compared with control as 
well as R. solani-treated seed (Table 3).

4 � Discussion

The most important biocontrol agents for plant diseases 
are antagonistic bacteria [48, 51]. Previously, Ester et al. [14] 
isolated 11 bacterial isolates from soybean, selected on the 
basis of their antagonistic activity and plant growth pro-
moting traits. Dalal and Kulkarni [11] isolated a total of 31 
endophytic bacteria from different parts, viz. roots, stem, 
leaf, and root nodules, of soybean (cv. JS-353) at different 
growth stages and screened them for their antagonistic 
activity against isolated soil-borne fungal pathogens and 
their plant growth promoting (PGP) activity. In the present 
study, among 95 soybean rhizosphere isolates, PB-35(R11) 
showed the greatest potential, with a a broad spectrum 

Fig. 2   Phase-contrast microscopy of inhibition of fungal growth 
by B. mojavensis PB-35(R11) in dual culture. a Control culture with 
only R. solani. b, c R. solani mycelia from the edge of the inhibitory 
halo; yellow arrows indicate hyphal deformation. d, e SEM images 

of B. mojavensis–R. solani interaction during dual culture of R. solani; 
yellow arrows indicate hyphal deformation and damaged myce-
lia of R.  solani. f Control culture of R.  solani. g Inhibition effect of 
antagonistic strain B. mojavensis on R. solani 
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of in vitro antagonistic activity towards the fungal patho-
gen as well as PGP traits. Many Bacillus isolates have been 
shown to exhibit activity against phytopathogenic fungi, 
making them good biocontrol candidates [32, 38, 44]. In 
the present study, strain B. mojavensis PB-35(R11) exhib-
ited strong antifungal activity (40 mm zone of inhibition) 
against the fungal pathogen R. solani, which can mainly 
be attributed to its production of phosphate, ammonia, 
hydrogen cyanide, nitrogen-fixing activity, chitinase, IAA, 
and siderophore. For the selection of biocontrol agents, 
use of an appropriate screening system is important. One 
of the most convincing characteristics of Bacillus species 
contributing to the biocontrol mechanism is the synthesis 
of structurally diverse antibiotics with a broad spectrum 
of antifungal activity and the ability to modify attach-
ment of other microorganisms to different surfaces [42, 
50]. The antagonistic activity of Bacillus is associated with 
the synthesis of various antimicrobial peptides [16, 30], 
secreted enzymes [5], proteins [53], and volatile organic 
compounds (VOCs) [5, 10]. Although the exact mode of 

action is not clear at present, the results of FTIR analysis 
indicated production of antibiotic and hydrolytic enzymes. 
FTIR analysis of crude compound identified functional 
groups such as aldehyde, acetyl, and cyanide. Meanwhile, 
strong antifungal activity was reported for aldehyde-
group-containing cinnamaldehyde α-methylcinnamic 
acid by Cheng et al. [9] and volatile metabolites such as 
hydrogen cyanide by Ahmadzadeh et al. [3].

Several studies have reported that Bacillus strains can 
be used as biocontrol agents and plant growth promoting 
inoculants [1, 19, 28, 36, 46]. The antagonistic capabilities 
of B. licheniformis, B. subtilis, B. pumilis, and B. cereus have 
been demonstrated by several workers [19, 31, 42, 45]. The 
highest IAA production was recorded for PB-35 (p < 0.05; 
29 ± 0.63 μg ml−1) on the 6th day. Isolate PB-35(R11) pro-
duced the highest amount of chitinase in minimal broth 
supplemented with chitin, and the maximum chitinase 
production (74.49 ± 0.70 units mg−1 protein) was recorded 
after 9 days of inoculation in minimal media (Table 2). 
Greenhouse data of plant growth showed high chlorophyll 

Fig. 3   FTIR spectrum of crude extract produced by B. mojavensis PB-35(R11)
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Table 2   Morphological, 
biochemical, physiological, 
and PGPR characteristics of 
B. mojavensis PB 35(R11)

(+) = positive result; (−) = negative result; values expressed as mean ± standard deviation (SD)

S. no. Test Result

Morphological characteristics
1. Gram reaction +
2. Motility +
3. Colony color Cream
4. Colony shape Circular, 

smooth, 
opaque

5. Endospore +
6. Cell shape Rod
7. Aerobic/anaerobic Aerobic
Biochemical traits
8. Catalase +
9. Oxidase +
10. Urease −
11. Chitinase +
12. Dextrose +
13. Maltose +
14. Sucrose +
15. Mannitol +
16. Fructose +
17. Lactose −
18. Methyl red test −
19. Voges–Proskauer test +
20. Indole −
21. Citrate +
Physiological trait
22. Temperature range (°C) 10–50
PGPR traits
23. Phosphate solubilization (mg ml−1) 86.88 ± 1.75
24. Zinc solubilization −
25. Potassium solubilization −
26. Nitrogen fixation +
27. Ammonia production +
28. IAA production (µg ml−1) 29 ± 0.63
29. Chitinase activity (units mg−1 protein) 74.49 ± 0.70
30. HCN production +
31. Siderophore production +

Table 3   Biocontrol and plant growth promoting effect of B. mojavensis PB 35(R11) on soybean plant in greenhouse condition

NN, nodule number; RL, root length; SL, shoot length; FW, fresh weight; DW, dry weight; TC, total chlorophyll

Each value is the mean of six replicates ± standard error (SE). Means followed by the same letter within a row are not significantly different at 
p < 0.05, as determined by Duncan’s multiple-range test

Treatment NN RL (cm) SL (cm) FW (g/plant) DW (g/plant) TC (mg/g fresh weight)

Control 5.891b ± 0.0636 7.226b ± 0.0638 21.803b ± 0.120 53.55b ± 0.221 13.193b ± 0.077 0.700b ± 0.011
Control + RS 3.820a ± 0.0755 5.136a ± 0.008 20.440a ± 0.166 47.31a ± 0.183 10.430a ± 0.187 0.423a ± 0.013
Control + RS + PB35 

(R11)
8.370c ± 0.077 8.610c ± 0.0862 24.803c ± 0.074 61.770c ± 0.178 21.940c ± 0.090 1.265c ± 0.124
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content when using seeds treated with 70 units mg−1 
B. mojavensis, which is positively related to plant growth 
because the rate of photosynthesis and the healthy of the 
plant canopy is based on chlorophyll [24]. The results for 
the the nodule number, root length, shoot length, fresh 
weight, and dry weight in the pot assay showed the effec-
tiveness of PB-35(R11) for reduction of the severity of the 
disease caused by R. solani (Table 3).

5 � Conclusions

A total of 95 bacterial strains were isolated from the rhizo-
sphere of soybean plants and screened in vitro for their 
antagonistic potential against the most common soil 
pathogenic fungus R. solani. Among them, PB-35(R11) 
was found to be the best antagonist. Furthermore, the 
interaction between PB-35(R11) and R. solani was visual-
ized by phase-contrast microscopy and SEM. The results of 
16S rRNA gene analysis and in silico nucleotide similarity 
search identified it as B. mojavensis. Furthermore, experi-
ments were performed using B. mojavensis PB-35(R11) 
isolates to determine their PGP potential in terms of phos-
phate solubilization, siderophore production, nitrogen-
fixation activity, ammonia production, IAA production, 
HCN production, and chitinase production. FTIR analysis of 
crude extracts of PB35(R11) revealed the presence of vari-
ous active metabolites and enzymes. Overall, the results 
of this study identify B. mojavensis PB-35(R11) as the best 
and most potent antagonistic strain, giving the optimum 
results. Thus, the PB-35(R11) strain possesses several key 
plant growth promoting characteristics and could be used 
as an important element in management of damping-off 

disease in soybean, as it is environmentally safe with no 
human health hazards, and economically favorable for 
farmers in comparison with synthetic chemicals. However, 
the success of biological approaches to control plant dis-
eases and enhance plant growth depends upon their per-
formance in field conditions. This prominent antagonistic 
bacterium is the leading candidate for further investiga-
tion into biological control of the R. solani pathogen.
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