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Abstract

Phytopathogenic fungi pose a significant threat to agricultural sustainability, leading to huge economic
losses and reducing food quality. Consequently, alternative exploration of strategies for disease
management are critical, particularly utilizing naturally occurring microorganisms with antagonistic
potential. In this study, bacterial isolates obtained from Jakrem and Garampani hot springs of North
East India were evaluated for potential antagonism activity against four phytopathogenic fungi namely
Sclerotinia sclerotiorum, Corynespora cassiicola, Fusarium oxysporum f.sp. pisi, and Colletotrichum
capsici. The result recorded eight bacterial isolates with prominent antifungal activity against the test
phytopathogens and their antagonistic effect was clearly visualized by scanning electron microscope
analysis, which revealed mycelial deformities in the treated cultures. Crude metabolites obtained from
these bacteria isolates were characterized by Gas Chromatography-Mass Spectrometry (GC-MS) and
Attenuated Total Reflection (ATR) analyses. The metabolites revealed presence of several functional
groups and bioactive compounds like 1,2-Benzenedicarboxylic acid, Nonanoic acid, Dibutyl phthalate,
Oleic acid, Ergotamine, Citronellol, Chloroacetic acid, and Erucic acid, which were known to possess
antimicrobial properties. 16S rRNA sequencing and NCBI BLAST based search for molecular identification
confirmed the identity of isolates, belonging to the genera Bacillus. The study also recorded that three
bacterial isolates possess the presence of surfactin and iturin antimicrobial peptides (AMP) biosynthesis
gene cluster. Further, bio-formulation prepared using the three antagonistic bacterial isolates showed
growth promotion in mustard seeds while inhibiting the pathogen, S. sclerotiorum in an in vitro water
agar assay. The findings suggest that hot springs bacterial could be explored for bio-based agents and
could serve as sustainable alternatives to synthetic agrochemicals for management and control of
phytopathogenic fungi.
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INTRODUCTION

In countries like India, agricultural
productivity is an important critical factor for
food security, as more than 60% of the population
depends on agriculture for livelihood.! Although
India ranks fifth globally in agricultural production,
sustaining this growth amidst the increasing
population generate tremendous pressures and
environmental degradation remains a significant
challenge.? While the introduction of synthetic
agrochemicals during the Green Revolution
dramatically increased yields, however, their long-
term application has negative consequences linked
with soil degradation, resistance in pathogens, and
disruption of local biodiversity.>*

Phytopathogenic fungi pose a continuous
threat to crop health, reducing productivity and
food quality.® The excessive reliance on synthetic
fungicides and pesticides for disease management
has exacerbated issues such as pathogen
resistance, making sustainable alternatives
critical for future agricultural practices.®’” Recent
advances in biological control have highlighted the
potential of microbial antagonists, such as Bacillus
spp., as promising candidates for integrated
pest management.®® These biocontrol agents
offer a more environmentally friendly approach,
leveraging natural antagonistic properties to
suppress phytopathogens while promoting plant
health. In this context, thermophilic bacteria
from extreme environments, such as hot springs,
represent a largely untapped resource with
immense biotechnological potential.?® Hot
springs, characterized by elevated temperatures
and unique physicochemical conditions, harbour
wide-range of microbiota that are better adapted
to survive under harsh environments.!* These
extremophilic microorganisms, especially which
belonged to the genus Bacillus possess endospores
which are resistant to environmental extremes,
have demonstrated the ability of antibiotic
production, hydrolytic enzymes and bioactive
metabolites that can be harnessed for agricultural
and medicinal applications.?>!* An important
attribute possessed by Bacillus spp. are their
capacity to form resilient endospores and produce
antimicrobial metabolites providing protection
against a wide array of phytopathogens, including
Fusarium, Sclerotinia, and Colletotrichum.***

Considering the increasing global
emphasis on sustainable agriculture and the
limitations on used of synthetic agrochemicals,
this study aims to explore the isolation of Bacillus
spp. from hot springs as biocontrol agents against
phytopathogenic fungi. It is generally considered
that the thermophilic nature of Bacillus spp., might
have the ability to produce potent metabolites
that could offer an eco-friendly alternative for
managing crop diseases. Therefore, the present
study aims to access the antagonism potential
of Bacillus isolates from Jakrem and Garampani
hot springs of North East India against selected
phytopathogenic fungi. Attempt was also made
to characterize the metabolites of three promising
isolates and their bio-formulation for management
and control of phytopathogenic fungus, Sclerotinia
sclerotiorum.

MATERIALS AND METHODS

Sampling sites and collection of samples

Jakrem hot spring located in Meghalaya
(GPS coordinates: 25°24.4632" N, 91°32.4092"
E) and Garampani hot spring situated in Assam,
North East India (GPS coordinates: 26°25’12.49"
N, 93°52'47.99" E) were selected as the study
sites. Portable thermometer and GPS locator
system (Garnel, Model 4100) were used at each
sampling site to measure the temperature and
geographical positioning data of water samples.
Water samples were collected in pre-sterilized 500
ml plastic containers. The containers were initially
cleaned with 20% sodium hypochlorite solution
and then thoroughly rinsed with sterile distilled
water to remove any residual disinfectant. They
were subsequently sterilized by autoclaving at 121
°C for 15 min and dried in a hot air oven at 50 °C
for 1 h. To ensure further sterility, the containers
were exposed to UV light for 1 h inside a laminar
airflow cabinet. Samples were collected randomly
in triplicates from each hot spring and transported
to the laboratory for further analysis.'®

Isolation of bacteria

Serial dilution technique was performed
for isolating distinct isolates from water samples
on three different growth media: Nutrient Agar
(peptone: 5 g/l; sodium chloride: 5 g/l; HM
peptone B: 1.5 g/l; yeast extract: 1.5 g/l; agar: 15
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g/l), Luria-Bertani Agar (tryptone: 10 g/l; yeast
extract: 5 g/l; sodium chloride: 10 g/I; agar: 15
g/l) and Reasoner’s 2A Agar (casein enzymic
hydrolysate: 0.25 g/l; peptic digest of animal
tissue: 0.25 g/l; casein acid hydrolysate: 0.5 g/I;
yeast extract: 0.5 g/lI; glucose: 0.5 g/l; starch
soluble: 0.5 g/I; dipotassium phosphate: 0.03
g/l; magnesium sulphate, heptahydrate: 0.5 g/I;
sodium pyruvate: 0.030 g/I; agar: 15 g/I). 100 pl
aliquot of serially diluted samples (10 to 107),
were spread plated on the medium and incubated
at44 +1 °Cfor samples from Jakrem hot spring and
at 37 £ 1 °C for samples from Garampani hot spring
for 72-96 h. Following incubation, distinct colonies
that appeared on the agar media was counted,
and morphological characteristics of the colonies,
including shape, size, elevation, pigmentation, and
color, were recorded. Further purification of the
colonies was employed by repeated sub-culturing
and, finally stored on Nutrient Agar slants at 4 °C
and 20% glycerol stocks at -20 °C. Furthermore,
purified bacterial isolates were subjected to
microscopic examination and biochemical tests
such as gram staining, citrate utilization, oxidase,
catalase for the genus level identification.*’

Test phytopathogenic fungi and maintenance

In the present study, three different
phytopathogenic fungi-Sclerotinia sclerotiorum
(ITCC 4042), Fusarium oxysporum f.sp. pisi (ITCC
4814), and Corynespora cassiicola (ITCC 6748) were
obtained from the Institute of Advanced Study in
Science and Technology (DST-IASST), Boragaon,
Assam, India. Additionally, one phytopathogenic
fungus, Colletotrichum capsici (NCBI GenBank
Accession ID: KY124644), was obtained from
the Microbial Ecology Laboratory, Department
of Botany, Gauhati University, Assam, India. All
fungal isolates were cultured on Potato Dextrose
Agar (PDA; HiMedia) slants and incubated at 26 +
1 °Cfor 48-72 h. The cultures were then stored at
4 °C until further use.*

In vitro assessment of antagonistic activity
against selected phytopathogens

Bacterial isolates were tested for potential
antagonism against the test phytopathogens
in vitro. The activity was conducted through a
preliminary screening using dual-culture analysis.

For this activity, agar plates (Potato Dextrose Agar
(PDA), HiMedia) were inoculated with a fungal
plug (5 mm?) at the center. Further, the isolates
were spot inoculated opposite of the inoculated
fungal plug on the agar plate. A plate containing
only a fungal plug (without bacterial inoculation)
was also inoculated simultaneously and marked as
control for calculation of percentage (%) inhibition
by the isolates. The inoculated plates were further
incubated at 26 + 1 °C for 120 h. Each activity
was performed in triplicates and percentage (%)
inhibition was calculated.!

% inhibition = (1 - FG/CG) x 100

Where,

FG = Fungal Growth on the bacteria treated plate
(mm)

CG = Fungal Growth on control plate (mm)

Microscopic observations

Scanning electron microscope (SEM)
analysis was conducted for observation of
morphological changes in the phytopathogenic
mycelium produced due to inhibitory effect of the
potent bacterial isolates. Briefly, the mycelium was
taken from the bacteria-fungiinteraction zone and
fixed in 3% glutaraldehyde for one hour. Following
fixation, the sample was dehydrated by passing
it through increasing concentrations of ethanol
that ranged from 10%-100%. After dehydration,
the sample was gold-coated and imaged under
different magnifications through scanning electron
microscope (ZEISS, Sigma 300 VP).*

Metabolite extraction and characterization
Extraction of metabolite from the
antagonistic isolates was performed by mass
multiplication in broth medium (Nutrient Broth
(NB), HiMedia). Briefly, 100 pl inoculum of
potent isolate (10° cells/ml) was inoculated in
150 ml of sterilized broth medium and incubated
under continuous shaking (120 rpm) for 120 h
at 30 + 1 °C. After incubation, at 10,000 rpm,
centrifugation of the cultured medium was carried
out for 15 min and cell free supernatant was
collected. The supernatant was mixed thoroughly
with equal proportion of ethyl acetate (1:1) solvent
using a separating funnel. From the mixture,
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fraction consisting of solvent (ethyl acetate)
was collected and was again mixed with equal
proportion of the same solvent (ethyl acetate).
The process was repeated again and the final
fraction was evaporated by a rotary evaporator at
<40 °C to dryness and, the remained metabolites
was dissolved in methanol.*® For identification
of biologically active compounds in the crude
extract, gas chromatography-mass spectrometry
(GC-MS) analysis was further carried out. The
analysis used helium (He) as the carrier gas in the
GC-MS instrument (Clarus 600C MS; liquid auto-
sampler; model: Clarus 680 GC), Perkin Elmer
(USA). The obtained peaks in the chromatogram
were analyzed using NIST-2014 software.?®

Determination of biocontrol efficacy on Brassica
juncea (mustard green)

Determination of biocontrol efficacy by
potent bacterial isolates against S. sclerotiorum
was evaluated using Brassica juncea (mustard
green) in vitro. For the present study, seeds of B.
juncea (cultivar number IC 597866) were collected
from the National Bureau of Plant Genetic
Resources (NBPGR), Umiam, Meghalaya. Briefly,
surface sterilization of the seeds was carried out
by treating the mustard seeds with a solution of
sodium hypochlorite (2.5%) for a duration of 10
min followed by several washed steps with sterile
water (double distilled) for removal of any trace’s
sodium hypochlorite. After sterilization, seeds
were dried under laminar air flow (LAF) chamber
on sterile filter paper. For bacterization, 100 pl
overnight grown cultures of potent isolates (10°
cells/ml) were inoculated in Nutrient Broth (NB)
medium (150 ml) and incubated under shaking
conditions (120 rpm) for 24 hat 30+ 1 °C. Following
incubation, centrifugation of the inoculated NB
medium was performed at 10000 rpm for 10
min for harvesting bacterial cells. Distilled water
(sterile) was further used to suspend the harvested
cells and using haemocytometer count, the final
density was adjusted to 10° cells/ml.* Further,
0.1% carboxymethyl cellulose (CMC) was mixed
with the bacterial cells as binder, and coated on
the surface-sterilized seeds followed by further
drying for additional 2 h inside the laminar air
flow cabinet. After proper drying, seeds were
transferred aseptically onto water agar plates.

For the seed assay, the phytopathogen; S.
sclerotiorum was cultured in PDB medium, and
incubated for 120 h at 28 + 1 °C. After incubation,
the broth medium was passed through 4 layers
of cheesecloth for filtering out the mycelium,
and the collected supernatant was centrifuged at
10000 rpm for 10 min. Following centrifugation,
the supernatant was discarded and the harvested
spores was suspended in sterilized distilled water.
The concentration of spore suspension was further
determined using a hemocytometer count and,
the final density was adjusted to 10°spores/ml by
using sterilized distilled water.* For the assay, each
bacterized seed was inoculated with 10 pl of spore
suspension (10°spores/ml) and incubated at 26 + 1
°C for 24-120 h. Seeds without bacterization, and
inoculated with phytopathogen spore suspension
was marked as negative control, while seeds
without bacterization, and inoculated only distilled
water (sterile) was marked as positive control.
Each replication for the experiment contained 15
seeds and conducted in triplicates. The biocontrol
potential of the isolates was later evaluated based
on the following scoring system®2°:

Score description

0. No germination

1. Germinated seed showing both seed coat and
plumule infection

2. Either seed coat or plumule infection

3. Healthy seeds with no infection

Score=nx0

Where,

n corresponds to seeds number in each score

category, and

0 = score assigned (for each treatment)

Seed bacterization study

Seed bacterization study was conducted
as per methodology described by Rahman et
al.** with some modifications. Briefly, surface
sterilization of the seeds was carried as per
methodology described above. Further, the
seeds were dipped into cell suspension of potent
bacterial isolates (10° cells/ml) mixed with 0.1%
carboxymethyl cellulose (CMC) as a binder for
30 min. Further, 5 bacterized seeds were placed
in a straight-line at the center together with S.
sclerotiorum mycelial plug (5 mm) on the opposite
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sides. S. sclerotiorum inoculated seeds without
bacterization was marked as control. Plates were
incubated at 26 + 1 °C for 24-120 h and conducted
in triplicates (each replication contain 5 seeds).*

In vitro determination of biocontrol activity on
detached leaf assay

The biocontrol efficiency of isolates
on mustard leaves was assessed following the
methodology described by Shimizu et al.?> with
some modifications. Briefly, surface sterilization
of the seeds was carried as per methodology
described above and germinated in plastic
pots which contained sterilized soil (200 g soil
autoclaved twice for 15 min at 121 °C at a 24-
hour interval) for 3 weeks in an open field. After
the emergence of 5-6 fully expanded true leaves,
surface sterilization of the leaves was performed
using solution of sodium hypochlorite (5%) for
10 min followed by several washed steps with
sterile water (double distilled) to remove any
traces sodium hypochlorite. For bacterization,
cell suspension of potent bacterial isolates
(10° cells/ml) mixed with 0.1% carboxymethyl
cellulose (CMC) as a binder was coated on the
surface of sterilized leaves. Bacterized leaves were
then further air dried inside Laminar Air Flow
(LAF) chamber and transferred finally onto petri
plates containing filter paper (sterile) moistened
with distilled water (sterile) under aseptic
conditions. 10 pl spore suspension (10° spores/
ml) of S. sclerotiorum was then inoculated on
each bacterized leaf at the center. Mustard leaves
without bacterization and inoculated only with the
S. sclerotiorum spore suspension was marked as
control. Plates were further incubated at 26 + 1 °C
for 144 h and each treatment was conducted in
triplicates and biocontrol efficacy was calculated.*

Biocontrol efficacy = dc - dt/dc x 100
Where,
dc = control leaf lesion diameter
dt = treated leaf lesion diameter

Attenuated total reflection (ATR) analysis
Detection and identification of functional
groups in the crude metabolites extracted from
three potent bacterial isolates antagonistic to
Sclerotinia sclerotiorum were performed using

Attenuated Total Reflection (ATR) spectroscopy.
For metabolite extraction, the selected bacterial
isolates were mass-cultured in Nutrient Broth (NB;
HiMedia). Briefly, 100 pl of bacterial inoculum (10°
cells/ml) was inoculated into 150 ml of sterilized
NB and incubated at 30 + 1 °C for 120 h under
continuous shaking at 120 rpm. After incubation,
the culture broth was centrifuged at 10,000 rpm
for 15 min to obtain the cell-free supernatant.
The supernatant was extracted with ethyl acetate
in a 1:1 (v/v) ratio using a separating funnel. The
organic (ethyl acetate) phase was collected and
subjected to two additional extractions with fresh
ethyl acetate to ensure maximum metabolite
recovery. The combined ethyl acetate fractions
were evaporated to dryness under reduced
pressure at temperatures below 40 °C using
a rotary evaporator. The resulting dried crude
extract was finely ground using a micro mortar
and pestle. ATR spectra of the crude extract were
recorded in the range of 500-4000 cm™, with four
scans performed over the entire range using an
integrated spectrometer and built-in plotter.*

Analysis for antimicrobial peptides (AMP)
biosynthesis gene cluster

The analysis was conducted using
three sets of primers viz. fengycin (FENDF:
GGCCCGTTCTCTAAATCCAT & FENDR:
GTCATGCTGACGAGAGCAAA), surfactin
(SRFAF: TCGGGACAGGAAGACATCAT & SRFAR:
CCACTCAAACGGATAATCCTGA) and iturin
(ITUCF: GGCTGCTGCAGATGCTTTAT & ITUCR:
TCGCAGATAATCGCAGTGAG) by PCR based method
for detection of antimicrobial peptides (AMP)
biosynthesis genes involved in antagonism from
3 potent isolates. The reaction mixture (15 pl)
contained 1X PCR buffer, 0.2 mM dNTPs, 1 uM
forward primer, 1 uM reverse primer, MgCl,, (2
mM), Taq DNA polymerase (1.25 U) and genomic
DNA (approximately 60 ng). PCR was performed
with the following conditions- 94 °C (2 min), 35
cycles of 94 °C (30 s), annealing-58 °C (1 min),
extension-72 °C (1.5 min) and extension step
(final) at 72 °C (7 min). Further, the amplified
products were analyzed in agarose gel (1.2%) and
images were captured using a gel documentation
system.*?3
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Molecular identification of antagonist bacterial
isolates

Genomic DNA from all the
antagonistic isolates was extracted according
to the manufacturer’s instructions provided in
HiPurA® Bacterial Genomic DNA Purification Kit
(HiMedia, MB505). Universal primers viz. 27F
(5'-AGAGTTTGATCCTGGCTCAG-3') and 1492R
(5'-TACGGYTACCTTGTTACGACTT-3') were used
for amplification of the extracted DNA through

Control——

PCR in a thermal cycler. The reaction mixture
contained dATP (0.2 mM), dCTP (0.2 mM), dGTP
(0.2 mM), dTTP (0.2 mM), 27F (1 uM), 1492R (1
uM), MgCl,, (2 mM), Tag DNA polymerase (1.25
U), and genomic DNA (1 ul) with the reaction
conditions: 95 °C (2 min), continued by 35 cycles
of 95 °C (30s), 53 °C (30 s), and 72 °C (1.5 min),
and final extension of 72 °C (7 min). The finally
obtained amplified products were analyzed in
agarose gel (1.2%) and images were captured using

Figure 1. Growth suppression and inhibition of phytopathogens by selected bacterial isolates under dual-culture
treatment (a: Fusarium oxysporum f.sp. pisi; b: Corynespora cassiicola; c: Colletotrichum capsici and d: Sclerotinia
sclerotiorum; JK54, JAB8, JAB9, JAB100: bacterial isolates isolated from Jakrem hot spring; GPB5, GPB6, GPB9:

bacterial isolates isolated from Garampani hot spring)
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a gel documentation system. Further purification
and gene sequencing of the amplified products
were carried out at Unigenome (Unipath Specialty
Laboratory). After gene sequencing, obtained
sequences were subjected to BLAST based search
on NCBI database for determination of expect
value (e-value). Phylogenetic tree was later
constructed using the neighbor-joining method in
MEGA7, and the obtained sequences were finally
submitted to the NCBI, GenBank database.**

Signar A= inLens
Mog= 846KX

RESULTS

Isolation of bacteria

The present study recorded a total of
96 distinct bacterial isolates from both the hot
springs, of which 43 isolates from Garampani and,
53 isolates from Jakrem hot spring, respectively.
The colony-forming unit (CFU) was recorded
as 2.07 x 10? CFU/ml for Garampani hot spring
and 1.36 x 10? CFU/ml for Jakrem hot spring,
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Figure 2. Morphological deformities in mycelia indicated by arrows observed under scanning electron microscope
(SEM) after bacterial isolates interactions (a: Corynespora cassiicola (control); b: C. cassiicola co-inoculated with
JK54; c: C. cassiicola co-inoculated with GPB5; d: Only Fusarium oxysporum f.sp. pisi (control); e: F. oxysporum
f.sp. pisi co-inoculated with JK54; f: Fusarium oxysporum f.sp. pisi co-inoculated with GPB9; g: Only Sclerotinia
sclerotiorum (control), h: S. sclerotiorum co-inoculated with JABS, i: S. sclerotiorum co-inoculated with JAB100; j:
Only Colletotrichum capsici (control); k: C. capsici co-inoculated with GPB5; I: C. capsici co-inoculated with GPB9)
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respectively. In the present study, recorded mean
temperature of water samples was 36.16 £ 0.25 °C
with a pH of 8.43 £ 0.18 for Garampani hot spring.
In contrast, water samples from Jakrem hot spring
recorded higher mean temperature of 44.96 + 0.2
°C, with a pH of 8.54 + 0.02 respectively.

In vitro assessment of antagonistic activity
against selected phytopathogens

8 bacterial isolates (5 isolates from
Jakrem and 3 isolates from Garampani hot spring)
were recorded with positive activity against
the test phytopathogens through dual-culture
analysis. Microscopic examination revealed that
all the 8 potent bacterial isolates were gram-
positive, rod-shaped bacteria. Moreover, all the 8
bacterial isolates also showed positive for catalase
and oxidase activities. However, only 4 bacterial
isolates i.e. JK54, JAB8 and JAB100 isolated
from Jakrem hot spring and, GPB6 isolated from
Garampani hot spring was recorded positive for

citrate utilization activity (Table 1). The dual culture
assay revealed 6 bacterial isolates (3 isolates
from Jakrem and 3 isolates from Garampani hot
spring) were antagonistic to Fusarium oxysporum
with highest activity shown by isolate GPB9
with an inhibition of 48.52 + 2.46% and lowest
activity by isolate GPB6 with an inhibition of
17.05 + 2.17% (Figure 1a). Similarly, 6 bacterial
isolates (3 isolates from Jakrem and 3 isolates
from Garampani hot spring) showed antagonistic
activity to Corynespora cassiicola with highest
activity recorded by isolate GPB9 with an inhibition
of 43.55 £ 3.009% and lowest activity was recorded
by isolate JAB9 with an inhibition of 6.06 + 2.94%
(Figure 1b). Again, 4 bacterial isolates (2 isolates
from Jakrem and 2 isolates from Garampani
hot spring) were antagonistic to Colletotrichum
capsici with maximum activity recorded by isolate
GPB5 with 50.92 = 1.33% inhibition of followed
by isolate JK54 with 43.14 + 2.46% inhibition,
isolate GPB9 with 40.85 + 1.69% inhibition and

Table 1. Morphological and biochemical characteristics of antagonistic bacterial isolates

Bacterial Cell Gram Catalase Oxidase Citrate
ID morphology staining utilization
JK54 Rod + + + +
JAB1 Rod + + + -
JAB8 Rod + + + +
JAB9 Rod + + + -
JAB100 Rod + + + +
GPB5 Rod + + + -
GPB6 Rod + + + +
GPB9 Rod + + + -

(+ denotes positive activity; - denotes no activity)

Table 2. Antagonistic activity of potent bacterial isolates against fungal phytopathogens

Bacterial Fusarium Corynespora  Colletotrichum Sclerotinia
ID oxysporum cassiicola capsici sclerotiorum
JK54 31.17+2.53 38.27+0.53 43.14 +2.46 -

JAB1 - - - 9.24+£1.32
JABS8 18.62 £2.34 16.28 £1.26 24.01+1.79 19.54+1.18
JAB9 13.27 £2.55 6.06 £2.94 - -
JAB100 - - - 25.2+2.29
GPB5 34.75+3.93 39.27+2.28 50.92 +1.33 -
GPB6 17.05+2.17 7.72+1.22 -
GPB9 48.52+2.46 43.55+3.009 40.85*1.69 -

(Values are mean of 3 replications + standard deviation; - denotes no activity)

Journal of Pure and Applied Microbiology 8

www.microbiologyjournal.org



Kumar et al | J Pure Appl Microbiol. 2025. https://doi.org/10.22207/JPAM.19.3.23

isolate JAB8 recorded with lowest activity with an
inhibition of 24.01 + 1.79% respectively (Figure 1c).
However, only 3 bacterial isolates isolated from
Jakrem hot spring was antagonistic to Sclerotinia
sclerotiorum with maximum activity recorded
by bacterial isolate JAB100 with an inhibition %
of 25.2 + 2.29 followed by bacterial isolate JAB8
with an inhibition % 19.54 t 1.18 and bacterial
isolate JAB1 with lowest activity against Sclerotinia
sclerotiorum with an inhibition % of 9.24 + 1.32
respectively (Figure 1d). The present study
recorded, only 1 bacterial isolate, JAB8 out of the

JAB 100 R
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tested in the present study (Table 2).

Microscopic observations
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with the antagonist bacterial isolates viz. JK54,
JAB1, JABS, JAB9, JAB100 from Jakrem hot spring
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spring in dual culture assay recorded deformities
in the mycelium of test phytopathogens under
scanning electron microscope (SEM) analysis.
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Figure 3. Total lon Chromatogram (TIC) obtained from Gas Chromatography-Mass Spectrometry (GC-MS) analysis
of the crude extracts of JAB100 (a), JAB9 (b), and JK54 (c), showing the profile of bioactive compounds present in

each extract
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Table 3. List of bioactive compounds identified in the crude metabolite of antagonist bacterial isolates

No. Compound Name Activity Bacterial ID Ref.
1. 3-Methyl-2-(2-Oxypropyl) Furan Antimicrobial JAB1, JABS, JABY, JAB10O0, 24,25
GPB5, GPB6, GPB9
2. Z,2-6, 28-Heptatriactontadien- Vasodilator JAB100, JABS, JABY, GPBS5, 26
2-one GPB6, GPB9
3. Oxirane, Decyl Antimicrobial, JABS, JAB100, JAB9 26
adhesive
4. BIS (2-Ethylhexyl) Phthalate Antibacterial JAB1, JAB8, GPB5, GPB9 27
5. 3-N-Hexylthiolane, S,S-dioxide Antimicrobial, JAB1, JABS, JABY, GPB5, 26
Antiviral GPB6, GPB9, JK54
6. Dibutyl Phthalate Antimicrobial JAB1, JAB100, JAB9, GPB5 28
7. Phthalic acid, butyl hexyl ester Antimicrobial JAB1, JAB100, JAB9, GPBS, 29
GPB6
8. 1,2-Benzenedicarboxylic acid Antimicrobial JAB1, JAB100 30,31
9. Pentanoic acid, 4-Methyl- Antimicrobial JAB1, GPB5 32,33
10. Pentanoic acid, 3-Methyl- Antioxidant, JAB1 34
Anti-inflammatory
11. Beta-L-Arabinopyranoside Catechol-O- JAB1, GPB5 26
Methyl methyltransferase
inhibitor,
Antioxidant
12. Benzenepropanoic acid 3,5-bis Antifungal, JAB1, JAB100, GPB6 35
(1 1-dimethylethyl)-4-Hydroxy- Antioxidant
Methyl ester
13.  Nonanoic acid Antimicrobial JAB1, GPB5 26
14. 2,5,6-trimethyl 1,3 Oxathiane Antidiabetic, JAB1, GPB5 36
Antioxidant
15. N-Decanoic acid Antibacterial, JAB1, GPB5 26
Antifungal
16. Octanoic acid Antibacterial JAB1 26
17. N-Decanoic acid Antibacterial, JAB1 26
Antifungal
18. Oleic acid Anticancer, JABS, JABY, GPB5, GPB6, 26,37
Antimicrobial, GPB9
Antifungal
19. 11,14-Eicosadienoic acid, Anti-inflammatory, JABS, JAB9 26
Methyl ester Antioxidant
20. Oleyl alcohol, Trifluoroacetate Used as a nonionic JABS, JAB9, GPB5, GPB6, 26
surfactant, GPB9
emulsifier,
emollient
21. Palmitoleic acid Anti-inflammatory JABS, GPB9 26
22. Cyclohexanebutanoic acid Effect on CNS, JAB8 26
Antioxidant
23. 2-Nonadecanone 2,4- Antimicrobial JABS, JAB9 26
dinitrophenylhydrazine
24. Citronellol Antimicrobial JAB8 38,39
25. 1,2-Benzenedicaroboxylic Antimicrobial JAB1, JABS, JABY, GPBS5, 30,31
acid, Dionyl Ester GPB9
26. 1,2-benzenedicarboxylic acid, Antifungal GPBS, JAB1, JAB100 40
butyl 2-Ethylhexyl ester
27. Octadecanoic acid Antioxidant JAB100, JK54 30
Journal of Pure and Applied Microbiology 10 www.microbiologyjournal.org
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Table 3. Cont...
No. Compound Name Activity Bacterial ID Ref.
28. 9-Octadecanoic acid Antihypertensive JAB100, JK54 30
29. 9-Hexadecenoic acid, Methyl Antimicrobial JAB100 41
ester, (2)
30. Sulforous acid, Butyl Dodecyl ester  Antibacterial, JAB100 42,43
Antioxidant,
Antifungal
31. Heptacosanoic acid, 25-Methyl-, Antimicrobial JAB100 26
Methyl ester
32. Hentriacontane Antioxidant JAB100 43,44
Anti-inflammatory
Antifungal
33. Chloroacetic acid, Tetradecyl Ester  Antifungal JK54 45
34. Ergotamine Antibacterial, JK54 46,47
Antifungal
35.  2-N-Propylthiolane, S,S-Dioxide Antioxidant JK54 48
36. 3-Pyrrolidin-2-yl-Propionic acid Antibacterial JK54 49
37. Ergotaman-3',6',18-Trione, 12'- Antimicrobial JK54 49
Hydroxy
38.  Erucic acid Antifungal JK54 50
39. Hexahydropyrrolizin-3-one Antimicrobial, JK54 51
Anti-inflammatory
40. Pyrrolo[1,2-a]Pyrazine-1,4-dione, Antimicrobial, JK54 51
Hexahydro-3-(2-methylpropyl)- Algicidal, Antifungal
41. (3-Aminopropyl) Dibutylborane Antimicrobial JK54 52
42. 3-Methyldec-3-ene Antibacterial JK54 53
43. L-Proline, n-valeryl-, Heptadecyl Antimicrobial JK54 54
ester
44. L-Leucine, n-cyclopropylcarbonyl-,  Antibacterial JK54 55

Pentadecyl ester

SEM analysis recorded alterations in the mycelium
of phytopathogens to varying degrees due to
bacterial interactions observed in the dual culture
assay. Morphological changes in the mycelium of
treated sets included hyphal distortion, shrinkage,
and irregularities. The hyphal distortion included
flaccid depressed regions along the mycelium of
phytopathogenic fungi Corynespora cassiicola
and Colletotrichum capsici. Other irregularities
such as curling, deformed mycelium, plasmolyzed,
shrunken and exposed ruptured sites due to
leakage of cellular contents were observed along
the mycelium of phytopathogenic fungi Fusarium
oxysporum and Sclerotinia sclerotiorum after
bacterial interaction. However, in contrast, the
hyphal segments of the control sets exhibited
no such deformities and maintained consistent
homogeneity throughout the observation period
(Figure 2).

Characterization of extracted metabolites
GC-MS analysis of crude extract

A total of 44 antimicrobial and bioactive
compounds was recorded from the crude
metabolite of antagonistic bacterial isolates
through GC-MS analysis (Table 3). Bioactive
compounds such as; Benzenepropanoic acid,
Nonanoic acid, 1,2-Benzenedicarboxylic acid,
Dibutyl Phthalate, 3-Methyl-2-(2-Oxypropyl)
Furan; 3-N-Hexylthiolane, N-Decanoic acid,
Phthalic acid, Oleic acid; Oxirane, Decyl;
2-Nonadecanone 2,4-dinitrophenylhydrazine;
Heptacosanoic acid, Octadecanoic acid, Z,Z-
6,28-Heptatriactontadien-2-one were some of
the common bioactive compounds detected
in the crude metabolite of majority of potent
bacterial isolates through peak analysis. However,
production of bioactive compounds such as
Ergotamine; Erucic acid; Ergotaman-3’,6',18-
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Trione 12’-Hydroxy, Hexahydropyrrolizin-3-one;
(3-Aminopropyl) Dibutylborane; 3-Methyldec-3-
ene; L-Proline, L-Leucine identified through peak
analysis were recorded only for bacterial isolate
JK54. Other compounds such as Pentanoic acid,
Octanoic acid, N-Decanoic acid were detected
only in the crude metabolite produced by bacterial

isolate JAB1. Similarly, Cyclohexanebutanoic acid;
Citronellol bioactive compounds were detected
only in the crude metabolite produced by bacterial
isolate JAB8 and 9-Hexadecenoic acid, Sulforous
acid, compounds were only detected in the crude
metabolite produced by bacterial isolate JAB100
through peak analysis (Figure 3).

Table 4. In vitro screening for biocontrol efficiency of antagonist bacterial isolates against S. sclerotiorum on

mustard seeds

Treatment No Germinated Either Seeds Score
ID germination seed withboth seed coat with no

(nx0) seed coat and or plumule infection

plumule infection infection (nx3)
(nx1) (nx2)

-Control (P) 16 23 5 1 36
+Control 0 1 1 43 129
JAB1+P 0 0 1 44 134
JAB8+P 0 0 0 45 135
JAB100+P 0 0 0 45 135

-Control (P): Only S. sclerotiorum inoculated seeds; +C: Only sterile distilled water seeds inoculated seeds; JAB1, JAB8 and JAB100:
bacterial isolate ID; Score = nx0, where n is the number of seeds in each score category, and 0 = score assigned for each treatment

T-Control T-JAB1+P

T-JABS8+P

T-S. scleraiorum (19) T-JAB100+P

Figure 4. Seed germination assay on water agar plates inoculated with only S. sclerotiorum (a) - negative control),
inoculated with only sterile distilled water (b) - positive control), JAB1 bacterized seeds co-inoculated with S.
sclerotiorum (c), JAB8 bacterized seeds co-inoculated with S. sclerotiorum (d) and JAB100 bacterized seeds co-
inoculated with S. sclerotiorum (e)

Figure 5. In vitro biocontrol activity of bacterized seeds against S. sclerotiorum (a: mustard seeds with only S.
sclerotiorum; b: JAB1 bacterized seeds; c: JAB8 bacterized seeds; d: JAB100 bacterized seeds showing protection
from S. sclerotiorum infection; arrows indicate seed germination)
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Determination of biocontrol efficacy on Brassica
juncea (mustard green)

In vitro inoculation of mustard seeds with
the phytopathogen alone (negative control-P)
or in combination with antagonistic bacterial
isolates showed differences in the germination of
the plumule and radicle compared to the control
(water only). Out of the 45 seeds treated with
the fungal pathogen S. sclerotiorum (negative
control), 16 seeds failed to germinate, 23 seeds
exhibited both plumule and seed coat infection,
and 5 seeds showed either seed coat or plumule
infection and only 1 seed was recorded with
healthy germination, resulting in a total score

Control -S. sclerotiorum JAB1 + 8. s):lemtiamm

of 36 for that treatment set. In contrast, seeds
inoculated only with water (positive control)
recorded 1 seed with both plumule and seed coat
infection, 1 seed with either seed coat or plumule
infection and 43 seeds with healthy growth and
no infection symptoms, leading to a total score
of 129 for the treatment set. The results also
indicated increased germination rates in mustard
seeds with both plumule and radicle length and
no visible symptoms of infection when bacterized
with cell suspensions of the antagonistic bacterial
isolates together with S. sclerotiorum (Figure 4).
In presence of S. sclerotiorum (P), co-inoculation
of mustard seeds bacterized with cell suspension

JABS + S. sclerotiorum JAB100 + 8. sclerotiorum

Figure 6. In vitro biocontrol efficiency of potent bacterial isolates on detached mustard leaf against S. sclerotiorum.
(a) negative control showing large infected lesions (12.33 + 1.30 mm) (b, c, d) bacterized mustard leaf showing
reduced lesion diameter after 7 days of inoculation (JAB1: 4.45 + 0.38 mm, JAB8: 4.99 + 0.08 mm and JAB100:
421 + 031 mm)
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Figure 7. Attenuated Total Reflection (ATR) analysis for identification of functional groups in the extracted crude
metabolite by 3 potent bacterial isolates antagonistic to Sclerotinia sclerotiorum (JAB1, JAB8, JAB100: bacterial
isolates ID isolated from Jakrem hot spring)
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of bacterial isolate JAB1 recorded a total score of
134 with 44 seeds showed healthy germination
of both plumule and radicle and only 1 seed was
recorded with seed coat infection under in vitro
analysis. Moreover, co-inoculation of mustard
seeds bacterized with cell suspension of bacterial
isolate JAB100 and bacterial isolate JAB8 together
with S. sclerotiorum recorded no visible symptoms
of either plumule or seed coat infection and all the
45 mustard seeds recorded healthy germination
of both plumule and radicle with a total score of
135 (Table 4).

Seeds bacterization study

The result of seed bacterization study
recorded reduced incidence of S. sclerotiorum
infection with higher percentage of seedling
germination in bacterized sets of seeds when
compared with control. In control sets (seeds
with only S. sclerotiorum), out of 15 seeds only 3
seeds showed germination while other failed to
germinate and were subsequently colonised by S.
sclerotiorum mycelia. In contrast, bacterization of
mustard seed recorded inhibition on the mycelial
development of S. sclerotiorum along with
increased seed germination with maximum activity
by bacterial isolate JAB100 followed by bacterial
isolate JAB8 and bacterial isolate JAB1 bacterized
seeds (Figure 5).

JAB1 JABS JABI100 JAB1 JAB8 JAB100

fenD ituC

DNA
Ladder

DNA
Ladder

In vitro determination of biocontrol activity on
detached leaf assay

Bacterization of surface sterilized
mustard leaves recorded reduction in lesion
diameter with higher biocontrol efficacy against
S. sclerotiorum when compared with control
(without bacterization). In control sets (inoculated
with S. sclerotiorum only), the average diameter
of lesions i.e. 12.33 + 1.30 mm was recorded.
However, in treated sets, bacterization of leaves
with antagonist isolates and further inoculation
of the bacterized leaves with S. sclerotiorum, the
lesion diameter reduced to 4.21 £ 0.31 mm for
bacterial isolate JAB100 followed by 4.45 + 0.38
mm for bacterial isolate JAB1, and 4.99 + 0.08 mm
for bacterial isolate JABS8 respectively. Biocontrol
efficacy of the potent bacterial isolates was
recorded in the order of 65.39 + 6.48% for bacterial
isolate JAB100, 62.24 + 3.67% for bacterial isolate
JAB1 and 59.14 + 4.64% for bacterial isolate JAB8
when compared with the control sets (Figure 6).

Attenuated total reflection (ATR) analysis
Extracted metabolite from the 3 potent
bacterial isolates antagonistic to Sclerotinia
sclerotiorum was subjected to attenuated total
reflection analysis for identification of functional
groups. The analysis recorded the occurrence of
similar functional groups in the crude metabolite

JAB1 JABS JAB100

T

.
. --- 200bp
']

srfAA

Figure 8. Detection of ituC (iturin) and srfAA (surfactin) antimicrobial peptide biosynthesis gene through agarose
gel electrophoresis. (fenD AMP gene was recorded negative for all the 3 bacterial isolates; JAB1, JABS, JAB100:

bacterial isolates ID isolated from Jakrem hot spring)
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extracted from all the bacterial isolates which
included O-H stretch for alcohols (3379 cm™), C-H
stretch for alkanes (2922 cm), C=C stretch for
conjugated alkenes (1620 cm™), N-O stretch for
nitro compounds (1543 cm™), O-H bending for
carboxylic acids (1408 cm™), C-N stretch for amines
(1073 cm?) (Figure 7).

Analysis for antimicrobial peptides (AMP)
biosynthesis gene cluster

PCR analysis detected the occurrence of
2 antimicrobial peptides (AMP) biosynthesis genes
in isolates antagonistic to the phytopathogen viz. S.
Sclerotiorum. The analysis recorded srfAA and ituC
AMP genes were recorded from all the bacterial

‘OP435775.1:14-1451 Bacillus tequilensis strain A80
MT372156.1:9-1446 Bacillus subtilis strain YEBNS
MZ292968.1:11-1448 Bacillus tequilensis strain LZH-L1
A PQ357343.1 Bacillus tequilensis strain GPB6
JX049584.1:5-1434 Bacillus subtilis strain Van3
JQ653049.1:4-1432 Bacillus subtilis strain N4
MN463035.1:8-1438 Bacillus subtilis strain E1
KC441752.1:11-1441 Bacillus subtilis strain D3

A PQ357330.1 Bacillus subtilis strain GPB5
MT634620.1:18-1409 Bacillus velezensis strain KLT3
PV467105.1:12-1402 Bacillus velezensis strain 6-MH4-7
MW380651.1:11-1401 Bacillus subtilis strain QH-664
ON679657.1:17-1408 Bacillus velezensis strain 5TICI10E
MT078639.1:22-1425 Bacillus tequilensis strain R-QL-48-26
MG651220.1:7-1409 Bacillus tequilensis strain FJAT-47817
MZ976790.1:6-1408 Bacillus tequilensis strain Al3

A OR826593.1 Bacillus tequilensis strain JK54
MW380651.1:22-1424 Bacillus subtilis strain QH-664

- A OR754585.1 Bacillus velezensis strain JAB1

98

99

- & OR755825.1 Bacillus sp. (in: firmicutes) strain JAB100
MT856676.1:6-1437 Bacillus proteolyticus strain DD133
PP455512.1:27-1458 Bacillus proteolyticus strain JK1
MT071731.1:21-1452 Bacillus proteolyticus strain SN6-25
LN890084.1:131-1562 Bacillus cereus strain L88

A OR755781.1 Bacillus proteolyticus strain JABS
MG786827.1:54-1322 Bacillus wiedmannii strain MSM
ON799366.1:4-1272 Bacillus wiedmannii strain WK43
A PQ357480.1 Bacillus cereus strain JAB9
PQ670992.1:27-1437 Bacillus thuringiensis strain SK-110
KT123197.2:30-1440 Bacillus sp. MMRF577
MHO010128.1:25-1435 Bacillus cereus strain RW077
JQ739718.1:29-1439 Bacillus cereus strain ULT15
A PQ357479.1 Bacillus cereus strain GPB9 168
MK743993.1:14-1452 Bacillus cereus strain SRG14
PQ686303.1:15-1451 Bacillus cereus strain AA 5
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MF988719.1:10-1446 Bacillus cereus strain L-24
PQ813949.1:14-1450 Bacillus arachidis strain Bac215

—i
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NR 112627.1 Lysinibacillus sphaericus strain NBRC 15095

Figure 9. Phylogenetic tree depicting the evolutionary relationships of eight antagonistic bacterial isolates inferred
using the Neighbor-Joining method, based on 16S rRNA sequences. Evolutionary distances were computed using

the number of differences method in MEGA7
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isolates after subjecting the extracted genomic
DNA to PCR analysis using specific primers. PCR
product of 200 bp (srfAA) and 300 bp (ituC) was
detected and documented on Gel-Documentation
system. Moreover, genomic DNA from all the
bacterial isolates were recorded negative for fenD
antimicrobial peptide (AMP) genes (Figure 8).

Molecular identification of antagonist bacterial
isolates

Based on 16S rRNA sequences, molecular
identity of antagonist bacterial isolates were
identified as Bacillus velezensis (Accession No.-
OR754585.1 for bacterial isolate JAB1), Bacillus
proteolyticus (Accession No.: OR755781.1 for
bacterial isolate JABS8), Bacillus cereus (Accession
No.: PQ357480 for bacterial isolate JAB9), Bacillus
sp. (Accession No.: OR755825.1 for bacterial
isolate JAB100), Bacillus tequilensis (Accession No.:
OR826593.1 for bacterial isolate JK54), Bacillus
subtilis (Accession No.: PQ357330 for bacterial
isolate GPB5), Bacillus tequilensis (Accession No.:
PQ357343 for bacterial isolate GPB6) and Bacillus
cereus (Accession No.: PQ357479 for bacterial
isolate GPB9) (Figure 9).

DISCUSSION

The present study recorded isolation of
96 distinct bacterial isolates from Garampani and
Jakrem hot spring water samples through serial
dilution technique. The hot springs of Garampani
and Jakrem represent unique ecological niches,
often overlooked in microbial bioprospecting
studies. Isolation of 96 distinct isolates from
such extreme environments not only highlights
their rich microbial diversity but also underlines
the potential for discovering novel biocontrol
agents. Preliminary screening through dual culture
assays identified 8 bacterial isolates as potential
antagonists against various test phytopathogens.
The antagonistic activities by bacterial isolates are
well-documented in the literatures, associated
with diverse array of secondary metabolites, lytic
enzymes, volatile organic compound productions,
and the induction of host defense responses.?>658

The antagonist isolates in this study
showed synthesis of antifungal compounds,
effectively inhibiting the germination of

phytopathogens by altering hyphal morphology,
as observed through microscopic observations.
SEM analysis revealed variations and irregularities
in hyphal morphology due to bacterial interactions,
while no such deformities were observed in
the control sets. These structural aberrations
in the phytopathogenic hyphae can be inferred
due to antibiosis and lytic enzyme production.®’
Phytopathogens inhibition by antagonistic bacterial
isolates through the production of wide array of
antifungal compounds, as demonstrated by SEM
analysis and GC-MS, is particularly significant.
These findings underscore the robust inhibitory
mechanisms employed by Bacillus species, ranging
from cell wall degradation to membrane disruption,
for controlling phytopathogen effectively.
Numerous Bacillus spp. and its related
genera have been reported with the production
of secondary metabolites, hydrolytic enzymes,
and induction of host defenses, providing
biological control against phytopathogens.?56->8
The genus Bacillus possesses unique survival
traits, such as endospore formation and the
production of antibiotics and metabolites that
can antagonize a variety of phytopathogens,
including Sclerotinia, Colletotrichum, Rhizoctonia,
and Fusarium.**The commercial viability of these
Bacillus isolates is further enhanced by their
resilience, including endospore formation and
environmental adaptability and thereby, making
them potential candidate for large-scale field
applications. This aligns with the global trend
toward harnessing microbial agents for integration
of pest management strategies in agriculture.
For example, reduction in Fusarium wilt
incidence in watermelon was achieved through
Bacillus sp. WB application.>® Additionally,
in vitro inhibition of rice pathogens such
as Fusarium semitectum, Curvularia lunata
and Helminthosporium oryzae by Bacillus
amyloliquefaciens strain BAS23 was documented
by Saechow et al.®° Biocontrol activity of B.
subtilis isolated from rhizosphere of cotton
against F. oxysporum had also been reported.5!
Moreover, Jangir et al **isolated strains of Bacillus
antagonistic to F. oxysporum f.sp. lycopersici from
tomato rhizosphere. Reduction in the incidence
of root rot by B. velezensis YW 17 against F.
oxysporum in ginseng had also been reported.®?
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Similarly, antagonistic activity of Bacillus velezensis
(Y6 and F7) against F. oxysporum and Ralstonia
solanacearum had also been reported.®® The
wide-range antagonistic activity of these isolates,
effective against a number of phytopathogenic
fungi suggests their potential application across
multiple crops. This broad utility could provide
benefits of economic significance, especially
for crops like mustard, where diseases caused
by Sclerotinia have been historically difficult to
manage.

The current study identified
several antimicrobial compounds, including
1,2-Benzenedicarboxylic acid, nonanoic acid,
dibutyl phthalate, and oleic acid, through Gas
chromatography-mass spectrometry (GC-MS)
analysis. Notably, 1,2-Benzenedicarboxylic acid
derivatives were produced by most bacterial
isolates. Shabanamol et al.**reported the
antifungal activity of these compounds, specifically
1,2-Benzenedicarboxylic acid, butyl 2-Ethylhexyl
ester from Lysinibacillus sphaericus K1872548
against Rhizoctonia solani. Fatty acid derivatives
are commonly extracted from Bacillus and
Paenibacillus members.*>% Chen et al.®> highlighted
the antifungal activity of nonanoic acid produced
by Burkholderia cenocepacia ETR-B22. Antifungal
potential of nonanoic acid against various
pathogens had been documented in various
studies.®®¢” Antifungal activity of Dibutyl phthalate
produced by Streptomyces strain BITDG-11 against
F. oxysporum f.sp. cubense had been reported.5
Bacillus spp. were also reported to produce
variety of cyclic lipopeptides viz. surfactin, iturin,
fengycins involved in antagonism against the
phytopathogen.*®°

In the present study, Attenuated Total
Reflection (ATR) analysis detected various peaks
corresponding to alcohol, alkanes, alkenes, nitro
compounds, carboxylic acids and amines. The
presence of alcohol, alkane was earlier reported
from the metabolite extracted from B. safensis
STIP.”® Phenolic compounds and alcohols were
earlier reported to be effective in controlling leaf
spot disease caused by Alternaria alternata.”™
Moreover, the presence of C-H, C-N stretch and,
O-H bending from the siderophore extract of
Bacillus albus had also been previously reported.”
The production of aromatic and aliphatic
compounds by Bacillus spp. had been reported

with antagonistic activity against pathogenic
fungi.” FTIR spectrum of crude lipopeptides
extracted from B. velezensis NKMV 3 also recorded
the presence of -OH, C-H stretching.” In the
present study, S. sclerotiorum antagonising isolates
were also recorded positive for iturin, surfactin
and negative for fengycin biosynthesis gene when
examined by PCR analysis. These antimicrobial
peptides disrupt membrane permeability of
the phytopathogens along with the induction
of disease resistance in the host plant and are
synthesized non-ribosomally as non-ribosomal
peptide synthetases (NRPSs) or polyketide
synthases (PKSs).”>77 Hazarika et al.”® reported
the presence of 5 biosynthetic gene cluster in
B. subtilis that mediated antagonistic activity
against sugarcane phytopathogen. Antagonistic
activity of Bacillus strains against anthracnose
causing Colletotrichum acutatum in Andean
lupin seeds was mediated by lipopeptide genes.”
Confirmation of molecular identity was conducted
through gene sequencing of 16S rRNA, for all
antagonistic isolates, categorizing them within
the genus Bacillus. Bacillus amyloliquefaciens
mediated inhibition of white mold disease
caused by S. sclerotiorum in mustard had been
reported.?* Similarly, Hu et al.?® reported the
inhibition of S. sclerotiorum in oilseed rape
through the application of B. subtilis BY-2 under
field conditions. The biocontrol activity of five
different strains of rhizospheric Bacillus against S.
sclerotiorum was documented by Vinodkumar et
al.® Additionally, Hu et al.*® reported biocontrol
activity through the production of volatile
metabolites by B. cereus CF4-51, which degraded
mycelial cell walls and interfered with membrane
permeability. Additionally, Hu et al.*® reported that
Bacillus cereus CF4-51 exhibited biocontrol activity
through the production of volatile metabolites,
which degraded fungal mycelial cell walls and
disrupted membrane permeability. Owing to their
robust secretion of extracellular enzymes and high
growth rates, members of the genus Bacillus are
often regarded as industrial workhorses, with most
species generally categorized as safe.®? Bacillus
amyloliquefaciens subsp. plantarum and Bacillus
tequilensis, both isolated from the rhizosphere,
have demonstrated antagonistic activity against
Corynespora cassiicola in pot trials.®* Beyond direct
biocontrol, many Bacillus species are known to
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induce systemic resistance (ISR) in plants through
the emission of volatile organic compounds,
which are effective against a broad spectrum of
phytopathogens.® For instance, the induction of
defense-related compounds by Bacillus subtilis
EXB-123 was reported to inhibit Colletotrichum
capsici in chilli.® Similarly, B. subtilis was shown
to enhance chilli seed germination and suppress
Colletotrichum gloeosporioides OGC1 under in
vitro conditions.® In vivo application of Bacillus sp.
strain M10 also resulted in effective protection of
chilli pepper and tomato fruits against C. capsici.®’
Moreover, Brevibacillus laterosporus BPM3,
isolated from Garampani hot spring, was reported
to exhibit antagonistic activity against multiple
phytopathogens, including Fusarium oxysporum
f.sp. ciceri, F. semitectum, Magnaporthe grisea,
and Rhizoctonia oryzae.®

Further studies focusing on the field
efficacy of these isolates under different agro-
climatic conditions, combined with genome
sequencing, could provide insights into the
genetics that is mediating the antagonistic
properties. This would aid in developing
genetically enhanced isolates with superior
biocontrol potential. Therefore, the use of
Bacillus spp. for the management of cosmopolitan
phytopathogens, presents an ideal approach due
to their self-perpetuating nature, selective and
sustainable control of target pathogens, low cost,
and environmentally friendly characteristics in
agriculture.*

CONCLUSION

This study successfully isolated 96
bacterial isolates from the Garampani and
Jakrem hot water springs, identifying eight with
significant antagonistic activity against various
phytopathogens. The observed antagonism is
linked to the production of secondary metabolites,
lytic enzymes, and host defense responses,
as evidenced by alterations in hyphae when
observed through scanning electron microscopy.
Bacillus species exhibited remarkable potential
as biological control agents, with metabolites like
1,2-Benzenedicarboxylic acid and nonanoic acid
contributing to their efficacy. Moreover, presence
of surfactin (srfAA) and iturin (ituC) AMP genes was
also recorded from the genomic DNA of potent

isolates. Notably, 3 of these isolates demonstrated
effectiveness against Sclerotinia sclerotiorum in
mustard plants, highlighting their promise for
sustainable agricultural practices. Molecular
identification confirmed their classification within
the genus Bacillus, emphasizing their role in
managing phytopathogens. Further exploration
of these isolates could enhance crop health and
productivity while reducing reliance on chemical
inputs in agriculture.
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