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ABSTRACT

Biocontrol agents play a pivotal role in sustainable agriculture by mitigating plant

diseases through eco-friendly mechanisms that reduce reliance on chemical inputs.

Lysinibacillus sphaericus is a gram-positive, ubiquitous, spore-forming bacterium well

known for its insecticidal activity against dipterans, particularly mosquitoes. Yet,

systematic investigation of native Lysinibacillus sphaericus strains from this region

remains limited, particularly those exhibiting both entomolytic and plant growth-

promoting traits. In this study, five indigenous Lysinibacillus sphaericus strains were

isolated from soil collected across Karnataka. The isolated strains were screened based

on morphology, Gram staining with terminal spherical endospores, biochemical and

molecular characteristics. Molecular characterization using 16S rRNA gene sequencing

showed 95-100 per cent homology with the reference strains and phylogenetic analysis

grouped them within the L. sphaericus lineage. The strains were further assessed for

their biocontrol and plant growth-promoting potential. All five strains exhibited protease

activity, along with varying levels of lipase, lecithinase and chitinase expression,

suggesting potential entomolytic properties. Key plant growth-promoting rhizobacterial

traits such as indole-3-acetic acid production, ammonia generation and siderophore

production were observed in the majority of the strains. Among the isolates, strain

NBAIR_LS76 showed the highest potential across both functional categories. These

findings highlight the potential of L. sphaericus as a biocontrol agent due to its dual

application in pest control and sustainable crop production. The study underscores the

significance of exploring unexplored ecosystems for microbial resources and identifies

strain NBAIR_LS76 as a promising candidate for in vivo validation and bioformulation

development in integrated nutrient and pest management in agriculture.
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BIOLOGICAL control agents play a pivotal role in
sustainable disease and pest management

by offering ecologically friendly alternatives to
synthetic chemicals. These agents significantly
enhance plant health functioning as a bio-stimulant,
reduce effects on non-target organisms and natural
ecosystems, while minimizing the residual risks
and resistance issues associated with chemical
alternatives (Prasannakumar et al., 2017 and Supriya
et al., 2024). Among microbial biocontrol agent,

such as Bacillus subtilis, Pseudomonas fluorescens
and Trichoderma harzianum, Lysinibacillus
sphaericus (formerly Bacillus sphaericus) is
particularly notable for its strong activity against
dipteran pests, establishing it as an important tool in
the management of vector-borne diseases (Ahmed
et al., 2007).

Lysinibacillus sphaericus is a Gram-positive,
mesophilic, rod-shaped, aerobic, spore-forming
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bacterium ubiquitous in soil and aquatic ecosystems,
notable for producing highly resistant endospores
during sporulation, which can survive harsh
environmental conditions and persist in diverse
ecological niches (Ruqiya et al., 2023). It is well
known for the production of different toxins like
binary toxins (BinA/BinB), along with vegetative
toxins like Mtx and Cry proteins, which, upon
ingestion by insect larvae, are activated by midgut
proteases, bind to specific epithelial receptors and
induce pore formation, resulting in cell lysis and death
(Silva-Filha et al., 2021).

In addition to biocontrol potential, several
L. sphaericus strains have been recognized for
improving plant health by producing plant growth-
promoting traits like siderophores, indole-3-acetic acid
and ammonia, triggering systemic resistance in plants
by activating defence enzymes such as protease,
lipase, lecithinase and chitinase, which play a pivotal
role  in sustainable agriculture (Riseh et al., 2024).
Collectively, these enzymes deliver direct antagonism
by degrading vital structural components of pests and
pathogens. Moreover, they provide indirect benefits:
enzymatic degradation products serve as elicitors of
plant defense mechanisms and the improved root
colonization by biocontrol agents enhances plant
resilience and growth. The synergistic action of
multiple enzymes with PGP activity often results
in superior biocontrol efficacy compared to single
activity approaches (Mejia et al., 2024). As
eco-friendly alternatives to chemical pesticides,
enzyme-producing biocontrol agents offer targeted,
efficient and environmentally conscious strategies for
crop protection.

Although Lysinibacillus sphaericus is recognized
for its established applications, its broader potential
in agriculture remains under explored. Emerging
research suggests that certain strains possess plant
growth-promoting rhizobacterial (PGPR) traits such
as the production of phytohormones, ammonia
and siderophores that can enhance soil fertility and
boost crop productivity. These environments may
harbor untapped microbial diversity with significant
agricultural value. This study aims to fill that gap
by isolating and characterizing indigenous
L. sphaericus strains from soil samples collected at

mosquito-infested sites in Karnataka. Through
detailed morphological, biochemical and molecular
analyses, as well as functional assays, the study
evaluates their biocontrol activity and PGPR
potential, aiming to identify promising strains for
use as bioinoculants in integrated nutrient and
pest management strategies.

MATERIAL AND METHODS

Collection of Soil Samples and Isolation of
Lysinibacillus sphaericus

To explore the natural reservoirs of Lysinibacillus
sphaericus, a total of 10 soil samples were
aseptically collected from diverse regions in
Karnataka (Fig. 1). Details of the sampling locations
are provided in Table 1. The isolation of L. sphaericus
from soil samples was carried out as per the protocol
described by Ankitha et al. (2023). Specifically, 10 g
of each soil sample was suspended in 100 mL of
autoclaved distilled water and subjected to shaking
incubation at 30°C and 150 rpm for 4 hours to facilitate
the release of endospores and vegetative cells. Post
incubation, 1 mL aliquots of the suspension were heat-
treated at 80°C for 20 minutes to selectively eliminate
gram-negative bacteria, ensuring the enrichment of

Fig. 1 : Geographical mapping of the different soil and insect
samples collected from mosquito breeding sites of
Karnataka

Mysore J. Agric. Sci., 60 (1) : 265-275 (2026) S. RUQIYA et al.
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TABLE 1

Description of the soil samples collected for the
isolation of Lysinibacillus sphaericus

Isolate name Location

UASB_LS1 Bengaluru Urban, 13.0968 0N, 77.5666 0E
Karnataka

UASB_LS2 Dakshina Kannada, 12.9156 0N, 74.8560 0E
Karnataka

UASB_LS3 Mandya, 12.5237 0N, 76.8947 0E
Karnataka

UASB_LS4 Tumakuru, 13.341 0N,   77.1011 0E
Karnataka

UASB_LS5 Bengaluru Rural, 13.1261 0N, 77.0042 0E
Karnataka

UASB_LS6 Hassan, Karnataka 13.0022 0N, 76.1044 0E

UASB_LS7 Davangere, 14.4678 0N, 75.9209 0E
Karnataka

UASB_LS8 Chitradurga, 14.2255 0N, 76.3978 0E
Karnataka

UASB_LS9 Chikkamagaluru, 13.3196 0N, 75.7719 0E
Karnataka

UASB_LS10 Kolar, Karnataka 13.1357 0N, 78.1320 0E

Geological coordinates

endospore-formers like L. sphaericus (Ruqiya et al.,
2024). Once cooled to room temperature, the treated
suspensions were serially diluted and appropriate
dilutions were plated onto Nutrient Yeast Salt Mineral
(NYSM) agar. The NYSM medium was composed of
nutrient agar (28 g/L), magnesium chloride
(MgCl

2
.6H

2
O, 0.2 g), yeast extract (0.5 g), calcium

chloride (CaCl
2
.2H

2
O, 0.1 g) and manganese chloride

(MnCl
2
·4H

2
O, 0.001 g), adjusted to pH 7.0. Plates

were incubated at 28°C for 48 hours. Colonies with

Fig. 2 : Morphological and microscopic characterization of  strains. a) Pure culture showing off white coloured, round and
raised colonies, b) Gram staining showing Gram-positive rod-shaped bacteria, c) Crystal protein staining

characteristic morphological features suggestive of
L. sphaericus were picked and sub-cultured onto fresh
NYSM agar (Fig. 2) (Prabakaran et al., 2007).
Subcultures were incubated for 24 hours at 28°C
and then maintained at 4°C for further analysis
(Mythra et al., 2023).

Morphological and Molecular Characterization of
Lysinibacillus sphaericus

Isolated colonies were subjected to morphological
characterization, including assessment of colony
shape, size, texture, opacity, elevation, margin and
pigmentation after 24 hrs of inoculation. Cellular
morphology, spore formation and Gram reaction were
determined through microscopic examination using
Gram staining procedures with observations which
was taken under a light microscope after 2 days of
inoculation (Olympus BX41, Pennsylvania, USA)
(Pramesh et al., 2024 and  Bharath et al., 2024).

To confirm the identity of the strains, Genomic DNA
from all the strains was extracted using the DNeasy
Blood and Tissue Kit (Qiagen, Hilden, Germany),
following the manufacturer’s protocol. The 16S rRNA
gene was amplified via polymerase chain reaction
(PCR) using universal bacterial primers FD2
(5’-AGAGTTTGATCCTGGCTCAG-3’) and RP1
(5’-ACGGTTACCTTGTTACGACTT-3’). The
PCR protocol was optimized using genomic DNA
from NBAIR BSWG1 and specific primers. A 25L
reaction mixture was prepared, consisting of 12.5L
of 2X Emerald Amp GT PCR Master Mix (Takara,
Japan), 1L each of forward and reverse primers

Mysore J. Agric. Sci., 60 (1) : 265-275 (2026) S. RUQIYA et al.
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(10/ pmol/L), 5.5 L of molecular biology-grade
water, and 5 L of template DNA. Amplification was
carried out in a thermal cycler (T100, Bio-Rad,
California, USA) with the following conditions: initial
denaturation at 95 °C for 3/ min; 35 cycles of
denaturation at 95 °C for 30 s, annealing at 54 °C for
30 s and extension at 72 °C for 45 s; followed by a
final extension at 72 °C for 5 min and a hold at 4 °C.
PCR products were separated on a 1.5 per cent agarose
gel and visualized using the MiniLumi gel
documentation system (DNR, Israel) as reported by
Ruqiya et al. (2022).

The PCR products were resolved by electrophoresis
on a 1.5 per cent agarose gel and visualized using a
gel documentation system (DNR MiniLumi, Israel).
Amplicons were then subjected to Sanger sequencing
(Ruqiya et al., 2023) and the resulting sequences were
analyzed using BLASTn on the NCBI platform to
determine similarity with known bacterial taxa. The
validated sequences were deposited in GenBank and
accession numbers were obtained. For phylogenetic
analysis, sequence alignments and tree construction
were performed, where nucleotide sequences were
aligned using the Molecular Evolutionary Genetics
Analysis software (MEGA) version 11.0. Multiple
sequence alignment was carried out employing the
ClustalW/MUSCLE algorithm. The aligned sequences
were then used for phylogenetic tree construction
using the Maximum Likelihood method. Evolutionary
distances were computed using the Kimura
2-parameter model (Tamura et al., 2021). A consensus
tree was generated from 1,000 bootstrap replicates to
assess the robustness of phylogenetic groupings.
Branches with bootstrap support values below 50
per cent were collapsed to improve interpretability
(Kumar et al., 2018).

Screening for Plant Growth-promoting Traits

All bacterial strains were screened for essential plant
growth-promoting (PGP) traits, including the
production of indole-3-acetic acid (IAA), ammonia,
and siderophores. To assess IAA production, bacterial
strains were cultured in nutrient broth supplemented
with 0.5 g/L of L-tryptophan, which serves as a
precursor for IAA synthesis. The cultures were
incubated under dark conditions at 28 ± 2 °C for 72
hours with continuous agitation at 120 rpm to ensure

optimal growth. The cultures were centrifuged to
obtain a cell-free supernatant. The supernatant was
then mixed with Salkowski’s reagent, which reacts
with IAA to produce a pink coloration. Indole-3-acetic
acid (IAA) production was quantified using the
Salkowski colorimetric method. The bacterial isolate
was grown in production medium (e.g., LB or minimal
medium) supplemented with L-tryptophan (0.1-1.0 g
L-¹) and incubated for 48-72 h at the appropriate
temperature with shaking. After incubation, the
cultures were centrifuged at 10,000 × g for 10 min,
and the cell-free supernatant was collected. Freshly
prepared Salkowski reagent was then added to the
supernatant in a 1:2 ratio (1 mL supernatant + 2 mL
reagent), mixed thoroughly and incubated at room
temperature in the dark for 20-30 min to allow color
development. The appearance of a pink coloration
indicated IAA production. Absorbance was measured
at ~530 nm using a spectrophotometer, with a reagent
or medium blank serving as control. IAA
concentration was determined from a standard
calibration curve prepared with known concentrations
of commercial IAA (0-100 µg mL-¹) processed under
identical conditions and the results were expressed
as µg IAA per mL of culture (Pantoja-Guerra et al.,
2023). Ammonia production was assessed by
inoculating the bacterial strains into buffered peptone
water and incubating the cultures at 30 ± 0.1 °C for
72 hours. Following incubation, the presence of
ammonia in the culture supernatant was determined
(Cappuccino and Sherman, 2008). Siderophore
production was assessed qualitatively using Chrome
Azurol S (CAS) agar medium. Strains were
spot-inoculated onto the CAS plates and incubated
under standard conditions. The discolouration occurs
around the colonies from blue to orange or yellow,
indicating the production of siderophores, reflecting
the isolate’s ability to chelate iron from the medium
(Schwyn and Neilands, 1987).

In-vitro Enzyme Activity Assays

The enzymatic capabilities of Lysinibacillus
sphaericus strains were investigated to understand
their potential role in biological control. A total of
5 strains were subjected to enzyme activity screening,
where a 10/ µL volume of the 24-hour broth culture
was spot-inoculated, followed by incubation at 30 °C
for 48 hours, after which halo formation was

Mysore J. Agric. Sci., 60 (1) : 265-275 (2026) S. RUQIYA et al.
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assessed in all the strains. Protease activity was
assessed using skim milk agar plates. After incubating
the inoculated plates at 30 °C for 48 hours, zones of
clearance indicated proteolytic activity (Shabanamol
et al., 2021). Lipase production was evaluated using
tributyrin agar. A 10 µL aliquot of the bacterial broth
was spotted onto the agar surface and halo formation
after 48 hours of incubation at 30 °C indicated lipolytic
activity (Sumarsih et al., 2024). Lecithinase activity
was detected using egg yolk agar, where the formation
of opaque zones around the colonies signified enzyme
production (Sharaf et al., 2014). Chitinase activity was
tested on chitin agar containing 4 per cent crude chitin
as the sole carbon source (Naureen et al., 2017).

RESULTS AND DISCUSSION

Morphological and Molecular Characterization
with Phylogenetic Analysis

In the present study, a total of 10 distinct bacterial
morphotypes were initially isolated from soil samples
collected across Karnataka and cultured on NYSM
agar. Among these, five strains exhibited characteristic
colony morphology typical of Lysinibacillus
sphaericus, including circular, off-white colonies
with flat elevation, rough surface texture, entire
margins, and an opaque appearance (Fig. 3).
Microscopic analysis further confirmed their identity,

revealing rod-shaped, Gram-positive cells with
terminal endospore formation (Fig. 3). All five strains
tested positive for crystal protein production, a
hallmark feature of L. sphaericus, consistent with the
findings of Rocha et al. (2023). Comprehensive
morphological features are summarized in Table 2.
Taxonomic identification was further validated
through 16S rRNA gene sequencing, which yielded
amplicons of approximately 1,400-1,500 bp. BLASTn
analysis revealed 95-100 per cent sequence similarity
to known L. sphaericus strains in the GenBank
database (Fig. 4a) and the corresponding accession
numbers are listed in Table 3. Phylogenetic analysis,
including the five isolates, one reference strain and
six closely related species, revealed clustering into
two distinct clades (Fig. 4b), reflecting known intra-
species diversity within L. sphaericus (Felsenstein,
1985). This diversity may not only be associated with
entomolytic properties but also suggests adaptive
genomic and phenotypic variations linked to plant-
beneficial traits and ecological niche specialization.

In vitro Plant Growth-Promoting Activity

All five Lysinibacillus sphaericus strains
demonstrated a range of plant growth-promoting
(PGP) traits, highlighting their potential as
bioinoculants. Notably, all strains were capable of
producing indole-3-acetic acid (IAA), a key

Fig. 3 : Molecular characterization of Lysinibacillus sphaericus strains. a) Agarose gel electrophoresis of a PCR amplification of the
16S rRNA gene from Lysinibacillus sphaericus strains. Lane 1-5: Lysinibacillus sphaericus NBAIR_LS76 to NBAIR_LS80.
Lane M- ladder (100bp) Phylogenetic tree based on 16S rRNA gene sequences of Lysinibacillus sphaericus strains in circular
representation. b) Phylogenetic tree which illustrates the clustering of the isolates using 16S rRNA gene sequences with known
Bacillus species in rectangular representation

Mysore J. Agric. Sci., 60 (1) : 265-275 (2026) S. RUQIYA et al.
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TABLE 2

Taxonomic characterization of Lysinibacillus sphaericus using morphological features

UASB_LS1 Circular Rod-shaped Rough Flat Entire Off-White Opaque - -

UASB_LS2 Circular Rod-shaped Smooth Flat Entire Cream Opaque + +

UASB_LS3 Circular Rod-shaped Smooth Raised Undulated Cream Opaque + -

UASB_LS4 Circular Rod-shaped Rough Flat Entire Off-White Opaque + +

UASB_LS5 Circular Rod-shaped Rough Flat Entire Off-White Opaque - -

UASB_LS6 Circular Rod-shaped Rough Flat Entire Off-White Opaque + -

UASB_LS7 Irregular Rod-shaped Smooth Flat Entire Off-White Opaque + +

UASB_LS8 Circular Rod-shaped Smooth Flat Undulated Cream Opaque + +

UASB_LS9 Circular Rod-shaped Rough Raised Entire Off-White Opaque - -

UASB_LS10 Circular Rod-shaped Smooth Flat Entire Cream Opaque + +

Isolate
name

Colony
shape

Colony
morphology

Texture Elevation Margin Colour Opacity
Gram

staining
Endospore

staining

phytohormone involved in regulating root cell division
and elongation, promoting lateral and adventitious
root formation, improving nutrient uptake and stress
resilience, especially vital under nutrient-deficient
conditions (Kukreti et al., 2024a). IAA production was
qualitatively confirmed by the appearance of a distinct
pink coloration upon reaction with Salkowski’s
reagent, indicating the presence of indole compounds
in the culture supernatant. This consistent IAA
production across all strains underscores their
potential role in enhancing plant growth and

productivity (Fig. 5a). Indeed, IAA-producing
Lysinibacillus strains have previously been shown to
increase biomass and root growth in crops like corn
(Naureen et al., 2017). In addition to IAA production,
all strains were capable of generating ammonia,
confirmed by the development of a yellow to orange
coloration upon treatment with Nessler’s reagent
(Fig. 5b), which signifies a bioavailable nitrogen
source with potential nitrogen-fixation implications
and mitigating reliance on chemical fertilizers
(Acevedo and Dussan, 2020). Additionally, three
strains also demonstrated siderophore production
through the appearance of orange halos on Chrome
Azurol S (CAS) agar plates (Fig. 5c), which are
powerful iron-chelating molecules, enhancing iron
acquisition in iron-limited soils and suppressing
pathogenic microorganisms by depriving them of this
vital nutrient. Besides pathogen suppression,
siderophores also facilitate iron uptake by plants,
helping to alleviate iron deficiency in calcareous or
nutrient-poor soils, thereby encouraging better growth
and vigour (Al-Raish et al., 2025). Notably, strains
NBAIR_LS76 and NBAIR_LS77 tested positive for
all three PGP traits and exhibited the highest levels
of IAA and ammonia production (Table 4). The overall
correlation of PGP traits among the strains was
represented through a heat map in Fig. 6.

TABLE 3

Genotypic characterization of Lysinibacillus
sphaericus strains with GenBank

accession numbers

UASB_LS2 Lysinibacillus sphaericus PV878061
NBAIR_LS76

UASB_LS4 Lysinibacillus sphaericus PV878062
NBAIR_LS77

UASB_LS7 Lysinibacillus sphaericus PV878074
NBAIR_LS78

UASB_LS8 Lysinibacillus sphaericus PV878073
NBAIR_LS79

UASB_LS10 Lysinibacillus sphaericus PV878581
NBAIR_LS80

Isolate name Strain name
Accession

number

Mysore J. Agric. Sci., 60 (1) : 265-275 (2026) S. RUQIYA et al.
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Fig. 4 : Biochemical characterization showing plant growth-promoting and enzyme production activities of Lysinibacillus sphaericus
strains a) IAA production test showing pink-orange colour as positive, C- control, b) Ammonia production test showing yellow-
brown colour as positive, C- control, c) Siderophore production showing yellow zone around the colony as positive in CAS
agar, C- Control,  d) Protease test showing clear zone around the colony as positive in starch casein media, e) Lipase test
showing hallow zone around the colony as positive in tributyrin media, f) Lecithinase test showing opaque zone around the
colony as positive in egg yolk agar media, g) Chitinase test showing hallow zone around the colony as positive in colloidal
chitin agar media

Collectively, these PGP traits contribute both directly
and indirectly to enhance plant health by promoting
better root architecture, increasing nutrient absorption,
alleviating abiotic stress and offering protection
against soil-borne pathogens (Manjunatha et al.,
2019). Harnessing such multifunctional microbes

TABLE 4

Assessment of PGP attributes and extracellular enzyme production by
Lysinibacillus sphaericus strains

Strain name
Plant growth-promoting

Ammonia
production

Siderophore
production

Protease
activity

Lipase
activity

Lecithinase
activity

NBAIR_LS76 + + + + + + +

NBAIR_LS77 + + + + - + -

NBAIR_LS78 + + - - + - -

NBAIR_LS79 + + - + - + +

NBAIR_LS80 + + - - - - +

IAA
production

Hydrolytic enzyme activity

Chitinase
activity

enables the development of sustainable, eco-friendly
agricultural systems.

In vitro Enzyme Activity

A critical factor in biocontrol effectiveness is the
production of a diverse array of lytic enzymes,

Mysore J. Agric. Sci., 60 (1) : 265-275 (2026) S. RUQIYA et al.
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including protease, lipase, lecithinase and chitinase,
which act as entomolytic and biocontrol agents in
L. sphaericus. Protease activity was observed in three
strains, marked by clear zones on skim milk agar
plates. Proteases facilitate the breakdown of structural
proteins in pathogen cell walls and insect cuticles,
weakening their integrity and preventing development
a phenomenon well documented among Bacillus and
fungal biocontrol strains (Admassie et al., 2022)
(Fig. 5d). Lipase activity was identified in two strains
using tributyrin agar, shown by halo formation around
the colonies (Fig. 5e). Lipases break down lipid layers
in microbial membranes and insect exoskeletons,
which aids microbial invasion and improves
enzymatic penetration (Sumarsih et al., 2024).
Moreover, lecithinase production was demonstrated
by three strains through the formation of opaque zones
on egg yolk agar (Fig. 5f). Lecithinases, acting as
phospholipases targeting phosphatidylcholine, further
disrupt pest cell membranes and work synergistically
with other enzymes (Sharaf et al., 2014). Chitinase
activity was confirmed in three strains by the
appearance of clear halos on chitin agar plates

Fig. 5 : Heat map represents the levels of biochemical and enzymatic activities across different strains. Each cell indicates the
number of strains exhibiting a particular activity, with colour intensity corresponding to the activity level

(Fig. 5g). Chitinases specifically cleave 1,4-
glycosidic bonds in chitin, a major component of
fungal cell walls and exoskeletons, leading to physical
collapse and pathogen death (Shabanamol et al.,
2017). These enzymes are essential for nutrient
cycling, host colonization and pathogen suppression
in both soil and insect environments. Acting as key
virulence factors, they help overcome host defenses
and enhance the antagonistic potential of L. sphaericus
against phytopathogens. Notably, strain NBAIR_LS76
exhibited the highest enzymatic activity across all
tests, highlighting its potential as a biocontrol agent
for managing phytopathogens.

Together, these traits underscore the multifaceted
benefits offered by L. sphaericus strains that enhance
plant nutrition, help plants resist disease and support
overall plant vigour. While every isolate exhibited at
least one plant growth-promoting trait, the specific
combinations and intensities of traits varied markedly.
The enzymatic profile provides valuable insight into
the potential of L. sphaericus strains for use in
biocontrol applications based on their ability to

Mysore J. Agric. Sci., 60 (1) : 265-275 (2026) S. RUQIYA et al.
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degrade structural and storage components of fungal
pathogens. Notably, NBAIR_LS76 isolated from the
soil sample stood out for its superior hydrolytic
enzyme activity alongside robust PGP properties. This
discovery highlights the untapped potential of soil-
associated L. sphaericus strains and supports their
exploration for future biotechnological and
sustainable agricultural applications.

In conclusion, this study successfully isolated and
characterized indigenous Lysinibacillus sphaericus
strains, revealing their promising potential for
biocontrol applications and plant growth promotion.
A total of 5 strains were comprehensively analysed,
demonstrating considerable genetic and functional
diversity shaped by their ecological origins. Notably,
the strain NBAIR_LS76 exhibited superior lytic
enzyme activity along with robust PGP traits,
highlighting its value as a dual-purpose agent for
sustainable agriculture. These findings position as a
strong candidate for development into a bioinoculant
capable of enhancing crop productivity while
suppressing phytopathogens. To fully realize its
potential, further studies involving toxin profiling,
field trials and formulation development are essential.
Genomic insights and real-world validation will be
critical for integrating this strain into eco-friendly crop
management and disease control strategies.
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