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Bacillus species are renowned for producing diverse secondary metabolites with antimicrobial and plant growth-
promoting (PGP) activities. This study presents a genomic and functional characterization of Bacillus stercoris
B.PNR2, isolated from nutrient-limited volcanic soil in Buriram Province, Northeastern Thailand. The strain
exhibited antifungal activity against Fusarium oxysporum and Colletotrichum spp., along with PGP traits such
as indole-3-acetic acid (IAA) production and phosphate solubilization. Whole-genome sequencing revealed a
4.11 Mb genome containing 4,283 coding sequences, 60 tRNA genes, and 5 rRNA operons, with a G+C content
of 43.83%. Genome analysis identified 7 genes associated with IAA biosynthesis, 5 genes involved in phosphate
solubilization (including alkaline phosphatase and phytase), 6 genes for siderophore biosynthesis and transport
(bacillibactin cluster), and 9 genes related to nitrogen metabolism (nitrate/nitrite reductases, glutamine synthetase,
ammonium transporters). AntiSMASH identified 13 biosynthetic gene clusters, including fengycin, bacillaene,
surfactin, bacilysin, bacillibactin, and subtilosin A, with several showing low similarity to known clusters, suggesting
potential for novel metabolite production. Phylogenomic analysis placed B.PNR2 within the B. stercoris clade.
The genome also encoded 41 antimicrobial resistance genes and 322 transporter genes, indicating adaptive and
defensive capabilities. The integration of genomic and functional traits supports B. stercoris B.PNR2 as a promising
biofertilizer and biocontrol agent.

1. INTRODUCTION

Recent advances in genome sequencing and bioinformatics tools,
particularly genome mining platforms such as antiSMASH, have

The application of beneficial microorganisms as biological control
agents and biofertilizers has emerged as a sustainable alternative to
synthetic agrochemicals in modern agriculture [1-3]. Among these,
members of the genus Bacillus are particularly valued for their
robustness, metabolic versatility, and ability to produce a wide array of
secondary metabolites that suppress plant pathogens and promote plant
growth [4]. These attributes are largely attributed to their production
of lipopeptides, polyketides, ribosomally synthesized peptides,
and siderophores [5,6], which exert their effects through multiple
mechanisms [7], including membrane disruption, iron chelation, and
modulation of plant immune responses [8,9].
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facilitated the prediction of biosynthetic gene clusters (BGCs) involved
in secondary metabolism [10]. These in silico approaches enable the
rapid screening of microbial strains for their potential to produce
bioactive compounds, before experimental validation [11-16]. Many
well-characterized antimicrobial metabolites from Bacillus, such as
surfactin, fengycin, and bacillomycin, have been identified using these
tools. Nevertheless, the diversity of biosynthetic pathways in Bacillus
sp. remains underexplored, particularly in isolates from unique or
extreme ecological niches [17].

Among extreme environments, volcanic soils represent geologically
unique habitats that harbor microbial communities adapted to harsh
physicochemical conditions [18-20]. These microorganisms often
produce rare or structurally novel secondary metabolites not typically
found in conventional isolates, and many have been characterized for
their potential biotechnological applications in industry, medicine,
and agriculture [21]. In previous investigations, two promising
Bacillus isolates, B.PNR1 and B.PNR2, were obtained from soil

© 2026 Praphat Kawicha, et al. This is an open access article distributed under the terms of the Creative Commons Attribution License -NonCommercial-

ShareAlike Unported License (http:/creativecommons.org/licenses/by-nc-sa/3.0/).


http://crossmark.crossref.org/dialog/?doi=10.7324/JABB.2026.270804&domain=pdf

158 Kawicha, et al.: Journal of Applied Biology & Biotechnology 2026;14(2):157-165

collected near an extinct volcano in northeastern Thailand. Both
isolates demonstrated strong antifungal activities against Fusarium
oxysporum f. sp. lycopersici (Fol), the causative agent of Fusarium
wilt in tomato, by significantly reducing mycelial growth and
conidial germination. Notably, they also exhibited broad-spectrum
antagonistic activity against other phytopathogens, including
F. oxysporum f. sp. cubense, Sclerotium rolfsii, Colletotrichum
musae, and Colletotrichum gloeosporioides [5]. Microscopy
studies confirmed that the culture filtrates of these isolates induced
ultrastructural damage to fungal hyphae, suggesting the presence of
potent antifungal metabolites. In addition to their antifungal activity,
both B.PNR1 and B.PNR2 displayed plant growth-promoting (PGP)
traits, such as the production of indole-3-acetic acid (IAA) [5,22],
phosphate solubilization, and hydrolytic enzymes like amylase
and cellulase. Interestingly, B.PNR2 produced significantly higher
levels of IAA compared to B.PNR1, indicating its potential role in
enhancing root development and nutrient uptake [5]. Furthermore,
B.PNR2 showed markedly greater upregulation of genes encoding
aldehyde dehydrogenase and glucose 1-dehydrogenase compared
to B.PNR1 when exposed to 200 ug/L of atrazine in the culture
medium [23]. While Bacillus stercoris strain B.PNR1 has been fully
characterized through whole-genome sequencing and identified as
a robust source of antimicrobial and PGP-related gene clusters,
strain B.PNR2, despite its similarly promising bioactivity, remains
genomically uncharacterized. A deeper understanding of B.PNR2’s
biosynthetic potential and mechanisms of action is warranted
to evaluate its full biotechnological applicability in sustainable
agriculture.

Therefore, this study aims to characterize the unique genetic elements
of Bacillus sp. B.PNR2, positioning it as a potentially valuable
microbial resource for antimicrobial development and agricultural
biotechnology. Through whole-genome sequencing, comparative
phylogenomics, and genome mining, we investigate its specialized
biosynthetic pathways and resistance traits. This work expands our
understanding of the functional diversity within environmental Bacillus
sp. and contributes to the discovery of novel bioactive metabolites for
sustainable applications.

2. MATERIALS AND METHODS

2.1. Isolation and Cultivation of Bacillus sp. B.PNR2

Soil samples were collected from loamy soil surrounding the
extinct volcano in Buriram Province, Northeastern Thailand [5].
The isolation procedure was performed with the modified method
described by Boottanun et al. [24]. Briefly, soil from the top 10 cm
was air-dried at ambient temperature (25-28°C) for 2-3 days. To
isolate thermotolerant spore-forming Bacillus sp., 1 g of each soil
sample was suspended in 99 mL of sterile distilled water and heat-
treated at 100°C for 5 min to selectively enrich for thermotolerant,
spore-forming Bacillus species while eliminating vegetative cells of
non-spore-forming bacteria. After cooling, serial 10-fold dilutions
were plated on nutrient agar (NA; HiMedia) and incubated at 37°C
for 24-48 h. Colonies with characteristic Bacillus-like morphology
(opaque, flat or slightly raised with irregular edges) were subcultured
and stored on NA slants at 4°C.

2.2. Genomic DNA Extraction and Quality Assessment

Genomic DNA was extracted from freshly cultured B.PNR2 grown
in nutrient broth using the GeneJET Genomic DNA Purification Kit
(Thermo Fisher Scientific) following the manufacturer’s protocol

for Gram-positive bacteria. DNA quality and concentration were
determined using a NanoDrop spectrophotometer and 1% agarose gel
electrophoresis. DNA integrity was confirmed by the presence of high-
molecular-weight bands without shearing.

2.3. Whole-Genome Sequencing and Phylogenetic Analysis

High-quality genomic DNA was submitted to Macrogen Inc. (Seoul,
Korea) for paired-end sequencing using the Illumina platform
(2 x 150 bp). Raw reads were quality-filtered and trimmed with
Trimmomatic, and the resulting high-quality reads were de novo
assembled using SPAdes Genome Assembler v3.15 [25]. The
phylogenetic position of Bacillus sp. B.PNR2 was determined using the
Type (Strain) Genome Server (TYGS) [26] and the Genome BLAST
Distance Phylogeny (GBDP) approach [27,28]. Phylogenetic trees
were constructed based on intergenomic distances and inferred using
the balanced minimum evolution method implemented in FASTME
2.1.6.1 with subtree pruning and regrafting post-processing [29].
Branch support values were estimated from 100 pseudo-bootstrap
replicates. Trees were midpoint-rooted [30] and visualized using
PhyD3 [31]. Strain identification was further supported by digital
DNA-DNA hybridization (dDDH) and average nucleotide identity
(ANI) analyses [32]. Closely related species, including B. stercoris,
B. subtilis, B. siamensis, and B. mojavensis, were included for
comparative analysis.

2.4. Genome Annotation and Subsystem Classification

The assembled genome was submitted to the Pathosystems Resource
Integration Center (PATRIC) for comprehensive annotation
using the RASTtk pipeline [33]. Functional categorization was
performed under the “Subsystems” classification, and annotations
were cross-referenced with KEGG [34], gene ontology (GO)
[35], and enzyme commission (EC) databases [36,37]. Antibiotic
resistance genes were detected using comprehensive antibiotic
resistance database (CARD), NDARO, and PATRIC antimicrobial
resistance (AMR) gene databases integrated within the PATRIC
toolkit [38].

2.5. Identification of BGCs

Secondary metabolite BGCs were predicted using antiSMASH
v8.0.1 [39] (https://antismash.secondarymetabolites.org) with relaxed
strictness parameters. The assembled genome was submitted for BGC
analysis and has been deposited in GenBank under the accession
number JAQMFLO000000000. Known and putative clusters were
annotated based on sequence similarity to the MIBiG reference
database, and only high-confidence matches (>70% similarity) are
reported in this study.

2.6. Identification of AMR and Virulence Genes

AMR determinants were identified using the k-mer-based detection
tools in PATRIC and cross-referenced with the CARD [40] and
ResFinder [41]. Detected resistance mechanisms included antibiotic
inactivation enzymes, target protection proteins, and efflux pumps.
Virulence factors were identified through searches against the VFDB,
Victors, and PATRIC VF databases [42].

2.7. PGP Gene Identification

Genes associated with plant growth promotion were identified
from the annotated genome using the RAST server [33] and cross-
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referenced with KEGG [34], UniProt [43], and literature-based gene
function databases. The analysis targeted genes involved in IAA
biosynthesis, phosphate solubilization, siderophore production, and
nitrogen metabolism. Feature IDs were linked to their corresponding
locus tags in the genome assembly for consistency across results and
tables.

A schematic workflow summarizing the genomic analysis of strain
B.PNR2 is presented in Figure 1. Functional assays of disease
resistance and plant growth promotion were reported in our previous
studies [5,22,23]. The current workflow highlights genome annotation
as the central step, branching into analyses of BGCs, AMR genes, and
PGP genes.

3. RESULTS

3.1. General Features of the Bacillus sp. B.PNR2 Genome

Whole-genome sequencing of Bacillus sp. B.PNR2 yielded nine
contigs, with a total genome length of 4,112,807 base pairs and
a GC content of 43.83%, as visualized in the circular genome map
[Figure 2a]. The assembly exhibited an N50 value of 1,057,280 bp,
indicating a high-quality draft genome. Genome annotation using
RASTtk through the PATRIC platform identified 4,283 protein-coding
sequences (CDSs), along with 60 tRNA genes and five rRNA operons
(58S, 168, and 23S). Functional annotation revealed that 3,580 proteins
(83.6%) had assigned functions, including 1,054 proteins with EC
numbers, 875 with GO terms, and 769 mapped to KEGG pathways.
The remaining 703 proteins (16.4%) were categorized as hypothetical.
The most abundant subsystem categories were metabolism (770 genes),
stress response and virulence (125 genes), and energy production
(213 genes) [Figure 2b].

3.2. Phylogenetic Analysis and Taxonomic Placement

The phylogenetic tree generated using the GBDP approach on the
TYGS platform reveals the evolutionary placement of Bacillus sp.
B.PNR2 among closely related Bacillus species. Phylogenomic
analysis clustered B.PNR2 closely with B. stercoris and B. subtilis,
with a bootstrap support value of 62 [Figure 3]. dDDH and ANI
values exceeded the species delineation thresholds for both strains.
Specifically, ANIb, ANIm, and dDDH values were 98.53%, 98.69%,
and 95.4%, respectively, when compared to B. stercoris, and 95.11%,
95.39%, and 89.2% when compared to B. subtilis [Table 1]. These
results support the identification of the isolate as B. stercoris strain
B.PNR2.

3.3. Secondary Metabolite BGCs

An antiSMASH analysis identified a total of 13 BGCs in the genome
of Bacillus sp. B.PNR2 [Table 2]. Several BGCs showed high
similarity to well-characterized secondary metabolite pathways,
including fengycin (nonribosomal peptide synthetase; NRPS),
bacillaene (hybrid NRPS-trans-AT PKS cluster involved in polyketide
biosynthesis), bacilysin (peptide antibiotic), subtilosin A, bacillibactin
(catecholate-type siderophore), and surfactin (lipopeptide). In contrast,
some clusters exhibited low similarity to known pathways, such as
a zwittermicin A-like NRPS—PKS hybrid cluster, plipastatin (NRPS
Type I), and 1-carbapen-2-em-3-carboxylic acid (NRPS Type I). These
findings highlight the extensive and diverse biosynthetic potential of
strain B.PNR2.

Isolation of Bacillus sp. B.PNR2
(from extinct volcanic soil, Buriram)

Genomic DNA extraction and
quality assessment

Whole-genome sequencing
(Tllumina platform)

Genome assembly
(SPAdes Genome Assembler)

Phylogenetic analysis
(TYGS, GBDP, FASTME, dDDH, ANI)

Genome annotation
(RASTtk pipeline, KEGG, GO, EC)

Biosynthetic gene Antimicrobial Plant growth-
cluster (BGC) resistance (AMR) and promoting (PGP)
identification virulence gene detection gene identification
(antiSMASH) (k-mer-based detection) (RASTtk pipeline)

Figure 1: Workflow for genome analysis of Bacillus sp. B.PNR2, showing
isolation, DNA extraction, Illumina sequencing, SPAdes assembly,
phylogenetic analysis, and RASTtk-based annotation, followed by parallel
branches for BGC detection (antiSMASH), AMR/virulence gene detection,
and PGP gene identification.

Table 1: Comparative genomic metrics between Bacillus sp. B.PNR2 and
closely related Bacillus species based on average nucleotide identity using
BLAST (ANIb), average nucleotide identity using MUMmer (ANIm),
digital DNA-DNA hybridization (dDDH), and genomic G+C content.

Bacterial species ANIb (%) ANIm (%) dDDH (%) GC (%)
B. stercoris 98.53 98.69 95.4 43.80
B. subtilis 95.11 95.39 89.2 43.51
B. vallismortis 90.16 90.89 65.9 43.76
B. mojavensis 86.58 87.42 79.1 43.72
B. atrophaeus 78.97 83.87 46.5 43.22
B. amyloliquefaciens 76.06 84.12 31.7 46.14
B. siamensis 76.06 84.36 32.4 45.82

3.4. AMR, Stress Regulators and Transporter Genes

A total of 41 AMR-related genes were identified using the CARD,
NDARO, and PATRIC AMR databases [Table 3]. These included
multiple categories including antibiotic inactivation enzymes (FosB,
ANT(6)-1 and Vgb(4)), antibiotic target protection and replacement
proteins (fabL and BcrC), efflux transporters (BceA/B, EbrA/B,
Lmr(B), and YkkCD), cell wall-targeting resistance (MprF, PgsA, and
GdpD), and regulator modulating expression of antibiotic resistance
genes (BceRS, LiaRS, and LiaF). In addition, a total of 322 transporter
genes were identified via the transporter classification database
(TCDB) annotations [Table 4].
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Figure 2: Genomic features and functional annotation of Bacillus sp. B.PNR2. (a) Circular genome map of Bacillus sp. B.PNR2. The genome comprises nine

contigs totaling 4,112,807 bp, with a GC content of 43.83%. From the outermost to the innermost rings, the map displays: Contigs, CDSs on the forward strand,
CDSs on the reverse strand, RNA genes, CDSs homologous to known antimicrobial resistance genes, CDSs homologous to known virulence factors, GC content,
and GC skew. CDSs are color-coded based on their associated functional subsystems, as defined in panel B. Genome annotation was conducted using the RASTtk
pipeline on the PATRIC platform. (b) Functional categorization of annotated genes in the genome of Bacillus sp. B.PNR2. Gene annotation was performed using
the RASTtk pipeline on the PATRIC platform. The pie chart shows the distribution of genes across major functional subsystems, including metabolism, protein
processing, stress response, cellular processes, and others.

Table 2: Identified biosynthetic gene clusters (BGCs) in Bacillus sp. B.PNR2 based on antiSMASH analysis.

Type Contig No. Start/from To/Stop Most similar known cluster Similarity Function References

NRPS, betalactone 1 1 55,559  fengycin High Antifungal [58]

transAT-PKS, NRPS, 1 121,210 235,910 bacillaene High Antibacterial [59]

T3PKS, PKS-like

Sactipeptide 2 379,707 401,318  subtilosin A High Antibacterial [60]

NRP-metalophore, 2 922,310 988,536  bacillibactin High Antibacterial [61]

NRPS,

terpene-precusor

NRPS 3 1 21,633  plipastatin Low Antifungal [54]

T3PKS 3 159,654 200,751  1-carbapen-2-em-3-carboxylic acid Low Antibacterial [62]

NRPS 4 178,063 243,454  surfactin High Antibacterial/Antifungal/ [63,64]
Biosurfactant

NRPS, TIPKS 5 58,518 139,870 zwittermicin A High Antibacterial/Antifungal [52]
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Figure 3: Phylogenomic tree depicting the evolutionary relationship of Bacillus sp. B.PNR2 with closely related Bacillus species based on genome-wide
comparison using the Genome BLAST Distance Phylogeny approach implemented in the Type (Strain) Genome Server. The tree was inferred using the
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balanced minimum evolution method via FASTME 2.1.6.1 with subtree pruning and regrafting post-processing. Branch support values were calculated from

100 pseudo-bootstrap replicates and are shown at the nodes. The tree was midpoint-rooted for clarity.

Table 3: The specific antimicrobial resistance (AMR) genes detected in
Bacillus sp. B.PNR2 and categorizes them by their resistance mechanisms,
such as enzymatic inactivation, target modification, efflux pumps, and
regulatory systems. It includes notable resistance determinants for multiple
antibiotic classes.

Categorizes Specific antimicrobial resistance

(AMR) genes

ANT (6)-1, FosB, Vgb (4)

Alr, Ddl, dxr, EF-G, EFTu, folA,
Dfr, folP, gyrA, gurB, inhA, fabl,
Iso-tRNA, kasA, MurA, rho, rhoB,
rpoC, S10p, S12p

RimA (1)

BerC

Antibiotic inactivation enzyme

Antibiotic target in susceptible
species

Antibiotic target modifying enzyme
Antibiotic target protection protein
Antibiotic target replacement protein fabL

BceA, BeceB, EbrA, EbrB, Lmr (B),
YkkCD

gidB

Efflux pump conferring antibiotic
resistance

Gene conferring resistance via
absence

Protein altering cell wall charge
conferring antibiotic resistance

GdpD, MprF, PgsA

Regulator modulating expression of ~ BceR, BceS, LiaF, LiaR, LiaS

antibiotic resistance genes

3.5. PGP Genes

Genome analysis of B. stercoris B.PNR2 revealed multiple
genes related to plant growth promotion, including those

Table 4: The number of genes in Bacillus sp. B.PNR2 genome that
shows homology to known antibiotic resistance genes, drug targets,
transporters, and virulence factors, as identified from multiple
specialized databases.

Type Source Number of gene
Antibiotic resistance CARD 10
Antibiotic resistance NCARD 2
Antibiotic resistance PATRIC 45

Drug target DrugBank 72

Drug target TTD 1
Transporter TCDB 322
Virulence factor PATRIC_VF 2
Virulence factor VFDB 1
Virulence factor Victors 3

CARD: Comprehensive antibiotic resistance database, PATRIC: Pathosystems resource
integration center, TCDB: Transporter classification database.

involved in IAA biosynthesis (e.g., tryptophan synthase, indole-
3-pyruvate decarboxylase), phosphate solubilization (e.g.,
alkaline phosphatase, phosphatases), siderophore biosynthesis
(e.g., Dbacillibactin, enterobactin), and nitrogen metabolism
(e.g., glutamine synthetase, nitrate reductase). These genes were
identified based on functional annotations and confirmed by
KEGG and UniProt matches. A summary of PGP-related genes,
their putative functions, and corresponding locus tags is presented
in Table 5.
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Table 5: Plant growth-promoting (PGP) genes identified in Bacillus stercoris B.PNR2.

PGP trait

TAA biosynthesis

Phosphate solubilization/
transport

Siderophore biosynthesis
Siderophore uptake

Nitrogen metabolism

Gene (s)/protein

trpA, trpB, trpE, trpG

phoP

Alkaline phosphatase D (isoforms)
3-phytase

pstS, pstC, pstA, pstB

pstB (family protein)

phnP

dhbA, dhbC, dhbE, dhbB, dhbF, mbtH
feud, feuB, feuC

ABC-type Fe>*-siderophore transporters
glnA

narG, narH, narl, narJ

nirB, nirD

nasA, nasB

Locus tag (s)
(fig|3020846.6.peg.X)
2496, 2497, 2501, 4215
3189

1050, 3819, 3923, 3492

Function
Tryptophan biosynthesis enzymes; precursors for IAA
production

Pho regulon transcriptional regulator

Hydrolyzes organic phosphate esters

nasA (nitrate transporter)

2396 Degrades phytate to release inorganic phosphate
2742-2745 Phosphate ABC transport system

2746 Phosphate transport ATP-binding protein

966 Phosphonate metabolism protein
2115-2120 Bacillibactin biosynthesis enzymes
3394-3396 Fe>*-siderophore transport system
40994101 Uptake of ferric-siderophore complexes

111 Glutamine synthetase type |
1551-1554 Respiratory nitrate reductase complex
3562-3563 Nitrite reductase (NADH)
3564-3565 Assimilatory nitrate reductase

3566 Nitrate uptake

Locus tags are reported in the format fig|3020846.6.peg.X, where X is the identifier shown in the table. IAA: Indole-3-acetic acid.

4. DISCUSSION

The comprehensive genomic and functional characterization of
Bacillus sp. B.PNR2 underscores its exceptional potential as a
biocontrol agent and a valuable bioresource for natural product
discovery. Isolated from nutrient-poor, geothermally influenced
volcanic soil in Northeastern Thailand, B.PNR2 appears well
adapted to natural soil environments, as evidenced by its extensive
genetic repertoire related to stress tolerance, secondary metabolite
biosynthesis, and nutrient acquisition [17]. These adaptive
features highlight its ecological competitiveness and suitability
for application in challenging agricultural systems [44,45]. In this
study, phylogenomic analysis identified B.PNR2 as a strain of B.
stercoris, supported by high dDDH and ANI values [27,46,47]. The
distinct composition of its BGCs and AMR genes further supports this
classification and enhances its value as a genomic resource.

In this study, the genome annotation revealed a complex metabolic
framework comprising 4,283 protein-CDSs, the majority of which
were functionally characterized. Subsystem classification indicated
a high abundance of genes related to metabolism, stress response,
energy production, and virulence. This genetic architecture implies
not only resilience in harsh soil environments but also a capacity
for dynamic interactions both antagonistic and symbiotic with other
soil microorganisms. A notable feature of the B.PNR2 genome
is the presence of 13 BGCs identified by antiSMASH, including
clusters encoding well-characterized antimicrobial compounds
such as fengycin, surfactin, bacilysin, bacillaene, subtilosin A, and
bacillibactin. These metabolites form a multifunctional arsenal that
acts through membrane disruption, iron chelation, enzyme inhibition,
and immune modulation. The co-occurrence of fengycin and surfactin
clusters is particularly significant, given their synergistic antifungal
activities — a hallmark of effective Bacillus-mediated biocontrol. Our
findings align with reports that Bacillus species commonly combine
antimicrobial metabolite production with PGP traits. Prior studies
have highlighted lineage-specific adaptations and metabolite profiles

supporting biocontrol activity [17,48], which is consistent with the
BGC repertoire and PGP genes observed in B.PNR2.

Intriguingly, genome mining revealed several BGCs with low homology
to known reference clusters, including those potentially associated
with zwittermicin A-like compounds, plipastatin, and carbapenem-like
metabolites. Zwittermicin A (ZmA), a linear aminopolyol antibiotic
originally isolated from B. cereus UWSS, has demonstrated broad-
spectrum antimicrobial activity, including antiprotist, antibacterial
(against both Gram-positive and Gram-negative bacteria), and
antifungal properties [49-52]. ZmA also synergistically enhances the
insecticidal activity of Bacillus thuringiensis toxins [53]. Likewise,
plipastatin, a lipopeptide produced by B. subtilis, is recognized for
its potent antifungal activity and holds promise as a biocontrol agent
to replace synthetic fungicides in agricultural applications [54].
Carbapenems, a class of 3-lactam antibiotics, are considered critically
important due to their broad-spectrum efficacy and potency against
both Gram-positive and Gram-negative bacteria [55]. The presence
of cryptic BGCs with low similarity to known clusters suggests the
potential for structurally novel compounds with unique modes of
action, especially a promising avenue in the face of rising AMR.
Further functional characterization of these clusters will be essential to
unlocking new microbial natural products.

In terms of environmental adaptability, Bacillus sp. B.PNR2 possesses
a diverse repertoire of AMR genes and transporter systems. A total
of 41 AMR genes were identified, representing a range of resistance
mechanisms, including antibiotic-inactivating enzymes, target site
modifications, protective proteins, and multidrug efflux systems,
features that likely confer a competitive advantage in microbially
rich soil environments. In addition, the presence of 322 transporter
genes suggests enhanced capabilities for nutrient acquisition and
detoxification, contributing to the strain’s fitness under dynamic
environmental conditions. Nevertheless, the presence of 41 AMR
genes and several virulence-related factors warrants careful biosafety
consideration before any field application. These elements may
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influence microbial community interactions and horizontal gene
transfer in soil ecosystems; therefore, risk assessment and appropriate
containment strategies will be essential in future agricultural deployment
of B.PNR2. This finding aligns with the study by Deng et al. [56],
who employed multi-omics analyses to investigate Bacillus mutant
strains under environmental stress. Their results revealed coordinated
changes at the genomic, transcriptomic, and proteomic levels. Despite
harboring different genetic mutations, the mutants exhibited similar
proteomic responses. Key metabolic pathways including the Embden-
Meyerhof-Parnas glycolytic pathway, the pentose phosphate pathway,
and purine biosynthesis, were significantly modulated to regulate
inosine production. In addition, stress-responsive proteins involved
in translation, molecular chaperoning, DNA repair, oxidative stress
defense, and cell envelope stability were upregulated, enhancing the
mutants’ survival under extreme conditions such as those found in
near-space environments. Similarly, Valencia-Marin et al. [57] reported
that Bacillus species can survive in saline-stressed soils through
multiple mechanisms, including the production of osmoprotectant
compounds, antioxidant enzymes, exopolysaccharides, and alterations
in membrane lipid composition. Additional survival strategies such
as sporulation and entry into a reduced metabolic state were also
noted, particularly in the context of functional interactions within the
rhizosphere.

Beyond antimicrobial potential, Bacillus sp. B.PNR2 also harbors
PGP traits, including IAA biosynthesis, phosphate solubilization,
siderophore production, and nitrogen metabolism genes, consistent
with phenotypes reported previously [5,22]. Taken together with the
diversity of its BGCs, these features support a dual potential in crop
growth promotion and pathogen suppression.

The genomic insights obtained in this study have direct implications
for biotechnological applications. In agriculture, B. stercoris B.PNR2
could be developed into biofertilizer formulations, leveraging its
IAA biosynthesis, phosphate solubilization, siderophore production,
and nitrogen metabolism genes to enhance crop growth and nutrient
use efficiency. As a biocontrol agent, the strain possesses diverse
antimicrobial BGCs, including those encoding fengycin, surfactin,
bacilysin, and bacillibactin, which provide broad-spectrum suppression
of phytopathogens and can reduce dependence on chemical pesticides.
In environmental biotechnology, its stress tolerance and AMR
gene repertoire suggest resilience in contaminated or degraded
soils, supporting potential use in soil remediation or reclamation
programs. Furthermore, the presence of cryptic BGCs with low
similarity to known clusters represents a valuable genomic resource
that may yield structurally novel bioactive compounds. However,
functional validation will be necessary before specific pharmaceutical
applications can be established.

Taken together, these findings suggest that Bacillus sp. B.PNR2 holds
promise as a candidate for integrated pest and nutrient management
in sustainable agriculture. The genomic prediction of low-similarity
BGCs also highlights its potential as a source for future antimicrobial
discovery, pending experimental confirmation. Future research
should prioritize functional validation of cryptic BGCs through
transcriptomics, heterologous expression, and metabolite isolation.
At the same time, greenhouse and field trials will be essential to
confirm the biocontrol and PGP efficacy of B.PNR2 under real-
world agricultural conditions. These combined efforts will advance
microbial-based biotechnologies and contribute meaningfully to
global initiatives in sustainable agriculture and antibiotic innovation.

5. CONCLUSION

This study provides a genomic framework for Bacillus sp. B.PNR2,
revealing a repertoire of BGCs and PGP genes consistent with potential
applications in sustainable agriculture. Phylogenomic metrics (ANI
and dDDH) clearly place the isolate within B. stercoris. While cryptic
and low-similarity BGCs indicate the possibility of novel bioactive
compounds, these predictions require experimental validation through
transcriptomics, metabolite purification, and activity profiling. In
parallel, the detection of AMR genes and virulence-related factors
underscores the need for biosafety assessment before field use. Overall,
the genome of B.PNR2 highlights promising avenues for crop growth
promotion and biocontrol, pending further functional confirmation.
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