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Abstract: Recently, crop management has involved excessive use of chemical fertilizers and pesticides,
compromising public health and environmental integrity. Rhizobacteria, which can enhance plant
growth and protect plants from phytopathogen, are eco-friendly and have been attracting increasing
attention. In the current study, Bacillus subtilis RS10 isolated from the rhizosphere region of Cynodon
dactylon, inhibited the growth of indicator strains and exhibited in vitro plant growth-promoting
traits. A whole-genome analysis identified numerous biosynthetic gene clusters encoding antibac-
terial and antifungal metabolites including bacillibactin, bogorol A, fengycin, bacteriocin, type III
polyketides (PKs), and bacilysin. The plant growth-promoting conferring genes involved in nitrogen
metabolism, phosphate solubilization, hydrogen sulfide, phytohormones, siderophore biosynthesis,
chemotaxis and motility, plant root colonization, lytic enzymes, and biofilm formation were deter-
mined. Furthermore, genes associated with abiotic stresses such as high salinity and osmotic stress
were identified. A comparative genome analysis indicated open pan-genome and the strain was
identified as a novel sequence type (ST-176). In addition, several horizontal gene transfer events
were found which putatively play a vital role in the evolution and new functionalities of a strain.
In conclusion, the current study demonstrates the potential of RS10 antagonism against important
pathogens and plant growth promotion, highlighting its application in sustainable agriculture.

Keywords: whole-genome sequence; Bacillus subtilis novel ST176; pan-/core-genome analysis; an-
tibacterial activity; plant growth-promoting bacteria (PGPB); sustainable agriculture

1. Introduction

Bacterial strains that efficiently colonize plant roots and promote plant growth by
direct or indirect mechanisms are known as plant growth-promoting bacteria (PGPB) [1].
The direct mechanism includes stimulation of root growth and biofertilization, while
the indirect mechanism involves biological control comprised of induction of systemic
resistance and production of antimicrobial metabolites [2]. Bacillus spp. are considered to be
promising PGPB due to their endospore-forming capabilities, which enable them to better
survive in a diverse habitat [3], their antimicrobial potential, and most importantly their
abundant plant growth-promoting traits such as phosphate solubilization, nitrogen fixation,
and sulfur oxidation [2]. Antimicrobial metabolites produced by Bacillus spp. are extremely
diverse [4]. According to their biosynthetic pathways, these antimicrobial metabolites
can be divided into three main classes: nonribosomal peptides (NRPs), polyketides (PKs),
and ribosomally synthesized post-translationally modified peptides (RiPPs) [5]. NRPs
such as surfactin and fengycin are synthesized by mega enzymes called nonribosomal
peptide synthetases (NRPSs). NRPSs are constituted of various modules and each module
incorporates a single amino acid residue. PKs include bacillaene and difficidin is another
class of antimicrobial metabolites synthesized by polyketide synthetases (PKSs). Unlike
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NRPs and PKs, RiPPs (bacteriocin) is a class of antimicrobial metabolites synthesized in a
normal ribosomal fashion. The antimicrobial metabolites produced by Bacillus spp. play
an important role in biological control. For instance, the knockout of NRPs (surfactin)
synthesis genes in B. subtilis strain 6051 reduce its potential to colonize plant roots and to
protect the plant against phytopathogens [6]. Fengycins and iturins produced by B. subtilis
inhibite the growth of pathogenic Podosphaera fusca, which causes disease in seasonal plant
leaves [7]. Similarly, B. velezensis strain FZB42 produces bacilysin, bacillaene, and diffcidin
which suppress fire blight disease in plants [8]. Recently, it was reported that B. subtilis
SL18r and B. simplex Sneb545 elicit induce systemic resistance in plants against Botrytis
cinerea and Heterodera glycines, respectively [9,10]. Furthermore, volatile organic compounds
such as acetoin and 2,3-butanediol have also been reported to trigger systemic resistance
in plants [11]. In the past, several studies focused on PGPB, however, their antimicrobial
activities were limited to phytopathogens and they neglected the animal pathogens that
can enter the animal body by grazing. For instance, a fungal pathogen, C. purpurea, causes
ergotism in humans, and ruminants are originated from plants [12]. P. chartarum, which
is another fungal pathogen that causes sinusitis and rhinitis in horses [13], also emerges
from plants. PGPB which antagonizes both mammalian and phytopathogens would
ensure safety of the food chain. Therefore, the current study was designed to isolate
and evaluate Bacillus spp. for plant growth-promoting/antimicrobial activity against
important pathogens and further genome mining to explore the cryptic genomic potential
that contributes to sustainable agriculture.

2. Materials and Methods
2.1. Strain Isolation and Antimicrobial Activity Assay

Soil samples (10 g, n = 12) were collected from various rhizosphere regions including
peanuts, Bermuda grass, maize, grapes, and wheat rhizosphere of Kohat division, KP,
Pakistan. A series of dilutions were prepared to start with 1 g of sample in 10 mL sterile
phosphate buffer solution. With 100 µL from each dilution spread on trypticase soy agar
(Oxide, UK), the plates were sealed and incubated at 30 ◦C for 24 h. The strain RS10 was
isolated from a soil sample collected from the Cynodon dactylon rhizosphere at the depth
of 2–5 cm in May 2018 from the southern region (33.1105, 71.0914) of Khyber Pakhtunkhwa,
Pakistan. The isolated strains were preliminarily screened for antibacterial activities, as
described earlier [14]. Subsequently, the antibacterial activity of the strain RS10 culture
extract was determined against a set of American Type Culture Collection (ATCC) strains
(Streptococcus pneumoniae 6305, Pseudomonas aeruginosa 15442, Staphylococcus aureus 6538,
Escherichia coli 8739, Salmonella typhimurium 14028, Listeria monocytogenes 13932, Pseudomonas
syringae 21721, and Klebsiella pneumoniae 13889). Briefly, the strain RS10 was incubated
in tryptic soy broth at 30 ◦C for 48 h and 500 mL cell-free supernatant was obtained by
centrifugation at 15,000× g for 15 min at 4 ◦C. The cell-free supernatant was extracted twice
using an equal volume of ethyl acetate (1:1) and antibacterial metabolites were concentrated
in a rotary evaporator at 60 ◦C until ethyl acetate was completely evaporated. The dry
extract was dissolved in phosphate buffer solution (250 mg/mL) and antibacterial activity
was determined against a set of ATCC bacterial strains via agar well diffusion assay and
zones of inhibitions (ZOI) were measured in mm [15]. Penicillin and Gentamicine were used
as positive control against Gram-positive and Gram-negative ATCC strains, respectively.

For antifungal activity, a 6 mm mycelial plug was picked from two actively growing
phytopathogenic fungi (Botrytis cinerea strain KST-32 and Aspergillus niger strain MB-4) and
placed in the middle of the petri plate containing potato dextrose agar (PDA). The partially
purified extract (200 µL) of RS10 was poured near the edge of the plate and incubated for 7
days at 25 ◦C. The petri plate containing only mycelial disc at the center incubated at the
same condition was used as a positive control. The growth of inhibition was determined
using the following formula:

GI% =
C − T

C
× 100



Agriculture 2021, 11, 1273 3 of 17

where GI represents growth inhibition, C is the diameter in control, and T is the diameter
in treated (RS10 extract).

2.2. In Vitro Plant Growth-Promoting Assay

The strain RS10 was spot inoculated on a phosphate agar plate containing (g/L) yeast
extract 0.5, dextrose 10, calcium phosphate 5, ammonium sulfate 0.5, sodium chloride 0.2,
potassium chloride 0.2, ferrous and manganese sulfate 0.0001 g, magnesium sulfate 0.1,
and agar 12. The plate was incubated at 30 ◦C for 48 h. Colonies showing clear halo zones
indicated phosphate solubilization activity. Biofilm synthesis was determined through
calorimetric assay, as described earlier [16]. The absorbance was taken as an index of
biofilm synthesis and 33% acetic acid in water was used as a negative control. The extracel-
lular proteases and cellulase production were assessed, according to the method reported
previously [17]. Siderophore production was evaluated using a modified microplate assay,
as described earlier [18].

2.3. DNA Extraction, Whole-Genome Sequencing, Assembly, and Annotation

The genomic DNA was extracted from a fresh broth culture using a pure link genomic
DNA extraction kit (Invitrogen Carlsbad, USA). The quantity and quality of isolated
genomic DNA was estimated using a Nanodrop spectrophotometer (Titertek Berthold,
Pforzheim, Germany). The genomic DNA library was prepared using a Nextera XT library
preparation kit (Illumina Inc. San Diego, CA, USA) and was sequenced using a Hiseq
Illumina 2500 platform with paired-end reads. The reads were trimmed using trimmomatic
v 0.36 [19] and de novo assembly was performed with SPAdes v 3.12 [20]. Gaps within
the scaffolds were closed, as described earlier [21]. Genome annotation was performed
through the NCBI’s Prokaryotic Genome Annotation Pipeline (PGAP) version 4.10 [22].
CGview online server (http://cgview.ca/, accessed on 25 September 2021) was used to
generate a circular map of strain RS10 for comparison with the reference genome.

2.4. Taxonomic Investigation and Genome Characterization of Strain RS10

To determine the exact taxonomic position of the strain, multilocus sequence type
(MLST) analyses was performed. The MLST 2.0 online web server (https://cge.cbs.dtu.dk/
services/MLST/, accessed on 15 January 2020) was used to identify the sequence type for
strain RS10. To verify a unique sequence type, the allelic profiling of seven housekeeping
genes (glpF91, ilvD3, pta103, purH112, pycA96, rpoD1, and tpi63) were submitted to the
PubMLST database (https://pubmlst.org/bsubtilis/, accessed on 23 January 2020). The
rapid annotation subsystem technology (RAST) approach was used to categorize the genes
coding for a set of proteins involved in a specific biological process. Genomic islands (GIs)
were predicted using an online Islandviewer 4 server (http://www.pathogenomics.sfu.ca/
islandviewer/, accessed on 12 September 2021) and prophage regions were identified with
the PHASTER online search tool (https://phaster.ca/, accessed on 15 September 2021).

2.5. Genome Mining for Synthesis of Bioactive Compounds

To identify putative secondary metabolites BGCs, B. subtilis RS10 genome was sub-
mitted to Antibiotics and Secondary Metabolites Analysis Shell (AntiSMASH) (https:
//antismash.secondarymetabolites.org/, accessed on 20 September 2021). Furthermore,
gene similarity with known clusters and domain functions were identified and annotated
using BLASTp and Pfam analysis.

2.6. Pan- and Core-Genome Estimation and Phylogenetic Analysis

Currently (January 2021), 382 B. subtilis genome assemblies are available in public
databases. However, most of these are draft or partial genome sequences. Therefore,
we selected only the complete (139) genomes of B. subtilis for the Pan-/core-genome
analysis. For this course, Bacterial Pan Genome Analysis (BPGA-V-1.3) pipeline was used
by applying default parameters [23]. A set of genes shared by all strains were defined

http://cgview.ca/
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as core-genome, a set of genes shared by more than 2 strains was defined as accessory
genes, and a set of genes that were specific to a single strain was defined as unique genes
and the entire gene contents of the targeted genomes were defined as pan-genome. The
concatenated core-genomes were aligned using Clustal Omega server (https://www.ebi.ac.
uk/Tools/msa/clustalo/, accessed on 13 March 2021) and a core-genome-based maximum
likelihood (ML) phylogenetic tree was constructed using MEGAX [24]. The tree was edited
and annotated using iTOL (https://itol.embl.de/, accessed on 25 March 2021).

2.7. Availability of Data

The whole-genome sequence of B. subtilis strain RS10 has been submitted to NCBI,
GenBank under the accession number CP046860.1. The BioSample and BioProject were
registered under accession numbers SAMN13510061 and PRJNA594265, respectively.

3. Results
3.1. Phenotypic Characterization and Antimicrobial Activity

A total of 104 putative Bacillus spp. were isolated from various localities and evaluated
for antibacterial and plant growth-promoting activities. Among these, 12 isolates showed
antibacterial activities against at least two indicator strains (Supplementary File S1 Table S1)
among all RS10 exhibited strong antagonistic activity as well as plant growth-promoting
traits; and therefore were selected for further study. The partially purified metabolites
extract of strain RS10 also showed promising activity against all indicator ATCC strains.
The maximum antibacterial activity was observed against S. aureus (14 ± 0.5) followed by
L. monocytogenes (13.6 ± 0.57) and P. syringae (13.33 ± 0.57) (Figure 1A). The strain RS10
also showed antifungal activity againt B. cinerea and A. niger with growth inhibition of
31.25% and 37.5%, respectively.
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Figure 1. (A) Antibacterial activity of culture extract against indicator ATCC strains; (B) plant growth-promoting ability of
B. subtilis strain RS10. The bar graph represents mean values ± standard deviation of triplicates experiments.

3.2. In Vitro Plant Growth-Promoting Traits

The in vitro screening of strain RS10 showed positive results for all tested plant growth-
promoting traits. Clear halo zones of 3 ± 0.5 mm, 3.8 ± 0.28 mm, and 2.6 ± 0.28 mm
were observed around the colonies for phosphate solubilization, protease, and cellulase
production, respectively. The OD values at 600 nm for siderophore synthesis and biofilm
formation were 0.28 ± 0.015 and 0.32 ± 0.01, respectively (Figure 1B). While the values for
negative control did not exceed 0.025.
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3.3. Whole-Genome Sequence and Annotations

A total of 7,21,782 reads were obtained, resulting in ~45x coverage of the RS-10 genome.
The reads were filtered and assembled in 17 scaffolds with a N50 value of 21,73,521 and
a L50 of one. Gaps within the scaffold were closed and contigs less than 500 bp were
excluded which result in a high-quality, single scaffold draft genome. The RS10 genome is
4,457,201 bp in size with 43.4% G + C content, 5025 genes, 4232 CDS, 86 tRNAs, 11 rRNAs,
and five ncRNAs. The whole-genome sequence of B. subtilis RS10 is presented in a circular
map as compared with a reference strain, i.e., B. subtilis strain 168 (Figure 2).
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3.4. Characterization of Genome

The B. subtilis strain RS10 was identified as unknown by MLST 2.0 online server and
predicted as a unique multilocus sequence type (MLST). The allelic profile of seven house-
keeping genes (glpF91, ilvD3, pta103, purH112, pycA96, rpoD1, and tpi63) was submitted to
the PubMLST database and the new sequence type ST176 was obtained.

The RAST subsystem analysis revealed the following: 371 genes involved in amino
acid and its derivatives metabolism, 289 genes involved in carbohydrate metabolism,
226 genes involved in protein metabolism, 50 genes involved in stress response, 53 genes
involved in membrane transport, 55 genes involved in motility and chemotaxis, 96 genes
involved in cell wall and capsule, 74 genes involved in RNA metabolism, and 162 genes
involved in cofactors, prosthetic group, vitamins and pigment synthesis (Figure 3).

IslandViewer 4 identified 23 GIs in the strain RS10 genome, however, we considered
the GIs (7) which were predicted by at least two of three tested methods (IslandPath-
DIMOB, SIGE-HMM, and IslandPick) (Figure 2). The identified GIs contains genes asso-
ciated with carbohydrate and amino acid metabolism, cellular process, biosynthesis of
antibacterial compounds, prophage, stress response, xenobiotics degradation, information
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process, and numerous genes with unknown function (Supplementary File S2 Table S1).
Furthermore, five prophage regions including two intact prophages were predicted in RS10
genome. The two intact prophage genome sizes are 33.6 (44.83 GC%) and 129.3 kb (34.70
GC%) coding 46 and 175 CDS, respectively. The intact prophage-1 exhibited the highest
similarity with phage Jimmer2 (NC_041976), while intact phage-2 showed high similarity
with SPbeta phage (NC_001884). The two incomplete prophages are 27.1 and 25.3 kb in
size and carry 13 and 33 coding sequences, respectively. The questionable prophage is
45 kb in size and contains 66 coding sequences (Supplementary File S2 Table S2). The
genes identified in prophages are mostly unknown and some are associated with important
enzymes such as endonucleases, recombinases/integrases, and transcriptional regulators.
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3.5. Genome Mining for Synthesis of Bioactive Compounds

The AntiSMASH analysis revealed a total of 12 secondary metabolite BGCs composed
of 5 putative NRPS including one each for fengycin, bacillibactin, and bogorol A and two
putative NRPS for surfactin biosynthesis, 2 putative BGCs each for terpenes and RiPP
i-e sectipeptide and bacteriocin, respectively, and one cluster each for type III Polyketide
synthase (PKS), hybrid (NRPS + PKS), and bacilysin in the RS10 genome (Table 1).

The four BGCs encoding for antibacterial metabolites (bacillaene, bacilycin, subtilisin,
and bacilysin), and one cluster coding for antifungal metabolite (fengycin) exhibit 100%
similarity with known gene clusters. While the 2 surfactin BGCs in strain RS10 exhibit
82% and 13% similarity with BGCs (BGC0000433) encoded by B.velezensis strain FZB42.
The strain RS10 carried a unique BGC and showed 27% gene similarity with bogorol
A (BGC0001532) produced by Brevibacillus laterosporus and 18% similarity with a Gram-
negative antibiotic brevicidin. The current study also identified two unique clusters coding
for terpenes. In addition, one BGC each for T3PKS and bacteriocin were also found unique
and did not showed similarity with any known clusters (Figure 4).
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Table 1. Comparison of biosynthetic gene clusters (BGCs) in the Bacillus subtilis strain RS10 and the reference strain B.
subtilis 168 (CP053102.1).

B. subtilis Strain Type from–to
(Location)

Similar Known
Cluster Similarity (%) MiBIG

Accession
Core

Genes/Product Locus Tag

B. subtilis strain
RS10

Terpene 200,088–220,597 - - - farP GPJ55_01150

NRPS/PKS
(Hybrid) 811,852–926,624 Bacillaene 100 BGC0001089

pksM,
pksL,
pksJ,
pksF,
pabD

GPJ55_04475,
GPJ55_04470,
GPJ55_04465,
GPJ55_04445,
GPJ55_04435

NRPS 991,179–
1,073,561 Fengycin 100 BGC0001095

ppsA,
ppsB,
ppsC,
ppsD,
ppsE

GPJ55_05125,
GPJ55_05120,
GPJ55_05115,
GPJ55_05110,
GPJ55_05105

Terpene 1,135,043–
1,156,941 - - - sqhC GPJ55_05630

T3PKS 1,333,347–
1,374,462 - - - Type III PK

synthase GPJ55_06995

RiPP 2,182,762–
2,204,373 Subtilosin 100 BGC0000602 albA GPJ55_11595

NRPS 2,732,417–
2,781,432 Bacillibactin 100 BGC0000309 dhbF GPJ55_14440

RiPP-like 3,130,241–
3,140,627 - - - Lactococcin_972 GPJ55_16320

NRPS 3,060,360–
3,123,912 Surfactin 82 BGC0000433

srfAA,
srfAB,
srfAC

GPJ55_16175,
GPJ55_16170,
GPJ55_16165

Others 3,621,808–
3,661,798 Bacilyicin 100 BGC0001184 bacD GPJ55_18880

NRPS 4,134,934–
4,193,216 Bogorol A 27 BGC0001532 AMP binding D GPJ55_21740

Other 4,292,650–
4,333,087 Zwittermicin A 14 BGC0001059 ATP-grasp D GPJ55_23355

NRPS 4,365,207–
4,413,851 Surfactin 21 BGC0000433 AMP-binding D GPJ55_24185,

GPJ55_24285

B. subtilis strain
168

RiPP
(Sectipeptide) 204,184–226,257 Sporulation

killing factor 100 BGC0000601 skfC, HIR77_01215,
HIR77_01210

NRPS 358,312–421,753 Surfactin
(Lipopeptide) 82 BGC0000433

srfAA,
srfAB,
srfAC

HIR77_02010,
HIR77_02015,
HIR77_02020

NRPS/PKS
(Hybride)

1,763,795–
1,878,554 Bacillaene 100 BGC0001089

fabD,
pksF,
pksJ,
pksL,
pksM

HIR77_09265,
HIR77_09285,
HIR77_09305,
HIR77_09310,
HIR77_09315

NRPS
(Beta-lactone)

1,935,481–
2,017,771 Fengycin 100 BGC0001095

ppsE,
ppsD,
ppsC,
ppsB,
ppaA

HIR77_09915,
HIR77_09920,
HIR77_09925,
HIR77_09930,
HIR77_09935

RiPP (Glycocin) 2,371,880–
2,392,050 Sublancin 100 BGC0000558 sunA HIR77_12430

RiPP
(Sectipeptide)

3,926,529–
3,948,140 Subtilosin 100 BGC0000602 albA HIR77_20830

Others 3,951,139–
3,992,557 Bacilyicin 100 BGC0001184 bacD HIR77_21005

Terpene 2,092,203–
2,114,101 - - - sqhC HIR77_10505

Terpene 1,149,982–
1,170,501 - - - farP HIR77_05960

T3PKS 2,409,316–
2,450,431 - - - Type III PK

synthase HIR77_12750

NRPS 3,373,534–
3,423,275 Bacillibactin 100 BGC0000309 dhbF HIR77_18050

Key. -, similarity not found; NRPS, Nonribosomal peptide synthetase cluster; PKS, polyketide synthase cluster; T3PKS, Type 3 polyketide
synthase; RiPP, ribosomally synthesized and post-translational modified peptides.

3.6. Plant Growth-Promoting Capabilities
3.6.1. Nitrogen Metabolism and Phosphate Solubilization

On the one hand, the genome of B. subtilis strain RS10 lacks the genes responsible
for nitrogen fixation (nif ) main component. However, the strain contains several genes
essential for assimilatory and dissimilatory nitrate and nitrite reduction pathways. These
include nasABCDE and nirD genes. Furthermore, nitrate and nitrite transport-related
genes narGHIJK were also detected (Supplementary File S3 Table S1). On the other hand,
complete machinery for phosphate solubilization was found. In addition, phosphatase
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(phoAD), which hydrolyze phosphomonoester and catalyze the phosphoryl reaction in the
presence of a specific phosphate receptor were identified in RS10 genome. Additionally,
genes involved in phosphate transport (pstACS) were also identified in RS10 genome
(Supplementary File S3 Table S1).
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3.6.2. Phytohormon and Siderophore Biosynthesis

Phytohormone, cytokinin encoding cluster consisting of recA and recX genes are found
in B. subtilis RS10 genome (Supplementary File S3 Table S1). Additionally, the lysin motif
domain (lysM) and the complete biosynthetic pathway of tryptophan (L-TRP) (trpABCD)
were found in RS10 genome (Supplementary File S3 Table S1). The strain RS10 genome
carries several genes related to siderophore biosynthesis, binding, and transport such as
dhbABCF and yclNOPQ (Supplementary File S3 Table S2). The in vitro assay also confirmed
the siderophore production by B. subtilis RS10 (Figure 1B). The RS10 genome also harbors
genes associated with the shikimate pathway (Supplementary File S3 Table S2).
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3.6.3. Lytic Enzymes and Volatile Organic Compounds

The genome of B. subtilis RS10 contains genes such as lipAC, htrBC, and eglS/bglS, en-
coding for lipases, proteases, and glucanases, respectively (Supplementary File S3 Table S2).
In addition, the genes pl and ytpA were found which are involved in pectate lyase and
bacilycin biosynthesis, respectively. Furthermore, the genes associated with acetoin and 2,3-
butanediol synthesis such as acetolactate synthase (alsS), acetolactate decarboxylase (budA),
and acetoin dehydrogenase (acoABCR) were identified in the RS10 genome (Supplementary
File S3 Table S2).

3.6.4. Abiotic Stress-Related Genes

Genome mining of strain RS10 revealed several genes associated with osmoprotectants
and abiotic stress tolerance including high salinity and oxidative stress. The strain RS10
contains genes encoding for K+ uptake which is involved in early response against osmotic
stress [25] and transporters genes (ktrAD, kimA), Trk system (trkA), and K+ channel (kbfO)
(Supplementary File S3 Table S3).

The TreP pathway for trehalose biosynthesis along with regulator (treR) were found
in B. subtilis strain RS10 genome (Supplementary File S3 Table S3). In the present inves-
tigation, the glycine betaine biosynthesis gene betAB and transporter gene opuCD were
also detected in RS10 genome (Supplementary File S3 Table S3). Furthermore, the genes
associated with inositol synthesis (iolGIUXW) and transport (iolTF) were also identified.
The enzymes involved in hydrolytic and proteolytic activities against oxidative stress
such as hydroperoxide reductase (ahpCF) and superoxide dismutase were identified in
B. subtilis RS10 genome. In addition, the genes associated with the detoxification of free
radicals by flavohemoprotein deoxygenase (hmpA) and nitric oxide sensor (nsrR) were
detected. Several copies of general and universal stress genes (yfkM and yugI) were also
found. In addition to these, numerous chaperons (hemW, dnaK, dnaJ, and csaA) and two-
component system protein-encoding genes (yycI, yesMN, yfiR, lnrK, yxjL, and yxdKJ) to
rapidly sense and adjust to the external environment were identified in the RS10 genome
(Supplementary File S3 Table S3).

3.6.5. Chemotaxis and Colonization

The genome analysis revealed genes associated with flagellar biosynthesis and chemo-
taxis. Genes found in RS10 genome encoding for flagella structural component included
flhABF, fliEFGJHIKPQRLMYZ, flgBCGD, and motAB (Supplementary File S3 Table S4). Fur-
thermore, genes associated with chemotaxis such as methyl-accepting chemotaxis protein
(tlpAB and mcpABC) and two-component system chemotaxis protein (cheAVYWD) were
detected in the RS10 genome.

Additionally, strain RS10 contains all genes associated with biofilm formation and
regulation (Supplementary File S3 Table S4) which is in line with the in vitro biofilm
formation. The genome of RS10 also contains integrase/recombinase encoding genes
(xerCD) which assist the strain to colonize plant root. The genome also encodes proteins
involved in plant root surface adhesion such as prepilin peptidase and prepilin terminal
cleavage (ppdD), cellulase, and exopolysaccharide (epsG) (Supplementary File S3 Table S4).

The internalization of plant growth-promoting bacteria into the host occurs via tissue
damage and the intact plant epidermis cells require active cell wall degrading enzymes
such as hemicellulase, cellulase, and pectinase. The genome of RS10 contained genes
encoding cellulase (celB) and pectinase (pelC), however, the hemicellulose encoding gene
was not detected. Furthermore, pectinase transcriptional regulator gene kdgR was also
found in the RS10 genome.

The genes responsible for hydrogen sulfide biosynthesis (cysCHNP) were determined
in the B. subtilis RS10 genome. Several genes, associated with urea degradation and trans-
port including ureABC, sulfate reduction and transport, as well as sulfonate degradation
and transport were found in RS10 genome (Supplementary File S3 Table S5). The presence
of ssuD genes encoding for alkanesulfonate monooxygenase suggests that the strain RS10
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prominently obtains sulfite by degrading sulfonates. We also identified gabD and gabP
genes that are involved in the biosynthesis of disease suppressing gamma-aminobutyric
acid (GABA).

3.7. Pan- and Core-Genome Analysis

To understand the pan-/core-genome of B. subtilis 139 complete genomes were ana-
lyzed. The number of genes and distribution of gene families are shown in Figure 5C,D,
respectively. The genome of B. subtilis RS10 consists of 1174 conserved genes (core-genome)
and 2770 accessory genes. In total, 1525 strain-specific and 986 exclusively absent genes
were identified (Supplementary File S4). The number of unique genes in all 139 strains
ranges from 0 to 476. While, the strain J-5 and the newly sequenced strain RS10 comprise
the highest number of unique genes ie 476 and 86, respectively (Figure 5C). The functional
categories of core, accessory, and strain-specific genes were observed to be highly diverse
(Figure 5B,D). The deduced power-fit curve equation (f(x) = 5329.33 0.1634) showed that
the pan-genome of B. subtilis has the parameter (γ = 0.1634) which indicates that the pan-
genome is still open but may be closed soon. Moreover, the presumed exponential curve
equation (f1(x) = 3081.85−0.009047) showed that the extrapolation curve is abrupt towards
down when the 65th genome is added and followed by a slight slop reaching a minimum
when 139th genome is added (Figure 5A).
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The core-genome phylogenetic tree was constructed based on 1174 concatenated core-
genome proteins. The strain RS10 clustered with related B. subtilis strains SRCM102756,
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SRCM102753, SRCM104008, SRCM104011, PR10, and GDJK2 in clade II (Figure 6). The
closest relative of the strain RS10 is B. subtilis SRCM102756 which has also antimicrobial
activity and was isolated from soy sauce Korea.

Figure 6. The evolutionary history was inferred using the Maximum Likelihood method and JTT
matrix-based model. The tree with the highest log likelihood (-122314.01) is shown. Initial tree(s) for
the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to
a matrix of pairwise distances estimated using a JTT model, and then selecting the topology with
a superior log-likelihood value. The tree is drawn to scale, with branch lengths measured in the
number of substitutions per 100 sites.

4. Discussion

Chemical fertilizers, herbicides, and pesticides are hazardous and cause severe en-
vironmental problems that have made it necessary to search for a substitute to replace
the chemical strategies [26]. The bacterial community associated with plant rhizosphere
is the focus of research to understand and explore their role in plant growth promotion
and disease control. The B. subtilis species prominently found in the rhizosphere, having
remarkable metabolic capabilities. The secondary metabolites produced by B. subtilis has a
profound effect on bacterial and fungal growth [27]. The current study demonstrates the
antimicrobial, in vitro plant growth-promoting traits and secondary metabolites profile
of newly isolated B. subtilis strain RS10 isolated from the rhizosphere. The strain RS10
showed broad-spectrum antimicrobial activity which was in agreement with the earlier
study [28,29] where Bacillus sp. inhibited the growth of multiple bacterial strains and
showed maximum activity against S. aureus. The genome assembly results of RS10 are in
line with those reported previously for B. subtilis genomes [30,31]. The genome showed
some gaps in corresponding regions to genes coding for NRPS and prophages. These gaps
may be due to difficulties to the assembling tool to work with repeating strings [32].

PGPB have been reported to promote plant growth via various mechanisms including
lytic enzyme and siderophore biosynthesis [33], nitrogen fixation [34], phosphate solubi-
lization [35], biofilm formation [36], and phytohormone production [37], and also by the
synthesis of antimicrobial secondary metabolite [38]. In the present study, the strain RS10
showed the ability to produce lytic enzymes including protease, amylase, and cellulase on
agar plates that was also verified by the determination of genes associated with protease,
cellulase, and amylase synthesis in RS10 genome. The rhizospher organisms which produce
protease, cellulase, and amylase not only help in organic matter decomposition but also
induce plant growth, suppress soil born pathogen, and maintain soil ecology and fertil-
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ity [39]. Cellulase depolymerizes cellulose into fermentable sugar and also assist bacteria to
penetrate host plant cells. Previous studies where plant growth-promoting Bacillus strains
CNPo 2477 and BPSAC6 were isolated from soil were also shown to produce proteases
and cellulases [39,40]. In addition to lytic enzymes, the antimicrobial secondary metabo-
lites also contribute to biocontrol activity. Genome mining of RS10 revealed numerous
BGCs for antimicrobial secondary metabolites including surfactin, fengycins, bacillibactin,
bacilysin, terpene, and bogorol. The presence of these BGCs in RS10 genome corroborated
the in vitro antimicrobial activity. The fengycin and surfactin were previously reported
to inhibit the growth of filamentous fungi and bacteria [41]. Fan et al. also confirmed
that surfactin is crucial for biocontrol activity of B. subtilis 9407. Bacillibactin acts as a
siderophore and assists the producer organism to compete with the neighboring organism
in an iron-deficient environment. Siderophores are of dual interest as they prevent the
colonization of plant–pathogen and also act as a source of assimilable iron for plants [42].
Similarly, bacilysin exhibits broad-spectrum antimicrobial activities against bacteria as
well as fungi [41]. A new Bogorol A encoding gene cluster exhibiting no similarity with
a known cluster is first time identified in B. subtilis RS10 genome. The BGC coding for
bogorol A is completely missing in reference strain B. subtilis 168 (Table 1). Bogorol is a
family of antibiotics previously isolated from marine Bacillus sp. inhibiting the growth of
methicillin-resistant S. aureus and E. coli [43]. Terpene is generally considered to be a fungal
and plant natural product. However, recently, it was reported that bacterial genomes also
harbor gene cluster encoding for terpenes [44]. We identified two unique clusters coding
for terpenes, exhibited no similarity with a known cluster. In addition, one BGC each
for T3PKS and bacteriocin were also found unique, and thus suggested to produce novel
bioactive compounds. These BGCs are potentially responsible to antagonize the growth of
indicator strains, as reported previously by several authors [31,45,46].

The genes associated with plant growth-promoting traits were annotated and metabolic
predictions were achieved. We identified that B. subtilis strain RS10 carries genes related
to phosphate solubilization, phytohormone biosynthesis, chemotaxis and colonization,
volatile organic compounds biosynthesis, and abiotic stress. The strain RS10 lack nif operon
required for nitrogen fixation. However, the strain caries genes encoding for molybdopterin
biosynthesis adopter protein (mob and moeB) and cofactor biosynthesis (moaABCDE), which
may be an artifact of nitrogen fixation gene cluster, as suggested previously [47].

The presence of siderophore biosynthesis and phosphate solubilization machinery
in B. subtilis RS10 genome biochemically corroborated with its in vitro activities. These
features are associated with iron assimilation and induce systemic resistance in plants [48].
Additionally, the lysin motif domain (lysM) was identified which is involved in the sig-
naling of root nodule symbiosis between plant and bacteria [49]. The plant hormones
cytokinin and L-tryptophane identified in RS10 are involved in several stages of plant
growth and development such as apical dominance, cell division, cell elongation, and
tissue differentiation [50]. Cytokinin is an active precursor of the phytohormone auxin
and its availability increases the level of auxin in plants [1]. Previously, various studies
demonstrated the positive response of L-tryptophan in enhancing plant growth and pro-
ductivity [51–53]. Two volatile organic compounds coding genes including acetoin and
butanediol were found in the RS10 genome, which was earlier reported to act as antibiotics
and antagonize the growth of phytopathogens and facilitate nutrients absorption [54,55].
The pl gene coding for pectate lyase was detected. The pectate lyase was previously de-
termined in plant growth-promoting F. saprophytica and F. elaeagni [56]. It has also been
found in pathogenic bacteria and is known to degrade host tissue during infection [57].
The exact function of pl gene is debated in PGPB, since we hypothesis that it is likely to be
involved in the initiation of bacteria–plant interaction. Recently, several studies indicated
that swarming motility facilitated bacteria to move towards plant roots [58–60] and biofilm
support root colonization [61]. Swarming motility is a result of swinging flagellum coding
by flg and fli operon [62]. The eps operon is responsible for synthesizing core components
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of the biofilm [61]. The presence of these operons in B. subtilis RS10 implies its potential to
effectively migrate and colonize in plant roots.

Abiotic stress such as osmotic stress or high salinity is hostile to plant growth and
development, leading to huge crop yield loses worldwide. The strain RS10 genome harbors
numerous genes related to abiotic stress tolerance which is pertinent to PGPB to promote
plant growth in osmotic stress and high salinity environment. The use of such stress
mitigating PGPB is a newly emerging strategy for improving crop quality and yield [63].
However, to successfully adopt this strategy the knowledge of molecular and physiological
mechanisms which direct PGPB-plant interaction is essentially required.

Pan-genome analysis is used to explore core, pan, and unique genes and to assess
genomic diversity in a specific species [64]. In the present study, for the first time, we
conducted a comprehensive pan-/core-genome analysis of all complete genomes (n = 139)
available in public databases that revealed an open pan-genome and a core genome con-
sisting of 1174 genes. Previously, a pan-/core-genome analysis of B. subtilis and B. amyloliq-
uefaciens (n = 31) was performed and predicted an open pan-genome with a core genome
of 2,409 genes [65]. The lower number of core genes in our study is likely due to the higher
number of genomes in a dataset. Core and strain-specific genes in each strain show signifi-
cant differences in genomic fingerprints, which is probably due to several HGT events. A
previous study revealed that HGT is an important feature for genome plasticity for rhizo-
sphere colonization [66]. An earlier study reported that the bacterial strains acquired from
genomic islands via HGT executed better symbiotic nitrogen fixation competency than
other related strains [67]. Our functional analysis of core and strain-specific genes show
that several strain-specific genes are associated with prophages, replication, recombination
and repair (L), and general function category (R), which suggest the importance of core
genes in the identification of B. subtilis. These results are in agreement with an earlier
study where pan-genome analysis was conducted on the core genes data of several Bacillus
species to analyze them in fermented food microbiome [68].

The phylogenetic tree constructed based on core-genome indicates that the strains
isolated from rhizosphere and having antibacterial activity are distinguished from others
which are isolated from different sources such as food, feces, and gut. These findings
suggest that some important changes in these strains have occurred during adaptation to a
specific habitat. These changes might be the result of co-evolution with plants [69]. This
implies that a particular habitat, such as a plant-associated habitat has a profound effect
on HGT and highlights a consistency between the nucleotide sequences and hierarchal
clustering [70] which is in agreement with a study that demonstrated HGT in various
streptococcus species had the same shared habitat [71]. In the phylogenetic tree, mostly
the clade is consistent with their habitat but there are few exemptions. For instance, the
strains SRCM102750, SRCM102753, SRCM103576, and SRCM102748 were all isolated from
different fermented foods but shared clades with almost all groups except the spizizenii
group (Figure 6). The reason for this inconsistency is unclear; to some extent, the subsequent
mutation in the laboratory might lead to this contradiction but in fact, the genetic mutation
that occurs during or after domestication appears to be limited. The strains which are
isolated from a specific niche are not guaranteed to be adapted with that particular habitat.

5. Conclusions

Plant roots harbor a wide range of bacteria which make symbiotic relations with
the plant by providing nutritional, fitness, and stress tolerance support. The strain RS10
genome carries all of the signature genes which are associated with the plant growth-
promoting capabilities. The in vitro assay confirms the antagonistic and plant growth-
promoting capabilities. The genome analysis reveal that B. subtilis RS10 has the capacity
to solubilize inorganic phosphate, synthesis hydrogen sulfide, and produce siderophore
and phytohormones. In addition, genome mining also confirms its ability to withstand
various stress conditions such as oxidative and antibiotic stress which is perpetrated in
the rhizospheric environment. Furthermore, the strain RS10 encodes the necessary arse-
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nal critical for chemotaxis and adhesion to plant root surfaces. The strain also contains
genes for colonization and metabolic versatility to use root exudate. Together, the present
investigation provides important insight into the genomic diversity and remarkable plant
growth-promoting potential of strain RS10 for sustainable agriculture. However, addi-
tional investigation is required to identify these interesting bioactive metabolites and their
potential as PGP strain in the field.
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related genes in B. subtilis RS10, File S3 Table S2: Plant growth-promoting (indirect mechanisms) related
genes in B. subtilis RS10, File S3 Table S3: Abiotic stress related genes in B. subtilis RS10, File S3 Table S4:
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