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Abstract
Bacteriophages have been extensively investigated due to their prominent role in the virulence and resistance of pathogenic 
bacteria. However, little attention has been given to the non-pathogenic Bacillus phages, and their role in the ecological bac-
teria genome is overlooked. In the present study, we characterized two Bacillus phages with a linear DNA genome of 33.6 kb 
with 44.83% GC contents and 129.3 kb with 34.70% GC contents. A total of 46 and 175 putative coding DNA sequences 
(CDS) were identified in prophage 1 (P1) and prophage 2 (P2), respectively, with no tRNA genes. Comparative genome 
sequence analysis revealed that P1 shares eight CDS with phage Jimmer 2 (NC-041976), and phage Osiris (NC-028969), and 
six with phage phi CT9441A (NC-029022). On the other hand, P2 showed high similarity with Bacill_SPbeta_NC_001884 
and Bacillus phage phi 105. Further, genome analysis indicates several horizontal gene transfer events in both phages dur-
ing the evolution process. In addition, we detected two CRISPR-Cas systems for the first time in B. subtilis. The identified 
CRISPR system consists of 24 and 25 direct repeats and integrase coding genes, while the cas gene which encodes Cas 
protein involved in the cleavage of a target sequence is missing. These findings will expand the current knowledge of soil 
phages as well as help to develop a new perspective for investigating more ecological phages to understand their role in 
bacterial communities and diversity.
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Introduction

Bacteriophages are viruses of bacteria and are an important 
and integral part of bacterial ecology. They exist in a wide 
variety of ecosystems including marine, freshwater, soil, and 
sewage plants [1]. They infect bacteria and use host metabo-
lism to proliferate by means of two different ways. The direct 

proliferation is called the lytic cycle, while in some cases, 
the phages integrate their genetic material into the host bac-
terial genome, deactivate their lytic genes, and reproduce 
with the host. This process leads to the lysogenic bacte-
rium, and the phages are called temperate phages. Phages 
are also powerful predators of bacteria in extreme environ-
ments and are considered candidates for biotechnological 
tools and antimicrobial agents [2]. Prophages can offer new 
capabilities to the host bacterium via the additional genetic 
material and in exceptional cases make non-pathogenic into 
pathogenic bacteria. The phages that infect Bacillus spp. 
largely belong to Myoviridae, Siphoviridae, Tectiviridae, 
and Podoviridae. Siphoviridae is a subfamily of Caudoviri-
dae, characterized as tail bacteriophages. Myoviridae is a 
family of tail bacteriophages, but unlike Siphoviridae, they 
are known to contract and extent their tail. Both families 
have an icosahedral head where double-stranded DNA is 
stored [3].

Bacillus subtilis is a Gram-positive bacteria, rod-
shaped, and aerobic bacteria abundantly found in soil. B. 
subtilis is currently the best-known laboratory model for 
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Gram-positive bacteria. Its capacity to effectively release 
proteins into the media, as well as its status as generally 
regarded as safe, makes it appealing for biotechnological 
applications [4, 5]. B. subtilis is utilized in the commercial 
manufacture of enzymes, vitamins, and antibiotics, as well 
as in the food sector for the fermentation of various foods 
[5]. However, majority of the fermentation industries are 
struggling with bacteriophage contamination as B. subtilis 
is vulnerable to phage infection [15]. In the current study, 
we identified a CRISPR array and two bacteriophages for the 
first time in the B. subtilis strain RS10 (CP046860.1). The 
strain RS10 harbors plant growth–promoting traits and was 
previously isolated from the rhizosphere [6].

Materials and methods

Strain isolation and prophage identification

Bacillus subtilis strain RS10 (accession number 
CP046860.1) was isolated from the rhizosphere region. The 
strain was demonstrated as a plant growth–promoting strain, 
and several horizontal gene transfer events were witnessed. 
The strain RS10 genome is highly diverse and identified as a 
novel sequence type (ST176) [6]. The prophages were iden-
tified in the genome of B. subtilis RS10 using PHASTER 
(https://​phast​er.​ca/) and VirSorter [7]. PHASTER searches 
against a phage database (https://​phage​sdb.​org/) and a 
prophage database [8]. The phage-like genes are grouped 
using DBSCAN []. PHASTER was employed due to its abil-
ity to determine the completeness of the predicted prophages 
via the identification of specific indicators such as attach-
ment sites. In contrast, VirSorter does not locate attachment 
sites, but it performs better than other tools in identifying 
prophages in fragmented genomic data. The custom applica-
tion programming interface was utilized to predict prophages 
from PHASTER web server, while VirSorter prophage 
identification was conducted locally using a command line 
interface.

Genome annotation and CRISPR‑Cas system 
identification

The prophage regions were extracted from the B. subtilis 
genome and were annotated using the NCBI domain con-
served database [9] and analyzed for tRNA using tRNA scan 
[10]. The PHASTER-predicted prophages with overlapping 
regions between the two tools were considered. Multiple 
sequence alignment with the related phages was made using 
Clustal Omega (https://​www.​ebi.​ac.​uk/​Tools/​msa/​clust​alo/). 
CRISPR-Cas systems were predicted using CRISPRCas-
Finder online server (https://​crisp​rcas.​i2bc.​paris-​saclay.​
fr/), and the key genes that play important role in bacterial 

adaptive immunity such as spacer integrase and cas genes 
were manually searched in the RS10 genome.

Phylogenetic analysis

A phylogenetic tree was constructed based on whole genome 
using MEGA-X [11]. The percentage of replicate trees in 
which the associated taxa clustered together in the bootstrap 
test (1000 replicates) is shown next to the branches. The 
constructed tree was edited using the iTOL web-based server 
(https://​itol.​embl.​de/).

Result and discussion

Prophages in B. subtilis strain RS10

PHASTER identified five prophage regions in the B. sub-
tilis RS10 genome (Fig. 1). Among these, two each were 
identified as complete and incomplete prophages, while one 
was identified as questionable prophage. VirSorter identified 
seven prophages with numeric value 5 (category 2). Herein, 
we characterized and discussed the two complete prophages 
P1 and P2 overlapping between the two tool predictions. The 
genome of P1 is a dsDNA of 33.6 kb with a GC content of 
44.83% while P2 carries a genome of 129.3 kb with a GC 
content of 34.70% (Fig. 1). P1 showed maximum similar-
ity with Rhizobium phage vB RleS L338C (NC 023502.1), 

Fig. 1   Prophages identified in Bacillus subtilis RS10 genome. 
The green color indicates intact prophages, the red color indicates 
incomplete prophages, and the blue color represents a questionable 
prophage

https://phaster.ca/
https://phagesdb.org/
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://crisprcas.i2bc.paris-saclay.fr/
https://crisprcas.i2bc.paris-saclay.fr/
https://itol.embl.de/
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Jimmer 1, and Osiris phages while P1 exhibits high similar-
ity with Bacillus phage phi 105 and SPbeta-like prophage. 
The P1 and relative prophage are defective and, upon induc-
tion, package random chromosomal fragments inside phage 
particles. It acts as a killing factor for non-related strains, 
similar to a bacteriocin. Phage P2 is a SPbeta-like prophage, 
a type likewise widespread in B. subtilis. SPbeta phage in B. 
subtilis strain 168 is an intact prophage with an interesting 
developmentally regulated excision from the chromosome 
during sporulation [12].

Phylogenetic analysis of identified prophages

To infer whether the identified prophages are derived from 
the same origin and homology, the phylogenetic tree was 
constructed based on whole-genome sequences of P1 with 
14 related phages. These results are also in agreement with 
the BLAST search and P1 cluster with rhizobium phage vB 
RleS L338C (NC 023502.1) and P2 shared a clade with 
Bacillus phage phi 105 (NC 004167.1) (Fig. 2). Phyloge-
netic analysis reveals that these phages belong to distinct 
lineages within the family of bacteriophages, indicating their 
diverse evolutionary origins. Despite this, there are certain 
similarities and shared features between P1 and P2, sug-
gesting potential evolutionary connections or gene exchange 
events. Moreover, we explore the intriguing phenomenon 
of rhizobium phage transfer into Bacillus, highlighting the 
potential mechanisms and implications of horizontal gene 
transfer between distantly related bacterial hosts. Previous 
studies revealed that the infection of these phages can lead 
to various adaptive changes in the bacterial host, including 
the acquisition of novel genetic material, alterations in gene 
expression patterns, and increased resistance to environmen-
tal stresses [13]. The bacteriophage phi 105 is a temperate 
Bacillus subtilis–derived phage that integrates into the host 
genome at a special location that is between the pheA and 
ilvC bacterial markers [14]. In contrast, the phage vB RleS 
L338C is a rhizobium-derived phage and was identified 
in B. subtilis RS10 isolated from the rhizosphere region. 
Therefore, it is hypothesized that this phage transfected B. 
subtilis RS10 in the rhizosphere region where rhizobium are 
ubiquitously found.

Genomic characterization of identified prophages

A total of 46 CDS and no tRNA coding genes were detected 
in P1 (Supplementary file 1). The genome of P1 carries 
genes for DNA replication, membrane-associated initiation 
of head vertex, tail sheath protein and capsid protein, immu-
nity protein D and putative tail spike, and beta-helical gly-
coside (Fig. 3). The annotated genome of P1 accounted for 
80.4% (phage plus hypothetical protein) of the total genome 
representing a more compact genome than other Bacillus 

phages. Few of the coding genes such as the XkdB gene 
overlap a hypothetical gene that allows a short nucleotide 
region to encode the maximum amount of information [15].

P2 encodes a total of 177 CDS, and no tRNA genes were 
identified. The P2 genome harbors genes for DNA polymer-
ase, helicase, phage portal protein, putative tail spike, beta 
helical glycoside, putative methionine sulfoxide reductase, 
and several hypothetical proteins with unknown functions 
(Supplementary file 2). The annotated genome of P2 repre-
sented 97.1% of phage and hypothetical protein indicating a 
compact genome. The genome of P2 encodes small acid-sol-
uble protein C which plays a vital role in resistance to heavy 
ionizing radiation such as X-rays [16]. Ionized radiations 
are lethal and mutagenic to all types of living organisms. 
However, B. subtilis is reported to be highly resistant and 
indicates that prophages contribute to maintain ecological 
adaptation and evolution. Since these phages act as a vehicle 
for horizontal gene transfer and encode several adaptability 
factors that allow the host to survive and adapt to the harsh 
environment.

Extreme resistance to ionizing radiation is impor-
tant in medical sterilization, food preservation, and 

Fig. 2   The evolutionary history was inferred based on whole-genome 
sequences using MEGA-X. The optimal tree is shown. The percent-
age of replicate trees in which the associated taxa clustered together 
in the bootstrap test (1000 replicates) is shown next to the branches. 
The tree is drawn to scale, with branch lengths in the same units as 
those of the evolutionary distances used to infer the phylogenetic 
tree. The evolutionary distances were computed using the maximum 
composite likelihood method [3] and are in the units of the number 
of base substitutions per site. This analysis involved 18 nucleotide 
sequences. Codon positions included were 1st + 2nd + 3rd + noncod-
ing. All ambiguous positions were removed for each sequence pair 
(pairwise deletion option). There were a total of 152,061 positions in 
the final dataset
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decontamination from a bioterror attack. Similarly, physical 
stability is a pre-requirement for the commercial application 
of phages as biocontrol agents and in vivo immune function 
measuring [17, 18]. Nevertheless, majority of the phages are 
sensitive to extreme condition, and their successful applica-
tion is potentially affected by altering the phage genome 
structure. Even a single non-synonym mutation in the viral 
genome leads to altering the phenotype.

Identification of CRISPR‑Cas system

The cluster regularly interspaced short palindromic repeats 
(CRISPR)-Cas (CRISPR-associated cas) systems are con-
stituent of defense mechanisms in Bacteria and Archaea, 
which provide resistance against bacteriophage infection 
and other invasive mobile genetic elements [19]. It is 
made up of CRISPR repeat-spacer arrays and a collection 
of CRISPR-associated (cas) genes and spacer integrase 
that are associated with endonuclease activity adaptation 
period, respectively [20]. When prokaryotes are invaded 

by foreign genetic material, Cas proteins can cut the invad-
ing DNA into short fragments, which are subsequently 
incorporated into the CRISPR array as new spacers. When 
the same invader returns, crRNA quickly recognizes and 
pairs with foreign DNA, guiding Cas protein to break spe-
cific regions of foreign DNA and so safeguarding the host 
[21]. The current study identified two CRISPR-Cas sys-
tems in the B. subtilis RS10 genome (Table 1). In addition, 
integrase genes were also identified, but no cas gene was 
detected in RS10 genome. This may be due to the incom-
plete (draft) genome. Both the identified CRISPR systems 
consist of 100% conserved spacer regions, while 87% and 
96% conserved direct repeats, respectively. We found no 
similarity between prophages and spacer sequence, the 
characteristic that allows integration of the prophages 
in recipient bacterium since CRISPR-Cas systems were 
unable to recognize them. The repeated sequence length 
of CRISPR system 1is 24 bp, and CRISPR 2 is 25 bp 
(Table 2).

Fig. 3   Genome organization of coding DNA sequence (CDS) in the 
A prophage P1 and B prophage P2. The hypothetical protein modules 
are shown in color and phage-related modules are shown in blue color 

with corresponding label protein. The double line numbers show the 
genomic location, and CDS orientations are represented by a horizon-
tal arrow

Table 1   Prophages identified 
in Bacillus subtilis strain RS10 
genome

Phage Size Completeness Score CDS Start–end Closest phage GC (%)

1 33.6 kb Intact 120 46 364363–398003 Jimmer2 (NC-041976) 44.83
2 129.3 kb Intact 93 175 1195877–1325188 SPbeta (NC-001884) 34.70
3 27.1 kb Incomplete 20 13 2578211–2605349 Thermu (OH2-NC-021784) 43.89
4 45 kb Questionable 90 66 3934164–3979207 SPP1 (NC-004166) 41.84
5 25.3 kb Incomplete 30 33 4290850–4316212 Bacill_G (NC-023719) 43.26
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Association between prophages and CRISPR‑Cas 
systems

Bacteriophages are the major thread for Bacteria from where 
spacer in the CRISPR-Cas luci originated. If a bacteriophage 
invades bacteria, the spacer sequences in the strain carry a 
fragment that is corresponding to the phage genetic mate-
rial. Therefore, the current study attempts to identify bac-
teriophages present in B. subtilis RS10 genome to infer the 
interaction between host strain and prophages. To determine 
the origin of foreign DNA (invaders), BLAST search of the 
extracted spacer sequences in the virus RefSeq database 
was conducted. The spacer sequence 1 was matched with 
three sequences (Siphoviridae (BK041997), Caudovirales 
(BK049247), and virus AG-345-E08 (MH319740)) in the 
RefSeq database, while no match was observed for the 
spacer sequence 2. A strain containing CRISPR-Cas with 
more spacer is expected to be matched with a greater num-
ber of prophages suggesting that such a strain possesses a 
promising adaptive immunity. To investigate the association 
of CRISPR-Cas system with the lysogeny of the prophages, 
the spacer sequences were BLAST against both prophages in 
the RS10 genome. The results showed no significant similar-
ity between the spacer sequences and identified prophages. 
These results are in agreement with a previous study where 
prophages in Bifidobacterium pseudocatenulatum were 
analyzed and indicate that the number of prophages and 
CRISPR array are not associated with a number of CRISPR 
spacer and prophage region, respectively [22]. Overall, these 
results indicate that the strain RS10 has adaptive immunity 
against several viruses but not against these that are identi-
fied in the current study.

Conclusion

The current study identified two complete prophages and 
two CRISPR-Cas systems for the first time in the B. subtilis 
species. These phage genomes are mosaic and are capable 
to serve as a potential phage system to investigate the evo-
lution and adaptation of B. subtilis. The prophages P1 and 
P2 exhibit high similarity with Myoviridae and Siphoviri-
dae families, respectively, and encode biotechnologically 
important enzymes such as thermostable enzymes and ion-
izing radiation-resistant protein. Further, the genes related 

to DNA polymerase and holin were identified in prophages 
which can be used as biotechnological tools. On the other 
hand, numerous genes were identified with unknown func-
tions, indicating a vast reservoir for new information to be 
explored. Further research is warranted to elucidate the 
molecular mechanisms underlying these phage-host inter-
actions and their potential applications in agriculture and 
biotechnology.
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