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Abstract
To the best of our knowledge, only six B. glycinifermentans sp. genome sequences are available in the
public database. Here, we performed genome sequencing and comparative genomics analysis of B.
glycinifermentans strain JRCGR-1. Cluster analysis of strain JRCGR-1 genes showed that 92.6% of genes
were present in the orthogroups and 7.4% genes were not assigned to any group. The pangenome size
was calculated at 8329 genes and presented an open genome characteristic. Phylogeny based on the
pan and core genome demonstrated that all the B. glycinifermentans strains belong to the same clade.
The strain JRCGR-1, ANI, TETRA and DDH values were in the range of 96.1-99.04%, 0.996-997, 73.5–
84.7%, respectively. The strain JRCGR genome exhibits a high level of synteny with multiple locations in
B. sonorensis sp. and B. licheniformis sp. The �nding of the current study provides knowledge that
facilitates a better understanding of this at the genomic level.

Introduction
Member of the genus Bacillus are ubiquitous in the environment, and they have a huge impact on human
activities. Bacillus sp. are rod-shaped, spore-forming, gram-positive and aerobic bacteria [1]. More than
200 Bacillus sp. have been identi�ed and their biochemistry and physiology have been studied. For the
taxonomy of microorganisms, the 16S rRNA gene is frequently. However, for highly similar
microorganisms 16S rRNA genes cannot be used. For instance, the B. pumilus group are distinguished
through the gyrB (β-subunit of DNA gyrase) gene, chemotaxonomic properties phenotypic characteristics
and DNA-DNA connectedness [2, 3]. Therefore, bacteria are now reclassi�ed due to the advancement in
phylogenetic analysis, DNA-DNA hybridization and other molecular techniques [1]. Speci�cally,
comparative genomic analysis proved valuable information for studying the taxonomy of
microorganisms because comparative genomics true essence is linked to how we explore the species
evolutionary relationships. Evolutionarily linked genes (homologs) are either genes that originated from
speciation events (orthologs) or gene duplication events (paralogs) [4]. This distinction is important for
broader range analysis, such as phylogenetic tree building, comparative genomics, genome annotation
and prediction of gene function [5–7].

Since ancient times, Bacillus sp. have been used for fermentation and they are the main workhorses in
applied microbiology. The genus has many species which signi�cant because of their speci�c properties
such as bio�lms formation, antibiotics activities, probiotics and production of enzymes. In 2015, a novel
Bacillus sp. named B. glycinifermentans was �rst isolated from a Korean fermented soybean paste food
(cheonggukjang) [8]. To the best of our knowledge, we have reported the �rst draft genome sequence of
B. glycinifermentans sp. from Pakistan. We previously published a draft genome sequence of B.
glycinifermentans strain JRCGR-1 (Assembly number, VHPY00000000) [9]. Including strain JRCGR-1, only
six B. glycinifermentans genome sequences are available in the NCBI database; three complete genome
sequences and three draft genomes genome sequences
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In the current study, we systematically used several methods to comprehensively analyze and compare
the genomic features of strain JRCGR-1 and its closely related species. First, we analyzed the
evolutionary relationship of this strain with its closely related Bacillus sp. based on 16sRNA, ANI, AAI,
TETRA and codon usage. Second, we analyse the pangenome, orthology and synteny analyses. Third, we
performed functional annotation of core, accessory and unique genes. Finally, to explore its commercial
importance, we performed annotation of strain JRCGR-1 proteome and several putative genes were
predicted that can produce industrially important enzymes.

Methods

Strain Isolation 
The strain was isolated from a soil sample in Karachi, Pakistan. For isolation, the soil (1 g) sample was
serially diluted with normal saline water up to 10-10 dilution, and from the last four dilutions (10-7

, 10-8 10-

9 and10-10), 40 µl samples were transferred to nutrient agar plates. After incubation for 24hrs. at 37 ºC,
single colonies were picked and their characteristic was noted, followed by Gram staining.

Genome sequencing, assembly, and annotation
We have previously reported the genome sequence, assembly and annotation of strain JRCGR-1[9]. In
brief, a colony of bacteria was inoculated in Luria broth for 24 h at 37 ºC. The optical density was
adjusted to a McFarland standard (3-4nm). After incubation, bacterial cells were harvested by
centrifugation and DNA extraction was performed by using a commercially available kit (QIAamp1 DNA
Mini Kit; QIAGEN, Hilden, Germany). The amount of DNA was calculated on a Qubit1 2.0 �uorometer
(Invitrogen) using a QubitTM dsDNA BR Assay kit (Invitrogen; Thermo Fisher Scienti�c, Eugen, OR, USA)
and the paired-end library was constructed using a Nextera XT DNA Library Kit (Illumina Inc., San Diego,
CA, USA). The genome sequencing was performed using an Illumina NextSeq 500 platform (Illumina, San
Diego, CA USA). The quality of the reads was elevated using FastQC v0.10.1
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). The quality of the reads was improved by
trimming using Sickle and the DNA short reads were assembled using SPAdes (v3.12.0). Finally, 83
scaffolds and 84 contigs were generated for strain JRCGR-1. The quality of contigs or scaffolds were
tested by QUAST 5.02.[10] and the gene annotation was performed using Prokka v.1.13 [11]. tRNA genes
were identi�ed by tRNAscan-SE [12]. RNAmmerr and Barrnap v0.4.2 were used to �nd out RNA genes [13].
We also assemble and annotated the Plasmid of strain JRCGR-1 using plasmidSPAdes [14] and Prokka
(version v.1.13) software [11], respectively.

Bacillus species in this study 

At the time of writing of this paper, three whole-genome sequences were available in the GenBank and
two draft genome sequence was available in the NCBI database. To study the phylogenetic origin of
strain JRCGR-1, we used three complete genome sequences of B. glycinifermentans sp. three closely

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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related Bacillus sp. (B. licheniformis, B. paralicheniformis, B. sonorensis) and two outgroup Bacillus sp.
(B. velezensis and B. subtilis) were included in the study (Table S1).

16s rRNA sequencing and phylogenetic analysis

B. glycinifermentans JRCGR-1 partial 16S ribosomal RNA gene sequence was retrieved from the draft
genome and blast against the NCBI nucleotide database. These sequences were aligned using muscle
function in the MEGA X software [4] and the evolutionary history was inferred using the UPGMA method
[15]. The optimal tree with the sum of branch length = 1.41530778 is shown with optimal tree. The
evolutionary distances were calculated by the Maximum Composite Likelihood method [16] and are in the
units of the number of base substitutions per site. This analysis involved 21 nucleotide sequences. For
each sequence pair, all ambiguous positions were removed. In the �nal data set, there were a total of
1742 positions. FigTree v1.4.4 was used for the graphical viewer of the phylogenetic tree
(http://tree.bio.ed.ac.uk/software/�gtree/).

Multilocus Sequence Analysis (MLSA)

The gene sequences of gyrA, gyrB, rpoB and aptD retreated from the complete genome sequence of B.
glycinifermentans JRCGR-1. These sequences were separately BLAST against the GenBank database
(until November 2019), to �nd out the homologues with the highest sequence identity. The tree was
generated from gyrA, gyrB, rpoB and aptD gene sequences. The UPGMA method was used to inferred
evolutionary history [15]. The sum of branch length = 0.06553352 is shown with optimal tree. Poisson
correction method was used to calculate the evolutionary distances [17] and its unit was in amino acid
substitutions per site. Five amino sequences were used for the analysis and each sequence pair (pairwise
deletion option), all ambiguous positions were removed. A total of 473 positions were in the �nal dataset.
 MEGA X [4] software was used for evolutionary analyses and Figtree 1.4.3 was used to visualized trees.
(http://tree.bio.ed.ac.uk/software/�gtree/)

Species identi�cation using whole-genome phylogenetic analysis

To �nd out the phylogenetic origin with respect to other Bacillus sp., the whole genome sequences of
seventeen publicly published Bacillus sp. presenting sequence identity similarity with B.
glycinifermentans JRCGR-1 were used for comparative genomics. These Bacillus sp. included, B.
glycinifermentans, B. licheniformis, B. paralicheniformis, B. sonorensis and two outgroup Bacillus sp. (B.
velezensis and B. subtilis) were included in the study (Table S1).

CompareM v0.0.24 software toolkit was to �nd out pairwise genome statistics (e.g., amino acid identity
(AAI)) and statistics for individual genomes (e.g., codon usage,)
(https://github.com/dparks1134/CompareM). DIAMOND-0.814 software was used for similarity search
(https://github.com/bbuch�nk/diamond) and Prodiagal-2.6.3 (https://github.com/hyattpd/Prodigal) was
used for gene calling over the genome. For taxonomic classi�cation, the query (B. glycinifermentans

http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
https://github.com/dparks1134/CompareM
https://github.com/bbuchfink/diamond
https://github.com/hyattpd/Prodigal
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JRCGR-1) genome was compared to the target genomes (selected 19 Bacillus sp. given in Table S1)
using CompareM v0.0.24 software and the putative homologs were identi�ed.

Genome-to-Genome Distance Calculator (GGDC)(calculated by formula 3) was used to calculate the in
silico DDH (DNA-DNA hybridization) values [18]. We used Jspecies software [19] to compute the
tetranucleotide signatures (TETRA) and the average nucleotide identity (ANI) values. For ANI, we used
NUCmer (ANIm) [20] algorithms.  All the heat maps were plotted using the R package [21].

General genome analyses 

The pan-genome and core genome were identi�ed from orthologous gene clusters;
OrthoFinder [22] output �le was converted to PanGP [23] format for pan-genome analysis. We also
constructed a phylogenetic tree using core and pan genes with Bacterial Pan Genome Analysis (BPGA)
software [24]. Figtree 1.4.3 was used to visualize the Newick �les.
(http://tree.bio.ed.ac.uk/software/�gtree/).

Orthology and Synteny analyses

Orthologous genes between Bacillus sp. was analyzed by OrthoFinder [22]. For the synteny analysis, we
used B. glycinifermentans JRCGR-1 as query and three strains (B. glycinifermentans and B. licheniformis
and B. sonorensis) were used as a subject. First, OrthoFinder [22] was used to �nd out the orthologous
genes between query and subject.   Second, iAdhore [25] was used to identify longer-term ancestral
synteny and �nally, circus [26]  was used to draw synteny plots. 

Online service (https://orthovenn2.bioinfotoolkits.net/home) was used to draw a Venn diagram for the
distribution of shared gene families (orthologous clusters) among B. glycinifermentans six strain,
including JRCGR-1, BGLY, KBN06PO3352, SRCM103574, KJ17 and GO13 (Table S2).

Submitting nucleotide sequences

The draft genome sequence of B. glycinifermentans JRCGR-1 was submitted to the NCBI database with
accessibility number VHPY00000000 [9].

Results And Discussion
Species con�rmation by 16S rRNA gene and MLSA

NCBI blast results show that B. glycinifermentans JRCGR-1 16S ribosomal RNA gene has 99.91%
similarity with B. glycinifermentans BGLY (NZ_LT603683.1) and B. glycinifermentans SRCM103574
(NZ_CP035232.1). In the phylogenetic tree, both strains SRCM103574 and BGLY were present in the same
branch (Fig. 1A). However, B. glycinifermentans JRCGR-1 was present in the same clade but as a single
branch. Five strains of B. glycinifermentans (highlighted in blue) were present as two separate clades

http://tree.bio.ed.ac.uk/software/figtree/
https://orthovenn2.bioinfotoolkits.net/home
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which were close to each other. B. licheniformis sp. was the closest, and in contrast, B. velezensis and B.
subtilis sp. were farthest away from JRCGR-1 based on 16S RNA gene sequence analysis.

Fig. 1

As for strain, BGLY, SRCM103574, KJ-17-KR092216.1, KBN06P03352 and JRCGR-1, sequence identity
with any species contained in the database was above 97%, suggesting that strain JRCGR-1 could
represent as B. glycinifermentans sp. [27].

To further con�rm the results of the 16S rRNA gene sequence analysis, we analyzed four housekeeping
genes of B. glycinifermentans sp.: gyrA (Fig. 1B), gyrB (Fig. 1C), rpoB (Fig. 1D), and aptD (Fig. 1E). Each
one of these genes was BLAST against the GenBank protein database (NCBI) [28]. The �nding reveals
that all the housekeeping genes of strain JRCGR-1 presented higher similarities (≥97%) with other B.
glycinifermentans strains in the GenBank database. These results con�rm that JRCGR-1 is classi�ed as a
B. glycinifermentans sp.

Characteristic features of strain JRCGR-1

The strain JRCGR-1 genome contained 4700692 bp with 45.5%. average G+C content and the �nal
assembly contains 84 contigs and 83 scaffolds [9]. The annotation results revealed 5174 genes, 32 tRNA,
4 rRNA, 1 tmRNA and 92 misc_RNA. PlasmidSPAdes was used to assembled plasmid into 37 contigs.
The plasmid size was found to be 1113267 bp and it contains tRNA: 27, rRNA: 4, gene: 1366, misc_RNA:
21, CDS: 1314 [9].

Whole-genome sequence comparisons

ANI (ANIm), TETRA, AAI, codon usage and DDH values were calculated for species identi�cation. The
strain JRCGR-1 ANIm (Fig. 2A), TETRA (Fig. 3A) and DDH (Fig. 3B) values with respect to three strains of
B. glycinifermentans sp. (BGLY, KBNO6P03352 and SRCM103574) were in the range of 96.1-99.04%,
0.996-997, 73.5-84.7%, respectively. The strains of glycinifermentans sp. used in the current study are
within the region of boundaries de�ned for genomic species;0.99 for TETRA, 70% for DDH and  95–96 for
ANI [19]. These values qualify strain JRCGR-1 as members of a single genomic species and are different
from any other Bacillus sp.

Fig. 2

Heat map analysis of AAI (Fig 2B) also shows that strain JRCGR-1 is glycinifermentans sp.

Among twenty strains of Bacillus sp., Bacillus sp. H15 (NZ_CP018249) and Bacillus sp. 1S-1
(NZ_CP022874) were not previously classi�ed in any species. Our study (based on ANIb, ANIm, TETRA,
DDH and AAI) shows that they should be considered as a B. licheniformis sp. from a genomic point of
view.

Fig 3
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Orthology analysis

Cluster analysis of the selected Bacillus sp. showed that 97.83% of genes were in orthogroups and only
2.2% of genes were unassigned to any group. Total orthogroups were found to be 6403 and the mean
orthogroups size value was 13.5. The overall statics is given in Table S3.

Phylogenetic tree of selected Bacillus sp. based on ortholog clustering shows that strain JRCGR-1 and
BGLY are closely related strains (Fig. 4A). It is interesting to note that, the highest number of genes were
present in strain JRCGR-1, which was followed by B. sonorensis strain SRCM10139 and three other B.
glycinifermentans species (Fig. 4B). For each Bacillus sp., more than 90% of the genes were present in the
orthogroups and the number of orthogroups containing species was found to be greater than 60% (Fig.
4C). Moreover, very few genes were unassigned to any orthogroups. Speci�cally, for strain JRCGR-1, out
of 5045 genes, 4670 genes were present in the orthogroups (92.6%) and 375 genes were not assigned to
any group (7.4%) (Fig. 4B and 4C).  Fig. 4D shows several genes in species-speci�c orthogroups and the
number of species-speci�c orthogroups.

Fig. 4

Synteny analysis

Synteny allows us to study the evolution between genomes, functional conservation [29-31], detect
genome rearrangements [31], aid genome annotation [32] and helps to detect the quality of the genome
assembly. In the current study, we illustrate a comparison featuring four primate genomes; strain JRCGR-
1 was used as reference genome and B. sonorensis strain SRCM101395 and B. licheniformis strain ATCC
14580 as a query genome. Fig. 6 clearly shows that there is signi�cant chromosomal synteny between
the reference genome and the query genomes. For instance, total out of 83 contigs of stain JRCGR-1, 57
contigs shared synteny blocks with stain B. glycinifermentans BGLY genomes (Fig. 5A). Similarly, the
reference genome also exhibits a high level of synteny with multiple locations in B. sonorensis strain
SRCM101395 and B. licheniformis strain ATCC 14580 genomes (Fig. 5B and Fig. 5C). But, in the case of
B. licheniformis strain ATCC 14580, the arrangement of synteny was different with reference to B.
glycinifermentans BGLY and B. sonorensis strain SRCM101395 genomes.

These results indicate that the core genomes of the B. glycinifermentans strains are conserved and
B. sonorensis is the closest species to B. glycinifermentans sp.

Fig. 5

Pan and core gene

Pangenome analysis has been used for the evaluation of the genome diversity, species evolution,
pathogenesis and other characters of microorganisms [33]. Therefore, to better understand the bacterial
evolution and the phylogenetic relationship, we analyzed the Bacillus sp. pangenome.
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Fig. 6A shows that the number of new genes does not converge to zero upon sequencing of additional
genomes. The future rate of the discovery of novel genes in a species can be predicted by analyzing the
increase/decrease in the pangenome size with the addition of a new genome sequence [34, 35].  Fig. 6B
shows the evolution of the pan and core genomes.  The pangenome size is computed at 8329 genes (n =
20) and shows an open genome characteristic: (i) with the addition of genomes, the trajectory of the
pangenome increases unboundedly and (ii) Bpan was calculated as 0.16. In the pangenome, core and
accessory genes account for 30.77% and 69.10%, respectively.

Phylogeny based on the pan (Fig. 6C) and core (Fig. 6C) genome demonstrated that all the B.
glycinifermentans strains belong to the same clade and B. sonorensis strain SRCM101395 is closer to B.
glycinifermentans species. This �nding reveals a lack of diverse genetic evolution of the pan and core
genome in the four-strain of B. glycinifermentans sp.

Fig. 6

Figure 7, showing the heat map and the phylogenetic tree created by hierarchical clustering using
Manhattan distance matrix based on the presence (red) and absence (blue) genes. Clade I include
species of B. subtilis and B. velezensis, which exhibits high diversity at genome level with reference to
Clade II and Clade III. The genomes in clade III show less diversity compared to clade I and clade II.

Fig. 7

Comparison among B. glycinifermentans

We also computed the orthologues genes for six strains of B. glycinifermentans sp. including JRCGR-1,
KBN06PO3352, BGLY, SRCM103574, KJ17 and GO13 (Fig.8).  Fig. 8A shows the graphical representation
of orthologues genes shared between strain JRCG-1 and other B. glycinifermentans strains; from the
outer circle inwards; 83 scaffolds of strain JRCG-1 (1); genes (5074) of strain JRCG-1 (2); orthologues
genes (4670) assigned to strain JRCG-1 (3); orthologues genes (4196) shared between JRCG-1 and BGLY
strain  (4); orthologues genes (4018) shared between JRCG-1 and KBN06PO3352 strain (5) orthologues
genes (4274) shared between JRCG-1 and SRCM103574 strain (6). unassigned genes (375) of strain
JRCG-1 to any orthogroups (7).

A total of 3148 genes were shared by these six strains and only 30 genes were strain-speci�c (Fig. 8B).
 Thirteen strain-speci�c genes were found for strain JRCG1, �ve for strain SRCM103574, three for strain
BGLY, one for strain KJ17, four for both BN06P03352 and GO13 strains.

Fig. 8

Conclusions
The current study reveals the comparative genomic analysis of B. glycinifermentans sp. with different
Bacillus sp. To the best of our knowledge, in literature, there is no similar detailed study on B.
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glycinifermentans sp. genomic features, functional annotation of the proteome, phylogenetic distinctness
and evolutionary features. The results generated in this study provides valuable information to
understand the phylogenetic relationship, functional annotation and genomic traits of this
microorganism.
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Figures

Figure 1

Phylogenetic tree base on 16S rRNA(A), gyrA(B), gyrB(C), rpoB(D) and aptD(E) genes.
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Figure 2

Species identi�cation based on whole-genome sequencing: heatmap was derived from ANIm(A) and
tetranucleotide signatures AAI (B).
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Figure 3

Species identi�cation based on whole-genome sequencing: heatmap was derived (TETRA) (A) and in
silico DDH (B) values.
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Figure 4

Summary of OrthoFinder analysis of a set of Bacillus sp. The species tree is inferred by STAG and rooted
by STRID. B) Percentage of genes from each species assigned to orthogroups. C) The number of species-
speci�c orthogroups. D) Percentage orthogroups containing species. E) Number of genes in orthogroups
and number of genes in each Bacillus sp.
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Figure 5

Synteny analyses for three primate genomes. Strain JRCGR-1 was used as reference genome and B.
glycinifermentans BGLY (A), B. sonorensis strain SRCM101395 (B) and B. licheniformis strain ATCC
14580 (C) as a query genome
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Figure 6

Pan-genome analysis. Curve for pan-genome and core genome of 20 Bacillus sp. (A). New gene family
distribution after sequential addition of each genome to the analysis (B). Phylogenetic tree based on the
core (C) and pan (D) genes.
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Figure 7

Heat map of total gene content comparisons and clustering. Gene presence is shown in blue and gene
absence in red.
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Figure 8

The graphical representation of orthologues genes for three B. glycinifermentans strains (A): from the
outer circle inwards;83 scaffolds of strain JRCG-1 (1); genes (5074) of strain JRCG-1 (2); orthologues
genes (4670) assigned to strain JRCG-1 (3); orthologues genes (4196) shared between JRCG-1 and BGLY
strain (4); orthologues genes (4018) shared between JRCG-1 and KBN06PO3352 strain (5) orthologues
genes (4274) shared between JRCG-1 and SRCM103574 strain (6). unassigned genes (375) of strain
JRCG1 to any orthogroups (7). Venn diagram for the distribution of gene families (B).
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