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Introduction

Bacillus velezensis strain WRNO014 was isolated from banana fields in Hainan, China. Bacillus
velezensis is an important member of the plant growth-promoting rhizobacteria (PGPR) which
can enhance plant growth and control soil-borne disease. The complete genome of Bacillus
velezensis WRN014 was sequenced by combining Illumina Hiseq 2500 system and Pacific
Biosciences SMRT high-throughput sequencing technologies. Then, the genome of Bacillus
velezensis WRNO14, together with 45 other completed genome sequences of the Bacillus
velezensis strains, were comparatively studied. The genome of Bacillus velezensis WRN014 was
4,063,541bp in length and contained 4,062 coding sequences, 9 genomic islands and 13 gene
clusters. The results of comparative genomic analysis provide evidence that (i) The 46 Bacillus
velezensis strains formed 2 obviously closely related clades in phylogenetic trees. (ii) The pan-
genome in this study is open and is increasing with the addition of new sequenced genomes.
(iii) Analysis of single nucleotide polymorphisms (SNPs) revealed local diversification of the
46 Bacillus velezensis genomes. Surprisingly, SNPs were not evenly distributed throughout the
whole genome. (iv) Analysis of gene clusters revealed that rich gene clusters spread over
Bacillus velezensis strains and some gene clusters are conserved in different strains. This study
reveals that the strain WRNO014 and other Bacillus velezensis strains have potential to be used as
PGPR and biopesticide.
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Vélez in Malaga (Southern Spain) in 2005 [3], is widely
distributed in diversified environments such as plant

Plant growth-promoting rhizobacteria (PGPR) refers to a
class of bacteria that are colonized in plant roots and exert
beneficial effects on plant development [1]. PGPR can
promote plant growth by production of phytohormones,
solubilization of inorganic phosphates, nitrogen fixation
and as antagonists to soil-borne disease bacteria [2].
Bacillus velezensis, first isolated from the mouth of the river
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rhizospheres, soil, rivers, human food, animal gut and
seawater ef al. and can easily be separated and cultured [4].
Bacillus velezensis is harmless to humans and animals and
doesn’t contaminate the environment, which means some
strains have been used as biofertilizers and biopesticides
commercially, such as strain SQR9 [5], RC 218 [6], LM2303
[7], FZB42 [8] et al. Therefore, it is an important species of



PGPR. Some characteristics of Bacillus velezensis about
plant-growth promotion have been reported, for instance,
the strain SQR9 is able to control the phytopathogenic
fungus Fusarium oxysporum f. sp. cucumerinum J. H. Owen
(FOC) [9-12], while the strain FZB42 produces secondary
metabolites that suppress soil-borne plant pathogens [8].
The similarity of the 16S rRNA gene sequence between
Bacillus velezensis and Bacillus amyloliquefaciens exceeds
99%*. At first, based on DNA hybridization analysis,
Bacillus velezensis was deemed to be a later heterotypic
synonym of Bacillus amyloliquefaciens [13]. From some
articles, we can find that many Bacillus velezensis strains
were earlier classified into Bacillus amyloliquefaciens, such as
the strain FZB42 [8], SQR9 [5]. A previous study based on
average nucleotide identity (ANI), DNA-DNA hybridization
(DDH), and a core-genome-based phylogenetic analysis
suggested that Bacillus methylotrophicus, Bacillus amylolique-
faciens subsp. plantarum, Bacillus oryzicola and Bacillus
velezensis were all the same species [14]. Phylogenetic
analysis results revealed that Bacillus velezensis, Bacillus
amyloliquefaciens and Bacillus siamensis are closely clustered
and they are referred to as the “operational group Bacillus
amyloliquefaciens” [15]. Most Bacillus velezensis strains have
an impressive capacity to produce secondary metabolites
with antimicrobial activities, such as surfactin, fengycin,
bacillomycin D, macrolactin, bacillaene, difficidin, oxidi-
fficidin, plantazolicin, amylocyclicin, bacilysin et al. [6, 8,
15-17]. Because of habituating in different niches and
environments, the Bacillus velezensis strains have their
specific genomic and physiological characteristics. For
instance, Bacillus velezensis FZB42 isolated from the Beta
vulgaris (sugar beet) rhizosphere is used as PGPR, based on
its abilities for root-colonizing and antibiotics production
[18, 19]; while Bacillus velezensis GFP-2 isolated from the
Chiloscyllium plagiosum (Whitespotted bamboo shark) intestine
is used as a supplement to promote the growth of salmon,
based on its abilities for controlling pathogenic bacteria [20].
With the development and low cost of high-throughput
sequencing technologies, genome-based approaches have
been used universally to obtain a comprehensive under-
standing of the genomic and metabolic characteristics of
organisms [21]. The first available Bacillus velezensis genome
sequence was for the strain FZB42, which was sequenced
in 2007 [8]. Many studies about taxonomic analysis,
phylogenetic analysis and antimicrobial activities analysis
of Bacillus velezensis have been reported [22, 23]. So far, we
can find almost 150 whole genome sequences of Bacillus
velezensis in GenBank. In this study, we report the complete
genome sequence of Bacillus velezensis WRNO014 isolated
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from banana fields in Hainan, China. The assembled
genome sequence has been deposited in NCBI Refseq
database under accession number PJCI00000000. Forty-six
complete genome sequences of the Bacillus velezensis were
selected for comparative studies, including the newly
sequenced Bacillus velezensis WRNO14. Phylogenetic and
population structure analysis suggested that 12 strains
formed one clade including Bacillus velezensis WRN014,
and the other strains formed one clade. Mutation and
recombination analysis played an important role in genetic
diversity. Multiple secondary metabolism clusters exist in
Bacillus velezensis genomes, which can produce antibacterial
agents. To decipher the evolutionary histories of the 46
Bacillus velezensis strains, gene gain and loss events have
been predicted by mapping the inferred ortholog of genes
to the species tree.

Materials and Methods

Bacillus velezensis WRN014 Genome Sequence and CDS Annotation

The plant growth-promoting rhizobacteria (PGPR) Bacillus
velezensis strain WRN014 was isolated from banana fields located
in Hainan Province in China. The strain was grown in Luria-
Bertani (LB) broth at 30°C with moderate shaking and the cell was
used for genomic extraction. The complete genome of Bacillus
velezensis WRNO014 was sequenced by combining Illumina Hiseq
2500 system and PacBio RSII high-throughput sequencing
technology. The reads of the Illumina Hiseq 2500 system were
assembled using an assembly pipeline called A5 (Andrew and
Aaron’s Awesome Assembly Pipeline) [24] and the software
SPAdes genome assembler [25]. The reads of PacBio RSII were
assembled into contigs using Hierarchical Genome Assembly
Process 4 (HGAP4) [26] and Canu [27]. The gaps between contigs
were filled by comparing the contigs that were assembled from
the Illumina Hiseq 2500 system and PacBio RSII using the
software MUMmer [28]. The quality of genome assembly was
improved using the software Pilon [29]. The complete genome of
WRNO014 was annotated using the Prokaryotic Genomes
Annotation Pipeline (PGAP) at NCBI [30].

Selection and Characterization of Bacillus velezensis Strains

Forty-six Bacillus velezensis and the type strain DSM7" of Bacillus
amyloliquefaciens were selected for a comparative genome analysis.
The genome sequences and annotation information for the 46
Bacillus strains were downloaded from NCBI.

DDH Values and Phylogenetic Relationships

The DNA-DNA hybridization (DDH) values were obtained by
means of genome-to-genome sequence comparison via GGDC 2.0
using Formula 2, and the digital variant (dDDH) was used to
replace the tedious traditional approach [31, 32]. The Genome-to-
Genome Distances (GGDs) were calculated by the Genome BLAST
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Distance Phylogeny (GBDP) approach [33, 34]. The results were
visualized using the matrix of dDDH values and heatmap. One
phylogenetic tree was constructed using the web server of
Composition Vector Tree Version 3 (CVTree3) based on all amino
acid sequences of each strain, and 6 was the K-tuple length [35].

Population Structure

SNPs within the homologous regions of the core genes that are
shared by the study strains in this article were extracted and used
for population structure analyses. Population structure was
identified by a Bayesian clustering approach using a Markov
Chain Monte Carlo (MCMC) assignment method as implemented
in the software STRUCTURE 2.3.4 [36]. The length of the burn-in
period was set to 5,000 and the number of the MCMC reps after
burn-in was set to 10,000. The number of populations was set from
3 to 7. The best number of populations (K) was identified using 6K
via the method of Evanno et al. [36].

Variant Calls: SNPs

Firstly, single nucleotide polymorphism (SNP) calls were
performed using Snippy, which uses BWA Mem [37] to map the
250 bp single-end reads that were shredded from the contigs to
the reference Bacillus velezensis FZB42 and then SNP calling was
done with FreeBayes [38]. Whole genome alignment output from
Snippy was used to identify the results about SNP distribution of
the 46 Bacillus velezensis strains, using Gubbins (Genealogies
Unbiased By Recombinations In Nucleotide Sequences) [39]. The
density of SNP distribution was calculated throughout the
genome sequence using a sliding-window size of 5 kb (step of the
sliding window = 5 kb).

Recombination and Mutation Analysis

Gubbins was the software that was used for joint ancestral
sequence reconstruction, phylogeny construction and identification
of recombination. The ratio of rates at which recombination and
mutation occur (p/8) and relative contribution of recombination
and mutation in the creation of the sample from a common
ancestor (r/m) of every internal and external node of the
phylogenetic tree was listed in Data Table S2.

Pan-Genome Analyses of Bacillus velezensis

The 46 Bacillus velezensis genome sequences were re-prediction
and re-annotation using Prokka [40]. The GFF3 format files that
were gained from Prokka were used for pan-genome analyses
using the high-speed pan-genome pipeline Roary with the default
value of 95% similarity among amino acid sequences [41]. The
gene accumulation curve was produced via R packages ggplot2
using the results of Roary.

Identification of Functional Categories for Core and Strain-
Specific Genes

The functional categories of core genes, accessory genes and
strain-specific genes of the 46 Bacillus velezensis strains were
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identified, using the Clusters of Orthologous Groups (COGs)
databases [42]. The best hits against the COGs databases were
selected using BLAST+ as the category of the gene [43]. Each COG
in the databases may be assigned to one of the 26 functional
categories.

Secondary Metabolite Clusters

The secondary metabolite biosynthetic gene clusters of the 46
Bacillus velezensis strains were predicted using antiSMASH 4.0
[44]. The genomic homologies of the genes in the secondary
metabolite clusters were identified by Roary [41]. The synteny
maps of the gene clusters were generated using R package
genoPlotR [45].

Gene Gain and Loss Events

A species tree for the set of genomes was inferred using a core
genome alignment concatenation method. The multiple sequence
alignments were constructed using MAFFT [46]. The Gblocks
software with defaults settings was used to remove non-alignable
regions resulting in amino acid final alignment [47]. A maximum
likelihood tree was built with IQ-TREE using the GIR + I + G
substitution model [48], a consensus tree was constructed from
10,000 bootstrap trees, and rooted by Bacillus amyloliquefaciens
DSM7". To address the evolution history of the 46 Bacillus velezensis
strains, ancestral family sizes were inferred using the program
COUNT with Dollo parsimony [49]. Gene gain and loss events
were reconstructed at both observed species and potential
ancestors (leaves and nodes on the phylogenetic tree) using this
method.

Nucleotide Sequence Accession Number

The sequence of Bacillus velezensis WRN(014 was submitted to
the NCBI GenBank database with the accession number of
PJCI00000000.

Results

Genomic Features

A summary of the genomic features of the 46 Bacillus
velezensis and 1 Bacillus amyloliquefaciens strains is shown in
Table 1. The newly sequenced complete genome sequence
of Bacillus wvelezensis WRNO014 comprised a circular
chromosome of 4,063,541 bp containing 4,062 CDSs, 27
rRNA, 86 tRNA, 9 genomic islands and 13 gene clusters
with an average G + C content of 46.27% (Table 1; Fig. S1).
The G + C contents of the 46 Bacillus velezensis genomes
ranged from 45.78% to 46.80%. The genome size and
number of protein-coding genes for 46 Bacillus velezensis
strains ranged from 3.81~4.32 Mb and 3,610~4,436 genes,
respectively. These genomes show little variation regarding
their G + C content, genome size and amount of protein-



Table 1. Genome characteristics of 47 Bacillus strains.
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Genome size

G+C

NCBI

Strain (bp) (mol%) CDSs* Country Location Accession No. Plasmid
WRNO014 4,063,541 46.27 4,062 China Musa sp. thizosphere PJCI00000000 0
FZB42 3,918,589 46.50 3,687 Germany Sugar beet field NC_009725.1 0
CAU B%46 4,019,861 46.51 3,792 China Oryza sativa rhizosphere NC_016784.1 0
YAU B9601-Y2 4,242,774 45.85 4,042 China Triticum spp. rhizosphere NC_017061.1 0
AS43.3 3,961,368 46.60 3,669 USA Triticum spp. head NC_019842.1 0
UCMB5036 3,910,324 46.60 3,691 Tajikistan Inner tissues of the cotton plant NC_020410.1 0
UCMB5033 4,071,167 46.20 3,892 Tajikistan Cotton rhizosphere NC_022075.1 0
UCMB5113 3,889,532 46.70 3,656 Ukraine Soil NC_022081.1 0
NAU-B3 4,204,608 45.99 4,068 China Triticum spp. rhizosphere NC_022530.1 1
TrigoCor 1448 3,957,904 46.50 3,721 USA Wheat rhizosphere NZ_CP007244.1 0
SQR9 4,117,023 46.10 3,902 China Cucumis sativus rhizosphere NZ_CP006890.1 0
L-H15 3,905,973 46.60 3,781 China Cucumber seedling substrate NZ_CP010556.1 0
L-S60 3,903,017 46.67 3,779 China Turfy soil NZ_CP011278.1 0
NJN-6 4,052,546 46.60 3,842 China Musa sp. rhizosphere NZ_CP007165.1 0
J]-D43 4,105,955 46.24 3,937 Korea Doenjang NZ_CP011346.1 0
YJ11-1-4 4,006,637 46.42 3,639 Korea Doenjang NZ_CP011347.1 0
G341 4,009,746 46.49 3,808 Korea Panax ginseng rhizosphere NZ_CP011686.1 0
B25 3,862,757 46.70 3,697 Switzerland Inner tissues of Platanus x acerifolia NZ_LLN999829.1 1
CC09 4,167,153 46.10 3,941 China Cinnamomum camphora leaf tissues NZ_CP015443.1 0
S3-1 3,929,772 46.50 3,771 China Cucumis sativus rhizosphere NZ_CP016371.1 0
LS69 3,917,761 46.40 3,678 China Oryza sativa field NZ_CP015911.1 0
M75 4,007,450 46.60 3,790 Korea Cotton waste NZ_CP016395.1 0
9912D 4,241,576 45.99 4,436 China sediment sample from Bohai Sea NZ_CP017775.1 1
GH1-13 4,143,608 46.17 4,016 Korea Rice paddy field NZ_CP019040.1 1
JTYP2 3,929,789 46.50 3,656 China Echeveria laui leaves NZ_CP020375.1 0
9D-6 3,963,726 46.40 3,852 Canada Potato rhizosphere NZ_CP020805.1 0
CBMB205 3,929,792 46.50 3,812 Korea Rice rhizosphere NZ_CP011937.1 0
GQJK49 3,929,760 46.50 3,677 China Lycium barbarum rhizosphere NZ_CP021495.1 0
T20E-257 3,900,066 46.69 3,791 Korea Solanum lycopersicum L. rhizosphere NZ_CP021976.1 1
157 4,020,691 46.39 3,864 China Bark of Eucommia ulmoides NZ_CP022341.1 2
NJAU-Z29 3,872,560 46.78 3,740 China Pepper rhizosphere NZ_CP022556.1 2
LABIM40 3,972,310 46.50 3,882 Brazil na’ NZ_CP023748.1 0
L-1 4,090,582 46.52 3,934 China Pyrus spp. rhizosphere NZ_CP023859.1 0
NKG-1 4,197,217 46.30 4,138 China Rare dormant volcanic soils NZ_CP024203.1 0
CNO026 3,995,812 46.40 3,783 Belgium Chicken feces NZ_CP024897.1 0
Lzh-a42 4,246,605 46.00 4,074 China Lycopersicon sp. rhizophere NZ_CP025308.1 0
GFP-2 3,975,220 46.40 3,737 China Chiloscyllium plagiosum intestine NZ_CP021011.1 0
QST713 4,233,757 45.90 4,159 France n.a. NZ_CP025079.1 0
LDO2 3,947,271 46.50 3,819 China Peanut rhizosphere NZ_CP029034.1 0
BS-37 4,013,888 46.50 3,889 China Petroleum-contaminated soil NZ_CP023414.1 0
W1 4,237,431 45.84 4,157 China Two-spotted spider mites NZ_CP028375.1 0
DSYZ 4,321,436 45.78 4,245 China Garlic rhizosphere NZ_CP030150.1 1
BIM B-439D 3,978,954 46.50 3,851 Belarus Soil NZ_CP032144.1 0
S141 3,974,582 46.50 3,844 Thailand Glycine max rhizosphere NZ_AP018402.1 0
JT3-1 3,929,799 46.50 3,813 China Feces of Bos grunniens NZ_CP032506.1 0
SB1216 3,814,720 46.80 3,610 USA Great Salt Plains CP015417.1 0
DSM7" 3,980,199 46.08 3,870 Germany n.a. NC_014551.1 0

’CDS, coding sequences.

"n.a., not available.
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Fig. 1. Genomic, phylogenetic and population structure characteristics of Bacillus velezensis WRN014.

(A) Comparison of the genome of the WRNO014 strain with the other 45 genomes of Bacillus velezensis strains. The three inner rings represent the
DNA size, GC content and GC Skew. The 48 outer rings represent the genomes of WRN014, NJN-6, GH1-13, GFP-2, J]-D43, L-H15, L-560, M75,
NJAU-Z9, T20E-257, B25, CAU B946, 9912D, Lzh-a42, W1, YAU B9601-Y2, 157, NAU-B3, CN026, CBMB205, GQJK49, JT3-1, JTYP2, LDO2, LS69,
53-1, SQR9, YJ11-1-4, UCMB5033, BS-37, CC09, DSYZ, G341, SB1216, UCMB5113, BIM B-439D, LABIM40, AS43.3, 9D-6, TrigoCor 1448, S141, L-1,
NKG-1, UCMB5036, FZB42 and QST713 and gene clusters, genomic islands from inner to outer. (B) The digital DNA-DNA hybridization (dDDH)

values in the 46 genomes of Bacillus velezensis and 1 genome of Bacillus amyloliquefaciens DSM7". (C) Phylogenetic tree of 46 Bacillus velezensis

genomes and Bacillus amyloliquefaciens DSM7" genome. The phylogenetic tree was constructed using all amino acid sequences of each strain on the
Web Server of Composition Vector Tree Version 3 (CVTree3), and 6 was the K-tuple length. The phylogenetic tree was rooted by Bacillus

amyloliquefaciens DSM7". (D) The 46 strains were divided into 5 populations (K = 5), and individuals are shown by thin vertical lines, which are
divided into K-colored segments representing the estimated membership probabilities (Q) of each individual.

encoding genes, suggesting that the Bacillus velezensis may
be a newly formed species. A map to compare the similarity
of the strain WRNO014 with the other 45 Bacillus velezensis
strains was displayed in Fig. 1A using BRIG (Blast Ring
Image Generator) [50].

DDH Values and Phylogenetic Analyses
The genome sequence of B. velezensis WRNO014 was
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compared to the other 46 available genomic sequences by
calculating the digital DNA-DNA hybridization values
(dDDH) and pair-wise genome content distances. The
distance matrix was displayed in Table S1. We have
converted the matrix of dDDH values to a heat map and
listed the dDDH values in the map (Fig. 1B). The strain
WRNO014 forms a cluster with 11 other Bacillus velezensis
strains including GFP-2 (87.6%), NJN-6 (95.5%), JJ-D43



(94.4%), CAU B946 (95.1%) , L-H15 (95.1%), L-S60 (95.2%),
NJAU-Z9 (95.5%), T20E-257 (94.7%), B25 (95.7%), GH1-13
(87.7%) and M75 (95.2%) with a dDDH value over 85%. The
dDDH values of 46 Bacillus velezensis strains with Bacillus
amyloliquefaciens DSM7" are below 70% which is the
standard for species definition. The 46 Bacillus velezensis
strains formed 2 clusters in the heat map.

The whole genome-based method has been used to
construct a phylogenetic tree. The type strain Bacillus
amyloliquefaciens DSM7" which has close relationship with
Bacillus velezensis was selected as out-group. The method is
alignment-free using total amino acid sequences (Fig. 1C).
Supporting the previous result of dDDH analyses, the
whole genome-based phylogenetic tree showed that
Bacillus velezensis WRNO014 is more related to the strains
including GFP-2, NJN-6, J]-D43, CAU B946, L-H15, L-560,
NJAU-Z9, T20E-257, B25, GH1-13 and M75 and the 46
Bacillus velezensis strains obviously formed 2 clades in the
phylogenetic tree. Only a small difference exists between
the phylogenetic tree and dDDH analysis. Even though the
strains come from difference habitats, they have high
similarity with each other, suggesting the short divergency
time of the species Bacillus velezensis.

Fig. 2. Gubbins analyses of 46 Bacillus velezensis strains.
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Population Analysis

The population structure of the 46 Bacillus velezensis
genomes was analyzed by using the Bayesian clustering
program STRUCTURE based on the 171,743 SNPs of core
genes, with K changing progressively from 3-7 [36]
(Fig. 1D). Analysis clearly divides the 46 Bacillus velezensis
strains into 5 specific groups. We can find the strain
WRNO014 clustered together with the strains CAU B946,
NJN-6, J]-D43, M75, L-H15, L-560, NJAU-Z9, T20E-257,
B25, GH1-13, and GFP-2, and except for strains GFP-2 and
GH1-13, 10 other Bacillus velezensis strains showed little
variation. The results of population analysis show similarity
with the previous phylogenetic analysis.

Single Nucleotide Polymorphisms (SNPs) Analysis
Single nucleotide polymorphisms (SNPs) are an important
genetic variation in bacteria and are usually used as a
genomic imprint of natural selection [51, 52]. In this study,
SNP analysis is performed using all of the 46 Bacillus
velezensis genomes. The total 245,296 polymorphic sites
were identified and used to construct a phylogenetic tree
using RAXML [53] (Fig. 2). The phylogenetic tree that was
constructed based on the full-genome SNP sites can

The maximum likelihood phylogenies generated from the whole genome alignment of 46 Bacillus velezensis strains using the Gubbins algorithm

relying on RAXML for constructing the phylogeny in each iteration. The number on the phylogenetic tree represents the internal node. The panel

represents the pattern of predicted recombinations. Each column relates to a base and each row represents a strain in the phylogeny. Red blocks

indicate predicted recombinations occurring on an internal branch, which are shared by multiple isolates through common descent. Blue blocks

represent recombinations that occur on terminal branches, which are unique to individual strains.
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effectively distinguish the closely related strains. The result
suggested that the 46 Bacillus velezensis strains formed 4
clades in the phylogenetic tree and the strain WRN014 was
closely related to GFP-2, GH1-13, NJAU-Z9, T20E-257, ]J-
D43, CAU B946, M75, B25, L-H15, L-560, and NJN-6. The
tree is basically consistent with the previous analysis.

In order to illuminate the features of SNP distribution on
the genomes, we estimated SNP density throughout the 46
Bacillus velezensis genomes using a sliding window of 5 kb.
Our results revealed that the total of 784 regions throughout
the genomes were identified and SNPs were not evenly
distributed among these regions (Dataset S1). The mean
density of SNPs throughout the genomes is 62.6 SNPs/kb.
Of all the 784 regions, 31 low density regions that have
under 25 SNPs/kb and 27 high density regions that have
more than 90.6 SNPs/kb were identified, and about 6
regions have almost no SNPs. The genes in the regions of
low-density SNPs have functions mainly related to trans-
lation, ribosomal structure and biogenesis (J), transcription
(K) and other house-keeping functions. However, of the 27
regions with high SNP density, the functions of the genes
are mainly related to amino acid transport and metabolism
(E), carbohydrate transport and metabolism (G), lipid
transport and metabolism (I), coenzyme transport and
metabolism (H), secondary metabolite biosynthesis, trans-
port and catabolism (Q) and transcription (K). The genes
concerned with the fundamental function of the bacteria
may have few variations, and the SNP density is relatively
low, to maintain cell stability. To adapt to various
environments, many variations on the genes have occurred
in relation to metabolic function.

The Recombination and Mutation Rate

Analysis of SNPs revealed that genetic diversity was
identified in the 46 Bacillus velezensis genomes. Many
different patterns of genetic variation exist in bacteria
including point mutation, genetic recombination, gene
duplication et al. Identification of recombination and its
phylogenetic history is crucial for tracing the evolution of
bacteria [39]. The ratio of recombination and mutation (p/8)
occurrence rates and relative contribution in the creation of
the samples from a common ancestor (r/m) was calculated
using Gubbins [39]. The results showed that the high rates
of recombination occur in the strains SQR9 (p/8 = 0.917),
YJ11-1-4 (p/6 = 0.686), NAU-B3 (p/6 = 0.716), T20E-257 (p/6
=0.411), S3-1 (p/6 = 0.5), GQJK49 (p/6 = 0.2), LDO2(p/6 =
0.5), YAU B9601-Y2(p/6 = 0.231), and JT3-1(p/6 = 0.167),
but extremely low rates of recombination occur in the other
strains and clades (p/6 =0-0.06). The r/m value that
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represents the relative impact of recombination on
sequence diversity is very high for SQR9 (r/m = 55.5),
YJ11-1-4 (r/m = 52.1), NAU-B3 (r/m = 45.2), T20E-257 (r/m
= 28.7), §3-1(r/m = 3), GQJK49 (r/m = 1.4), LDO2 (3.5),
YAU B9601-Y2 (r/m = 1.5), and JT3-1 (r/m = 1.7), indicating
a greater number of substitutions being introduced.
However, only low r/m values for the other strains and
clades were found (Fig. 2, Table S2). The results taken
together suggest that the genomes of the strains SQRY,
YJ11-1-4, NAU-B3, T20E-257, S3-1, GQJK49, LDO2, YAU
B9601-Y2 and JT3-1 are more deeply affected by
recombination while it has little effect on the other strains.

The Pan-Genome Analyses of the 46 Bacillus velezensis
Genomes

The genome sizes and numbers of genes of the 46 Bacillus
velezensis strains were relatively similar. Instead of the
sequence comparison against a reference strain, the entire
set of nucleotide sequences of the total genes were
clustered to identify the ortholog clusters. Pan-genome
analysis of the 46 Bacillus velezensis genomes revealed that
8,907 ortholog clusters that constituted the pan-genome,
corresponding to more than two-fold the average for genes
of the 46 genomes. The gene accumulation curve showed
that the size of the Bacillus velezensis pan-genome may
grow with the number of strains, and this pan-genome was
considered in an open state (Figs. 3A and 3B). The results
revealed that Bacillus velezensis has flexible genome
contents, reflecting the diversity of metabolic functions for
adapting to various environments. The numbers of core
genomes, strain-specific genomes and accessory genomes
are 2,952, 2,527, and 3,482 respectively. Along with the
addtion of the analyzed genome, the number of core
genomes converges to a constant value by the slope of
exponential decay. So many strain-specific genomes and
accessory genomes that are thought to contribute to the
species diversity and generally provide functions that were
not essential to viability may indicate the high ability of
Bacillus velezensis to adapt to various environmental niches.

Functional Distribution of Ortholog Clusters

After obtaining the amino acid sequences of core
genomes, strain-specific genomes and accessory genomes,
we identified the functional categories of these clusters
using the Clusters of Orthologous Groups (COGs) database
[42]. However, the functional categories of only 81.9%
(2418/2952) of core genes, 31.1% (787/2527) of strain-
specific genes and 41.2% (1412/3428) of accessory genes
could be determined using the COGs database. The fact
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Fig. 3. Pan-genome analysis of 46 Bacillus velezensis strains.
(A) Pan-genome accumulation curve. The blue boxes denote the number of unique genes discovered with the sequential addition of new genomes.

The orange boxes denote the number of core genes discovered with the sequential addition of new genomes. (B) Gene occurrence plot shows the
core genes and additional accessory genes of Bacillus velezensis. (C) Functional classification of strain-specific genes in 46 Bacillus velezensis strains.
The number in each square represents the COG assignment in each functional category. The annotated gene number and total specific gene

number of each strain were listed behind Bacillus velezensis strain names.
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that so many strain-specific genes and accessory genes
could not be categorized using the COGs database revealed
that some strains may form new functions to adapt to their
specific environmental niches. The most abundant functions
in the core genes of Bacillus velezensis are associated with
metabolism. The overall proportion of genes related to
metabolic functions was 45.0% (1088/2418), 27.7% (218/
787) and 35.0% (494/1412) in the core genes, strain-specific
genes and accessory genes, respectively (Fig. 4A). More
specifically, amino acid transport and metabolism (E),
carbohydrate transport and metabolism (G), and translation,
ribosomal structure and biogenesis (J) are abundant in the
core genes, suggesting that these genes were relatively
conserved in Bacillus velezensis. The number of genes
related to the mobilome, prophages and transposons (X) is
only 7 in the core genes, however, 92 were found in the
strain-specific genes and accessory genes, suggesting that
the mobilome-related genes were more abundant among
strain-specific genes than core genes. Prophages and
transposons may present an important function in Bacillus
velezensis in adapting to their specific environmental niches.
The gene exchange occurred frequently between the
Bacillus velezensis strains with other species in the common
environment by lateral gene transferring (LGT), transfection,

and other genetic information exchange processes (Fig. 4B).

The number of the specific genes among the 46 Bacillus
velzensis genomes was 2,527 ranging from 0 to 244 for each
strain. The lowest number was encoded by the strain LS-69
(0), CBMB205 (0) and the highest number was identified in
the strain 9912D (149) (Fig. 3C). Although a high number of
strain-specific genes (approximately 72%) was not assigned
to the COG categories, the other strain-specific genes fell
into different functional categories. A higher proportion of
strain-specific genes in most of the strains was assigned to
the mobilome: prophages, transposons (X), replication,
recombination and repair (L), transcription (K), cell wall/
membrane/envelope biogenesis (M) and defense mecha-
nisms (V).

Secondary Metabolite Clusters

Through the antiSMASH genome analysis tool [44], thirteen
clusters of secondary metabolites have been identified in
the genome of strain WRNO014, three Transatpks-Nrps, two
Transatpks (trans-Acyl Transferase Polyketide Synthetase),
two terpene, one Nrps (Non-Ribosomal Peptide Synthetase),
one Otherks, one Lantipeptide, one T3pks, one Bacteriocin-
Nrps and one otherKS. Seven clusters have been identified
as being involved in the synthesis of macrolactin, bacillaene,

Fig. 4. Differential distribution of COG functional categories in core and strain-specific genes.
(A) Proportion of five classes of functional categories in core, accessory and strain-specific genes. (B) Functional categories in core, accessory and

strain-specific genes.
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fengycin, difficidin, bacillibactin (siderophore), bacilysin
and surfactin. The genomes of many microorganisms
contain multiple biosynthetic gene clusters (BGCs) that code
for production of secondary metabolites. The secondary
metabolites such as antimicrobial peptides (AMPs) from
Bacillus velezensis play a vital role in biological control of
foliar, soil-borne, and post-harvest diseases [53]. The
secondary metabolite gene clusters of all the 46 Bacillus
velezensis strains were identified using anti-SMASH 4.0
[44]. The numbers and categories of gene clusters were
listed in Fig. S2 and the stations of gene clusters on their
genomes were listed in Table S3. The gene distribution of
gene clusters of Bacillus velezensis WRN014 were listed in
Table S4. The result suggested that NRPs and PKs have
immense structural diversity and functional diversity.

Synteny analysis and gene structure analysis of the 13
gene clusters were carried out depending on the homology
and distribution of the genes in the gene clusters. Among
the 13 gene clusters, 3 clusters were specific and existed
only in one strain, 5 clusters existed in two strains and the
other 16 clusters existed in more strains. The 46 Bacillus
velezensis strains don’t have absolutely common and
identical secondary metabolite synthesis gene clusters.
Even though several gene clusters are shared by some
strains, the gene structure is different. On the basis of the
previous SNP analysis result, the high-density SNP regions
contain the genes related to secondary metabolism. The
map of synteny analysis comparing the genes is shown in
Fig.5. The data suggest that several new metabolite
synthesis gene clusters may be horizontally transferred
from other species in the common environment and the
metabolite synthesis gene clusters have changed in different
strains.

Reconstructing Gene Gain and Loss Events

To decipher the evolutionary histories of the Bacillus
velezensis, gene gain and loss events were predicted by
mapping the inferred ortholog of genes to the species tree.
The species tree was inferred from 2,377 single-copy core
genes shared by 46 Bacillus velezensis strains, as well as the
Bacillus amyloliquefaciens strain DSM7" which act as out-group.
Conserved blocks from multiple amino acid sequences
alignment of 2,377 single-copy core genes were selected by
using Gblocks™. Bacillus velezensis WRNO14 is clustered
with GFP-2, NJN-6, J]-D43, CAU B946, B25, NJAU-Z9,
T20E-257, L-H15, L-560, GH1-13 and M75 and the 46
Bacillus velezensis strains obviously formed 2 clades in the
species tree (Fig. 6). Bacillus velezensis is monophyletic and
46 strains share 4,916 orthologous genes with their common
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ancestor. We estimated that the ancestor of Bacillus velezensis
possessed more gene families than the extant organisms.
As time went on, gene loss and gain events occurred
frequently in all lineages. A large number of gene gain
events occurred at nodes A and B of the tree and two
obvious clades formed in this step. When forming the
extant organisms, many gene loss events occurred in every
strain. The environmental selection leads to the loss and
acquisition of the specific genes from organisms in the new
microbial communities, which makes the strains better
adapted to new habitats.

Discussion

In this article, we isolated a Bacillus velezensis strain
WRNO014 from banana fields in Hainan, China, and made a
comparative genomic analysis with 45 other Bacillus
velezensis strains which were sequenced previously. Through
comparative genomic analysis of the 46 Bacillus velezensis
strains, we present a global view of these genomes, and
reveal that these genomes have similar genome architecture
and high average nucleotide identity. Different methods
were used to constructed the phylogenetic trees, including
whole genome-based method, full-genome single nucleotide
polymorphism (SNP) sites-based method and core genomes-
based method. These phylogenetic trees showed high
similarity with each other and suggested that the 46
Bacillus velezensis strains clustered to two obvious clades of
the tree and Bacillus velezensis WRN014 was more related to
the strains including GFP-2, NJN-6, J]-D43, CAU B946, B25,
NJAU-Z9, T20E-257, L-H15, L-560, GH1-13, and M75. The
other clade can be divided into 3 small branches, one
branch includes 7 strains: 9912D, CN026, YAU B9601-Y2,
W1, Lzh-a42, NAU-B3, and 157, another branch includes 9
strains: YJ11-1-4, SQR9, S3-1, LDO?2, JT3-1, JTYP2, GQJK49,
LS69, and CBMB205, and 17 other strains belong to the last
branch. From the analyses of digital DNA-DNA hybridi-
zation, we got the all-and-all dDDH values of the strains in
this article, and made clusters of these values using
Euclidean Distance. Through comparison of dDDH analyses
and phylogenetic analyses, we found similar results,
forming 2 large clusters or 4 small clusters. Population
structure analysis revealed similar results with phylogenetic
analysis, forming 5 specific groups, especially 9912D forming
a sole group because of diversity sequence exchanges with
the environment. All results suggested that the Bacillus
velezensis can be divided into 2 subtypes based on genome
sequence.

The differential distribution of COG categories in the

May 2019 | Vol.29 | No. 5
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Fig. 5. Comparison of biosynthetic gene clusters from Bacillus velezensis WRN014 with other Bacillus velezensis strains.
Regions of conserved synteny were marked with grey (+) and green (-) shadow. Different genes are filled with different color, and genes with the
same color are homologous to each other. The gene product was deduced by homologous blast.

J. Microbiol. Biotechnol.
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Fig. 6. Ancestral genome content reconstruction using COUNT software.
The phylogenetic tree was constructed using IQ-TREE. The numbers of gain and loss events were marked at each lineage of the tree. Reds
represent gain events and blues represent loss events. The total gene numbers were marked at each lineage of the phylogenetic tree.

protein-coding genes of the 46 Bacillus velezensis strains was
displayed in Fig. S3. By comparing the COG analysis and
phylogenetic analyses, we found different results. That may
be because many genes cannot be successfully categorized
using the COG database, especially accessory genes.
Bacillus velezensis is always used as plant growth-
promoting rhizobacteria (PGPR) to promote plant growth
and control soil-borne disease. Bacillus velezensis WRN014

was predicted to own 13 gene clusters of secondary
metabolites including three Transatpks-Nrps, two Transatpks
(trans-Acyl Transferase Polyketide Synthetase), two terpene,
one Nrps (Non-Ribosomal Peptide Synthetase), one Otherks,
one Lantipeptide, one T3pks, one Bacteriocin-Nrps and one
otherKS which produce antibacterial agents to control soil-
borne disease. Comparative analysis of the gene clusters of
46 strains suggested that although the Bacillus velezensis

May 2019 | Vol.29 | No. 5
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strains were isolated from different geographical locations
and diverse environments, they have similar secondary
metabolite gene clusters.

Based on constructing gene gain and loss events, we can
know the genome of their common ancestor was larger
than extant strains and some secondary metabolite gene
clusters also existed in the ancestor genome. Analysis of
gene function revealed that genes relevant to amino acid
transport and metabolism, carbohydrate transport and
metabolism, and translation, ribosomal structure and
biogenesis are abundant in the core genes of the 46 Bacillus
velezensis strains. SNP and recombination play important
roles in genetic diversity of Bacillus velezensis. The genes in
the regions of high SNP density are more related to
metabolism.

To summarize, through comparative genomic analysis
we found strain Bacillus wvelezensis WRNO14's genetic
relationship with other Bacillus velezensis strains, which will
be instructive in guiding us to reveal more characteristics
about the strain through further in vitro experiments. The
fact that abundant secondary metabolite gene clusters exist
in genomes of Bacillus velezensis illustrates that they have
potential to be used as PGPR.
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