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A B S T R A C T

The genomic and metabolic features of the Bacillus amyloliquefaciens group comprising B. amyloliquefaciens, B.
velezensis, and B. siamensis were investigated through a pan-genome analysis combined with an experimental
verification of some of the functions identified. All B. amyloliquefaciens group genomes were retrieved from
GenBank and their phylogenetic relatedness was subsequently investigated. Genome comparisons of B. amylo-
liquefaciens, B. siamensis, and B. velezensis showed that their genomic and metabolic features were similar;
however species-specific features were also identified. Energy metabolism-related genes are more enriched in B.
amyloliquefaciens, whereas secondary metabolite biosynthesis-related genes are enriched in B. velezensis.
Compared to B. amyloliquefaciens and B. siamensis, B. velezensis harbors more genes in its core-genome which are
involved in the biosynthesis of antimicrobial compounds, as well as genes involved in D-galacturonate and D-
fructuronate metabolism. B. amyloliquefaciens, B. siamensis, and B. velezensis all harbor a xanthine oxidase gene
cluster (xoABCDE) in their core-genomes that is involved in metabolizing xanthine and uric acid to glycine and
oxalureate. A reconstruction of B. amyloliquefaciens group metabolic pathways using their individual pan-gen-
omes revealed that the B. amyloliquefaciens group strains have the ability to metabolize diverse carbon sources
aerobically, or anaerobically, and can produce various metabolites such as lactate, ethanol, acetate, CO2, xylitol,
diacetyl, acetoin, and 2,3-butanediol. This study therefore provides insights into the genomic and metabolic
features of the B. amyloliquefaciens group.

1. Introduction

The name Bacillus amyloliquefaciens as an amylase- and protease-
producing bacteria, was first proposed by Fukumoto in 1943
(Fukumoto, 1943), but it was not validated in published form until the
1980s, being just recognized as a close relative of B. subtilis or B. subtilis
subsp. amyloliquefaciens because of its similarity to B. subtilis in terms of
phenotypic properties. In 1987, the name “Bacillus amyloliquefaciens”
was validated as a new species by comparing the DNA homology with
B. subtilis and closely related taxa (Fukumoto, 1943; Priest et al., 1987).
The name B. velezensis was first proposed in 2005 as a phylogenetic
lineage distinct from B. amyloliquefaciens (Ruiz-Garcia et al., 2005). A
previous study based on average nucleotide identity (ANI), in silico
DNA-DNA hybridization (DDH), and a core-genome-based phylogenetic
analysis showed that 'B. methylotrophicus', 'B. amyloliquefaciens subsp.
plantarum', and 'B. oryzicola' published in 2010, 2011, and 2015, re-
spectively (Borriss et al., 2011; Chung et al., 2015; Madhaiyan et al.,

2010), were later heterotypic synonyms of B. velezensis (Dunlap et al.,
2016), indicating that they all belong to B. velezensis. B. siamensis was
first published in 2010 (Sumpavapol et al., 2010), and the name 'Ba-
cillus vanillea' was proposed in 2015 (Chen et al., 2015) being a later
heterotypic synonym of B. siamensis (Dunlap, 2015). Because these
three Bacillus species, B. amyloliquefaciens, B. velezensis, and B. sia-
mensis, are phylogenetically closely clustered within the B. subtilis
species complex, they are referred as the “operational group B. amylo-
liquefaciens” (Fan et al., 2017).

Some B. velezensis and B. siamensis strains have been suggested to be
plant pathogen-controlling agents because they produce diverse anti-
microbial compounds such as surfactin, iturin, bacilysin, fengycin,
macrolactin, bacilliaene, difficidin, plantazolicin, amylocyclicin, ba-
cillibactin, mersacidin, ericin, and LCI (Chen et al., 2007; Fan et al.,
2017; He et al., 2013; Jeong et al., 2012; Palazzini et al., 2016; Rückert
et al., 2011). Genome-based study of organisms is a very useful and
efficient approach to understand their life styles and genomic features
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and the first genome-based study to understand the life style and
genomic features of B. velezensis species was accomplished in 2007
(Chen et al., 2007). In recent years, with the development of high-
throughput and low-cost sequencing technologies, genomic informa-
tion-based approaches have been used extensively to obtain a com-
prehensive understanding of the metabolic properties and lifestyle traits
of organisms. However, most of the genome-based studies of B. amy-
loliquefaciens group members have focused on taxonomic analysis or
profiling or have been limited to the development of plant pathogen-
controlling agents by comparing their antimicrobial activities (Kim
et al., 2017; Yi et al., 2014).

A pan-genome analysis can provide insights into genomic and me-
tabolic diversities, as well as the lifestyle traits of phylogenetic lineages,
because a pan-genome analysis describes all the possible metabolic and
physiological repertories of phylogenetic lineages (Chun et al., 2017;
Deng et al., 2010; Douillard et al., 2013). B. amyloliquefaciens group
members have been reported to be mainly responsible for the fermen-
tation of traditional fermented foods such as doenjang (a Korean tra-
ditional fermented soybean paste), ganjang (a Korean traditional fer-
mented soybean sauce), douche (a Chinese traditional soybean
fermented food), and poo-khem (a Thai traditional fermented salted
crab food) (Alvindia and Natsuaki, 2009; Peng et al., 2003; Sumpavapol
et al., 2010; Yao et al., 2016), and they have been proposed as starter
cultures for the fermentation of various foods because they have high
amylase and protease activities and food pathogen-controlling proper-
ties (Compaoré et al., 2013; Eom and Choi, 2016; Lee et al., 2017;
Meidong et al., 2017; Zhang et al., 2016a, 2017). Therefore, in this
study, the phylogenetic and genomic diversities and the genomic and
metabolic features of the B. amyloliquefaciens group (B. amyloliquefa-
ciens, B. velezensis, and B. siamensis) were investigated via clusters of
orthologous groups (COG), Kyoto Encyclopedia of Genes and Genomes
(KEGG), and Basic Local Alignment Search Tool (BLAST) analyses using
all genomes of the B. amyloliquefaciens group members available in the
GenBank database. To our knowledge, the genomic and fermentative
metabolic features of B. amyloliquefaciens, B. velezensis, and B. siamensis
have not yet been comprehensively explored using their pan-genomes,
and this study will provide insights into the fermentative metabolic
features of the B. amyloliquefaciens group members during food fer-
mentations.

2. Materials and methods

2.1. Collection of genomes belonging to the B. amyloliquefaciens group

To collect all the publicly available genomes belonging to the B.
amyloliquefaciens group (B. amyloliquefaciens, B. siamensis, and B. vele-
zensis), the genomes of all strains with more than 98.0% 16S rRNA gene
sequence similarities with their type strains (strains DSM 7T, KCTC
13613T, and NRRL B-41580T, respectively) were retrieved from
GenBank. The completeness and contamination rates of the retrieved
genomes were assessed using the CheckM program (ver. 1.0.4) (Parks
et al., 2015) based on the lineage-specific marker genes of the genus
Bacillus, and qualified genomes showing≥ 90.0% completeness and
≤10.0% contamination rates were used for further analyses.

To select genomes phylogenetically belonging only to the B. amy-
loliquefaciens group from the high-quality genomes, genome-based ANI
and in silico DDH analyses for the type strains of B. amyloliquefaciens, B.
siamensis, and B. velezensis were performed, as described previously
(Chun et al., 2017). The ANI and in silico DDH values were calculated
using a stand-alone program (http://www.ezbiocloud.net/sw/oat) (Lee
et al., 2016) and the server-based genome-to-genome distance calcu-
lator (ver. 2.1, http://ggdc.dsmz.de/distcalc2.php) (Meier-Kolthoff
et al., 2013), respectively. The pair-wise values of ANI and in silico DDH
relatedness among genomes belonging to the B. amyloliquefaciens group
were visualized as heat-maps and hierarchical clusters using GENE-E
(http://www.broadinstitute.org/cancer/software/GENE-E/).

2.2. Phylogenetic analyses based on 16S rRNA gene sequences and core-
genome

To infer the evolutionary relationships between all genomes be-
longing to the B. amyloliquefaciens group, phylogenetic analyses based
on 16S rRNA gene sequences and core genomes were performed. For a
16S rRNA gene sequence-based phylogenetic analysis, the 16S rRNA
gene sequences of all genomes of the B. amyloliquefaciens group mem-
bers were aligned using the Infernal secondary-structure aware aligner,
available in the Ribosomal Database Project (http://rdp.cme.msu.edu/)
(Nawrocki and Eddy, 2007), and a phylogenetic tree using the
neighbor-joining (NJ) algorithm was constructed using the MEGA
program (ver. 7) (Kumar et al., 2016). For the core-genome-based
phylogenetic analysis, core-genomes of the genomes of all B. amyloli-
quefaciens group members and the genome of B. subtilis NCIB 3610T (as
an out-group) were extracted using the USEARCH program (ver. 9.0)
(Edgar, 2010), with a 50% sequence identity cut-off, available in a
bacterial pan-genome analysis (BPGA) pipeline (ver. 1.3) (Chaudhari
et al., 2016). Concatenated amino acid sequences of the core-genomes
were aligned using the MUSCLE program (ver. 3.8.31) (Edgar, 2004),
and a phylogenetic tree was constructed using the NJ algorithm avail-
able in MEGA (Kumar et al., 2016).

2.3. Pan- and core-genome, COG, and KEGG analyses

Pan- and core-genomes of B. amyloliquefaciens, B. siamensis, and B.
velezensis were analyzed using the BPGA pipeline, with a 50% sequence
identity cut-off. The assignment of functional genes derived from either
the pan-genomes or the core-genomes (including the soft core-genome
in the case of B. velezensis) of B. amyloliquefaciens, B. siamensis, and B.
velezensis into COG categories was performed using the USEARCH
program query of the COG database within the BPGA pipeline.
Predicted proteins derived from the respective genomes of B. amyloli-
quefaciens, B. siamensis, and B. velezensis were submitted to BlastKOALA
(http://www.kegg.jp/blastkoala/) (Kanehisa et al., 2016) for functional
annotation based on KEGG Orthology (KO), and their metabolic path-
ways based on KO numbers were generated using the iPath v2 module
(http://pathways.embl.de/iPath2.cgi#) (Yamada et al., 2011). KEGG
metabolic pathways for the respective Bacillus species were displayed
by line thickness based on the numbers of strains harboring genes with
the same KO numbers. The core-genomes (including the soft core-
genome of B. velezensis) of B. amyloliquefaciens, B. siamensis, and B.
velezensis were compared, and their species-specific genes were listed
after confirming them through a BlastN analysis.

2.4. Genomic and functional analysis of antimicrobial genes

Antimicrobial genes or operons in the genomes of B. amyloliquefa-
ciens, B. siamensis, and B. velezensis were identified by bioinformatics,
and their antimicrobial activities were assessed. The presence or ab-
sence of antimicrobial genes in the genomes of the respective Bacillus
species was manually confirmed through a BlastN search against their
genomes, using reference antimicrobial gene sequences available from
other closely related bacteria deposited in GenBank. The antimicrobial
activities of the type strains of B. amyloliquefaciens, B. siamensis, and B.
velezensis (DSM 7T, KCTC 13613T, and LMG 22478T, respectively) were
quantitatively evaluated against five representative pathogens
(Escherichia coli O157:H7, B. cereus ATCC 27348, Staphylococcus aureus
KCTC 3881, Listeria monocytogenes KCTC 13064, and Aspergillus flavus
subsp. flavus KACC 41809) grown on tryptic soy agar (TSA, Becton
Dickinson, USA; for bacteria) and potato dextrose agar (Becton
Dickinson, USA; for fungi). To assess antibacterial activities, 5 μl of
pathogenic strains grown overnight in tryptic soy broth (TSB, Becton
Dickinson, USA) were added to 5ml of low melting TSA (TSB with 2.0%
low melting agar; Bio-Rad, USA) to a final concentration of approxi-
mately 106 colony-forming units/mL, which was over-layered on
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solidified TSA. After the top agars were hardened, 5 μL of cell-free su-
pernatants from strains DSM 7T, KCTC 13613T, and LMG 22478T cul-
tivated in TSB overnight were poured onto 5-mm filter papers
(Whatman, USA) on the top agar and the antibacterial activities were
evaluated by examining the formation of clear zones around the filter
papers after 24 h incubation at 37 °C (Khochamit et al., 2015). The
antifungal activities were assessed as described previously (Jeon et al.,
2016).

2.5. Genomic and functional analysis of D-galacturonate, D-fructuronate,
and D-glucuronate metabolism

The genes involved in the metabolism of D-galacturonate, D-fruc-
turonate, and D-glucuronate from B. amyloliquefaciens, B. siamensis, and
B. velezensis species genomes were examined by bioinformatics and
based on this data the metabolic capabilities of the different species
were assessed. The genes involved in the metabolism of D-galactur-
onate, D-fructuronate, and D-glucuronate were identified in the core-
genomes of B. amyloliquefaciens, B. siamensis, and B. velezensis, and
manually confirmed through BlastN analyses based on their corre-
sponding reference gene sequences available in closely related bacteria.
To assess the metabolic capabilities of the B. amyloliquefaciens, B. sia-
mensis, and B. velezensis species to use D-galacturonate and D-glucur-
onate as the sole carbon and energy sources, cells from the re-
presentative type strains DSM 7T, KCTC 13613T, and LMG 22478T

grown in TSB were inoculated (2%, v/v) into M9 minimal broth
(Mathews et al., 2014) containing D-galacturonate (0.2%, w/v), D-glu-
curonate (0.2%, w/v), or glucose (0.2%, positive control) as the sole
carbon and cultivated with shaking (220 rpm) at 37 °C. D-fructuronate
was not tested, because D-fructuronate was not commercially available.
Growth was monitored by measuring the culture's optical density (OD)
at 600 nm. The metabolic capabilities of B. velezensis strains KD1 and
YJ11-1-4 for D-galacturonate and D-glucuronate were additionally
tested using the same procedure.

2.6. Genomic analysis of xanthine metabolic pathways and xanthine
oxidase assay

The xanthine metabolic pathways in the genomes of B. amylolique-
faciens, B. siamensis, and B. velezensis were investigated using bioinfor-
matics. Xanthine metabolic genes were identified in the core-genomes
from B. amyloliquefaciens, B. siamensis, and B. velezensis, and manually
confirmed through BlastN analyses based on the reference gene se-
quences of closely related bacteria. To assess xanthine oxidase activity,
cells from the strains DSM 7T, KCTC 13613T, and LMG 22478T, aero-
bically grown in 5ml TSB at 37 °C for 24 h, were harvested by cen-
trifugation (12,300 ✕ g, 3 min) and disrupted by sonication (interval:
3 s; reaction time: 10min; amplitude: 23%) in 1ml of 0.1M Tris-HCl
buffer (pH 7.5). The assay mixture for the xanthine oxidase assay
consisted of 2.24ml of 0.1M Tris-HCl (pH 7.5), 0.08ml of 10mM
xanthine in 0.25M NaOH, 0.08ml of 1mM oxonic acid in distilled
water, and 0.1 ml of cell lysate as described previously (Masuoka et al.,
2015). The production of uric acid from xanthine was monitored by
measuring the absorbance at 293 nm over time (Masuoka et al., 2015).
The metabolic capabilities of the strains DSM 7T, KCTC 13613T, and
LMG 22478T for xanthine as the sole carbon and energy source were
evaluated, as described for the metabolism of D-galacturonate and D-
glucuronate.

2.7. Phenotypic characterization and reconstruction of metabolic pathways

The metabolic capabilities of the type strains of B. amyloliquefaciens,
B. siamensis, and B. velezensis (strains DSM 7T, KCTC 13613T, and LMG
22478T, respectively) to metabolize various carbohydrates were tested
using API 50 CHB (bioMèrieux, France), according to the manufac-
turer's instructions. Anaerobic growth was assessed on TSA and TSA

supplemented with external electron acceptors [sodium nitrate
(10mM) or sodium nitrite (2 mM)] under anaerobic conditions (4–10%
CO2) using the GasPak Plus system (BBL) at 37 °C for 21 days. To in-
vestigate the metabolic features of B. amyloliquefaciens, B. siamensis, and
B. velezensis, their metabolic pathways for various carbohydrates were
reconstructed based on the predicted KEGG pathways and EC numbers.
In addition, the presence or absence of the metabolic genes in each B.
amyloliquefaciens, B. siamensis, and B. velezensis species was manually
confirmed through BlastP analyses against their genomes, using re-
ference protein sequences available in other closely related bacteria.

3. Results and discussion

3.1. Genome collection of the B. amyloliquefaciens group

At the time of writing (October 2017), a total of 276 genomes
sharing more than 98.0% 16S rRNA gene sequence similarities with the
type strains of B. amyloliquefaciens, B. siamensis, and B. velezensis (DSM
7T, KCTC 13613T, and LMG 22478T, respectively) were retrieved from
GenBank. Four low-quality genomes were removed using the CheckM
program based on the criteria that the genome is considered to be near
complete (≥90%), with medium contamination (≤10%) (Parks et al.,
2015). Eventually, 272 qualified genomes were used for the ANI and in
silico DDH analyses.

The ANI and in silico DDH analyses showed that among the 272
genomes, 93 genomes shared more than 95–96% ANI and 70% in silico
DDH values, which have been used as the criteria for the delineation of
prokaryotic species (Goris et al., 2007; Richter and Rosselló-Móra,
2009; Rosselló-Móra and Amann, 2015), with the type strains of B.
amyloliquefaciens, B. siamensis, and B. velezensis (supplementary Table
S1). The other genomes shared relatively low ANI (< 86.8%) and in
silico DDH (<31.5%) values with the type strains, clearly suggesting
that they did not belong to the B. amyloliquefaciens group. The 93
genomes belonging to the B. amyloliquefaciens group had very high 16S
rRNA gene sequence similarities (> 99.2%), high ANI (> 93.4%), and
in silico DDH (> 52.3%) values (supplementary Fig. S1), suggesting that
members of the B. amyloliquefaciens group clustered together, with a
clear distinction from other Bacillus groups, and that they probably
evolved from a common ancestor. The ANI and in silico DDH analyses
based on the type strains DSM 7T, KCTC 13613T, and NRRL B-41580T

showed that the 93 genomes separately clustered into three Bacillus
species, B. amyloliquefaciens, B. siamensis, and B. velezensis, with 7, 5,
and 81 genomes, respectively. The classification of the B. amylolique-
faciens group strains into the three Bacillus species was consistent with
previous results (Dunlap et al., 2016; Fan et al., 2017). The average
genome sizes, gene numbers, and G + C contents of B. amyloliquefa-
ciens, B. siamensis, and B. velezensis strains were 3.9 ± 0.1Mb,
4016 ± 135 genes, and 45.9 ± 0.2%; 3.9 ± 0.2Mb, 3915 ± 196
genes, and 46.1 ± 0.3%; and 4.0 ± 0.1Mb, 3955 ± 127 genes, and
46.4 ± 0.4%, respectively.

3.2. Phylogenetic analyses of B. amyloliquefaciens group members based on
16S rRNA gene sequences and core-genome

To infer the phylogenetic relatedness among the 93 genomes of the
B. amyloliquefaciens group, a phylogenetic analysis based on the 16S
rRNA gene sequences was performed (supplementary Fig. S2A). The
phylogenetic tree showed that most of B. amyloliquefaciens, B. siamensis,
and B. velezensis strains relatively clustered together into their type
strains, although 16S rRNA gene sequence similarities were very high.
However, strains SDLI1, JS25R, BH072, and Y2 did not cluster into
their type strains. Moreover, a B. velezensis strain (W2) formed a phy-
logenetic lineage clearly distinct from the type strains of B. amyloli-
quefaciens, B. siamensis, and B. velezensis. These results confirm again
that 16S rRNA gene sequence-based analysis may not be appropriate to
classify the B. amyloliquefaciens group (Dunlap et al., 2016; Fan et al.,
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2017).
To infer genome-based phylogenetic relationships among the 93

genomes, a phylogenetic analysis using the concatenated amino acid
sequences of core-genomes (1867 genes) derived from the 93 genomes
and B. subtilis NCIB 3610T genome was constructed (supplementary Fig.
S2B). The phylogenetic tree showed that the 93 genomes of the B.
amyloliquefaciens group were clearly separated into three different
phylogenetic lineages, suggesting that the members of the B. amyloli-
quefaciens group might have independently speciated into B. amyloli-
quefaciens, B. siamensis, and B. velezensis. These genome classifications
into B. amyloliquefaciens, B. siamensis, and B. velezensis species were
consistent with those reported previously (Dunlap et al., 2016; Fan
et al., 2017). The ANI and in silico DDH values and core-genome-based
on phylogenetic analyses suggest that genome-based phylogenetic
analyses were necessary for the correct classification of the B. amyloli-
quefaciens group members and many genomes belonging to the B.
amyloliquefaciens group in GenBank are misnamed.

3.3. Pan- and core-genome analysis of B. amyloliquefaciens, B. siamensis,
and B. velezensis

Pan- and core-genome analysis is an important approach to explore
the genomic and metabolic repertories of a phylogenetic lineage in
organisms (Chun et al., 2017; Shin et al., 2016). Therefore, pan- and
core-genome analysis of B. amyloliquefaciens, B. siamensis, and B. vele-
zensis species was conducted using all their genomes (Fig. 1). In a pan-
genome analysis, the number of cumulative genes for an increase of
genomes used can be estimated by the Heaps’ law (n = k*N−α, where n
is the expected gene number for an increase of genomes (N) and k is a
constant to fit the curve) (Chun et al., 2017; Tettelin et al., 2008). The
formula revealed that the pan-genomes of B. amyloliquefaciens, B. sia-
mensis, and B. velezensis species increased with α values of 0.098, 0.125,
and 0.158, respectively, suggesting that they all might be open pan-
genomes experiencing frequent evolutionary changes through gene
gains and losses or lateral gene transfers for efficient environmental
adaptations.

Diverse sequencing errors are always generated by base over- or
under-call or amplification errors during genome sequencing of or-
ganisms, eventually causing erroneous descriptions of normal genes as
pseudogenes or non-coding genes in a genome annotation process.
Therefore, it is reasonable to assume that some portions of pseudogenes
indicated in the genomes presented in supplementary Table S1 may be
genes performing normal metabolic and physiological functions. It has
been suggested that in a pan- and core-genome analysis, genes identi-
fied from 95 to 99% genomes used could be defined as soft core-genome
that was considered as common metabolic and functional features of a
phylogenetic clade (Bezuidt et al., 2016; Periwal et al., 2015). There-
fore, in this study, genes identified in more than 77 B. velezensis gen-
omes were considered as common metabolic and functional features of
B. velezensis, while only genes identified in all B. amyloliquefaciens and
B. siamensis genomes were considered as their common metabolic and
functional features (supplementary Fig. S3). The pan-genomes for B.
amyloliquefaciens, B. siamensis, and B. velezensis contained a total of
4,477, 4,397, and 6538 genes consisting of 3,064, 3,066, and 3172
genes in the core-genomes (including soft core-genomes), 885, 613, and
2471 genes in the accessory-genomes (present in more than two
strains), and 528, 718, and 895 genes in the unique genomes, respec-
tively, whose differences might be mainly caused by the number of
genomes used in the analysis because the number of pan- and core-
genes represented a function of the number of genomes used for a pan-
genome analysis.

3.4. Metabolic and functional features of B. amyloliquefaciens, B.
siamensis, and B. velezensis

A core-genome that describes common genes shared by all genomes

of a phylogenetic clade represents common metabolic and functional
features of a phylogenetic clade, while a pan-genome that describes
total genes existing in all genomes of a phylogenetic clade represents all
metabolic and functional repertories in a phylogenetic clade (Chun
et al., 2017). To investigate the metabolic and functional features of B.
amyloliquefaciens, B. siamensis, and B. velezensis, the COG distributions
of pan- and core-genomes (including soft core-genomes) in each species
were analyzed and compared (Fig. 2). The COG distributions of the pan-
genome in each species were similar. However, energy metabolism-
related genes including energy production and conversion (C), trans-
lation, ribosomal structure, and biogenesis (J), and cell envelope

Fig. 1. Pan- and core-genome plots of Bacillus amyloliquefaciens (A), B. siamensis
(B), and B. velezensis (C). For each species, randomly ordered genome lists were
generated, and 20 sets of the randomly ordered genomes were subjected to pan-
and core-genome analyses. The average sizes of the core- (pink color) and pan-
genome (cyan color) are plotted, with the error bars representing standard
deviations. The pan-genomes represent the total genes present in the genomes
of the sampled subsets, and the core-genomes represent the genes shared in
common by all genomes in the same subsets. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the Web version of
this article.)
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biogenesis, outer membrane (M) were enriched in the pan-genome of B.
amyloliquefaciens, while the COG category genes of carbohydrate
transport and metabolism (G) and secondary metabolite biosynthesis,
transport, and catabolism (Q) were enriched in the pan-genome of B.
velezensis (Fig. 2A). The functional genes related to defense mechanisms
(V) and secondary metabolite biosynthesis, transport, and catabolism
(Q) were enriched in the core-genome of B. velezensis (Fig. 2B). These
COG analyses of the B. amyloliquefaciens group suggest that B. amylo-
liquefaciens strains might have evolved to have more efficient energy
metabolisms, while B. velezensis strains might have evolved to have
more efficient defense systems.

The metabolic features of B. amyloliquefaciens, B. siamensis, and B.
velezensis were also compared through a KEGG pathway analysis using
all genomes of each species (Fig. 3). The overall KEGG metabolic
pathways of three Bacillus species were found to be quite similar.
However, the KEGG metabolic pathway analysis showed that a histi-
dine metabolism pathway (K01745, K01712, K01468, and K01479) and
a glycerol phospholipid metabolic gene (K01046) were identified from
the core genomes of only B. amyloliquefaciens and B. velezensis. In ad-
dition, the analysis showed that genes related to pentose and glucur-
onate inter-conversions (K01625, K01686, K01685, and K00874) were
identified in only B. velezensis as core-genome, suggesting that the

metabolism can be a species-specific metabolic feature that can be used
to differentiate B. velezensis from B. amyloliquefaciens and B. siamensis.

To investigate the species-specific metabolic and functional features
of B. amyloliquefaciens, B. siamensis, and B. velezensis, their core-gen-
omes (including soft core-genomes in B. velezensis) were compared, and
their species-specific genes are listed (supplementary Table S2). B.
amyloliquefaciens, B. siamensis, and B. velezensis harbored 21, 16, and 13
species-specific genes, respectively, probably contributing to their
species-specific metabolic and functional features and possibly useful as
markers to differentiate B. amyloliquefaciens, B. siamensis, and B. vele-
zensis (supplementary Table S2). In particular, B. velezensis harbored
additional genes responsible for D-galacturonate and D-fructuronate
metabolisms (galaturonate isomerase, altronate oxidoreductase, al-
tronate dehydratase, 2-dehydro-3-deoxygluconokinase, deoxypho-
sphogluconate aldolase, mannoate oxidoreductase, and mannoate de-
hydratase) as the core-genome. The species-specific gene analysis also
showed that only B. siamensis harbored a xanthine metabolic pathway
including xanthine permease-, xanthine oxidase-, and uric acid oxidase-
coding genes in the core-genome. Because functional features coded by
species-specific genes can be used as phenotypic biomarkers to differ-
entiate B. amyloliquefaciens, B. siamensis, and B. velezensis, some species-
specific metabolic features were experimentally confirmed.

3.5. Genomic and functional analysis of antimicrobial features in B.
amyloliquefaciens, B. siamensis, and B. velezensis

Genes or operons associated with antimicrobial properties were
bioinformatically investigated in B. amyloliquefaciens, B. siamensis, and
B. velezensis to evaluate their potential antimicrobial activities (Table 1,
supplementary Fig. S4). The bioinformatic analysis showed that genes
or operons related to the biosynthesis of surfactin, bacillibactin, amy-
locyclicin, and iturin were identified from all genomes of B. amyloli-
quefaciens, B. siamensis, and B. velezensis, which was consistent with
previous results (Fan et al., 2017; Palazzini et al., 2016), indicating that
their presence may be a common genomic feature of the B. amyloli-
quefaciens group. The analysis also showed that biosynthetic genes or
operons capable of producing macrolactin, bacilysin, difficidin, LCI,
and fengycin were identified from the core-genome of B. velezensis,
suggesting that they are common genetic features of B. velezensis.
However, they (except for LCI) were identified from the only accessory-
or unique-genomes of B. amyloliquefaciens and B. siamensis; a gene en-
coding LCI was identified from the core-genome of B. siamensis, while it
was identified from the accessory-genome of B. amyloliquefaciens. A
biosynthetic operon of fengycin was identified from all B. amylolique-
faciens strains, but the operon lacked the genes fenA, fenB, and fenC
when compared to those of B. velezensis strains, suggesting that the
fengycin biosynthetic operon in B. amyloliquefaciens strains may be
incomplete and hence did not favor the production of fengycin (Borriss
et al., 2011). The biosynthetic genes of macrolactin and difficidin were
identified from strain RD7-7 only, among the B. amyloliquefaciens
strains. Biosynthetic genes of bacilysin, macrolactin, and fengycin were
identified from strain SDLI1 only, among the B. siamensis strains. A
biosynthetic gene of LCI was identified from all B. amyloliquefaciens
strains except for strains K2 and RD7-7, but their sequences had a low
sequence homology with those in B. siamensis and B. velezensis (< 44%
nucleotide similarities), which suggests that the biosynthetic gene of
LCI in B. amyloliquefaciens strains may be derived from a different
bacterial ancestor. The bioinformatic analysis showed that only B. ve-
lezensis strains additionally harbored biosynthetic operons of planta-
zolicin, mersacidin, and ericin in their accessory- or unique-genome, as
described previously (He et al., 2013; Palazzini et al., 2016; Scholz
et al., 2011). These results suggest that B. velezensis strains may have
stronger and broader antimicrobial activities against diverse pathogens
compared to B. amyloliquefaciens and B. siamensis strains.

Many B. amyloliquefaciens group strains have been reported as plant-
associated bacteria with plant growth-promoting properties (Chen

Fig. 2. Comparisons of functional categories in the clusters of orthologous
groups (COG) functional categories in the pan- (A) and core- (B) genomes of
Bacillus amyloliquefaciens, B. siamensis, and B. velezensis. The alphabetical codes
represent the following COG functional categories: C, energy production and
conversion; D, cell division and chromosome partitioning; E, amino acid
transport and metabolism; F, nucleotide transport and metabolism; G, carbo-
hydrate transport and metabolism; H, coenzyme metabolism; I, lipid metabo-
lism; J, translation, ribosomal structure, and biogenesis; K, transcription; L,
DNA replication, recombination, and repair; M, cell envelope biogenesis, outer
membrane; N, cell motility and secretion; O, post-translational modification,
protein turnover, and chaperones; P, inorganic ion transport and metabolism;
Q, secondary metabolite biosynthesis, transport, and catabolism; R, general
function prediction only; S, function unknown; T, signal transduction me-
chanisms; U, intracellular trafficking, secretion, and vesicular transport; V,
defense mechanisms.
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et al., 2007, 2009b; Zhang et al., 2016b). On the other hand, B. amy-
loliquefaciens group strains have been reported to play important roles
during the fermentation of traditional fermented foods and they have
been proposed as starter cultures for the fermentation of various foods
(Alvindia and Natsuaki, 2009; Peng et al., 2003; Sumpavapol et al.,
2010; Yao et al., 2016). Antimicrobial activity has been known to be
one of the important properties of plant growth-promoting bacteria
(PGPB) as well as starter cultures of fermented foods because they can
repress the growth of plant pathogens or food-driven pathogens
(Compaoré et al., 2013; Jeon et al., 2016; Meidong et al., 2017; Zhang
et al., 2016a, 2017), which suggests that B. velezensis strains can be
good candidates of PGPB and starter cultures of fermented foods.

The antimicrobial properties of B. amyloliquefaciens, B. siamensis,
and B. velezensis were assessed based on the inhibitory activities of their
type strains (DSM 7T, KCTC 13613T, and LMG 22478T, respectively)
against five representative pathogenic strains E. coli, B. cereus, S. aureus,
L. monocytogenes, and A. flavus (Table 2). B. amyloliquefaciens DSM 7T

did not show evident antimicrobial activities against any of the test
strains, while B. velezensis LMG 22478T exhibited inhibitory activity
against all test strains, especially S. aureus, L. monocytogenes, and A.
flavus. B. siamensis KCTC 13613T showed antimicrobial activity against
E. coli, S. aureus, and L. monocytogenes. The presence of antimicrobial
genes and the result of antimicrobial tests shown in Tables 1 and 2
suggest that the biosynthesis genes of macrolactin, LCI, and fengycin
mainly contribute to the antimicrobial activities of B. velezensis.

3.6. Genomic and functional analysis of D-galacturonate, D-fructuronate,
and D-glucuronate metabolism

Hexuronates including galacturonate, fructuronate, and glucoronate
are sugar acids derived from galactose, fructose, and glucose, respec-
tively, with their sixth carbon atoms oxidized to a carboxylic acid.
Bioinformatic analysis of the genomes of the B. amyloliquefaciens group
showed that the putative genes capable of metabolizing D-galacturonate
and D-fructuronate to pyruvate and 3-glyceraldehyde-3-phosphate that
were found in B. velezensis strains described as Bacillus amyloliquefaciens
previously (He et al., 2013) were identified in the core-genome of B.
velezensis (Fig. 4A), but they were not identified in the genomes of B.
amyloliquefaciens and B. siamensis strains.

The D-galacturonate and D-fructuronate metabolic genes were split
into two gene clusters in all B. velezensis strains (Fig. 4A), the genetic
maps of which were identical to that of a B. velezensis strain previously

described as B. amyloliquefaciens subsp. plantarum YAU B9601eY2 (He
et al., 2013). One gene cluster included D-galacturonate metabolic
genes to metabolize D-galacturonate to 2-keto3-deoxygluconate (KDG),
and the other gene cluster included complete D-fructuronate metabolic
genes to metabolize D-fructuronate to pyruvate and 3-glyceraldehyde-3-
phosphate through KDG (Fig. 4B). However, no gene encoding D-glu-
curonate isomerase, which converts D-glucuronate to D-fructuronate
was identified, suggesting that B. velezensis was unable to metabolize D-
glucuronate. No genes closely related to the D-galacturonate and D-
fructuronate metabolic genes, present as the core-genome of B. vele-
zensis, were searched from GenBank by BlastN, suggesting that the D-
galacturonate and D-fructuronate metabolic genes of B. velezensis un-
iquely and independently descended from an ancestor.

The capabilities of B. amyloliquefaciens, B. siamensis, and B. velezensis
to metabolize D-galacturonate and D-glucuronate were confirmed using
their type strains (DSM 7T, KCTC 13613T, and LMG 22478T, respec-
tively) in M9 minimal media supplemented with 0.2% of D-galactur-
onate or D-glucuronate as a sole carbon and energy source. The growth
tests showed that only strain LMG 22478T grew well on D-galacturonate
(Fig. 5), which was in well accordance with the bioinformatics results
that a D-galacturonate metabolic pathway was identified in only B. ve-
lezensis, suggesting that the D-galacturonate metabolism is a species-
specific metabolic property of B. velezensis in the B. amyloliquefaciens
group. Similar to the bioinformatics results, the growth tests showed

Fig. 3. Metabolic Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways in Bacillus amyloliquefaciens (A), B. siamensis (B), and B. velezensis (C). The pathways
were generated using the iPath v2 module based on KEGG Orthology numbers of genes identified in all genomes in each species. Line thicknesses are proportional to
the number of genomes harboring the metabolic pathways in each species. Metabolic pathways that are common in all three Bacillus species are drawn in faint red,
and those that are not common within the three Bacillus species are depicted in blue. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

Table 1
Putative antimicrobial genes or operons identified in the core-genomes of Bacillus amyloliquefaciens (Ba), B. siamensis (Bs), and B. velezensis (Bv) strains. +, identified;
–, not identified.

Gene or operon Product Ba Bs Bv Potential target organisms

mlnABCDEFGHI Macrolactin – – + Bacteria (Schneider et al., 2007)
bacABCDEGH Bacilysin + – + Staphylococcus (Chen et al., 2009a; Perry and Abraham, 1979)
dfnCBXYADEFGHIJMLK Difficidin – – + S. aureus, Escherichia coli (Chen et al., 2009a)
fenABCDE Fengycin – – + Fungi (Chen et al., 2007)
ituDABC Iturin + + + Fungi (Xu et al., 2013)
srfABCD Surfactin + + + Bacteria (Chen et al., 2007)
LCI LCI – + + Xanthomonas (Gong et al., 2011)
baeBCDEGHIJLMNRS Bacillaene + + + E. coli (Chen et al., 2007)
PznFKGHIAJCDBEL Plantazolicin – – – Bacillus (Scholz et al., 2011)
dhbAECBF Bacillibactin + + + Siderophore (Scholz et al., 2011)
mrsK2R2FGEAR1DMT Mersacidin – – – Gram positive bacteria (He et al., 2013)
LanBTCASIFEGRK Ericin – – – Antibacterial (Palazzini et al., 2016)
acnBADEFC Amylocyclicin + + + Bacillus cereus (Scholz et al., 2014)

Table 2
Quantitative antimicrobial activities of Bacillus amyloliquefaciens DSM 7T, B.
siamensis KCTC 13613T, and B. velezensis LMG 22478T against five re-
presentative pathogensa.

Pathogenic strain DSM 7T KCTC
13613T

LMG 22478T

Escherichia coli O157:H7 – + +
Bacillus cereus ATCC 27348 – – +
Staphylococcus aureus KCTC 3881 – + +++
Listeria monocytogenes KCTC 13064 – +++ +++
Aspergillus flavus subsp. flavus KACC

41809
– – +++

a The antimicrobial activities were assessed based on the diameters (mm) of
clear zones formed around paper disks with culture supernatants (against pa-
thogenic bacteria) or colonies (against pathogenic fungi) of B. amyloliquefaciens
DSM 7T, B. siamensis KCTC 13613T,and B. velezensis LMG 22478T: , no clear
zone; +, 0.01–1.0 mm; ++, 1.0–2.0 mm; +++,>2.0 mm.
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that none of the test strains including strain LMG 22478T grew on D-
glucuronate as a sole carbon source (data not shown), indicating the
lack of D-glucuronate metabolic genes. The growth tests showed that
two other B. velezensis strains KD1 and YJ11-1-4 also had the same
metabolic capabilities for D-galacturonate and D-glucuronate (data not
shown), as strain LMG 22478T, further reinforcing our results.

In previous studies, it was reported that B. velezensis strains (pre-
viously referred to as plant-associated B. amyloliquefaciens) might pos-
sess advantages to retain their plant-associated features as PGPB com-
pared to B. amyloliquefaciens (previously referred to as non-plant-
associated B. amyloliquefaciens) because they possess the metabolic

property of hexuronates, cell wall components (Dunlap et al., 2013; He
et al., 2013). D-Galacturonate is a major component of pectin, the most
abundant polysaccharide in the plant cell wall (Alazi et al., 2016;
Willats et al., 2001), suggesting that the D-galacturonate metabolic
ability may be one of the most important properties enabling the
dominance of B. velezensis in fermented soybean foods such as doen-
jang, miso, natto, and meju (Jang et al., 2011; Jeon et al., 2016).

3.7. Genomic and functional analysis of xanthine metabolic pathways and
xanthine oxidase assay

Xanthine is a purine base found in animals and plants and is sub-
sequently converted to uric acid by xanthine oxidase (Hadwan et al.,
2014). All B. amyloliquefaciens, B. siamensis, and B. velezensis strains
harbored a xanthine oxidase (called xanthine dehydrogenase under
anaerobic conditions) gene cluster (xoABCDE) to convert xanthine to
uric acid, indicating that xanthine oxidation was a common feature of
the B. amyloliquefaciens group. In addition to the xanthine oxidase gene
cluster, a complete xanthine and uric acid metabolic gene cluster me-
tabolizing xanthine and uric acid to glycine and oxalureate was iden-
tified in the genomes of all B. siamensis strains (Fig. 6A). However, no
xanthine metabolic gene cluster with the same physical map was
identified in B. amyloliquefaciens and B. velezensis, suggesting that the
xanthine metabolism pathway shown in Fig. 6B is a species-specific
metabolic feature of B. siamensis in the B. amyloliquefaciens group.

The genomic analysis of the B. amyloliquefaciens group indicated
that only B. siamensis strains harbored two copies of xanthine oxidase
genes (xoABCDE), suggesting that B. siamensis strains may have a higher
xanthine oxidation activity than B. amyloliquefaciens and B. velezensis,
which was confirmed by the xanthine oxidation activity test. The results
showed that, as expected, B. siamensis KCTC 13613T oxidized xanthine
to uric acid faster than B. amyloliquefaciens DSM 7T and B. velezensis

Fig. 4. Physical maps of the putative genes responsible for D-galacturonate and D-fructuronate metabolisms (A) and the proposed metabolic pathways in Bacillus
velezensis. exuR, hexuronate transcription regulator; kdgR, 2-keto-3-deoxygluconate transcription regulator; dh, putative dehydrogenase.

Fig. 5. Growth curves of Bacillus amyloliquefaciens DSM 7T, B. siamensis KCTC
13613T, and B. velezensis LMG 22478T in minimal media supplemented with D-
galacturonate and D-glucose as the sole carbon source.
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LMG 22478T (Fig. 7).
The xanthine oxidase genes present in the xanthine metabolic gene

cluster of only B. siamensis had very low amino acid identities (< 50%)
with the xanthine oxidase genes commonly identified in the B. amylo-
liquefaciens group, indicating that B. siamensis might acquire the xan-
thine (uric acid) metabolic gene cluster via lateral gene transfer from a
different group. The BlastN analysis showed that the xanthine (uric
acid) metabolic genes in B. siamensis shared high sequence similarities
with those in B. subtilis, (> 90%), suggesting that a lateral gene transfer

of the genes might have happened between B. siamensis and B. subtilis.
The growth test performed in minimal media supplemented with xan-
thine as a sole carbon source showed that no growth occurred in any of
the type strains of B. amyloliquefaciens, B. siamensis, and B. velezensis
(data not shown), suggesting that B. amyloliquefaciens group members
are unable to metabolize xanthine as a carbon source for their growth.

3.8. Phenotypic properties and metabolic pathway reconstruction of B.
amyloliquefaciens, B. siamensis, and B. velezensis

The metabolic capabilities of B. amyloliquefaciens, B. siamensis, and
B. velezensis for various carbon compounds were investigated using
their type strains (strains DSM 7T, KCTC 13613T, and LMG 22478T,
respectively) in the API 50 CHB system (supplementary Table S3).
Results showed that strains DSM 7T, KCTC 13613T, and LMG 22478T

had similar metabolic capabilities to metabolize very diverse carbon
compounds including D-glucose, D-fructose, D-lactose, sucrose, D-mal-
tose, D-cellobiose, D-ribose, D-xylose, L-arabinose, mannose, inositol,
mannitol, sorbitol, α-methyl- D-glucoside, amygdaline, arbutine, salicin,
and glycerol, indicating that B. amyloliquefaciens group members were
metabolically versatile. The only difference was that B. velezensis LMG
22478T could metabolize trehalose, whereas B. amyloliquefaciens DSM
7T and B. siamensis KCTC 13613T could not.

B. subtilis and some B. amyloliquefaciens members like B. subtilis have
been known to be strictly aerobic (Niu et al., 2018; Priest et al., 1987),
and this study also showed that B. subtilis NCIB 3610T used as a control
did not grow on TSA under anaerobic conditions, as previously de-
scribed (Clements et al., 2002). However, many other Bacillus species
can grow anaerobically, especially in the presence of external electron
acceptors (Clements et al., 2002; Nakano and Zuber, 1998). Many Ba-
cillus strains including B. amyloliquefaciens group members have been

Fig. 6. A physical map of putative genes responsible for xanthine metabolism (A) and a proposed xanthine metabolic pathway in Bacillus siamensis (B). Genes
encoding xanthine oxidase (xoABCDE) are indicated by the dotted box. pucR, transcriptional regulator.

Fig. 7. Xanthine oxidation assay for Bacillus amyloliquefaciens DSM 7T, B. sia-
mensis KCTC 13613T, and B. velezensis LMG 22478T. Xanthine oxidation activity
was assessed by measuring uric acid production from xanthine (absorbance at
293 nm).
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dominantly identified in fermented foods such as fermented soybean
foods processed under anaerobic conditions (Yang et al., 2017; Yao
et al., 2016; Zhang et al., 2016a). The anaerobic growth test in this
study showed that all type strains of B. amyloliquefaciens, B. siamensis,
and B. velezensis displayed anaerobic growth on TSA even without ex-
ternal electron acceptors, although their rates of growth were very slow
compared to their aerobic growth rates. In previous studies, it has been
reported that the B. siamensis type strain and a B. velezensis strain could
also grow under anaerobic conditions, indicating that it is a facultative
anaerobe (Jeon et al., 2016; Sumpavapol et al., 2010). In addition, B.
licheniformis, which is phylogenetically and physiologically closely re-
lated to the B. amyloliquefaciens group, is also a facultative anaerobe
capable of fermenting glucose under anaerobic conditions (Clements
et al., 2002). These results suggest that the members of the B. amylo-
liquefaciens group have the ability to metabolize carbon compounds
under anaerobic conditions, and are responsible for the fermentation of
traditional soybean foods.

To further investigate the metabolic features of the B. amylolique-
faciens, B. siamensis, and B. velezensis strains, their metabolic pathways
were reconstructed based on a KEGG pathway analysis in combination
with a BlastP analysis of their genomes. These bioinformatically con-
structed metabolic pathways suggested that the B. amyloliquefaciens, B.
siamensis, and B. velezensis strains commonly harbor genes in their core-
genomes that encode enzymes capable of metabolizing diverse array of
carbon sources including, D-glucose, D-fructose, D-lactose, sucrose,
maltose, cellobiose, D-ribose, D-xylose, L-arabinose, mannitol, arbutine,
melibiose, raffinose, salicin, sorbitol, and stachyose (Fig. 8), consistent

with the phenotypic test results using the API 50 CHB system (Table
S3). Two B. amyloliquefaciens group strains were reported to have an
ability to metabolize methanol (Madhaiyan et al., 2010). The re-
constructed metabolic pathway showed that all B. amyloliquefaciens
group strains harbored all genes associated with methanol metabolism,
indicating that methanol metabolism may be a common metabolic
feature of the B. amyloliquefaciens group. B. amyloliquefaciens and B.
velezensis harbored a complete trehalose metabolic pathway including
trehalose phosphotransferase system (PTS) in their core-genomes, but
the phenotypic tests showed that only B. velezensis LMG 22478T meta-
bolized trehalose, while B. amyloliquefaciens DSM 7T did not display
trehalose metabolic activity (Table S3). Additional analysis of the tre-
halose metabolic genes revealed that all B. amyloliquefaciens strains
except for strain DSM 7 T harbored a gene encoding normal trehalose
PTS, while the gene encoding trehalose PTS in B. amyloliquefaciens DSM
7 T was incomplete as a pseudogene, which might explain why strain
DSM 7 T was negative in the trehalose metabolic activity test. A man-
nose PTS responsible for mannose transport was identified in all B.
amyloliquefaciens group strains, except the B. siamensis strains, and the
type strain of B. siamensis showed a weak mannose metabolic activity in
the phenotypic tests, confirming the absence of the PTS gene in B.
siamensis strains. The reconstructed metabolic pathways show that the
pathways responsible for D-galacturonate and D-fructuronate metabo-
lism are present only in the core-genome of B. velezensis, in accordance
with the above bioinformatics analysis and experimental results (Figs. 4
and 5).

The reconstructed metabolic pathways show that all of the B.

Fig. 8. Proposed metabolic pathways of the Bacillus amyloliquefaciens group for carbon compounds. Metabolic pathways that are present in all strains of the B.
amyloliquefaciens group are depicted in black, and metabolic pathways that are only present in the B. velezensis strains or the B. velezensis and B. amyloliquefaciens
strains are depicted in blue and red, respectively. KDG, 2-keto-3-deoxygluconate; KDPG, 2-keto-3-deoxy-6-phosphogluconate.
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amyloliquefaciens group strains have glycolysis, the pentose phosphate
pathway, and the tricarboxylic acid cycle to metabolize carbon com-
pounds, indicating that they can grow aerobically with metabolic ver-
satility. However, interestingly, the reconstructed metabolic pathways
show that they also harbor pathways that allow them to metabolize
pyruvate to L-lactate, acetate, and ethanol, which are representative
fermentation products, indicating that they are able to grow anaero-
bically, confirming the result of the anaerobic growth test. Genes en-
coding acetolactate synthase (Enzyme Commission (EC) 2.2.1.6) and
diacetyl reductase (EC 1.1.1.303) that convert pyruvate to diacetyl and
diacetyl to acetoin were found in all B. amyloliquefaciens group mem-
bers, suggesting that diacetyl and acetoin, representative cheese flavors,
may be important flavoring compounds in fermented soybean foods
(Passerini et al., 2013). In addition, 2,3-butanediol dehydrogenase (EC
1.1.1.4), converting 2-acetoin to 2,3-butanediol with the regeneration
of NAD+, was also found in all B. amyloliquefaciens group strains, in-
dicating that cheese flavoring can be weakened by this enzyme during
fermentation. The reconstructed metabolic pathways also show that
pyruvate can be converted into acetate via acetyl-P without the pro-
duction of NADH by pyruvate oxidase (EC 1.2.3.3) and acetate kinase
(EC 2.7.2.1). The reconstructed metabolic pathways also show that all
strains of the B. amyloliquefaciens group harbor genes to produce xylitol
and sorbitol, sugar alcohols, through reduction of their corresponding
sugars. The pathways also show that all B. amyloliquefaciens group
strains have the ability to metabolize sorbitol, but not xylitol, because
of the absence of a transport system for xylitol, in accordance with the
results of the phenotypic tests shown in Table S3.

4. Conclusions

In this study, the phylogenetic and genomic diversities and meta-
bolic features of the B. amyloliquefaciens group (B. amyloliquefaciens, B.
siamensis, and B. velezensis) frequently identified in fermented soybean
foods were investigated through phylogenomic and pan- and core-
genome analyses. The functional and metabolic features of B. amyloli-
quefaciens, B. siamensis, and B. velezensis strains were compared through
COG, KEGG, and BLAST analyses, and some metabolic features were
experimentally verified. This study provides useful information about
the phylogenetic properties, antimicrobial activities, and metabolic and
fermentative features of B. amyloliquefaciens, B. siamensis, and B. vele-
zensis strains, which are the basis for understanding the fermentation of
soybean foods. Further analyses of the genomic, transcriptomic, and
metabolic features of B. amyloliquefaciens, B. siamensis, and B. velezensis
may provide insights into their fermentative features and roles during
fermentation of soybean foods and shed light on starter development
for the production of fermented soybean foods with safety and high
quality.
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