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Abstract. Dikson, Victor H, Jong D, Sanjaya A, Samantha A, Jo J, Pinontoan R. 2022. Whole-genome analysis of Bacillus subtilis G8
isolated from natto. Biodiversitas 23: 1293-1300. Bacillus subtilis-fermented soy-based food is associated with multiple health benefits.
Various bacterial strains have been isolated from it, including B. subtilis G8, recent isolation from Japanese natto commercially
available in Indonesia. Both 16S rRNA gene sequencing and fibrinolytic activity characterization have been performed and published in
prior studies. After comparison to the genome of a natto-isolated reference strain (i.e., B. subtilis BEST195), the B. subtilis G8 genome
showed a similar guanine-cytosine (GC) content, predicted number of coding sequences (CDS) and predicted number of tRNA genes,
but had a shorter sequence length and fewer predicted rRNA genes. Further analysis using multiple genome alignment with Mauve,
average nucleotide identity (ANI) matrix calculation, and phylogenetic inference indicated that B. subtilis G8 was more related to natto-
derived B. subtilis than to cheonggukjang-derived B. subtilis and B. subtilis 168. Finally, sequence analyses of a gene encoding
nattokinase as well as two genes regulating poly-gamma-glutamic acid (y-PGA) production in B. subtilis G8, B. subtilis BEST195 and
B. subtilis 168 clearly indicated that B. subtilis G8 is able to produce nattokinase and y-PGA, which both contribute to natto’s
fermentation process. Therefore, it is proposed that B. subtilis G8 should be reclassified as B. subtilis subsp. natto G8 to reflect that it is

a natto-derived B. subtilis strain.
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Abbreviations: ANI: Average nucleotide identity, bp: basepair, CDS: coding sequence, GC: guanine-cytosine, iTOL: Interactive Tree
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INTRODUCTION

Traditional fermented soy-based food is widely
consumed in Asia due to its nutritional value and
associated health benefits, which range from the improving
the health of gut microbiota to the prevention of
cardiovascular diseases (Elshaghabee et al. 2017; Nagata et
al. 2017; Pangastuti et al. 2019; Kojima et al. 2020).
Fermentation of soy-based food is carried out by either
fungi or bacteria (Zhao et al. 2013). Bacillus subtilis is one
such fermentation agent that is commonly found in various
Asian soy-based fermented foods, such as Japanese natto,
Korean cheonggukjang, Nepalese kinema, and Burmese
pepoke (Kamada et al. 2015). This particular species is also
generally recognized as safe, which reinforces its use in
various applications in food production (Su et al. 2020).

It is interesting to note that a variety of strains of B.
subtilis have been isolated from soy-based fermented food,
as reported worldwide (Nishito et al. 2010; Kamada et al.
2015; Bang et al. 2018; Heo et al. 2019). Notably, Lucy et
al. (2019) isolated B. subtilis G8 from a commercially
available Japanese natto in Indonesia. Several studies were
performed to characterize this strain of B. subtilis. First, the
fibrinolytic capability of B. subtilis G8 was investigated
using various in vitro fibrinolytic assays. Crude B. subtilis
G8 extract possessed potent fibrinolytic activity, which was
likely to be mediated by various proteases (Pinontoan et al.

2021). Second, the 16S rRNA gene sequencing analysis
indicated that B. subtilis G8 shared approximately 99%
identity with the B. subtilis subspecies natto BEST195
reported by Nishito et al. (2010), a fermentation agent for
commercialized natto, and B. subtilis subspecies subtilis
168, used as a laboratory standard. Phylogenetic analysis
showed that B. subtilis G8 clustered closer to B. subtilis
BEST195 than to B. subtilis subsp. subtilis 168 (Lucy et al.
2019).

To better resolve the identity of B. subtilis G8, whole-
genome analysis is needed. Additionally, whole-genome
sequencing would provide useful information regarding
other genes that may contribute to natto’s previously
mentioned health benefits. B. subtilis G8 appears to be
closely related to other natto-derived B. subtilis strains that
produce nattokinase and poly-gamma-glutamic acid (y-
PGA), both of which are important in natto fermentation
(Kada et al. 2013). Therefore, whole-genome sequencing
and analysis of B. subtilis G8 were carried out in the
present study.

MATERIALS AND METHODS
Extraction of genomic DNA from B. subtilis G8

Bacillus subtilis G8 was isolated from Japanese
fermented soybean natto sold commercially in Indonesia
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(Lucy et al. 2019). B. subtilis G8 was inoculated in nutrient
broth and incubated at 37°C with agitation for 24 h to
produce sufficient biomass for extraction of genomic DNA.
After incubation, bacterial cells were harvested from the
media by centrifugation at 5,000 x g for 5 min. Genomic
DNA was extracted from the harvested cells using the
Wizard Genomic DNA Purification Kit (Promega, USA).
The extracted genomic DNA was qualified and quantified
using BioDrop Duo spectrophotometer which yielded
absorbance ratios of 2.30 (A260/A280), 2.14 (A260/A230),
and concentration of 446 pg/mL respectively. Moreover,
agarose gel electrophoresis yielded one intact band
containing the genomic DNA. These indicated that the
extracted genomic DNA had a high purity with no
fragmentation, which warranted whole-genome sequencing.
The genomic DNA was sent for whole-genome sequencing
to NovoGene (Hong Kong). Sequencing was performed on
the Illumina NovaSeq 6000 using 150-basepair (bp) paired-
end reads.

Bacillus subtilis G8 genome assembly

Paired-end B. subtilis G8 whole-genome raw reads
were first trimmed of any low-quality reads using Sickle
(Joshi and Fass 2011) with minimum read length and
PHRED score set to 150 bp and 20, respectively. The
trimmed reads were then assembled using IDBA-Hybrid
guided assembly software (Peng et al. 2012) with B.
subtilis subsp. natto BEST195 as the reference sequence
(accession number AP011541). The kMaxShortSequence
variable in the source code was modified to match the 150
bp read length. The assembled B. subtilis G8 draft genome
was then filtered for contigs flagged as plasmid sequences
using PLSDB (Galata et al. 2019) and Nucleotide BLAST
(Altschul et al. 1990), as well as contaminant or low-
coverage (<50x) sequences using Bowtie2 (Langmead and
Salzberg 2012), SAMtools (Li et al. 2009), and Qualimap2
(Garcia-Alcalde et al. 2012; Okonechnikov et al. 2015).
Once cleared of known contaminant and plasmid
sequences, the contigs were reordered according to the
reference B. subtilis subsp. natto BEST195 using Mauve
Contig Mover (Rissman et al. 2009) and then further
examined using Artemis (Carver et al. 2008). The genome
was annotated and then submitted to the DNA Data Bank
of Japan wusing DFAST’s genome annotation and
submission service (Tanizawa et al. 2016) with the
accession number AP025224.

Genomic comparison with natto-derived and
cheonggukjang-derived B. subtilis strains

The assembled B. subtilis G8 genome was compared
with the genomes of 14 B. subtilis strains isolated from
natto and cheonggukjang and the genome of the laboratory
standard B. subtilis 168, all of which were obtained from
various published reports (Table 1). Genome sequences of
B. subtilis G8, B. subtilis BEST195, B. subtilis 168, and
two representatives of cheonggukjang-derived B. subtilis
(strains DKU_NT_02 and DKU_NT_03) were initially
aligned with Mauve using the progressive Mauve
alignment algorithm (Darling et al. 2010). The resulting
multiple genome alignment was subsequently visualized by
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displaying putative homologous segments across different
genomes known as Locally Collinear Blocks (LCBS) with
vertical lines connecting each of the same LCBs between
different genomes. The aforementioned five genomes,
along with 11 additional B. subtilis genomes isolated from
natto and cheonggukjang (16 genomes total) were
subsequently submitted to the Kostas Lab Genome Matrix
(Rodriguez-R and Konstantinidis 2016) to calculate their
average nucleotide identity (ANI) percentage by measuring
nucleotide-level genomic similarities between coding
regions within genomes. The obtained data was presented
in a matrix format of ANI percentages across two different
genomes. Lastly, these genomes were submitted to the
Type (Strain) Genome Server (Meier-Kolthoff and Goker
2019) for phylogenetic inference. The resulting
phylogenetic tree was subsequently visualized using
Interactive Tree of Life (Letunic and Bork 2021).

Nattokinase expression and y-PGA gene regulation
analysis

The two hallmark characteristics of natto-derived B.
subtilis are its ability to produce nattokinase and y-PGA
(Kada et al. 2013). While nattokinase is encoded by a
single gene, aprN (Nakamura et al. 1992), y-PGA is
produced by a collection of PGA synthase enzymes
encoded by the pgsA, pgsB, and pgsC genes, which are
themselves regulated by a series of regulatory proteins.
These regulatory proteins are encoded by the degQ, swrA,
degS, degU, comP, and comA genes (Luo et al. 2016).
Notably, y-PGA production in B. subtilis 168 is disrupted
due to specific mutations in the swrA coding sequence
(CDS) and degQ promoter sequence (Stanley and
Lazazzera 2005). To further characterize the ability of B.
subtilis G8 to produce nattokinase and y-PGA, B. subtilis
G8 aprN CDS, swrA CDS, and degQ promoter sequences
were compared with those of B. subtilis BEST195 and B.
subtilis subsp. subtilis 168 using MUSCLE multiple sequence
alignment software (Edgar 2004; Madeira et al. 2019).

RESULTS AND DISCUSSION

Genome sequence assembly of B. subtilis G8

The assembled B. subtilis G8 draft genome consisted of
145 contigs with a total length of 4,017,503 bp (Table 2).
In comparison to the B. subtilis BEST195 genome, the B.
subtilis G8 genome had a similar GC content, predicted
number of CDS, and predicted number of tRNA genes.
Intriguingly, B. subtilis G8 possessed a much shorter
sequence length (87,877 bp shorter) and fewer predicted
rRNA genes (20 genes fewer) than B. subtilis BEST195.
However, this does not imply that the B. subtilis G8
genome was truncated or that the strain is dysfunctional.
Indeed, this study and another group’s study (Kamada et al.
2015) observed that several B. subtilis strains had sequence
lengths and predicted rRNA gene numbers comparable to
those of B. subtilis G8 (Table 3). In addition, B. subtilis G8
crude extract exhibits strong fibrinolytic activities (Lucy et
al. 2019; Pinontoan et al. 2021), supporting the conclusion
that B. subtilis G8 is a functional strain.
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Genomic comparison with natto-derived and
cheonggukjang-derived B. subtilis strains

Japanese natto and Korean cheonggukjang are B.
subtilis-fermented soybean foods with known health
benefits (Zhao et al. 2013). Genomes of cheonggukjang-
derived B. subtilis strains were therefore utilized as a
control for homology assessment between B. subtilis G8
genomes and those of natto-derived B. subtilis strains
(Table 1). B. subtilis 168 was included as another control
because it was reported to be incapable of producing vy-
PGA, unlike natto-derived B. subtilis strains (Nishito et al.
2010). Three methods were utilized: (i) multiple genome
alignments with Mauve; (ii) ANI calculation; and (iii)
phylogenetic analysis. First, multiple genome alignment
with Mauve’s progressive Mauve alignment algorithm was
performed on the genomes of B. subtilis G8, B. subtilis
BEST195, B. subtilis 168, as well as B. subtilis
DKU NT 02 and DKU_NT 03 (as representatives of
cheonggukjang-derived B. subtilis) to identify any shared
structure and organization among them, especially in case
there had been genomic rearrangements, as LCBs. B.
subtilis G8 had nine different LCBs (Fig. 1). Six of those
LCBs, i.e., five of the largest LCBs and one smaller LCB
(in red), were shared across all tested genomes. In contrast,
the three smaller LCBs (observed near the end of the B.
subtilis G8 genome), were only shared by two other B.
subtilis strains. The first LCB (purple) was shared between
B. subtilis G8, B. subtilis DKU_NT_03, and B. subtilis 168.
The second LCB (violet) was only shared between B.
subtilis G8 and B. subtilis DKU_NT_02. The third LCB
(brown) was shared between B. subtilis G8 and B. subtilis
DKU_NT_03. In summary, multiple genome alignment
supported the notion that B. subtilis G8’s genome was
largely similar to the genomes of other tested B. subtilis
strains.

The B. subtilis G8 genome had 100% ANI with natto-
derived B. subtilis genomes (BEST195, N3-1, N4-2. N2-2,
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CGMC 2108, and N1_1), 99% with cheonggukjang-
derived B. subtilis genomes (DKU_NT 02, DKU_NT 03,
MH-1, 2RL2-3, 2KL1, GFR-12, PJ-7, and SSJ-1), and 98%
ANI with the B. subtilis 168 genome (Fig. 2). These results
suggest that B. subtilis G8 had a higher degree of similarity
to Japanese natto-isolated strains than to Korean
cheonggukjang-isolated strains or the standard laboratory
strain.

Third, evolutionary relationships among the genomes
were analyzed and represented as a phylogenetic tree. The
genomes of B. subtilis G8 and 15 other B. subtilis strains
were used in this analysis. B. subtilis G8 was placed in the
same cluster as six natto-derived B. subtilis strains (Fig. 3).
This finding corroborated the ANI calculation results that
showed that B. subtilis G8 was more related to the six
natto-derived B. subtilis strains than to the eight
cheonggukjang-derived B. subtilis strains and the
laboratory strain. Taken together, these findings indicate a
high degree of homology between B. subtilis G8 and other
natto-derived B. subtilis strains.

Table 2. Genome annotation statistics for Bacillus subtilis strains
BEST195 and G8 using the DFAST annotation service

Statistic B Subils 8. subtilis G8
Total sequence length (bp) 4,105,380 4,017,503
Predicted GC content (%) 43.5 43.4
Predicted CDS 4,294 4,279
Predicted coding ratio (%) 87.0 87.7
Predicted rRNA 30 10
Predicted tRNA 88 83

Note: CDS, coding sequence; rRNA, ribosomal RNA; tRNA,
transfer RNA

Table 1. A list of the Bacillus subtilis genomes utilized in the B. subtilis G8 comparative analysis

Strain of B. subtilis Source Accession number Reference

N1-1 Natto CP032861.1 Heo et al. (2019)
N2-2 Natto CP032863.1 Heo et al. (2019)
N3-1 Natto CP032865.1 Heo et al. (2019)
N4-2 Natto CP032867.1 Heo et al. (2019)
CGMCC 2108 Natto CP014471.1 Tan et al. (2016)
BEST195 Natto AP011541.2 Nishito et al. (2010)
2KL1 Cheonggukjang CP032872.1 Heo et al. (2019)
2RL2-3 Cheonggukjang CP032857.1 Heo et al. (2019)
GFR-12 Cheonggukjang CP032852.1 Heo et al. (2019)
MH-1 Cheonggukjang CP032853.1 Heo et al. (2019)
PJ-7 Cheonggukjang CP032855.1 Heo et al. (2019)
SSJ-1 Cheonggukjang CP032860.1 Heo et al. (2019)
DKU_NT_02 Cheonggukjang CP022890.1 Bang et al. (2018)
DKU_NT_03 Cheonggukjang CP022891.1 Jeong et al. (2018)
168 X-ray mutagenesis of B. subtilis Marburg AL009126.3 Borriss et al. (2018); Burkholder

and Giles (1947)

Note: Genomes of several B. subtilis strains used in the analyses were isolated from either Japanese natto or Korean cheonggukjang. In
addition, the genome of the laboratory standard B. subtilis 168 was used



Table 3. Genome annotation statistics for several Bacillus subtilis strains isolated from Korean cheonggukjang and Japanese natto using the DFAST annotation service

Source Japanese Natto Korean Cheonggukjang Lab. standard
Strain BEST 195 CGMCC2108 N1-1 N2-2 N3-1 N4-2 DKU NT 02 DKU NT 03 2KL1 2RL2-3 GFR-12 MH-1 PJ-7 SSJ-1 168
Total sequence length (bp) 4,105,380 4,122,154 4,108,100 4,122,398 4,122,184 4,119,216 4,014,255 4,196,031 4,196,696 4,191,876 4,202,955 4,184,648 4,293,706 4,199,434 4,215,606
Predicted GC content (%) 43.5 43.5 43.5 43.5 43.5 43.5 43.6 43.3 43.3 43.4 43.3 43.3 43.2 43.6 43.5
Predicted CDS 4,294 4,318 4,322 4,333 4,328 4,321 4,187 4,399 4,406 4,421 4,409 4,428 4,606 4,245 4,242
Predicted coding ratio (%) 87 87 86.9 86.9 87 87 87 87 86.8 86.8 86.9 86.8 87.1 87.9 87.8
Predicted rRNA 30 30 30 30 30 30 30 30 33 33 30 30 30 30 30
Predicted tRNA 88 88 88 88 88 88 87 87 93 87 87 87 87 86 87

Note: CDS: coding sequence; rRNA: ribosomal RNA; tRNA: transfer RNA



DIKSON et al. - WGA of Bacillus from natto 1297

B. subtilis G8

800000

T [ T T ‘MI' T
B. Subtths DKU NT 02..,: e

[T I N li“ummﬁ”ﬁ“‘ﬂ“ "WTHWWWWWW‘

B. subilis DKU NT O3 ————— - ——
[ >

200000 ——400000"

i

B.subiilis BESTI9S — m — m,, sl
‘“ 0 1 A L | I_W"W”P_l_ | T TTTYT T T

B. subtilis 168

Figure 1. Multiple whole-genome alignments with Mauve on several strains of Bacillus subtilis. Note: As depicted in order, genomes of
B. subtilis G8, B. subtilis DKU_NT_02 & DKU_NT_03 (both from cheonggukjang), B. subtilis BEST195 (from natto), and the
laboratory standard B. subtilis 168, were aligned using the progressive Mauve software
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Figure 2. Average nucleotide identity (ANI) calculation among 16 genomes of Bacillus subtilis strains. Note: ANI percentage was
calculated for B. subtilis G8, natto-derived B. subtilis (BEST195, N3-1, N4-2. N2-2, CGMC 2108, and N1_1), cheonggukjang-derived
B. subtilis (DKU_NT_02, DKU_NT_03, MH-1, 2RL2-3, 2KL1, GFR-12, PJ-7, and SSJ-1), and the laboratory standard B. subtilis 168
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Analyses on nattokinase-encoding and y-PGA
regulating genes

To demonstrate that B. subtilis G8 is a natto-derived B.
subtilis strain that is able to produce nattokinase and y-
PGA, genes responsible for producing nattokinase and
regulating y-PGA production were compared with those of
B. subtilis BEST195 and B. subtilis 168. Nattokinase, also
known as subtilisin NAT, is an alkaline serine protease
enzyme encoded by the aprN gene (Nakamura et al. 1992).
As shown in Table 4, The CDS of B. subtilis G8 aprN was
completely identical to that of B. subtilis BEST195, but not
of B. subtilis 168. Since nattokinase is a fibrinolytic
enzyme (Weng et al. 2017; Chen et al. 2018), this finding
corroborated previous findings (Pinontoan et al. 2021),
which showed that B. subtilis G8 exhibited strong
fibrinolytic activities. Additionally, a 26.7 kDa protein
band was observed during zymography analysis of B.
subtilis G8 crude extract, which was in agreement with the
nattokinase molecular weight of 27.7 kDa reported by Li et
al. (2021).

Next, the genes regulating y-PGA production in B.
subtilis G8 were assessed and compared with those in B.
subtilis BEST195 and B. subtilis 168. Unlike B. subtilis
BEST195, B. subtilis 168 appears incapable of producing
v-PGA due to several mutations in its swrA CDS and degQ

BIODIVERSITAS 23 (3):1293-1300, March 2022

promoter sequence. A single nucleotide insertion (adenine)
in the swrA CDS caused a frameshift mutation and
introduced a stop codon (TGA) at position 22, which
prematurely terminates its translation and results in a small,
nonfunctional protein. In addition, a single nucleotide
substitution (thymine to cytosine) in its degQ promoter
sequence reduced its transcription rate. Both mutations
consequently disrupt the regulation of y-PGA production in
B. subtilis 168 (Stanley and Lazazzera 2005). Both genes
share 100% identity with B. subtilis G8 and B. subtilis
BEST195 (Table 4). This was not the case between B.
subtilis G8 and B. subtilis 168. In addition, the swrA CDSs
and degQ promoter sequences of the analyzed strains were
aligned. Indeed, B. subtilis G8 and B. subtilis BEST195 did
not possess any mutation in their swrA CDS and degQ
promoter sequences that might disrupt y-PGA production,
as observed in B. subtilis 168 (Fig. 4). The lack of such a
mutation shows that B. subtilis G8 is capable of producing
v-PGA, which contributes to the bulk of natto’s mucilage
and consequently its sticky consistency (Hsueh et al. 2017;
Chan et al. 2021). Collectively, these results strongly
suggest that B. subtilis G8 is a natto-derived B. subtilis
strain that is able to produce nattokinase and y-PGA (Kada
et al. 2013).

B. subtilis 168

B. subtilis SSJ-1

B. subtilis PJ-7

B. subtilis MH-1

B. subtilis DKU NT 02

B. subtilis DKU NT 03

B. subtilis GFR-12
B. subtilis 2KL1
B. subtilis 2RL2-3
B. subtilis N1-1
B. subtilis N3-1

-

0.002

B. subtilis N2-2

B. subtilis N4-2

B. subtilis BEST195

B. subtilis G8

B. subtilis CGMCC 2108

-

Figure 3. Phylogenetic analysis on the relationship among 16 genomes of Bacillus subtilis strains. Note: Type (Strain) Genome Server
was utilized to infer the phylogenetic relationship among tested strains of B. subtilis. The phylogenetic tree was subsequently visualized

using the Interactive Tree of Life (iTOL). Scale bar of 0.002

Table 4. Nucleotide BLAST identity percentages of aprN, swrA, and promoter sequence of degQ sequences between Bacillus subtilis

G8 and B. subtilis 168 or B. subtilis BEST195.

G8 to BEST195 G8 1o 168
Sequences Length (bp) Coverage (%) Identity (%0) Coverage (%) Identity (%0)
aprN CDS 1,146 100 100 100 99.21
swrA CDS 336 100 100 100 99.70
degQ promoter 118 100 100 100 99.15

Note: CDS, coding sequence
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Figure 4. Multiple sequence alignment of genes regulating y -PGA production. Note: The degQ promoter sequence (A) and swrA CDS
(B) were compared among genomes of Bacillus subtilis 168, B. subtilis BEST195, and B. subtilis G8. Notable mutations that disrupt the
regulation of y-PGA production in B. subtilis 168 are highlighted in yellow. Start codons of both genes are highlighted in blue. swrA

CDS stop codon highlighted in red

In conclusion, the genomic analysis and comparisons ACKNOWLEDGEMENTS
with other B. subtilis strains indicate that B. subtilis G8 is

closely related to natto-derived B. subtilis strains that
produce nattokinase and y-PGA, and it is thus proposed
that B. subtilis G8 be reclassified as B. subtilis subspecies

natto G8. As natto consumption is associated with various
health benefits mediated by B. subtilis strains, including the
prevention of cardiovascular disease, these findings may
support a broader utilization of B. subtilis subsp. natto G8

in the near future.
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