Discovery Medicine 2024; 36(184): 1030-1040

Article https://doi.org/10.24976/Discov.Med.202436184.96

Whole Genome-Sequencing and Phylogenetic Analysis of
Bacillus anthracis from 2019-2023 in Ningxia Hui
Autonomous Region, China

Ran Xian'>, Cong Yang??, Jianwei Gao?, Xiang Liu?, Qian Chen'2, Lei Gao'2, Yu Zhao',
Wenhe Kuai?, Jiangtao Ma?*

ISchool of Public Health, Ningxia Medical University, 750001 Yinchuan, Ningxia, China
2Ningxia Hui Autonomous Region Center for Disease Control and Prevention, 750004 Yinchuan, Ningxia, China
*Correspondence: nxcdemjt@sina.com (Jiangtao Ma)
T These authors contributed equally.
Published: 20 May 2024

Background: Since 2019, the incidence of anthrax in the Ningxia Hui Autonomous Region has increased significantly compared
with previous years, so in this situation the anthrax in the Ningxia region not only had a detrimental impact on public health, but
also inflicted significant economic repercussions. Therefore, we conducted a molecular epidemiological study of 20 strains from
2019-2023 isolates. This study investigated the origin of Bacillus anthracis and its genetic diversity.

Methods: We conducted canonical single-nucleotide polymorphisms (CanSNPs) typing and whole genome sequencing based on
the extracted nucleic acid of Bacillus anthracis. Based on the whole genome drafts, we studied the genomic characteristics of
20 isolates. Meanwhile, we performed phylogenetic studies based on genome-wide core single-nucleotide polymorphisms (SNPs)
using MEGA’s Maximum Likelihood (ML) method and core-genome-based multilocus sequence typing (cgMLST) of the core
genomes of these strains using BioNumerics’ minimum spanning tree (MST) model.

Results: The 20 isolates were categorized into sub-lineages A.Br.001/002, and comparative genomic analyses of these strains with
other isolates from other parts of the world showed that the strains from Ningxia were correlated with isolates from Europe,
Indonesia, Georgia (USA), and Beijing (China). For the 20 isolates in Ningxia, the genetic relationship of the isolates isolated
from the same year or region was relatively close.

Conclusion: The A.Br.001/002 subgroup was the dominant endemic strain in Ningxia. The genetic relationship and phylogenesis
between isolates from Ningxia and strains from Europe and Indonesia suggest that anthrax spread around the globe through
ancient trade routes.
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Introduction 0.032/10* (2021), 0.037/10* (2022) and 0.07/10* (2023);
nevertheless, from 2004 to 2018, the average annual report-
ing rate of anthrax in Ningxia was only 0.011/10%. This
dramatic increase represents a significant public health con-

cern.

Bacillus anthracis is the causative agent of anthrax
[1]. It is a gram-positive bacterium belonging to the Bacil-
lus cereus sensu lato [2]. As we all know, it often infects

herbivores, causing acute and fatal diseases [3,4]. Bacillus
anthracis produces spores that can survive for extended pe-
riods in various environments [5], threatening global spread
and a stable epidemic focus. In China, anthrax has been
present for a long time, especially in poor rural areas [6].
According to previous reports, Bacillus anthracis contami-
nation has been detected in up to 6 percent of environmental
samples [7]. Therefore, an anthrax outbreak is more likely
if the outside environment is suitable. According to a study
[8], from 1955 to 2022, the western region of China had a
high anthrax incidence. The incidence of anthrax increased
year by year in Ningxia Hui Autonomous Region from 2019
to 2023, respectively 0.026/10% (2019), 0.014/10% (2020),

Globally, Bacillus anthracis is divided into three
main categories: A, B, and C, and is further character-
ized into 12 subclasses [9]. Over time, the anthrax sub-
group expansion, such as A.Br.008/009, was divided into
A.Br.008/011 and A.Br.011/009 [10]. While in China,
Bacillus anthracis is mainly divided into five sub-lineages
in the A lineage: A.Br.001/002, A.Br.Ames, A.Br.008/009,
A.Br.Australia94, A.Br. Vollum [11]. Previous reports
have observed Bacillus anthracis in China as correlated
with isolates from Europe, South Asia, the USA, etc. [7].
However, this study neglected Ningxia, where anthrax has
had a high incidence in recent years. Concerningly, no sys-
tematic molecular epidemiology of anthrax has been carried
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out. Therefore, the study on the origin and distribution of
anthrax isolates in Ningxia is significant for preventing and
controlling the anthrax epidemic.

Bacillus anthracis has a low evolution rate and a
high degree of homogeneity [12]. The diversity between
different strains is shallow compared to other bacteria;
therefore, high-resolution molecular characterization tech-
niques are needed to distinguish strains effectively [13,
14]. Modern genotyping methods are canonical single-
nucleotide polymorphisms (CanSNPs) [15] and multilocus
variable-number tandem repeat (VNTR) analysis (MLVA).
CanSNPs use a series of representative cladistic single-
nucleotide polymorphisms (SNPs) to define phylogenetic
clades and determine the phylogenetic location of strains.
For the existing MLVA typing technology, genetic relation-
ships are determined by analyzing 8 [16], 15 [9], 20 [17],
25 [18] and 31 [19] VNTR sites. Although MLVA has a
high resolution, it can easily cause homogeneity problems,
so this result can lead to incorrect assignments in phyloge-
netic analyses (This problem is caused by the use of marker
genes with high mutation rates.) [15]. These problems
can be avoided by using single-nucleotide polymorphisms
(SNPs) via whole genome sequencing [10,20,21] and core-
genome-based multilocus sequence typing (cgMLST) [22,
23]. These approaches can subtype the pathogen and pro-
vide an ideal marker for high-precision diagnostic analysis.

This study determined the whole-genome sequence
(WGS) of Bacillus anthracis isolates prevalent in 2019—
2023. Firstly, CanSNPs analysis was used to determine its
position in the global evolution of Bacillus anthracis. Then,
whole genome core SNPs and cgMLST were used to recon-
struct the phylogenetic tree of Bacillus anthracis so that we
can elucidate the pathogenic characteristics of Bacillus an-
thracis in this area and provide a theoretical basis for scien-
tific prevention and control, respectively.

Materials and Methods

DNA Extraction

Firstly, 20 strains of Bacillus anthracis isolated from
2019-2023 stored in our laboratory were resuscitated and
cultivated by nutrient agar (NA) for 24 hours. We extracted
nucleic acids in the Biosafety Level 2+ Laboratory (BSL-
2+) from a QIAGEN DNA Mini Kit (175023515, QIA-
GEN, Dusseldorf, North Rhine-Westphalia, Germany). Fi-
nally, the extracted nucleic acids were inoculated on NA for
24 hours to confirm bio-safety. Nucleic acid concentration
was determined by Qubit™ 3 Fluorometer (Thermo Fisher
Scientific, Waltham, MA, USA), and nucleic acid concen-
trations higher than 2.0 pmol/L were retained. High-quality
nucleic acids were used for whole genome sequencing.

Draft Whole-Genome Sequence (WGS)

[llumina MiSeq (Illumina, San Diego, CA, USA) was
used to index sequencing; different joint combinations were
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used to distinguish different strain sequences. Nextera XT
DNA Library Prep (Illumina, San Diego, CA, USA) was
used to build a sequencing library. Miseq Reagen Kit
V2,300-cycles (Illumina, San Diego, CA, USA) was used
when the sample sequencing started. After this step, short-
read data sets were exported using FastQ format. Finally,
quality control was performed using CLC Genomic Work-
bench 21.0.5 (QIAGEN, Redwood City, CA, USA). After
editing ambiguous and joint sequences, the original Bacil-
lus anthracis strain (Ames Ancestor: NC_007530.2) was
used as the reference genome to splice the edited data.

CanSNPs Genotyping

The TagMan method, a previously validated proto-
col, was used to detect the sub-lincage of strains [9].
Primers/Probes (Sangon Biotech, Shanghai, China) were
synthesized according to Van, and the nucleotide type was
determined by the QuantStudioTM 7 Flex Real-Time PCR
System (Thermo Fisher Scientific, Waltham, MA, USA)
[9]. At this stage, we could confirm the basic position of
Bacillus anthracis on the evolutionary tree.

Pan-Genomic Functional Analysis
Reference Genome Sequence Acquisition

In this study, the sequence of reference (included
39 strains of Bacillus anthracis), original genome (Ames
Ancestor: NC_007530.2), and Bacillus cereus (AH820:
NC 011773.1) were derived from NCBI RefSeq library
(https://www.ncbi.nlm.nih.gov/refseq/). All strains were
listed in Supplementary Table 1.

Pan-Genomic Characterization

Firstly, Prokka (v 1.14.6) (Melbourne, Victoria, Aus-
tralia) was used to annotate the genome sequence of the
above strains [24]. Secondly, to evaluate the relationship
between the 20 isolates and anthrax reference strain Ames
Ancestor, the following procedures were performed: Av-
erage nucleotide identity (ANI) was compared by fastANI
(v 1.1) (Atlanta, GA, USA) [25]. Comparem (v 0.1.2)
(Halifax, Nova Scotia, Canada) [26] was used to compare
Average amino acid identity (AAI) (https://github.com/d
parks1134/CompareM). The Tetra-Nucleotide character-
istics (TETRA) were compared by pyani (v 0.2.12) (Ab-
erdeen, Aberdeenshire, UK) [27]. Thirdly, to visualize the
above result, the pheatmap (https://CRAN.R-project.org/p
ackage=pheatmap) package was used, which comes from
R 4.3.1 (https://www.R-project.org/), to output the above
heatmaps. Fourthly, the genetic distance was calculated
by Mash (v 2.3) (Bethesda, MD, USA) [28,29]. Peppan
(v 1.0.6) (Coventry, UK) [30] performed genome-wide re-
construction of 20 isolates. A Python script was used to
output the previous step. Namely, PEPPAN.gff was used to
obtain the dilution curve file of the isolates’ pan-genomic.
The last dilution curves were then drawn by pandas (v 1.3.5)
and matplotlib (v 3.3.5) [31].
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Table 1. Basic information of Bacillus anthracis strains and genomes in Ningxia, 2019-2023.

Strains Location (County/District) ~ CanSNPs group  Genome size (bp) GC content (%) CDS RNAs Repeatregion Prophage regions Plasmids Mash

CHN-NX-BA-2019-01 HeLan A.Br.001/ 5,485,169 35.09 5781 52 0 1 2 0.00152214
002

CHN-NX-BA-2019-02 HeLan A.Br.001/ 5,485,762 35.09 5782 59 0 1 2 0.00152214
002

CHN-NX-BA-2020-01 HeLan A.Br.001/ 5,445,748 35.09 5733 55 0 1 2 0.00136596
002

CHN-NX-BA-2020-02 YongNing A.Br.001/ 5,485,088 35.09 5788 59 0 1 2 0.00152214
002

CHN-NX-BA-2021-01 YongNing A.Br.001/ 5,445,559 35.09 5731 62 0 2 2 0.00139189
002

CHN-NX-BA-2021-02 LiTong A.Br.001/ 5,446,556 35.09 5730 65 0 2 2 0.00139189
002

CHN-NX-BA-2021-03 LiTong A.Br.001/ 5,444,530 35.09 5733 70 0 1 2 0.00139189
002

CHN-NX-BA-2021-04 YongNing A.Br.001/ 5,445,938 35.09 5729 67 0 2 2 0.00139189
002

CHN-NX-BA-2021-05 YongNing A.Br.001/ 5,444,552 35.09 5733 64 0 1 2 0.00136596
002

CHN-NX-BA-2022-01 YongNing A.Br.001/ 5,450,739 35.09 5728 54 0 1 2 0.00139189
002

CHN-NX-BA-2022-02 LiTong A.Br.001/ 5,451,599 35.11 5739 56 0 1 2 0.00136596
002

CHN-NX-BA-2022-03 JinFeng A.Br.001/ 5,447,952 35.09 5727 58 0 2 2 0.00136596
002

CHN-NX-BA-2022-04 YongNing A.Br.001/ 5,446,473 35.09 5765 48 0 2 2 0.00157453
002

CHN-NX-BA-2022-05 YongNing A.Br.001/ 5,454,991 35.16 5729 47 0 1 2 0.00136596
002

CHN-NX-BA-2023-04 YongNing A.Br.001/ 5,448,576 35.10 5727 70 1 2 2 0.00139189

002
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Table 1. Continued.

Strains Location (County/District) ~ CanSNPs group  Genome size (bp) GC content (%) CDS RNAs Repeatregion Prophage regions Plasmids Mash

CHN-NX-BA-2023-05 YongNing A.Br.001/ 5,444,856 35.10 5723 53 0 1 2 0.00136596
002

CHN-NX-BA-2023-06 XiXia A.Br.001/ 5,443,814 35.10 5710 54 0 2 2 0.00136596
002

CHN-NX-BA-2023-07 YongNing A.Br.001/ 5,435,364 35.10 5696 52 0 1 2 0.00146992
002

CHN-NX-BA-2023-08 HeLan A.Br.001/ 5,445,197 35.09 5714 57 1 1 2 0.00136596
002

CHN-NX-BA-2023-09 YuanZhou A.Br.001/ 5,439,972 35.09 5705 38 0 2 2 0.00139189
002

In this table, Strains were the naming serial number of Bacillus anthracis isolated from Ningxia in 2019-2023 Location was the specific geographical location of Bacillus anthracis in Ningxia Hui
Autonomous Region when it was isolated, which was accurate to every district and county. Genome size was the size of the sequenced draft genome. GC content was the ratio of G and C bases in the
genome. CanSNPs group was the specific subgroup of Bacillus anthracis in the evolutionary tree. CDS was the number of coding sequences in the genome. RNAs contained the numbers of rRNA,
tRNA, and tmRNA. Repeat-region regions were the number of Repeat-sequence areas. Prophage regions were the number of Prophage sequence areas. Plasmids consisted of pXO1 and pXO2. Mash
resulted from a reference genome Ames_Ancestor compared with 20 isolates of Bacillus anthracis (The distance between genomes.). CanSNPs, canonical single-nucleotide polymorphisms.
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In this stage, if ANI >95%, AA1 >95%, TETRA
>99%, and MASH <0.5, the two genomes are considered
members of the same species group (The MASH means
Genome distance that Fast genome and metagenome dis-
tance estimation using MinHash.).

Genome-Wide Phylogenetic Analysis

Whole Genome SNP Extraction and Phylogenetic
Analysis

All the genome sequences of Bacillus anthracis were
uploaded to PubMLST (https://pubmlst.org/), which aimed
to obtain allele data of the core genome in the whole genome
[22,32]. BioNumerics 7.6 (Applied-Maths, Sint-Martens-
Latem, Belgium) was used to construct phylogenetic trees
using complete linkage and minimum spanning tree (MST).
This step determined the relationship and origin between
the 20 isolates and other strains based on the established
minimum spanning tree.

Core Genome Extraction and Phylogenetic Analysis

First, sinppy (v4.6.0) (Melbourne, Victoria, Australia)
(https://github.com/tseemann/snippy) was used to extract
the core SNP sequences, including 20 Bacillus anthracis
strains, Bacillus cereus AH820, and 40 reference strains.
Secondly, gubbins (v 2.4.1) (Hinxton, Cambridge, UK)
were used to remove the parts of the core SNP sequences
that belonged to gene recombination [33]. Finally, SNP
sites (v 2.5.1) (Hinxton, Cambridge, UK) were used for
core SNP analysis [34]. Strains of AH820 and the final
dataset containing 18078 SNPs were Bootstrap 1000 times
using the Tamura-Nei model of MEGA 11 to infer phyloge-
netic relationships by the maximum likelihood method [35].
This step explores genetic diversity among 20 isolates and
other Bacillus anthracis strains based on established phylo-
genetic trees.

Results

Basic Features of the Pan-Genome

In this study, all isolates were preserved in the labo-
ratory, isolated from different Ningxia province regions in
2019-2023. All strains were analyzed using the CanSNPs
analysis method proposed by Van [9] to determine where
Bacillus anthracis is located in the global Bacillus an-
thracis phylogeny. All the strains were clustered in the
A.Br.001/002 group in this study (see Table 1).

The sequenced whole genome sketches of the 20 iso-
lates were between 5,400,000 and 5,500,000 bp, similar
to the original strain of Ames Ancestor Bacillus anthracis
(5,227,419 bp). Their genome coverage reached more than
98.9%. Its GC content was similar to the reference GC
content (35.38%), and it carried two plasmids (pXO1 and
pX02) [2,36].

Pan-Genomic Characterization

The pairwise comparison of 20 isolates with the Ames
Ancestor genome revealed that all ANI >99.965%, AAI
>99.98%, and TETRA >99.97% (see Fig. 1). Mash com-
parisons (Ames Ancestor compared with isolates) were less
than 0.01 (see Table 1). These results indicated that all of
the genomes were extremely similar and belonged to mem-
bers of the same genomic species group.

In Fig. 1A, they were clustered in the same category
in the heatmap, which were Ames Ancestor, isolates CHN-
NX-BA-2023-07/08/09 and CHN-NX-BA-2022-04, show-
ing similar genetic relationship, while the remaining strains
formed new sub-branches. In Fig. 1B, these genomes re-
vealed that they were highly similar, the results of the pair-
wise comparison of amino acid identities. However, they
were still divided into two broad categories in which strains
with 100% similarity existed clustered in the same subclass.
According to the comparison of Tetra Nucleotides consis-
tency, we can observe the results in which all strains were
classified into two major groups, including Ames Ancestor
and 20 isolates. In contrast, between the 20 isolates, CHN-
NX-BA-2022-05 was classified into two groups, with the
remaining 19 strains in Fig. 1C. Ames Ancestor belongs to
the A.Br.Ames sub-lineage in the global phylogeny. The re-
maining 20 isolates are of the A.Br.001/002 sub-lineage, in
which A.Br.Ames was formed by a single nucleotide muta-
tion at the A.Br.002 locus in the A.Br.001/002 sub-lineage
[7], which explained the very high degree of similarity in
the heatmap.

In Fig. 1D, as the number of sequenced strains in-
creased, the total number of pan-genomic genes increased
slowly and then increased rapidly when the number of se-
quenced strains was close to between 2 and 4. The next
increase slowly plateaued, and finally, the total number of
genes no longer increased when the number of sequenced
strains was close to 17. In contrast, the total number of core
genomic genes decreased with the number of sequenced
strains and then stabilized when the number was close to
17. According to Fig. 1D, it can be seen that although
the genome of anthrax was open, the whole genome would
soon undergo closure, which indicated that in different en-
vironments, the species was able to acquire new genes by
exchanging genetic material with other species in various
ways or by self-evolution. Still, its ability to obtain foreign
genes would weaken as the species evolves. Bacillus an-
thracis is also often present in the external environment as
spores, so its genetic evolution is relatively well conserved
for this bacterium.

Genome-Wide Phylogenetic Analysis

Phylogenetic Analysis of the Core Genome of Bacillus
Anthracis

Fig. 2 shows the minimum spanning tree constructed
from the core genomes of the 20 isolates with the remaining
39 comparison strains as well as the reference strain (3803
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MLST housekeeping genes in total) and a phylogenetic tree
constructed from (4138 MLST housekeeping genes) using
Bacillus cereus (AH820) as an outgroup (See Supplemen-
tary Fig. 1).

In Fig. 2, the evolutionary divergence of the French
strain 99-100 (A.Br.011/009) gave rise to the sub-lineage
A.Br.Australia94 by radiation. Thereout, the evolutionary
divergence of this sub-lineage (via A.Br.002 mutation) gave
rise to the sub-lineage A.Br.001/002, and the Ames sub-
group was mutated by A.Br.001/002 (via A.Br.001 muta-
tion). In Fig. 2, it can be found that strain CHN-NX-BA-
2021-01 had a rapid evolution to produce a clonal group
of two strains of CHN-NX-BA-2021-02/04 that had highly
similar core genomic information (noted as group 01).
From this clonal group (group 01) strains, radiation rapidly
occurred, giving rise to the Ames sub-group, Steren sub-
group, and the remaining five branches. The rest also pro-
duced a highly clonal group of strains with CHN-NX-BA-
2019-01, CHN-NX-BA-2020-02, and CHN-NX-BA-2021-
02 (denoted as group 02), from which radiation produced
most of the isolates in this study (11 strains), one isolate
from Indonesia was found to have evolved from this clonal
group. Among the remaining three evolutionary branches,
CHN-NX-BA-2021-03 was genetically very close to group
01, while CHN-NX-BA-2023-08/09 was genetically distant

from clonal group 01. In Fig. 2, the strains from Ningxia
(CHN-NX-BA-2021-01) are located at the bottom of A16,
A16R, A0389, Ames, Sterne, and the other 19 strains of
Bacillus anthracis from Ningxia. This indicated that the
strains (CHN-NX-BA-2021-01) from Ningxia were the ori-
gin.

Phylogenetic Analysis of Whole Genome Core SNPs of
Bacillus Anthracis

Fig. 3 shows the phylogenetic tree constructed based
on the maximum likelihood method and the Tamura-Nei
model for the 20 isolates with the remaining 39 comparator
strains and the reference strain, which included 5896 SNPs,
and the phylogenetic tree with the Bacillus cereus (AH820)
as outgroups (18,078 SNPs), shown in Supplementary Fig.
2.

In Fig. 3, the phylogenetic tree constructed by
genome-wide core SNPs has a similar structure as the
phylogenetic tree constructed by cgmlst, in which it was
found in the tree constructed by core SNPs that CHN-
NA-BA-2022-01/02/03/04 clustered in the same subcat-
egory, and at the same time CHN-NX-BA-2023-09 also
belonged to a same category in this phylogenetic tree
with the above strains. Simultaneously, CHN-NX-BA-
2023-08 clustered in one category with A16 and A16R
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Fig. 2. A minimum spanning tree of 20 Bacillus anthracis isolates and 38 other contrast isolates with 1 reference strain. Different

colors were used to characterize 14 distinct sub-lineages of Bacillus anthracis that were most dominant on the evolutionary tree, which

belonged to the A, B, and C groups. The phylogenetic tree consists of 59 core genomes of Bacillus anthracis.

strains. While the rest of the isolates were clustered in
the same general group with strain A0389 where from In-
donesia, Fig. 3 showed that strains CHN-NX-BA-2019-
01/02 (recorded as SNPO1 group), CHN-NX-BA-2022-
01/03 (recorded as SNP02 group), CHN-NX-BA-2022-
04/05 (recorded as SNP0O3 group), CHN-NX-BA-2023-
04/06 strain (recorded as SNP04 group) were having close
affinities, respectively. So, on this premise, the SNPO1 and
SNPO2 groups were closer to each other, the SNP04 group
was closer to CHN-NX-BA-2023-07, and the rest of the
strains were clustered under the same broad category with
these strains.

These results demonstrate that strains from the same
year or region are genetically more closely related than
strains from different years or regions.

The evolutionary history was inferred using the Max-
imum Likelihood method and the Tamura-Nei model [37].
The tree with the highest log likelihood (—39,577.41) is
shown. The percentage of trees in which the associated taxa
clustered is shown next to the branches. Initial tree(s) for
the heuristic search were obtained automatically by apply-
ing Neighbor-Join and BioNJ algorithms to a matrix of pair-
wise distances estimated using the Tamura-Nei model and
selecting the topology with superior log likelihood value.
The tree is drawn to scale, with branch lengths measured
in the number of substitutions per site. This analysis in-
volved 59 nucleotide sequences. All positions containing
gaps and missing data were eliminated (complete deletion
option). There were a total of 5896 positions in the final
dataset. Evolutionary analyses were conducted in MEGA
11 [35].


https://www.discovmed.com/

CHN-NX-BA-2022-01
[ CHN-NX-BA-2022-03
CHN-NX-BA-2022-04
SZL CHN-NX-BA-2023-05
CHN-NX-BA-20:
CHN-NX-BA-2019-01
63] CHN-NX-BA-2019-02
CHN-NX-BA-2020-01
CHN-NX-BA-2021-05
1 CHN-NX-BA-2022-02
% CHN-NX-BA-2023-07

61 02

100

=%

CHN-NX-BA-2023-04
CHN-NX-BA-2023-06
g6| | CHN-NX-BA-2022-05
L 40389

A0248

# Ames ABrAmes
w Ames Ancestor
CHN-NX-BA-2023-08
Al6
10009
——ed | AL6R

— CHN-NX-BA-2023-09
{ CHN-NX-BA-2021-03

100}/ | CHN-NX-BA-2021-01
CHN-NX-BA-2021-02

CHN-NX-BA-2021-04

100

S

_[— 08-8/20
100 Sterne
10 Australia 94
9080G
A Br Australia94
52-G
100
o 5L 8903G

ATCC14185 ] ABr.003/004
Tsiankovskii 1 ] ABr.008/011

Ba3154
- ABr.008/011
Ba3166
0 Ba4599
_‘ ABr.008/011
UR1

99-100
% ABr.011/009
L Carbosap

100

A0193

USA6153 ABrWNA
A0174

Sen2Col2

Gmb1 ABr.011/009
Sen3

100

100
H9401 ] ABrH9401
CDC684
o A0488 } ABr.Vollum
100 | Vollum
L ¢zC5 ] ABr.005/006

100 [ A0442
100 .
4‘\—{ KrugerB ] BBrKruger
SVA 11
100 BF1
00-82
93 BBr.CNEVA
9% A0465
CNEVA 9066

99

A1055 ] CBrA10s5

0.050

Fig. 3. Evolutionary analysis using Maximum Likelihood method.

Discussion

Whole-genome sequence (WGS) has been established
for bacterial subtyping and is regularly used to study
pathogen transmission, investigate outbreaks, and perform
routine surveillance [22,23,38], therefore, the combined ap-
plication of cgMLST and Genome-wide SNPs technology
developed according to WGS technology can be rapid and
harmonized interlaboratory comparisons of Bacillus an-
thracis, essential for global surveillance and outbreak anal-
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ysis. Although WGS technology is more complex and cum-
bersome than MLVA, Single Nucleotide Repeats (SNR) and
other molecular typing techniques, WGS technology can
fully reflect the differences between closely related strains,
and we can easily get the information of WGS [15,22,39].
So, in this study we carried out the research with WGS tech-
nology.

The 20 isolates of Bacillus anthracis isolated from
Ningxia province from 2019 to 2023 belong to the
A.Br.001/002sub-lineage, of which A.Br.001/002 sub-
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lineage was the most widely distributed and far-reaching
in China and global world [9,11]. This type of Bacillus an-
thracis was the most widespread in China and spread in a
number of ways in the country.

Analysis of the core genome of Bacillus anthracis
makes it evident that the existence of an evolutionary route
such as this one that strain 99-100 (France, A.Br.011/009)
was first related to A.Br.Australia94 strain 8903G (Ari-
zona, USA), and then to the A.Br.001/002. The subline iso-
late of this study, CHN-NX-BA-2019-01, was interrelated,
and although these strains are genetically distant from each
other, MST found that three strains were linked through
two evolutionary divergences. This suggests that there may
be a common ancestor between these strains that evolved
step-by-step over time, and this evolutionary route, which
we can confirm in the phylogenetic tree of Bacillus an-
thracis, arises through the mutation of several major SNP
sites [9]. Additionally, the existence of such an evolution-
ary route from CHN-NX-BA-2021-02/04 to Sterne to 08-
8/20 (France) [40] (all A.Br.001/002 sub-lineage strains) re-
inforces the rule that there is a close correlation between iso-
lates from Ningxia and strains from the European continent.
As a neighboring province to Xinjiang, where the main an-
thrax groups present are A.Br.008/009, A.Br.Australia94,
and A.Br.Vollum sub-linecages have been revealed to be
closely related to strains in Western Europe and South Asia
in related studies [7]. Therefore, according to this study,
Bacillus anthracis in China is related to Bacillus anthracis
in Europe and the South Asian subcontinent. Furthermore,
the Bacillus anthracis found in Ningxia is also related to
Bacillus anthracis in Europe. We can infer that Bacillus
anthracis spread among each other through ancient trade
routes. As a neighboring province of Xinjiang, the Ningxia
region has had reciprocal trade relations with the Xinjiang
region through the “Hexi Corridor” since ancient times.
Therefore, isolates from the Ningxia region can communi-
cate with isolates from other parts of Eurasia. In the evo-
lutionary tree constructed according to the genomic core
SNPs, it can be found that the genetic relationship of strain
08-8/20 from France was close to the strains in Ningxia,
which further supports the hypothesis. A16, A16R, and
Ames Ancestor, etc., generated from the evolutionary di-
vergence of group 01, have a common ancestor from In-
ner Mongolia [7], which is also a neighboring province of
and adjacent to Ningxia, so there is a hypothesis that group
01 isolates may have been come from or influenced by In-
ner Mongolia. Therefore, some strains in Ningxia may
have come from Inner Mongolia. The origin of the iso-
late A0389 (Indonesia) [9] of group 02 evolutionary differ-
entiation may be related to the maritime Silk Road, which
originated from the Qin and Han Dynasties, through which
China established contacts with many regions in Southeast
Asia and resulted in the exchange of Bacillus anthracis
strains, and different evolutionary divergences took place
under the effect of time. Existing evidence has proved that

A16 is related to Ames subgroup strains [7], and in this
study, strains A16, 08-8/20, A0389, and other strains were
found in the evolutionary branch of group 01. This phe-
nomenon once again confirmed the reliability of the trans-
mission of anthrax through ancient trade.

The core genome MST analysis shows that the core
genomes of CHN-NX-BA-2021-01 and CHN-NX-BA-
2021-02/04 are almost the same. The latter (group 01)
for the former compared to the core genomes occurred in
a very low degree of evolution (high genomic similarity),
and the genetic relationship between the latter (group 01)
and CHN-NX-2021-03 is also. It was similar to group 01
after evolutionary divergence; strain CHN-NX-BA-2023-
09 was differentiated. Combined with epidemiological
data, it was found that strains CHN-NX-BA-2021-01 and
CHN-NX-BA-2021-04 originated from the same county in
the Ningxia region. In contrast, CHN-NX-BA-2021-02/03
(same county) was located in neighboring counties. Al-
though CHN-NX-BA-2023-08 and strain CHN-NX-BA-01
in subgroup 01 were isolated from neighboring districts,
the genetic distances between the strains are very far apart,
thus indicating that the two strains may have evolved from
different ancestors in different regions. In the phyloge-
netic tree construction by core SNPs, it was found that
strain CHN-NX-BA-2023-08 was extremely closely related
to strains A16 and A16R. This finding again supports an-
other source of Bacillus anthracis in Ningxia, i.e., some
strains may have evolved from strains from Inner Mongo-
lia. A16 and A16R strains have extremely similar affinities,
and this finding again supports another source of Bacillus
anthracis in Ningxia, i.e., the evolution of strains from In-
ner Mongolia may have generated some strains [7]. At the
same time, CHN-NX-BA-2023-09 comes from relatively
more distant districts and counties, and thus, the response
shows relatively distant affinities in the phylogenetic tree.
Combined with the genome-wide core SNPs, the evolution-
ary tree found also reflected similar phylogenetic associa-
tions.

Combined with the core genome MST analysis, group
02 strains were found to be from strains from different
years and districts, suggesting a cryptic transmission chain
that links these regions together. Except for CHN-NX-
BA-2022-03, which didn’t have geographical origin from
the same location compared with group 02, other isolates
evolved by group 02 had the same geographical origin as
the stains from group 02. The evolutionary tree constructed
by core SNPs also showed a similar genetic relationship,
and the difference with the evolutionary tree constructed
by MST was that the strains in group 02 failed to show the
same genetic relationship, which may be because accessory
genes and plasmids were not used in the evolutionary tree
constructed by MST [22].

Combined with the genome-wide core SNPs phyloge-
netic tree, we can find that isolates from the same year in
Ningxia can be clustered together in the phylogenetic tree
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and combined with the isolation locations of the strains.
We can see that strains from the same or neighboring dis-
tricts have a more advanced affinity. In contrast, strains
from neighboring districts with close affinities confirm that
Bacillus anthracis can affect neighboring districts through
the hidden chain of transmission. In contrast, strains from
different years and the same districts that have close affini-
ties, proving that there may be a possible anthrax epidemic
focus.

Therefore, based on the above conclusions, we found
the interaction pathways and possible sources of Bacillus
anthracis between Ningxia and other parts of the world
and successfully established the molecular epidemiological
baseline of Bacillus anthracis in Ningxia, providing a pos-
sibility for rapid tracing of the source of anthrax outbreaks
in the future.

Conclusion

The present study found that the A.Br.001/002 subline
strain is prevalent in Ningxia. In addition, there are differ-
ent routes for the origin and spread of Bacillus anthracis
in Ningxia and are related to strains in Europe and Indone-
sia, so if we want to reveal the geographic origin of Bacil-
lus anthracis deeply, which needs to be addressed by col-
lecting the whole genome sequencing information of strains
from all over the world and obtaining more isolates locally
from Ningxia, to geographically establish the epidemiolog-
ical links and hypotheses for the global spread of anthrax.
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