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Background: With the advent of affordable next-generation sequencing (NGS) technologies, major progress has
been made in the understanding of the population structure and evolution of the B. anthracis species. Here we
report the use of whole genome sequencing and computer-based comparative analyses to characterize six strains
belonging to the A.Br.Vollum lineage. These strains were isolated in Switzerland, in 1981, during iterative cases of
anthrax involving workers in a textile plant processing cashmere wool from the Indian subcontinent.
Results: We took advantage of the hundreds of currently available B. anthracis genomes in public databases, to in-
vestigate the genetic diversity existing within the A.Br.Vollum lineage and to position the six Swiss isolates into
the worldwide B. anthracis phylogeny. Thirty additional genomes related to the A.Br.Vollum group were identi-
fied by whole-genome single nucleotide polymorphism (SNP) analysis, including two strains forming a new evo-
lutionary branch at the basis of the A.Br.Vollum lineage. This new phylogenetic lineage (termed A.Br.H9401)
splits off the branch leading to the A.Br.Vollum group soon after its divergence to the other lineages of the
major A clade (i.e. 6 SNPs). The available dataset of A.Br.Vollum genomes were resolved into 2 distinct groups.
Isolates from the Swiss wool processing facility clustered together with two strains from Pakistan and one strain
of unknown origin isolated from yarn. They were clearly differentiated (69 SNPs) from the twenty-five other
A.Br.Vollum strains located on the branch leading to the terminal reference strain A0488 of the lineage. Novel an-
alytic assays specific to these new subgroups were developed for the purpose of rapid molecular epidemiology.
Conclusions: Whole genome SNP surveys greatly expand upon our knowledge on the sub-structure of the
ABr.Vollum lineage. Possible origin and route of spread of this lineage worldwide are discussed.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction glutamic acid capsule produced by the pathogen disguises B. anthracis

from immune surveillance and allows its unimpeded growth in the

Bacillus anthracis, the causative agent of anthrax, forms endospores
that can remain dormant for years in many types of soil all over the
world. B. anthracis commonly infects wild and domesticated herbivo-
rous mammals that ingest or inhale spores while grazing (Hugh-Jones
and Blackburn, 2009). Once the endospores enter the host, they germi-
nate and then spread by the circulation to the lymphatics. The poly-vy-D-
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Regrafting; ML, Maximum Likelihood; NL, Neighbor-Joining; MP, Maximum Parsimony.
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host. When the bacteria gain access to the circulating blood, they multi-
ply and typically kill the animal within a few days or weeks. Production
of the powerful tripartite protein toxins by B. anthracis, lethal toxin and
edema toxin in cooperation with the shared protective antigen that
serves as the receptor binding subunit, causes cell death and tissue
swelling. Anthrax is often fatal in cattle, sheep and goats. West Africa
is the most affected area of the world, followed by the traditional an-
thrax belt that stretches from the Middle East into Central Asia (Hugh-
Jones and Blackburn, 2009).

Occupational exposure to infected animals or their contaminated
products, such as hides, wool, hair, or bones, is the usual pathway of ex-
posure for humans, besides consumption of meat from infected animals.
In the nineteenth and early twentieth centuries, many workers who
dealt with wool and animal hides were routinely exposed to anthrax
spores. Spores were brought into factories with organic matter (blood
clots and skin fragments) that was contaminating the animal fibers.
This industrial anthrax, including a dangerous form of inhalational an-
thrax, became known as “woolsorter's” or “ragpicker's” disease. It was
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a serious threat after the 1830s, when various Eastern wools such as
mohair or Cashmere goat hair were imported for use as textile fibers
(Brachman et al., 1966; Carter, 2004).

Today, reports of anthrax cases related to handling of animal prod-
ucts in industrial settings are extremely rare in Europe, largely due to
widespread animal vaccination during the 20th century, improved de-
contamination procedures and the fact that raw wool and goat hair pro-
cessing have almost disappeared from Western industrialized countries.
In Europe, only a very few factories still exist in regions with historical
textile industries, where sheep wool and goat hair originating from
areas where anthrax is endemic remain at high biological risk. In Swit-
zerland, between 1978 and 1981, small outbreaks of human anthrax oc-
curred in a plant that processed synthetic fibers and cashmere wool
from Pakistan. Within 3 years, 25 workers had contracted anthrax.
Twenty-four cases had the cutaneous form and one had inhalation an-
thrax from which all the patients recovered (Pfisterer, 1991; Winter
and Pfisterer, 1991). We have previously reported the MLVA-8 and
canSNPs typing of some of the strains isolated from clinical cases, goat
hairs, and air filters from this factory (Pilo et al., 2008). All isolates
were found to cluster with the A4 genotype and to belong to the
sublineage A.Br.Vollum. The minor variations found between some of
these strains (strains could be differentiated by two VNTR allelic differ-
ence on the pXO1 and pX02 markers) raised questions about the epide-
miological significance of the differentiation (Pilo et al., 2008).

Classically, the lifecycle of B. anthracis is described by short vegeta-
tive bursts in infected hosts, which is estimated to last 20-40 bacterial
generations (Keim et al., 2004), alternating with long periods of dor-
mancy as an environmental spore until disease is re-established. The ca-
pacity of B. anthracis spores to germinate and establish populations of
vegetative cells in the environment is a matter of discussion in the sci-
entific community. Recent laboratory findings tend to indicate that B.
anthracis may have some ability to interact with members of the grass-
land-soil community, including plants, invertebrates and protists (Dey
et al., 2012; Saile and Koehler, 2006; Schuch and Fischetti, 2009). In
any case, B. anthracis evolves very slowly and represents a genetically
extremely homogenous, monomorphic species, which makes it an
ideal organism to study vertical evolution over extended periods of
time. The global structure of the B. anthracis population is divided into
three major genetic clades (A, B and C), with further subdivisions into
12 main lineages (Pilo and Frey, 2011; Van Ert et al., 2007). The type
strain of the species, strain Vollum (NCTC10340T; ATCC14578"), is affil-
iated to the A.Br.Vollum lineage (corresponding to MLVA cluster A4).
The geographically broad distribution of this lineage throughout the
world is thought to be a consequence of human activities in commerce
and industrialization. Indeed, the occurrence of A.Br.Vollum strains in
Western industrialized regions has often been tied to the international
trade of spore-infected items, in particular wool or goat hair from the
Middle-East and central Asian area (Pilo et al., 2008; Van Ert et al.,
2007; Wattiau et al., 2008).

To infer the epidemiological relationships existing between strains
and gain further resolution into the population sub-structure of the
A.Br.Vollum lineage, six strains associated with the wool-processing fac-
tory outbreaks were sequenced. Genetic characterization was per-
formed by whole-genome SNP analysis and canonical SNP genotyping
(Keim et al., 2004; Van Ert et al., 2007), which best roots the phyloge-
netic relationship of B. anthracis strains. Comparative genomics were
conducted using twenty-eight additional strains belonging to lineage
A.Br.Vollum and 47 diverse strains identified among the hundreds of
B. anthracis genome sequences available in public databases.

2. Methods
2.1. Bacterial strains, DNA extraction and biosafety procedures

Six B. anthracis strains belonging to A.Br.Vollum were sequenced in
this study (Table 1). They were collected during anthrax outbreaks

that have occurred in northern Switzerland over three years (1978-
1981) in a textile factory (Pfisterer, 1991; Pilo et al., 2008; Winter and
Pfisterer, 1991). All B. anthracis manipulations were performed in a bio-
safety level 3 laboratory using class II type A2 biosafety cabinet.

DNA was obtained from vegetative cells grown 16 h at 37 °C on 5%
horse blood agar plates by scraping the agar surfaces to remove bacterial
colonies. DNA was purified using the QITAGEN® Genomic-tip 100/G col-
umns and QIAGEN® Genomic DNA Buffer Set. After isopropanol precip-
itation, genomic DNA was suspended in 400 pl of 10 mM Tris HCI (pH 8)
for 2 h at 50 °C. Subsequently DNA preparations were filtered through a
0.2 pm Acrodisc® syringe filter (Pall Corporation, Ann Arbor, MI, USA) to
warrant full removal of remaining B. anthracis cells or spores. Viability
testing was systematically performed before DNA was taken out of the
BSL-3 facility.

2.2. Whole genome sequencing and SNPs discovery

DNA was subjected to paired-end whole genome sequencing on the
[llumina MiSeq platform (Illumina Inc., San Diego, CA, USA). The num-
ber of reads that passed Illumina quality filters varied from 0.5 to 1.7
million. Chromosomal, pXO1 and pX02 sequences of the Ames Ancestor
strain were used as reference for genome and plasmids assembly
[RefSeq: NC_007530.2, 129 NC_007322.2 and NC_007323.3, respective-
ly]. Paired-end reads were mapped to the Ames Ancestor genome using
the Bowtie 2 tool and its default parameters (Langmead and Salzberg,
2012). Whole-genome SNPs discovery and variant calling were per-
formed for each alignment using the SAMtools package (Li et al.,
2009). Individual lists of SNPs were compiled and data filtered to re-
move SNP positions at ribosomal operons and 31 VNTR loci. Contiguous
SNPs were also excluded from the analysis.

2.3. Comparative genomics and in silico canSNP genotyping

In order to identify additional strains affiliated to the A.Br.Vollum
lineages, all publicly available B. anthracis genomes were retrieved
from database and in silico genotyped. Briefly, the complete or draft ge-
nome assemblies from a hundred strains were used to generate sets of
artificial, overlapping, 200 bp-long reads (with a 4-fold genome cover-
age). Each set of reads was aligned to the Ames Ancestor sequences
using the same pipeline as described above for the six Swiss isolates. Ge-
notypes were next determined based on 13 published canonical SNPs
(Van Ert et al,, 2007) and a few additional SNPs. The locations of these
SNPs along the Ames Ancestor genome are listed in Table 3. Seventy-
five strains, representing the genetic and geographic diversity observed
in B. anthracis, were further selected for phylogenetic analysis and com-
parison (Tables 1 and 2). Besides the 28 A.Br.Vollum isolates we identi-
fied, the sample includes four genomes belonging to each of the eleven
other canSNP lineages or groups described so far. Strains harbouring
both virulence plasmids (pXO1 and pX02) were preferred.

24. Phylogenetic analysis

Evolutionary analyses were conducted in MEGA7 (Kumar et al.,
2016) using the B. cereus AH820 strain as outgroup and the whole ge-
nome SNP data set as input. Phylogenetic relationships were inferred
using three distinct methods, i.e. Maximum Likelihood, Maximum Par-
simony and Neighbor-Joining. The Tamura 3-parameter model was sta-
tistically selected as the best-fit nucleotide substitution model using
MEGA?7 tools, and applied for modelling how DNA sequences change
over evolutionary time. The Subtree-Pruning-Regrafting (SPR) algo-
rithm was used as heuristic model for tree inference. Bootstrap scores
(250 replicates) were computed for each phylogenetic reconstruction.

The global evolutionary history of the species was inferred by using
the Maximum Likelihood (ML) method. Initial ML trees were obtained
by applying Neighbor-Join and BioN] algorithms to a matrix of pairwise
distances estimates using the Maximum Composite Likelihood
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Table 1
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ABr.Vollum whole-genome sequences genotyped in this study.

Strain Country canSNP Year Source Accession number
JF3783 Switzerland ABr.Vollum 1981 Human infected ERR899824

JF3784 Switzerland A.Br.Vollum 1981 Air filter ERR899825

JF3785 Switzerland A.Br.Vollum 1981 Raw goat hair ERR899826

JF3786 Switzerland ABr.Vollum 1981 Raw goat hair ERR899827

JF3787 Switzerland ABr.Vollum 1981 Cashmere goat hair ERR899828

JF3788 Switzerland A.Br.Vollum 1981 Human infected ERR899829
CDC2000031008 USA A.Br.Vollum Air filter NZ_JTAP00000000.1
CDC 2000032892 A.Br.Vollum NZ_]SZZ00000000.1
Vollum1B USA A.Br.Vollum 1951 Human NZ_CP009328.1
CDC684 USA A.Br.Vollum NC_012581.1

A0488 UK A.Br.Vollum 1935 Cattle NZ_ABJC00000000.1
Vollum UK, Scotland A.Br.Vollum 1963 Cow NZ_CP007666.1
SK102 USA A.Br.Vollum 1976 Wool (Pakistan) NZ_CP009464.1
K1129 Pakistan A.Br.Vollum 1995 Hair goat NZ_LGIF00000000.1
CDC 2000031709 USA A.Br.Vollum 1956 Hair goat NZ_]JSZU00000000.1
CDC 2000032967 A.Br.Vollum NZ_JTAB00000000.1
CDC 2000032968 ABr.Vollum NZ_JTAC00000000.1
CDC 2000032951 A.Br.Vollum 1958 Human NZ_JTAA00000000.1
CDC 2000031031 USA A.Br.Vollum 1957 Human NZ_]SZP00000000.1
CDC 2002734238 USA, North Carolina A.Br.Vollum 1978 Environment SRR2340986

CDC 2002721563 USA, North Carolina ABr.Vollum 1988 SRR2339961

CDC 2002734099 USA, Carolina A.Br.Vollum 1976 Human SRR2340349

CDC 2002721537 USA, Rhode Island A.Br.Vollum 1974 Cashmere goat hair SRR2339757

CDC 2002013077 USA, South Carolina ABr.Vollum 1960 SRR2339626

CDC 2002734233 USA, Massachusetts A.Br.Vollum 1976 Yarn, environment SRR2340910

CDC 2002734264 USA, Massachusetts A.Br.Vollum 1976 Yarn, environment SRR2339406

CDC 2002734177 USA, New Hampshire A.Br.Vollum 1978 cattle hair SRR2340486

CDC 2002734058 USA, New Hampshire A.Br.Vollum 1978 wool SRR2340350

CDC 2002734097 USA, New Jersey A.Br.Vollum 1976 yarn SRR2340464

CDC 2002721538 USA, Pennsylvania A.Br.Vollum 1974 Saddle blanket SRR2339728

CDC 2002013191 USA, Washington A.Br.Vollum 1974 Blanket SRR2339728

CDC 2002013132 Pakistan A.Br.Vollum Soil SRR2339634

CDC 2002013124 USA, Texas A.Br.Vollum 1988 SRR2339631

CDC 2002013096 ABr.Vollum 1957 SRR2339629

H9401 Korea A.Br.Vollum 1994 Human NC_017729.1

CDC 2000031038 A.Br.Vollum 1957 Environment NZ_JSZQ00000000.1

approach, and then selecting the topology with superior log likelihood
value (default parameters). Neighbor-Joining trees were computed
using the Maximum Composite Likelihood method based on the
Tamura 3-parameter model and a dataset from which the B. cereus
strain was deleted. Maximum Parsimony trees were obtained using
the Subtree-Pruning-Regrafting (SPR) algorithm with search level 1 in
which the initial trees were obtained by the random addition of se-
quences (10 replicates).

2.5. SNP discrimination assays by HRM

Diagnostic SNPs within the A.Br.Vollum lineage were identified from
the whole genome SNP discovery data (see Supplementary data - Lists
of SNPs specific to the A.Br.Vollum and A.Br.H9401 lineages) by
searching for SNPs with allelic states shared only by the different
A.Br.Vollum subgroups.

High Resolution Melting (HRM) assays for some specific SNPs
were designed using Primer 3" software (Untergasser et al., 2007).
Their positions along the Ames Ancestor genome and the primers se-
quences used are listed in Table 3. Amplification was performed on
the ViiA7™ Real-Time PCR System (Life Technologies) using the
LightCycler® 480 High Resolution Melting Master Mix (Roche Diag-
nostics). The reaction mixture consisted of 0.2 pM of each primer,
1 x LightCycler® 480 HRM master mix and 2.5 mM MgCl, in a 10-
ul final volume. The following parameters were used: 10 min at
95 °C were followed by 40 cycles consisting of 10 s at 95 °C, 10 s at
58 °C and 20 s at 72 °C. Samples were next heated to 95 °C for 30 s,
cooled down to 65 °C for 1 min and heated from 65 °C to 88 °C at a
rate of 1 °C/s with 25 acquisitions/°C. HRM data were analyzed by
the ViiA7™ Software (version 1.2.1).

2.6. Availability of supporting data

The sequencing data of strains JF3783, JF3784, JF3785, JF3786,
JF3787 and JF3788 have been deposited in the European Nucleotide Ar-
chive under project name PRJEB9466 and accession numbers
ERR899824 to ERR899829.

3. Results
3.1. Whole genome sequencing and in silico genotyping

In 1981, six strains were collected during an outbreak that affected
several workers of a wool-processing factory located in northern Swit-
zerland (Pfisterer, 1991; Pilo et al., 2008). These isolates were sampled
either directly at the processing plant or from patients that got infected
(Table 1). We characterized in detail these strains by paired-end whole
genome sequencing, using the Illumina technology, to understand how
the different cases were epidemiologically related. Sequencing pro-
duced 0.5 to 1.7 million reads per strain, after applying the quality filter
of the base-calling pipeline. Filter-passed reads were aligned to the
Ames Ancestor reference genome for whole genome SNP discovery.
Their placement within the A.Br.Vollum canSNP lineage (characterized
by a derived allele for the A.Br.007 SNP position (Keim et al., 2004))
was confirmed in silico.

These strains were imported to Europe from Pakistan through the
trade of cashmere goat hair bales. In order to provide context to the
outbreak’s strains, all publicly available sequences of B. anthracis (com-
plete or draft genomes, as well as raw reads from Short Read Archive
(SRA)) were screened against a set of previously established canonical
SNP markers (Derzelle, 2015; Van Ert et al.,, 2007) and in silico



S. Derzelle et al. / Infection, Genetics and Evolution 46 (2016) 50-58 53

Table 2
Whole-genome sequences used in this study for comparison.

Strain Country canSNP year source Accession number
Ames Ancestor USA, Texas A.Br.Ames 1981 Bovin NC_007530.2
K670/88 Denmark A.Br.Ames 1988 Bovin ERR930297

Shikan NIID Japan A.Br.Ames 1928 Horse AP014833.1

A0248 USA ABr.Ames NC_012659.1

A0389 Indonesia A.Br 001/002 NZ_ABLB00000000.1
BA103 Japan A.Br 001/002 1991 Bovin DRR000183

A16 China A.Br 001/0022 NZ_C0001970.1
08_08_20 France A.Br 001/002 2008 Bovin NZ_JHCB00000000.2
BA104 Japan A.Br.Australia94 1982 Swine DRR000184

9080 G Georgia A.Br.Australia94 1998 Soil NZ_CMO002398.1
Australia 94 Australia A.Br.Australia94 1994 Cattle NZ_AAES00000000.1
K1409 Denmark A.Br.Australia94 1974 Cattle ERR930300
CDC2000031023 A.Br 003/004 1957 Bos taurus NZ_JTAQ00000000.1
A1039 Bolivia A.Br 003/004 1999 Bos taurus NZ_LAKZ00000000.1
K8215 Argentina A.Br 003/004 1996 Bovine NZ_LGIG00000000.1
A1075 Chile A.Br 003/004 Bos taurus NZ_LBFE00000000.1
K3 South Africa A.Br 005/006 Human NZ_CP009331.1

H29 Zambia A.Br 005/006 2012 Human DRR014739

CZC5 Zambia A.Br 005/006 2011 Hippopotamus NZ_BAVT00000000.1
K836 Denmark A.Br 005/006 1968 Cattle ERR930301

E Denmark A.Br 005/006 1937 Cattle ERR930306

PAK-1 Pakistan A.Br008/011 1978 Sheep NZ_CP009325.1
Turkey32 Turkey A.Br008/011 1991 Human NZ_CP009315.1
Ba4599 UK,Scotland A.Br008/011 2009 Human (heroin) NZ_AGQP00000000.1
Tsiankovskii-1 Soviet Union A.Br008/011 1960 Vaccine NZ_ABDN00000000.2
99-100 France A.Br.011/009 1999 Bovine NZ_JHDR00000000.2
Carbosap Italy A.Br.011/009 Vaccine NZ_JPIG0O0000000.1
Scotland476 UK, Scotland A.Br.011/009 2006 Animal skin (drum) SRR2094254

Pollino Italy A.Br.011/009 2014 Bos taurus NZ_CP010813.1

CDC 2000032832 A.Br WNA NZ_JSZX00000000.1
A0193 USA A.Br WNA Bovine NZ_ABKF00000000.1
Canadian_bison Canada A.Br WNA Bison NZ_CP010322.1
USA6153 USA A.Br WNA NZ_AAER00000000.1
00-82 France B.Br.CNEVA 2000 Bovine NZ_JHDS00000000.2
CNEVA-9066 France B.Br.CNEVA 1992 Bovine NZ_AAEN00000000.1
A0465 France B.BrCNEVA 1997 Bovine NZ_ABLH00000000.1
BF1 Germany B.Br.CNEVA 2009 Cow NZ_AMDTO00000000.1
Kruger B South Africa B.Br.Kruger NZ_AAEQ00000000.1
A0442 South Africa B.Br.001/002 Kudu (antelope) NZ_ABKG00000000.1
SVA 11 Sweden B.Br.001/002 2011 Cow NZ_CP006742.1
Zimbabwe89 Zimbabwe B.Br.001/002 NZ_JMPU00000000.1
A1055 USA, Louisiana C.Br.A1055 Soil NZ_AAE000000000.1
CDC 2002013094 USA C.Br.A1055 1956 Soil NZ_CP009902.1

CDC 2000031021 USA C.Br.A1055 Soil NZ_CP007618.1

CDC 2000031052 USA C.Br.A1055 1956 Bos Taurus NZ_]JSZS00000000.1
AHB820 Norway B. cereus 1995 Human NC_011773.1

genotyped (Table 3). This approach enabled us to identify 28 additional
strains from diverse origins affiliated to the A.Br.Vollum lineage, includ-
ing three strains from Pakistan, i.e. strains K1129 (Chun et al., 2012), SK-
102 (Johnson et al., 2015) and CDC2002013132 (Table 1). Fourty-seven
other strains (35 belonging to various lineages within clade A, eight of
clade B and four of clade C) were also selected for further analysis
(Table 2). Noteworthy, it was observed that, if marker A05 (Girault et
al., 2014b) is not assayed, as is the case in most canSNPs investigations,
strains such as Korean H9401 or the unspecified CDC2000031038 might
be wrongly assigned to the African A.Br.005/006 lineage (characterized
by a derived allele for the AO5 SNP position, but only by default in the
initial set of 13 canSNPs described by Van Ert et al. (2007)).

3.2. Phylogenetic clustering based on whole genome SNP analysis

The B. cereus AH820 genome, a strain closely linked to the B.
anthracis species (Helgason et al.,, 2000), was used as outgroup for fur-
ther evolutionary analyses. Comparative analysis of these genomic se-
quences was carried out. A total of 39,894 chromosomal SNPs were
identified among this total dataset and used to draw the phylogeny of
these 82 strains. Figs. 1 and 2 illustrate the minimum spanning trees
generated by using Maximum Likelihood method based on chromo-
somal (Fig. 1 and Supplementary Fig. S1) or pXO1 and pXO2 (Fig. 2)

whole genome SNP discovery. As expected, the thirty-four
A.Br.Vollum-affiliated strains clustered together. Interestingly, the anal-
ysis revealed that both the Korean H9401 and unspecified
CDC2000031038 strains, featuring an ancestral allele for the A.Br.007
canSNP position (Table 3), are clustering in close proximity with the
A.Br.Vollum lineage (Fig. 1). They emerged from the branch leading to
the A.Br.Vollum lineage at a short distance (6 SNPs) from the internal
node corresponding to their most recent common ancestor. The dis-
tance to the tip of this new lineage (tentatively termed A.Br.H9401) is
approximately 300 SNPs. The branch leading to both A.Br.H9401 and
A.Br.Vollum lineages appeared soon after the divergence of the most
basal A lineage, the African A.Br.005/006 group. Similar topology was
confirmed by Maximum Parsimony and Neighbor-Joining methods
(Supplementary Fig. S2). Phylogenetic trees based on pXO1 sequences
(Fig. 2A) also reflected quite similar relationships, although more
polytomies were noted in the A clade. In contrast, the pX02 data poorly
reconstructed the B. anthracis population structure of this major clade
(Fig. 2B).

A total of 2546 chromosomal SNPs differentiate all A.Br.Vollum and
A.Br.H9401 -affiliated strains within the B. anthracis species and resolved
the A.Br.Vollum lineage into two genetic sub-groups (Fig. 3, Supplemen-
tary Fig. S3). The six strains associated with the wool-processing plant
outbreak causing human infections clustered together with strains
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Table 3

canSNP signatures defining B. anthracis sub-lineages and clusters.
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K1119 (Chun et al,, 2012), CDC2002734233 and CDC2002013132, three
strains that could be traced back to Pakistan or to trade of cashmere goat
hair bales. All six strains are individually characterized and differ from
each other by several SNPs, especially the JF3784 isolate (with 46
unique SNPs) (Fig. 3). All other A.Br.Vollum strains were located in
nodes along the terminal branch leading to strains A0488 and Vollum,
as previously described for strain CDC684, Vollum (Okinaka et al.,
2011) and CVI-23932 (not included in this study) (Derzelle et al.,
2015). The geographic origin of most of these isolates, that represents
imported cases of anthrax, are unfortunately unknown.

3.3. Specific SNP discrimination genotyping assays

Diagnostic SNPs that define these two A.Br.Vollum sub-groups were
selected and developed into real-time PCR assays (Table 4, Fig. 3). Novel
SNP discrimination assays based on High-Resolution Melting (HRM)
technology were designed. The two expected alternate alleles exhibited
distinct melting curves and melting temperatures (Tms). Differences in
Tm ranged from 0.7 to 1 °C between both allelic states (Table 4). The as-
says allow unambiguous grouping of each allele and accurate discrimi-
nation of the A.Br.Vollum strains from other globally diverse canSNP
genotypes.

4. Discussion

In 2007, seven whole genomes of B. anthracis were initially used to
define 13 canonical SNPs representing key phylogenetic positions
along the B. anthracis phylogenetic SNP tree. This set of canSNP markers
divides the worldwide B. anthracis population into three major clades
(A, B and C) and 12 clonal groups or lineages (Van Ert et al., 2007).
Today, clustering of strains is refined and improved by additional se-
quencing projects as the cost and time required for sequencing is con-
stantly declining and the number of published genomes rapidly
increasing. However, although certain geographical regions are exten-
sively sampled (Girault et al., 2014a; Kenefic et al., 2009; Khmaladze
et al., 2014; Simonson et al., 2009), others are still poorly studied, such
as the Indian subcontinent.

In contrast to other lineages of clade A (e.g. A.Br.Ames, A.Br.WNA,
A.Br.008/009 or A.Br.Aust94) (Girault et al., 2014a; Kenefic et al.,
2009; Khmaladze et al., 2014; Price et al., 2012; Simonson et al.,
2009), there is currently no relevant publication about the A.Br.Vollum
lineage. In this study, we provide some new insights on the genetic di-
versity and sub-population structure of this broadly spread lineage.
We demonstrate that strains associated with contaminated goat hairs
from Pakistan, belong to a newly described sub-branch within the
A.Br.Vollum lineage, distinct to the one leading to the reference A0488
strain (Van Ert et al,, 2007). We provide evidence that the genetic diver-
sity existing between strains isolated in 1981 in Switzerland argues
against the persistence of a single, unique continuing contamination
source inside the factory. It rather suggests iterative infections caused
by separate contamination events upon exposure to various strains
originating from the same geographic area.

Molecular epidemiologic studies of B. anthracis have often demon-
strated that particular genotypes usually match particular geographic
regions (Derzelle et al., 2015; Girault et al., 2014a; Kenefic et al., 2009;
Khmaladze et al., 2014; Simonson et al., 2009). The diversity unrevealed
in this study within the A.Br.Vollum lineage likely reflects common re-
gional strain patterns. Today, lineage A.Br.Vollum appears to be domi-
nant in Pakistan and Afghanistan and may also be ecologically
established in Iran (Keim et al., 2004; Price et al., 2012; Van Ert et al.,
2007). In the central Asian republic of Kazakhstan, most isolates belong
to the A.Br.008/009 group and only a few specimens belonged to the
A.Br.Vollum cluster (Aikembayev et al., 2010). In Georgia and the
South Caucasian-Turkish region, a majority of strains are affiliated to
the A.Br.Australia 94 cluster (Khmaladze et al., 2014). Collections from



S. Derzelle et al. / Infection, Genetics and Evolution 46 (2016) 50-58

55

®
BranchC % 25 2 3
o & 228§ 8 o
o © N N & ¥ & o
Qo & ° S55835 8o
%% 2 - I Branch A
%% 2% 8888888
0, %% %% °Co00FFeISs & &
%, %, % % PESF & & &
s P U N
2 S [¢) 00 AN
Branch B T & @
S PP & &
oV & ®
N 00 '19 a3\
> 8 (v o© 0
I”'be A 00 ,LQ“ ,ﬁq,‘)
Ol @ 0000‘-;0000
0
X 40442 AR [v) 0063& 3\0,3\
Ugerg c c200%°
Ho i A/B\Br.001 ) co! o
9 0 8!
K3 ?302000032967
74 1
ABr.005/006 E % 68003 L CDC200003295
czcs 100 100) | 1 CDC2000032968
Vs — Fros| ABr.007 /4 ™| — Volumis
shikanNIID 98— Volly
(67088 99 QgBr_Om 8 Sme A.Br.Vollum
Q0 QA.Br.002 ) 2
ABrAmes  pg28 Y70 SRS & ABroos 7 IF3754
o @ AVH %
pnces™ Y St C2o,
pnes Mo 93 g 201313,
) R
po?® ® S (SABr003/Apr 004 [@—ABr008 I G
® w > B <
<« e $ ~ABr.011 % 4, 2y,
ABr.001/002 © ™ 9 T RN T
A’ N S 2 7 s, 25
*F @ N NS SAS A R, & ¢
S > © 8 % o%:? %
[ & = S
FEP o 27 e %80
N Q' A o e B %
v & L S b @ % %
Iy ~ QY 0,
S YN I s - e ‘o & 2,
ABrAustos & TE¥F8LEgs22e%2% Y %
§ gFig iz %
S s 5 s 8L ) 2
YIS g5 % 5 0% A.Br.H9401
A.Br.003/004 ~ 5% R
A.Br.008/009 p o goaioas © ABrWNA

Fig. 1. Position of sequenced A.Br.Vollum-affiliated strains on the B. anthracis phylogenetic tree based on whole-genome SNP analysis. Phylogenetic relationships between 81 B. anthracis
strains were inferred by using the Maximum Likelihood method based on the Tamura 3-parameter model. Branches corresponding to partitions reproduced in less than 70% bootstrap
replicates were collapsed. Bootstrap scores from 250 replicates are shown next to the branches. The clustering of strains into the 3 major phylogenetic branches is color-coded: branch
Cin pink, branch B in red and branch A in black. The tree has been rooted using the AH820 B. cereus strain as outgroup (in green). The A.Br.Vollum lineage is indicated in blue, while
the new proposed A.Br.H9401 lineage is in light blue. Brown arrows indicate the position and name of some published SNPs specific to various canSNP groups: A/B.Br.001 (C clade);
B.Br.002, B.Br.003 and B.Br.004 (B clade); A.Br.006 (A clade), AO5 (A.Br.005/006 group), A.Br.007 (A.Br.Vollum), A.Br.008 and A.Br.011 (A.Br.008/011 and A.Br.011/009 groups),
A.Br.009 (A.Br.WNA), A.Br.004 (A.Br.003/004, A.Br.Australia94, A.Br.001/002 and A.Br.Ames), A.Br.003 (A.Br.Aust94, A.Br.001/002 and A.Br.Ames), A.Br.002 and A.Br.001 (A.Br.001/002
and A.Br.Ames), AVH (A.Br.H9401). There were a total of 39,894 SNPs in the final dataset. Evolutionary analyses were conducted in MEGA7.

India and western China are also dominated by genotypes belonging to
the A.Br.Aust94 sub-lineage (Simonson et al., 2009).

The occurrence of lineage A.Br.Vollum throughout the world is
thought to be due to the extensive trade of unprocessed animal fibers
from Pakistan/Afghanistan, such as mohair and cashmere (Keim et al.,
2000; Pilo et al., 2008; Van Ert et al., 2007; Wattiau et al., 2008). Cash-
mere goat hair was processed in many wool factories during the last
century. Trading of commercial quantities of goat down between Asia
(Nepal and Kashmir) and continental Europe began in the 19th century
(McGregor, 2002; Ripley and Dana, 1861). Today, China and Mongolia
have become the largest producers of raw cashmere, while Afghanistan,
Iran, Turkey and other Central Asian Republics produce significant but
lesser amounts. The Turks were the sole producers of Angora goats
(thought to originate from the mountains of Tibet) until the middle of
the 19th century. Raw mohair was first exported to the European coun-
tries, especially to UK, around 1820. England then became the leading
manufacturer of mohair products. In order to face the growing demand
for raw mohair, Angora stocks were introduced into South Africa in
1838 (currently the largest mohair producer in the world), the United
States in 1849, and Australia from 1856 to 1875 (Chisholm, 1911). The

presence of bovine strains in historical collection of the United Kingdom
(i.e. A0488 and Vollum) likely indicates past spill over from wool con-
taminants into the endemic bovine population in this country.

Taking into account (i) the role played by “wool trade” in the prolif-
eration and dispersal of this lineage, (ii) the early divergence of the
A.Br.Vollum off the A branch - the A.Br.Vollum lineage appeared soon
after the divergence of the African, most basal lineage A.Br.005/006 -
and (iii) the importance of the development of human civilization and
animal domestication in the natural history of anthrax (Simonson et
al.,, 2009; Van Ert et al., 2007), it is tempting to speculate that the
A.Br.Vollum lineage might have originated from the introduction into
Southwest Asia of an ancestral African strain and its ecological adapta-
tion to new hosts, i.e. local, ancient breeds of goats and sheep. Goats ap-
pear to have already been herded and domesticated animals in
Baluchistan at earliest known Neolithic period, back to «ca.
10,000 years before present (Fuller, 2006). Wild Markor goats can still
be found in the dry mountains of Afghanistan, Iran and Pakistan
(Hays, 2009). Sheep were first domesticated in the mountains of Ka-
zakhstan, Turkmenistan, Afghanistan and Iran, from Asiatic moufflon,
atleast 9000 ago (Fuller, 2006; Hays, 2009). Ancient sheep roamed pas-
tures and grassland with people for at least 11,000 years in Iran and Pa-
kistan (Fuller, 2006). Noteworthy, the closest relatives of those
prehistoric sheep are, today, sheep kept off the Shetland Islands in
Scotland.
The last interesting finding of this study was the placement of two
strains, including H9401, an isolate obtained from a Korean patient
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Fig. 2. Molecular phylogenetic analysis of pXO1 and pXO2 SNPs of A.Br.Vollum-affiliated strains by Maximum Likelihood method. Phylogenetic relationships inferred from SNP analysis of
the pXO1 (n = 78,A) and pX02 (n = 80, B) nucleotidic sequences based on the Tamura 3-parameter model. The ML tree is drawn to scale, with branch lengths measured in the number of
substitutions per site. The percentage of trees in which the associated taxa clustered together is shown next to the branches (Bootstrap scores from 250 replicates). The clustering of strains
into the 3 major phylogenetic branches is color-coded: branch C in pink, branch B in red and branch A in black. The A.Br.Vollum lineage is indicated in blue, while the new proposed
A.Br.H9401 lineage is in light blue. The three has been rooted using the C clade as outgroup. Clusters with values lower than 50% are not supported. There were a total of 529 (pX01)
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and 546 (pX02) SNPs in the final dataset. Evolutionary analyses were conducted in MEGA7.
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were inferred using the Maximum Likelihood method based on the Tamura 3-parameter model (A). The ML tree with the highest log likelihood (—18,621.4449) is shown. The tree is

drawn to scale, with branch lengths in the number of substitutions per site. Bootstrap values (
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MEGA7.

with gastrointestinal anthrax in 1994, within a new lineage phylogenet-
ically related to A.Br.Vollum. Both strains neither share the derived ge-
notype for the A.Br.007 canSNP, that defines the A.Br.Vollum lineage,
nor the derived genotype for the A05 SNP position (Girault et al.,
2014b) that characterizes the African A.Br.005/006 group. In silico anal-
ysis of ten recently published SNPs that reside along the Vollum branch
(Okinaka et al.,, 2011) confirmed their phylogenetic placement near the
most basal node defining Vollum-like strains, sharing 6 unique SNPs, in-
cluding a derived allele at the 4,752,196 position (SNP AVH, Table 3), ex-
clusively. Separation of the A.Br.H9401 lineage from the Vollum branch
appears to have occurred very early in the past, shortly after the most
basal node within the A clade (Fig. 1), suggesting that the A.Br.H9401
lineage might have been introduced into Korea from an ancestor that
originated from the Fertile Crescent of Southwest Asia, millennia ago.
The distance to the tip of the new A.Br.H9401 lineage is approximately

300 SNPs, consistent with a long and independent evolution of this lin-
eage outside Afghanistan/Pakistan. Introduction into Korea of a B.
anthracis A.Br.Vollum-like ancestor might date back to the eastward dif-
fusion of crops and livestock species from Southwest Asia during the
third millennium BC (Nomura et al., 2013; Saisho and Purugganan,
2007). However, more genomes of strains from the Korean peninsula
need to be investigated to substantiate this notion. It is worth mention-
ing that the earliest recorded evidence of the Neolithic transition in East
Asia, i.e. the eastward spread of barley in East Asia, is in a Korean archae-
ological site 2200 years BP, raising the possibility of an earlier diffusion
of crops and pastoral animals to Korea by a northern Steppe route. The
conventional diffusion of wheat and barley in China (where the B.
anthracis A.Br.001.002 group dominates) was probably latter, via the
central steppe and the “Silk Road” (Fuller et al., 2007; Saisho and
Purugganan, 2007).

Table 4
Specific ABr.Vollum SNPs and primer sequences used for HRM analysis.
PCR size
Position” SNP Forward primer (5’-3") Reverse primer (5'-3") Mean Tm (°C) (bp)
266439 AtoG CCACAAGGTGGAATTATTACTAAAGA GGTTCACCTG CGGATCT 73.9 (A) 80
(A.Br.007) 74.9 (G)
55501 GtoA ACAGCATCTCATCTTGAATCAGAA TTGAATAATTGTTCCCTCACCAA 76.7 (G) 70
76.0 (A)
1443043 CtoT GTCAAGCGACAACTGTTACGTCT TGTACTTCCTCAGCCGCTTC 80.5 (T) 58
81.2 (C)

* Localisation on the Ames Ancestor chromosome (GenBank accession no. AE017334.2).
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5. Conclusion

Comparative whole-genome sequencing offers a powerful way for
in-depth characterization of any bacterial pathogen. It also provides an
unbiased approach for informative SNPs discovery. In this study, a
new picture of the genetic diversity within the population of B. anthracis
strains of the A.Br.Vollum lineage has been established. The knowledge
derived from this work adds unprecedented resolving power to current
molecular typing tools and allows tracing of the origin and spread of an-
thrax during the 19th century.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.meegid.2016.10.019.

Competing interests
The authors declare that they have no competing interests.
Acknowledgements

Whole genome sequencing was supported by the Next Generation
Sequencing Platform of the University of Bern, and the Vital-IT high-per-
formance computing center of the Swiss Institute of Bioinformatics.

References

Aikembayev, A.M., Lukhnova, L., Temiraliyeva, G., Meka-Mechenko, T., Pazylov, Y.,
Zakaryan, S., Denissov, G., Easterday, W.R,, Van Ert, M.N., Keim, P., Francesconi, S.C.,
Blackburn, J.K., Hugh-Jones, M., Hadfield, T., 2010. Historical distribution and molec-
ular diversity of Bacillus anthracis, Kazakhstan. Emerg. Infect. Dis. 16, 789-796.

Brachman, P.S., Kaufman, A.F., Dalldorf, F.G., 1966. Industrial inhalation Anthrax. Bacteriol.
Rev. 30, 646-659.

Carter, T., 2004. The dissemination of anthrax from imported wool: Kidderminster 1900-
14. Occup. Environ. Med. 61, 103-107.

Chisholm, H., 1911. Mohair. The Encyclopedia Britannica, 11th ed. University Press &
Hooper HE, New York.

Chun, J.H., Hong, KJ., Cha, S.H., Cho, M.H,, Lee, K., Jeong, D.H., Yoo, CK, Rhie, G.E., 2012.
Complete genome sequence of Bacillus anthracis H9401, an isolate from a Korean pa-
tient with anthrax. J. Bacteriol. 194, 4116-4117.

Derzelle, S., 2015. Single nucleotide polymorphisms discrimination using high-resolution
melting analysis for the genotyping of Bacillus anthracis. Methods Mol. Biol. 1247,
361-371.

Derzelle, S., Girault, G., Roest, H.L]., Koene, M., 2015. Molecular diversity of Bacillus
anthracis in the Netherlands: investigating the relationship to the worldwide popula-
tion using whole-genome SNP discovery. Infect. Genet. Evol. 32, 370-376.

Dey, R., Hoffman, P.S., Glomski, IJ., 2012. Germination and amplification of anthrax spores
by soil-dwelling amoebas. Appl. Environ. Microbiol. 78, 8075-8081.

Fuller, D.Q., 2006. Agricultural origins and frontiers in South Asia: a working synthesis.
J. World Prehist. 20, 1-86.

Fuller, D.Q., Qin, L, Harvey, E., 2007. A critical assessment of early agriculture in East Asia,
with emphasis on lower Yangzte rice domestication. First farmers in global perspec-
tive. Pradghara 18.

Girault, G., Blouin, Y., Vergnaud, G., Derzelle, S., 2014a. High-throughput sequencing of Ba-
cillus anthracis in France: investigating genome diversity and population structure
using whole-genome SNP discovery. BMC Genomics 15, 288.

Girault, G., Thierry, S., Cherchame, E., Derzelle, S., 2014b. Application of high-throughput
sequencing: discovery of informative SNPs to subtype Bacillus anthracis. Adv. Biosci.
Biotechnol. 5, 669-677.

Hays, J., 2009. Early Domesticated Animals. http://factsanddetails.com/world/cat56/
sub362/item1506.html (accessed March 10th, 2016).

Helgason, E., Caugant, D.A,, Olsen, I, Kolsto, A.B., 2000. Genetic structure of population of
Bacillus cereus and B. thuriengiensis isolates associated with periodontitis and other
human infections. J. Clin. Microbiol. 38, 1615-1622.

Hugh-Jones, M., Blackburn, J., 2009. The ecology of Bacillus anthracis. Mol. Asp. Med. 30,
356-367.

Johnson, S.L., Daligault, H.E., Davenport, K378, W.,].,]., F, KG., L,]T, B, SM,, B.-L, KA. B.,
D.C, G, HS, C, SR, L, CC, M, L, M, AC, K, GIL, R, CN, P, G.F, Redden, CL,,
Minogue, T.D., Chain, P.S., 2015. Complete genome sequences for 35 biothreat
assay-relevant Bacillus species. Genome Announc. 3, e00151-15.

Keim, P., Price, L.B., Klevytska, A.M., Smith, K.L., Schupp, .M., Okinaka, R., Jackson, P.J.,
Hugh-Jones, M.E., 2000. Multiple-locus variable-number tandem repeat analysis re-
veals genetic relationships within Bacillus anthracis. . Bacteriol. 182, 2928-2936.

Keim, P., Van Ert, M.N.,, Pearson, T., Vogler, AJJ., Huynh, LY., Wagner, D.M., 2004. Anthrax
molecular epidemiology and forensics: using the appropriate marker for different
evolutionary scales. Infect. Genet. Evol. 4, 205-213.

Kenefic, LJ., Pearson, T., Okinaka, R.T., Schupp, J.M., Wagner, D.M., Hoffmaster, A.R., Trim,
C.B., Chung, W.K,, Beaudry, J.A, Jiang, L., Gajer, P., Foster, ].T., Mead, ].I., Ravel, J., Keim,
P., 2009. Pre-Columbian origins for North American anthrax. PLoS One 4, e4813.

Khmaladze, E., Birdsell, D.N., Naumann, A.A., Hochhalter, C.B., Seymour, M.L., Nottingham,
R., Beckstrom-Sternberg, S.M., Beckstrom-Sternberg, J., Nikolich, M.P., Chanturia, G.,
Zhgenti, E., Zakalashvili, M., Malania, L., Babuadze, G., Tsertsvadze, N., Abazashvili,
N., Kekelidze, M., Tsanava, S., Imnadze, P., Ganz, H.H., Getz, W.M., Pearson, O., Gajer,
P., Eppinger, M., Ravel, J., Wagner, D.M., Okinaka, R.T., Schupp, ].M., Keim, P.,
Pearson, T., 2014. Phylogeography of Bacillus anthracis in the country of Georgia
shows evidence of population structuring and is dissimilar to other regional geno-
types. PLoS One 9, e102651.

Kumar, S., Stecher, G., Tamura, K., 2016. MEGA7: molecular evolutionary genetics analysis
version 7.0 for bigger datasets. Mol. Biol. Evol. 33, 1870-1874.

Langmead, B., Salzberg, S., 2012. Fast gapped-read alignment with Bowtie 2. Nat. Methods
9, 357-359.

Li, H., Handsaker, B., Wysoker, A., Fennell, T,, Ruan, J., Homer, N., Marth, G., Abecasis, G.,
Durbin, R., Genome Project Data Processing, S, 2009. The sequence alignment/map
format and SAMtools. Bioinformatics 25, 2078-2079.

McGregor, B., 2002. Australian cashmere: attributes and processing. Report for the Rural
Industries Research and Development Corporation.

Nomura, K., Yonezawa, T., Mano, S., Kawakami, S., Shedlock, A.M., Hasegawa, M., Amano,
T., 2013. Domestication process of the goat revealed by an analysis of the nearly com-
plete mitochondrial protein-encoding genes. PLoS One 8, e67775.

Okinaka, R.T,, Price, E.P., Wolken, S.R., Gruendike, ].M., Chung, W.K., Pearson, T., Xie, G.,
Munk, C,, Hill, KK., Challacombe, ]., Ivins, B.E., Schupp, J.M., Beckstrom-Sternberg,
S.M,, Friedlander, A., Keim, P., 2011. An attenuated strain of Bacillus anthracis (CDC
684) has a large chromosomal inversion and altered growth kinetics. BMC Genomics
12, 477.

Pfisterer, R.M., 1991. An anthrax epidemic in Switzerland. Clinical, diagnostic and epide-
miological aspects of a mostly forgotten disease. Schweiz. Med. Wochenschr. 121,
813-825.

Pilo, P., Frey, J., 2011. Bacillus anthracis: molecular taxonomy, population genetics, phylog-
eny and patho-evolution. Infect. Genet. Evol. 11, 1218-1224.

Pilo, P., Perreten, V., Frey, ], 2008. Molecular epidemiology of Bacillus anthracis: determin-
ing the correct origin. Appl. Environ. Microbiol. 74, 2928-2931.

Price, E.P., Seymour, M.L,, Sarovich, D.S., Latham, J., Wolken, S.R., Mason, J., Vincent, G.,
Drees, K.P., Beckstrom-Sternberg, S.M., Phillippy, A.M., Koren, S., Okinaka, R.T.,
Chung, W.K,, Schupp, .M., Wagner, D.M.,, Vipond, R., Foster, ].T., Bergman, N.H.,
Burans, J., Pearson, T., Brooks, T., Keim, P., 2012. Molecular epidemiologic investiga-
tion of an anthrax outbreak among heroin users, Europe. Emerg. Infect. Dis. 18 (8),
1307-1313.

Ripley, G., Dana, CAA., 1861. Cashmere. The New American Cyclopedia IV.

Saile, E., Koehler, T.M., 2006. B. anthracis multiplication, persistence, and genetic exchange
in the rhizosphere of grass plants. Appl. Environ. Microbiol. 72, 3168-3174.

Saisho, D., Purugganan, M.D., 2007. Molecular phylogeography of domesticated barley
traces expansion of agriculture in the old world. Genetics 177, 1765-1776.

Schuch, R,, Fischetti, V.A., 2009. The secret life of the anthrax agent B. anthracis: bacterio-
phage-mediated ecological adaptations. PLoS One 4, e6532.

Simonson, T.S., Okinaka, R.T., Wang, B., Easterday, W.R., Huynh, L., U'Ren, ].M., Dukerich,
M., Zanecki, S.R., Kenefic, L., Beaudry, J., Schupp, J.M., Pearson, T., Wagner, D.M.,
Hoffmaster, A., Ravel, J., Keim, P., 2009. Bacillus anthracis in China and its relationship
to worldwide lineages. BMC Microbiol. 9, 71.

Untergasser, A., Nijveen, H., Rao, X,, Bisseling, T., Geurts, R., Leunissen, J.A., 2007.
Primer3Plus, an enhanced web interface to Primer3. Nucleic Acids Res. 35,
W71-W74.

Van Ert, M.N,, Easterday, W.R., Huynh, LY., Okinaka, R.T.,.430., Hugh-Jones, M.E., Ravel, J.,
Zanecki, S.R., Pearson, T., Simonson, T.S., U'Ren, ].M., Kachur, S.M., Leadem-Dougherty,
RR, Rhoton, S.D., Zinser, G., Farlow, J., Coker, P.R., Smith, K.L, Wang, B., Kenefic, L.,
Fraser-Liggett, C.M., Wagner, D.M., Keim, P., 2007. Global genetic population structure
of Bacillus anthracis. PLoS One 2, e461.

Wattiau, P., Klee, S.R,, Fretin, D., Van Hessche, M., Ménart, M., Franz, T., Chasseur, C.,
Butaye, P., Imberechts, H., 2008. Occurrence and genetic diversity of Bacillus anthracis
strains isolated in an active wool-cleaning factory. Appl. Environ. Microbiol. 74,
4005-4011.

Winter, H., Pfisterer, RM., 1991. Inhalation anthrax in a textile worker: non-fatal course.
Schweiz. Med. Wochenschr. 121, 832-835.


http://dx.doi.org/10.1016/j.meegid.2016.10.019
http://dx.doi.org/10.1016/j.meegid.2016.10.019
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0005
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0005
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0010
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0010
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0015
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0015
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0020
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0020
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0025
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0025
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0030
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0030
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0030
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0035
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0035
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0035
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0040
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0040
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0045
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0045
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0050
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0050
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0050
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0055
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0055
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0055
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0060
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0060
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0060
http://factsanddetails.com/world/cat56/sub362/item1506.html
http://factsanddetails.com/world/cat56/sub362/item1506.html
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0070
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0070
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0070
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0075
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0075
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0080
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0080
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0085
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0085
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0090
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0090
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0090
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0095
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0100
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0100
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0100
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0105
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0105
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0110
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0110
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0115
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0115
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0120
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0120
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0125
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0125
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0130
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0130
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0130
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0135
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0135
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0135
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0140
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0140
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0145
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0145
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0150
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0150
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0150
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0155
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0160
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0160
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0165
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0165
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0170
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0170
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0175
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0175
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0180
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0180
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0185
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0185
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0190
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0190
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0190
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0195
http://refhub.elsevier.com/S1567-1348(16)30428-2/rf0195

	Comparative genomics of Bacillus anthracis from the wool industry highlights polymorphisms of lineage A.Br.Vollum
	1. Introduction
	2. Methods
	2.1. Bacterial strains, DNA extraction and biosafety procedures
	2.2. Whole genome sequencing and SNPs discovery
	2.3. Comparative genomics and in silico canSNP genotyping
	2.4. Phylogenetic analysis
	2.5. SNP discrimination assays by HRM
	2.6. Availability of supporting data

	3. Results
	3.1. Whole genome sequencing and in silico genotyping
	3.2. Phylogenetic clustering based on whole genome SNP analysis
	3.3. Specific SNP discrimination genotyping assays

	4. Discussion
	5. Conclusion
	Competing interests
	Acknowledgements
	References


