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Abstract 

Background Bacillus anthracis is a highly pathogenic bacterium that can cause lethal infection in animals 
and humans, making it a significant concern as a pathogen and biological agent. Consequently, accurate diagnosis 
of B. anthracis is critically important for public health. However, the identification of specific marker genes encoded 
in the B. anthracis chromosome is challenging due to the genetic similarity it shares with B. cereus and B. thuringiensis.

Methods The complete genomes of B. anthracis, B. cereus, B. thuringiensis, and B. weihenstephanensis were de novo 
annotated with Prokka, and these annotations were used by Roary to produce the pan-genome. B. anthracis exclusive 
genes were identified by Perl script, and their specificity was examined by nucleotide BLAST search. A local BLAST 
alignment was performed to confirm the presence of the identified genes across various B. anthracis strains. Multiplex 
polymerase chain reactions (PCR) were established based on the identified genes.

Result The distribution of genes among 151 whole-genome sequences exhibited three distinct major patterns, 
depending on the bacterial species and strains. Further comparative analysis between the three groups uncovered 
thirty chromosome-encoded genes exclusively present in B. anthracis strains. Of these, twenty were found in known 
lambda prophage regions, and ten were in previously undefined region of the chromosome. We established three 
distinct multiplex PCRs for the specific detection of B. anthracis by utilizing three of the identified genes, BA1698, 
BA5354, and BA5361.

Conclusion The study identified thirty chromosome-encoded genes specific to B. anthracis, encompassing previ-
ously described genes in known lambda prophage regions and nine newly discovered genes from an undefined 
gene region to the best of our knowledge. Three multiplex PCR assays offer an accurate and reliable alternative 
method for detecting B. anthracis. Furthermore, these genetic markers have value in anthrax vaccine development, 
and understanding the pathogenicity of B. anthracis.
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Background
Bacillus anthracis is a Gram-positive, spore-forming bac-
terium that can cause a fatal infection called anthrax in 
animals and humans [1]. It is the most likely bioterrorism 
agent due to its history of being intentionally released 
against civilians, and yet spores are easily found in nature 
and can be utilized for large-scale production and dis-
semination [2]. Depending on the route of exposure, B. 
anthracis infection in humans manifests in three forms; 
cutaneous, gastrointestinal, and inhalational. Once the 
disease reaches a critical stage, treatment becomes inef-
fective, and the patient eventually dies from bacteremia 
and toxic shock. This is due to B. anthracis releasing 
various toxins, including edema factor (EF), lethal factor 
(LF), and protective antigen (PA), which are encoded on 
a plasmid pXO1. In addition, proteins (CapB, CapC, and 
CapA) for capsule biosynthesis encoded on another plas-
mid called pXO2 are required for the complete virulence 
of B. anthracis [3]. B. anthracis Sterne 34F2 strain, lack-
ing the pXO2, serves as a commercial vaccine strain uti-
lized in anthrax immunization for animals [4].

B. anthracis is a well-known member of the Bacillus 
cereus sensu lato group, which also includes other species 
such as B. thuringiensis, B. mycoides, B. weihenstephane-
sis, and B. cereus. Among the species in the B. cereus s.l 
group, B. anthracis, B. cereus, and B. thuringiensis share 
a close genetic relationship and are challenging to distin-
guish from one another [5]. However, their phenotypes 
and the diseases they cause differ significantly. While B. 
anthracis causes anthrax, B. cereus causes foodborne ill-
nesses in humans, often associated with the consump-
tion of contaminated food. In contrast, B. thuringiensis, 
primarily influences insects, acting as an effective bio-
logical pesticide. Given the public health threat posed 
by anthrax, it is essential to identify B. anthracis-specific 
genes and develop rapid diagnostics capable of accurately 
distinguishing it from other B. cereus s.l species.

Two main diagnostic methods are commonly employed 
in the differentiation of these species. The first method 
involves phenotypic traits such as colony characteristics, 
motility, antibiotic susceptibility, and hemolytic activity 
on blood agar [6–8]. B. anthracis colonies exhibit a char-
acteristic appearance, often described as Medusa head 
with a concentrated center and indistinct borders. Addi-
tionally, unlike B. cereus and B. thuringiensis, B. anthra-
cis is non-motile, penicillin-susceptible, and does not 
cause hemolysis. However, these bacteriological methods 
necessitate the use of specific blood agar plates and over-
night incubation for colony formation. It also requires 
proper training to judge colony morphology accurately.

The second method utilizes genetic markers for molec-
ular diagnostics. The two virulence plasmids have been 
the main target of various molecular diagnostics to 

detect B. anthracis and differentiate it from other closely 
related species [9]. However, it is important to note that 
B. anthracis strains can lose either one or both plas-
mids, as described previously [10]. In addition, unusual 
B. cereus strains have emerged that cause anthrax-like 
disease in humans and animals by acquiring virulence 
plasmids highly similar to pXO1 and pXO2 of B. anthra-
cis [11]. Consequently, identifying B. anthracis-specific 
chromosomal markers is crucial to distinguish it from 
closely related B. cereus group species and remains a 
focal point of research for many scientists. However, cer-
tain chromosomal markers (e.g., BA813, gyrA, gyrB, and 
rpoB) initially identified as specific to B. anthracis were 
later found in some B. cereus strains, leading to false 
positive results [12–14]. B. anthracis, B. cereus, and B. 
thuringiensis all possess the plcR gene, a transcriptional 
activator that is active in B. cereus and B. thuringiensis 
but inactivated in B. anthracis due to thymine insertion 
at nucleotide position 640. This mutation enables the 
use of plcR to distinguish B. anthracis from its close rela-
tives. However, detecting this single nucleotide mutation 
using standard methods is challenging and often results 
in false positives [15, 16]. Although the melt curve analy-
sis with the mismatch amplification mutation assay [17], 
improved detection accuracy, there remains a need for a 
new alternative marker suitable for cost-effective, stand-
ard PCR applications.

This study aimed to find B. anthracis-specific chro-
mosomal marker sequences or genes using pan-genome 
analysis, which captures the entire range of genetic 
variation within or between species, reduces the bias 
in genetic analysis and develops rapid diagnostic tools 
applicable in the field.

Methods
Pan‑genome analysis for identifying genes potentially 
unique to B. anthracis
A total of 151 complete genomes were downloaded 
from the National Center for Biotechnology Informa-
tion (NCBI) for analysis (Additional file 1). This dataset 
included 50 genomes, which were selected randomly 
from each of the following species: B. anthracis, B. cereus, 
and B. thuringiensis. Additionally, one complete genome 
of B. weihenstephanensis was included as an outgroup 
control species. The genomes were de novo annotated 
with Prokka version 1.11 [18]. Roary version 3.13.0 [19] 
was used to deduce the pan-genome of the dataset. The 
Roary utilized the Prokka annotations as input, generat-
ing a gene-presence-absence spreadsheet (Additional 
file 2). Finally, the Perl script was employed to count the 
genes present in B. anthracis strains but absent in the 
genomes of B. cereus and B. thuringiensis strains.
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Heap’s law
Heap’s law was used to determine the pan-genome sta-
tus (openness or closedness) of B. anthracis (n = 115) in 
comparison to its genetically close relatives, B. cereus 
(n = 142) and B. thuringiensis (n = 93), utilizing all avail-
able complete sequences for each species from the 
GenBank database (Additional file 1).

The total number of unique genes identified through 
sequencing additional genomes can be modeled by 
Heap’s law (n =  kNγ), which follows the power law func-
tion [20]. Where n is the number of genes; N is the 
number of genomes; k is intercept, represents the ini-
tial number of unique genes when one genome is con-
sidered; and γ is a parameter that characterizes the rate 
at which new genes are added as more genomes are 
included. If γ is closer to 1, it indicates an open pange-
nome, meaning the number of unique genes continues 
to increase significantly with additional genomes. Con-
versely, if γ is closer to 0, it suggests a closed pange-
nome, where most genetic diversity is captured with 
the current dataset.

Nucleotide BLAST search and local BLAST alignment
To ensure the specificity of the genes identified from the 
initial pan-genome comparison among 151 genomes, 
each gene was submitted to a nucleotide BLAST 
(BLASTn) search against the NCBI database, excluding 
B. anthracis, to verify that the identified genes were not 
present in other organisms.

Additionally, to confirm the presence and consistency 
of the identified genes across various B. anthracis strains, 
a local BLAST alignment was performed incorporating 
the chromosomally complete 132 genomes of B. anthra-
cis strains currently available in GenBank (Additional 
file 3).

String analysis
To predict potential physical and functional protein-
protein interactions among the proteins encoded by the 
identified genes derived from non-prophage regions in 
B. anthracis, the STRING v.12.0 database was employed 
[21]. STRING integrates known and predicted protein-
protein association data for a large number of organisms 
using various sources of information, including genomic 
context, high-throughput experiments, co-expression, 
and literature mining. The interactions were analyzed 
using default settings, with a confidence score cutoff of 
0.7 to ensure high-confidence interactions. The results 
were visualized and interpreted to elucidate the potential 
roles of the proteins in the biological pathways and pro-
cesses relevant to B. anthracis.

Bacterial strains
A total of 62 bacterial strains originating from diverse 
sources, were utilized to evaluate the efficacy and 
specificity of multiplex PCR. This collection of strains 
included 17 strains of B. anthracis, encompassing one 
commercial vaccine strain and 16 virulent strains pre-
viously isolated from wildlife, livestock, and humans 
infected with anthrax in Zambia and Mongolia, countries 
known for their endemic anthrax status in Africa and 
Asia, respectively. These strains were selected to repre-
sent the temporal and geographic diversity of the respec-
tive countries. In Zambia, nine strains were isolated 
from Lower Zambezi National Park, South Luangwa 
National Park, and Western province over a decade from 
2011 to 2021. In Mongolia, seven strains were collected 
from five distinct provinces, namely Selenge, Khuvsgul, 
Uvurkhangai, Khentii, and Ulaanbaatar over a period of 
years from 2001 to 2015. Only genomic DNA of virulent 
B. anthracis strains was transported from Zambia and 
Mongolia to Japan. Additionally, the collection included 
29 B. cereus strains formerly isolated from nosocomial 
infection cases in Japanese hospitals [22] or obtained 
from reputable repositories such as the American Type 
Culture Collection and the Biodefense and Emerging 
Infections Research Resources Repository. Moreover, 
the strains extended to include Bacillus species, namely 
B. thuringiensis, B. licheniformis, and B. subtilis, as well 
as Gram-positive and negative non-Bacillus species. 
The bacterial strains used in the present study and their 
sources are given in Table 4.

Genomic DNA extraction
Glycerol stocks of bacterial cultures were inoculated 
on Lysogeny broth (LB) agar and grown overnight at 
37ºC with aeration. Genomic DNA was isolated using 
the QIAamp PowerFecal DNA Kit (Qiagen, Germany) 
according to the manufacturer’s protocol. The concentra-
tion and purity of extracted genomic DNA were assessed 
by NanoDrop  OneC (Thermo Fisher Scientific, USA) 
spectrophotometer.

Oligonucleotide primers and multiplex PCR conditions
Oligonucleotide primers targeting B. anthracis-spe-
cific genes encoded on its chromosome and two com-
mon marker genes, pag and capA, on pXO1 and pXO2 
plasmids, respectively, were designed using Snap-
Gene 5.0.8. Nucleotide sequences of sets of primers, 
along with the expected size of the PCR products, are 
shown in Table  1. A common primer set was utilized 
for amplifying the pag gene across all three multiplex 
PCRs, while for the capA gene, two different primer 
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sets were designed, considering the size of co-amplified 
gene products within each multiplex PCR to ensure 
distinct band sizes for clear differentiation on agarose 
gel electrophoresis.

Multiplex PCR assays were performed using a TaKaRa 
Ex Taq Hot Start Version (TaKaRa, Japan), which con-
sists of PCR buffer, dNTPs, and Ex taq DNA polymer-
ase separately. PCR reactions were carried out using 
AB Applied Biosystem 2720 thermal cycler (Applied 
Biosystem, USA) in 50 µl volumes with genomic DNA 
as template and containing 1 µM of each primer. A 

gradient PCR with different annealing temperatures 
was performed to optimize assay conditions.

The conditions of multiplex PCR (MPCR) assays differ 
depending on the sets of primers. The thermocycling condi-
tion of MPCR-1 for amplifying BA1698, pag, and capA con-
sisted of initial denaturation at 98ºC for 2 min, followed by 
25 cycles of denaturation at 98º for 5 s, annealing at 59ºC for 
30 s, extension at 72ºC for 30 s, and final extension at 72ºC 
for 8 min. The condition of MPCR-2 for amplifying BA5354, 
pag, and capA included an initial denaturation at 98ºC for 
2 min, followed by 25 cycles of denaturation at 98º for 5 s, 

Table 1 List of primers used in newly developed multiplex PCR assays and previously developed PCR tests for B. anthracis detection

a MPCR, Multiplex PCR
b WHO, World Health Organization
c Takara, commercial kit

Primer name Target gene Primer sequence 5′ – 3′ PCR product (bp) Reference

MPCRa-1 for detecting B. anthracis chromosome-encoded gene and plasmids

 TZ_3 BA1698 CGA GTT TAT TAA AAG AAG TTC CAG A 293 this study

 TZ_4 − 1 CGA ATA TGG ACC TGA TGT TG

 TZ_1 pag CCA GAC CGT GAC AAT GAT GG 612 this study

 TZ_2 TGG TAA CAC GTT GTA GAT TGGAG 

 TZ_7 capA CAC GTA AAT GAT ATT GCA CAA GTG C 152 this study

 TZ_8 GGC AGA TAT TAT TGT GGG ACACC 

MPCRa-2 for detecting B. anthracis chromosome-encoded gene and plasmids

 TZ_9 BA5354 ATG AAT GAA GAT AAG CAT TGTAA 192 this study

 TZ_10 CTA TTC TTC ATC AGC AAT TTGAA 

 TZ_1 pag CCA GAC CGT GAC AAT GAT GG 612 this study

 TZ_2 TGG TAA CAC GTT GTA GAT TGGAG 

 TZ_7 − 1 capA AGT TGT TGT CTC CAC TGA TAC 100 this study

 TZ_8 − 1 AAA TCA TAA ACA TGT TAT TGAA 

MPCRa-3 for detecting B. anthracis chromosome-encoded gene and plasmids

 TZ_11 BA5361 CCC CAA TAT ATT AAC AAT AGAC 392 this study

 TZ_12 GTT TTT GAA TGT TTT TTG GTTC 

 TZ_1 pag CCA GAC CGT GAC AAT GAT GG 612 this study

 TZ_2 TGG TAA CAC GTT GTA GAT TGGAG 

 TZ_7 capA CAC GTA AAT GAT ATT GCA CAA GTG C 152 this study

 TZ_8 GGC AGA TAT TAT TGT GGG ACACC 

Duplex PCR assay for detecting pXO1 and pXO2 plasmids, as recommended by  WHOb guideline

 CAP1234 cap CTG AGC CAT TAA TCG ATA TG 846 [23]

 CAP1301 TCC CAC TTA CGT AAT CTG AG

 PA5 pag TCC TAA CAC TAA CGA AGT CG 596 [24]

 PA8 GAG GTA GAA GGA TAT ACG GT

A single PCR assay for targeting B. anthracis chromosome encoded gene, as recommended by  WHOb guideline

 S-layer-Upper sap CGC GTT TCT ATG GCA TCT CTTCT 639 [25]

 S-layer-Lower TTC TGA AGC TGG CGT TAC AAAT 

B. anthracis PCR Detection kit by  Takarac

 MO11 cap GAC GGA TTA TGG TGC TAA G 591 [26]

 MO12 GCA CTG GCA ACT GGT TTT G

 PA7 pag ATC ACC AGA GGC AAG ACA CCC 211 [24]

 PA6 ACC AAT ATC AAA GAA CGA CGC 
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annealing at 52ºC for 30 s, extension at 70ºC for 30 s, and 
final extension at 70ºC for 8 min. The reaction of MPCR-3 
for amplifying BA5361, pag, and capA goes an initial dena-
turation at 98ºC for 2 min, followed by 25 cycles of dena-
turation at 98º for 5 s, annealing at 56ºC for 30 s, extension 
at 72ºC for 30 s, and final extension at 72ºC for 8 min. The 
amplified PCR products were observed on a 1.5% agarose 
gel by electrophoresis. PCR products were purified using 
MinElute PCR Purification Kit (Qiagen, Germany), and 
Sequencing PCR was performed using a BigDye Termina-
tor v3.1 Cycle Sequencing Kit (Applied Biosystems, USA), 
followed by Sanger sequencing using a 3130 Genetic Ana-
lyzer (Applied Biosystems, USA). In addition, previously 
developed PCR assays with specific primers (Table  1) for 
the molecular detection of B. anthracis were used for com-
parison with our newly developed multiplex PCRs to con-
firm their specificity. The reactions were conducted under 
specified conditions described in previous studies [23–25] 
or according to the manufacturer’s instructions (Takara 
Bio Inc., Japan). The commercial PCR kit for B. anthra-
cis detection manufactured by Takara Bio Inc. targets pag 
encoded on pXO1 and cap encoded on pXO2 plasmids. The 
expected size of the amplified PCR product is 591 bp for cap 
and 211 bp for pag. Additionally, this PCR system consists of 
control bands (409 bp for pag, 98 bp for cap) which would 
be visible after agarose gel electrophoresis.

To determine the detection limit of multiplex PCR 
assays, serial dilutions (640, 320, 160, 80, 40, 20, and 10 
pg/µl) of genomic DNA of B. anthracis CZC5 were exam-
ined with MPCRs or the previous PCR methods and ana-
lyzed on agarose gel electrophoresis. Sterile water served 
as a negative control.

Furthermore, multiplex PCRs were performed directly 
using a colony of B. anthracis Sterne 34F2 strain grown 
on LB agar to evaluate the practical usage of the assays.

Results
Pan‑genome analysis and identification of B. 
anthracis‑specific genes
 The pan-genome status, whether open or closed, reflects 
the likelihood of discovering a new gene or gene family 
when a new genome sequence is added to the analysis. 

An open pan-genome is likely to grow with new gene 
discoveries, whereas a closed pan-genome is unlikely 
to add more. The status of the pan-genome is modeled 
by Heap’s law estimation, of which exponent parameter 
γ value between 0 and 1 reflects the openness of a given 
pan-genome [20]. The pan-genome of B. anthracis, which 
includes genomes of 115 diverse strains, yielded a γ value 
of 0.09 (Fig. 1A), indicating a more closed pan-genome. 
In contrast, the pan-genomes of B. cereus (n = 142) and B. 
thuringiensis (n = 93) showed more open characteristics, 
with γ values of 0.51 and 0.52, respectively (Fig. 1B, C). 
Additionally, unlike B. cereus and B. thuringiensis, where 
accessory genes constitute the majority, the pan-genome 
of B. anthracis is primarily composed of core genes.

Furthermore, to investigate the B. anthracis-specific 
genes, we choose 50 strains from each species, B. anthra-
cis, B. cereus, and B. thuringiensis. Additionally, one com-
plete genome of B. weihenstephanensis was incorporated 
in the combined dataset as an outgroup control. The pan-
genome of the 151 strains consisted of 66,052 genes, of 
which 1,490 were core genes present in at least 99% of the 
sampled genomes, and 686 were soft-core genes present 
in at least 95% of all genomes analyzed. The non-core 
genomes were further divided into 6,221 shell genes, 
present in 15-95% of the genomes, and 57,655 accessory 
genes, present in less than 15% of the genomes.

 Further, based on the strains clustering on the phy-
logenetic tree, we defined three groups of B. cereus 
s.l group: Bce1, Bce2, and Ban (Fig.  2 and Additional 
file  4). The Bce1 group consists of B. thuringiensis 
and B. cereus strains. Bce2 group also comprised B. 
cereus and B. thuringiensis strains, however, this group 
included unusual B. cereus strains such as G9241 and B. 
thuringiensis 97 − 27, which were previously known to 
cause anthrax-like diseases in humans and animals due 
to acquisition of plasmids highly similar to B. anthracis 
pXO1 and pXO2 [11]. All B. anthracis strains were cat-
egorized into one group named Ban.

A heatmap displays the core and accessory genes. 
The core-genome phylogeny is categorized into three 
distinct groups: the Ban group, which comprises B. 
anthracis strains; the Bce1 group, including common 

(See figure on next page.)
Fig. 1 Pan-genome analysis of B. anthracis and its closely related species, B. cereus and B. thuringiensis, with Heap’s law estimation. A The 
pan-genome of 115 B. anthracis strains and the corresponding Heap’s law estimation. B The pan-genome of 142 B. cereus strains, along with its 
Heap’s law estimation. C The pan-genome of 93 B. thuringiensis strains with Heap’s law estimation. Each Heap’s law estimation was conducted 
with 1000 permutations. The blue dots in the Heaps law graphic represent the observed number of unique genes as genomes are incrementally 
added. The red line represents the fitted Heap’s law curve based on the observed data. The x-axis represents the number of genomes. The y-axis 
represents the count of unique genes. k is intercept, representing the initial number of unique genes when only a few genomes are considered. γ 
is an exponent parameter that characterizes the rate at which new genes are added as more genomes are included in the analysis.If γ is closer to 1, 
it indicates an open pangenome, meaning the number of unique genes continues to increase significantly with additional genomes. Conversely, 
if γ is closer to 0, it suggests a closed pangenome, where the most genetic diversity is captured with the current dataset
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Fig. 1 (See legend on previous page.)
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B. cereus and B. thuringiensis strains; and the Bce2 
group, consisting of B. cereus and B. thuringiensis 
strains closely related to B. anthracis.

A Perl script was employed to extract the genes 
that are exclusively present in B. anthracis strains and 
absent in the other two groups of genomes. This initial 
analysis identified a total of 136 genes that are poten-
tially exclusive to the genomes of B. anthracis strains 
(Table 2).

 Among these, 88 genes corresponded to previously 
identified four prophage regions [27], and the remaining 
48 genes were located outside these regions (Additional 
file  5). Notably, we observed a gene region spanning 

coordinates between 1,596,297 and 1,605,500 that was 
previously undefined (Fig. 3). This region contains genes 
BA1693-BA1699, which encode hypothetical proteins 
belonging to the glycosyltransferase family and BA1701, 
coding for a hypothetical protein in the 5’-monophos-
phate dehydrogenase family. Additionally, two trans-
posases, BA1703 and BA1704, were found within this 
region (Fig. 4).

To verify the specificity of the 136 genes identified from 
the pan-genome comparative analysis, each gene was 
used as a query and subjected to a BLASTn search with 
an expected threshold of 0.05 (E-value = 0.05) against the 
NCBI database. Genes that matched only with B. anthra-
cis or its phage and not with other bacterial species were 
considered specific or partially specific to B. anthracis if 
the query coverage of the nucleotide sequence alignment 
was less than 50% (Table 3).

Local BLAST alignment further confirmed that 127 out 
of 132, chromosomally complete genomes of B. anthra-
cis strains available in the GenBank database, possess 
all the identified genes listed in Table 3. Five B. anthra-
cis strains, MCCC 1A02161, MCCC 1A01412, HDZK-
BYSB7, CMF9, and Mn106-1 head 2chi found lacking any 
of those genes. These five strains have been reported to 
be misidentified as B. anthracis, due to their lack of sev-
eral conserved B. anthracis-specific SNPs [32].

Fig. 2 The pan-genome analysis illustrates the clustered presence or absence of genes and the distribution of accessory genes among the 151 
Bacillus strains

Table 2 Number of group-specific genes

a If the group is included in the calculation of group-specific genes; +, If not -,
b The number of genes found in groups corresponding to conditions

Bana Bce1a Bce2a Number 
of 
 genesb

+ + + 1060

+ + - 0

+ - + 17

+ - - 136

- + + 0
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Development of Multiplex PCR using the identified B. 
anthracis‑specific genes
We developed three distinct multiplex PCR assays 
(MPCR-1–3), each targeting a specific chromosome-
encoded gene and two known markers, pag, and capA, 
encoded on the pXO1 and pXO2, respectively, plasmids of 
B. anthracis. Due to the predominance of prophage genes 
and genes coding glycosyltransferases, we proportionally 
selected BA1698, BA5354, and BA5361 as representatives 
of the chromosome-encoded genes, which were identified 
as specific to B. anthracis in the present study. A total of 
62 bacterial strains, listed in Table 4, were utilized to eval-
uate the efficacy and specificity of multiplex PCR.

The efficacy of multiplex PCRs was examined using 
virulent B. anthracis strains previously isolated from 
various sources, including humans, livestock, and wildlife 
in endemic regions of Zambia and Mongolia. Addition-
ally, a non-virulent B. anthracis Sterne 34F2 strain was 
included in the examination. All B. anthracis strains gen-
erated distinct and bright PCR products corresponding 
to the BA1698, BA5354, and BA5361 genes found on the 
chromosome, as well as the pag and capA genes encoded 
on the pXO1 and pXO2 plasmids, respectively, in Figs. 5, 
6 and 7. Sterile distilled water instead of template DNA in 

the reaction mixture served as a negative control, which 
resulted in no PCR product.

Moreover, the specificity of multiplex PCRs was tested 
using 35 other Bacillus spp. and 10 Gram-positive and 
negative non-Bacillus species. None of these bacterial 
species generated a PCR product for the chromosome-
encoded genes that were identified as specific to B. 
anthracis. Notably, an atypical B. cereus, specifically the 
G9241 strain (Sample ID 38), showed a PCR product 
for the pag gene of B. anthracis, which is encoded on its 
pXO1 plasmid (Figs. 5, 6 and 7). This strain of B. cereus 
was found to harbor a plasmid that resembles the pXO1 
of B. anthracis, carrying genes for major toxins responsi-
ble for anthrax, namely PA, LF, and EF [11].

 The sensitivity of multiplex PCRs was determined 
using genomic DNA from B. anthracis CZC5 strain. 
MPCR-1 and 3 yielded detectable amplicons on agarose 
gel at a minimum DNA concentration of 80 pg/µl, while 
MPCR-2 exhibited a lower limit of 160 pg/µl for (Fig. 8).

Additionally, colony PCR performed directly using B. 
anthracis Sterne 34F2 colony without the need for DNA 
extraction, effectively yielded the desired amplicons for 
chromosome-encoded genes and the pag gene encoded 
on pXO1 plasmid (Additional file 6).

Fig. 3 The localization of genes identified from pan-genome analysis on the chromosome of B. anthracis Ames. Red lines indicate the genes 
identified in this study, while blue boxes represent the lambda prophage regions described in a previous study [27]. An additional new region 
was identified between the coordinates 1,596,297 and 1,605,500



Page 9 of 20Zorigt et al. BMC Infectious Diseases          (2024) 24:942  

Further, to verify the specificity and overall ability of 
the newly developed multiplex PCR assays to accurately 
detect the presence of B. anthracis, the panel of Bacillus 
species, as well as other common environmental bacte-
rial species listed in Table 4 were also tested by previ-
ous PCR assays recommended by the World Health 
Organization [23–25] and commercially available PCR 
kit (Takara Bio Inc., Japan) for B. anthracis detection. 
Consistent with our developed assays, each of these 
PCR methods detected pag and cap genes encoded on 
pXO1 and pXO2 plasmids in B. anthracis strains (Sam-
ple ID 1–10) and detected pag in atypical B. cereus 

G9241 (Sample ID 38) (Additional file  7, 8, and 9). 
Although the sensitivity of these methods was relatively 
high, capable of detecting DNA concentration 10 pg/
ml or less (Additional file 10), PCR targets B. anthracis 
chromosome encoded sap gene was cross-reactive with 
B. cereus strains (Sample ID 33 and 39) and produced 
non-specific band (Sample ID 36) (Additional file  8). 
Despite the internal controls, the commercial kit also 
produced non-specific amplifications with non-target 
organisms (Additional file 9), which may indicate cross-
reactivity with closely related bacterial species or the 
presence of similar sequences in non-target organisms.

Fig. 4 Undefined specific gene region in the B. anthracis chromosome. B. anthracis Ames represents the Ban group; B. cereus ATCC14579 and B. 
thuringiensis ATCC10792 represent the Bce1 group; while B. cereus G9241 andB. thuringiensis 97-27 represent the Bce2 group, as categorized in this 
study. Green arrows indicate genes that are common among the bacterial species and red arrows indicate genes exclusive to B. anthracis 
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Discussion
B. anthracis is highly pathogenic and can cause fatal 
infections in humans and animals. Due to its potential 
threat to national security, public health, and socioeco-
nomic stability driven by a consequential loss of live-
stock, it is classified as a high-priority biological agent. B. 
anthracis has a significant overlap in genetic content with 
B. cereus and B. thuringiensis, making it challenging to 

distinguish from the other species. These Bacillus species 
are widespread and naturally occurring in nature. Iden-
tifying the genetic differences specific to B. anthracis is 
crucial for understanding its pathogenicity and designing 
accurate DNA-based detection methods.

We investigated chromosome-encoded genes specific 
to B. anthracis, employing whole genome comparison 
analyses that incorporated pan-genome of the three most 

Table 3 Genes identified as specific or partially specific to B. anthracis through a BLASTn search against the NCBI database

a Genes without matches in non-Bacillus spp, and other bacteria
b Genes partially specific to B. anthracis, if the query coverage of the nucleotide sequence alignment was less than 50%
* Previously undefined gene region described in this study
# Lambda prophage region previously described in reference [27]
1 Chromosomal markers have been described in reference [28]
2 Chromosomal markers have been described in reference [29]
3 Chromosomal markers have been described in reference [30]
4 Chromosomal markers have been described in reference [31]

Gene regions*,# Locus  taga, b,1–4 Coding product

Undefined gene region* BA1693b Glycosyltransferase, group 2 family

BA1694a Hypothetical protein, glycosyltransferase family protein

BA1695a Hypothetical protein, glycosyltransferase family protein

BA1696a Hypothetical protein, glycosyltransferase family protein

BA1697a Hypothetical protein, glycosyltransferase family protein

BA1698a,1 TPR/glycosyltransferase domain protein

BA1699a Hypothetical protein

BA1701a Hypothetical protein, inosine 5’-monophosphate dehy-
drogenase family protein

BA1703b Transposase

BA1704b Transposase

Prophage region  1# BA0444a Hypothetical protein

BA0454a Hypothetical protein

GBAA_RS02495a Hypothetical protein

BA0455b DUF3983 domain-containing protein

BA0463a Hypothetical protein

BA0479a,2 Prophage tail endopeptidase domain-containing protein

BA0480a Hypothetical protein

Prophage region  2# BA5340a Conserved domain protein

BA5344a HNH Endonuclease

BA5345a,3 Glycosyl-4,4’-diaponeurosporenoate acyltransferase

BA5346b DUF2513 domain-containing protein

BA5347a Conserved domain protein

BA5351b Hypothetical protein

BA5354a Hypothetical protein

BA5355a Terminase

BA5357a,4 Conserved domain protein

BA5361a Phage major capsid protein

BA5362a Conserved domain protein

Prophage region  3# BA4071a Hypothetical protein

BA4098b Conserved domain protein
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Fig. 5 MPCR-1 targets BA1698,pag, and capA. M is a 100 bp DNA ladder used as a marker. Lanes 1–10, and A1-A7 are amplicon results of B. anthracis 
strains (Strain ID in Table 4, 1–10, A1-A7), lane NC no-template negative control. Lanes 11–55 are amplicon results of non-B. anthracis strains (Strain 
ID in Table 4, 11–55). We used 1.5% agarose gel
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Fig. 6 MPCR-2 targets BA5354,pag, and capA. M is a 100 bp DNA ladder used as a marker. Lanes 1–10, and A1-A7 are amplicon results of B. anthracis 
strains (Strain ID in Table 4, 1–10, A1-A7), lane NC no-template negative control. Lanes 11–55 are amplicon results of non-B. anthracis strains (Strain 
ID in Table 4, 11–55). We used 1.5% agarose gel
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Fig. 7 MPCR-3 targets BA5361,pag, and capA. M is a 100 bp DNA ladder used as a marker. Lanes 1–10, and A1-A7 are amplicon results of B. anthracis 
strains (Strain ID in Table 4, 1–10, A1-A7), lane NC no-template negative control. Lanes 11–55 are amplicon results of non-B. anthracis strains (Strain 
ID in Table 4, 11–55). We used 1.5% agarose gel
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genetically related species in the B. cereus s.l group: B. 
cereus, B. anthracis, and B. thuringiensis. Here, we dem-
onstrated chromosome-encoded genes specific to B. 
anthracis and developed a PCR method utilizing some of 
these genes for the detection of B. anthracis.

Over the years, the increasing number of sequenced 
bacterial genomes has made it possible to capture 
genomic variation both among diverse strains within 
the same species and between different species. In this 
study, we analyzed the complete genomes of 115 diverse 
B. anthracis strains to further characterize their pan-
genome. The core genes predominate in the pan-genome 
of B. anthracis, and they are well-conserved among 

strains. This high conservation of core genes and low 
genetic variability may reflect a stable evolutionary his-
tory and a lack of significant changes or adaptations in 
this species. Heap’s law estimation supports this con-
clusion, showing that the pan-genome of B. anthracis is 
closed; most genes have already been captured, and the 
discovery rate of new genes approaches zero (Fig.  1A). 
This aligns with the earlier work of Tettelin et  al., [34], 
who analyzed the genomes of eight B. anthracis strains 
and similarly concluded that its pan-genome is closed, 
suggesting a highly clonal species with low genomic vari-
ability. This consistent genetic variability in B. anthracis 
could be advantageous for diagnosing this species, as it 

Fig. 8 Sensitivity of multiplex PCRs analyzed by agarose gel electrophoresis. M is a 100 bp DNA ladder used as a marker. Lanes 1–7 are amplicon 
results of B. anthracis CZC5 strain (640, 320, 160, 80, 40, 20, 10 pg/μl), lane NC no-template negative control
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Table 4 Bacterial strains used in this study and their possessions of B. anthracis chromosome-encoded genes and two other plasmid 
markers

Bacterial species Sample ID Strains Sources  (Referencesa, b) Target genes for PCR amplification

BA1698c BA5354c BA5361c pagc capAc

Bacillus anthracis 1 CZC5 Hippoa + + + + +

2 shH20 Human + + + + +

3 LZH18 Hippo + + + + +

4 SLI21 Impala + + + + +

5 SLH21 Hippo + + + + +

6 LZH20b Hippo + + + + +

7 WPC18 Cattle + + + + +

8 WPC20 Cattle + + + + +

9 LZH20a Hippo + + + + +

10 Sterne 34F2 Commercial vaccine strain + + + +

A1 Selenge01 Cattle + + + + +

A2 Khuvsgul07 Goat + + + + +

A3 Uvurkhangai08 Cattle + + + + +

A4 Ulaanbaatar09 Cattle + + + + +

A5 Khentii10 Cattle + + + + +

A6 Khentii13 Cattle + + + + +

A7 Khuvsgul15 Horse + + + + +

Bacillus cereus 11 MRY14-0045 Patient  bloodb

12 MRY14-0057 Patient  bloodb

13 MRY14-0060 Patient  bloodb

14 MRY14-0074 Hospital  towelb

15 MRY14-0075 Hospital  towelb

16 MRY14-0079 Hospital  towelb

17 MRY14-0100 Hospital  towelb

18 MRY14-0105 Hospital microwave  ovenb

19 J1 Infusionb

20 J2 Infusionb

21 J7 Patient  skinb

22 J10 Hospital  sheetb

23 J39 Patient  bloodb

24 J51 Patient  bloodb

25 J62 Hospital linen room washed  towelb

26 J75 Hospital linen room washed  towelb

27 30040 Patient  bloodb

28 30043 Patient  bloodb

29 30048 Patient  bloodb

30 30052 Patient  bloodb

31 30075 Patient  bloodb

32 30077 Patient  bloodb

33 30090 Patient  bloodb

34 30102 Patient  bloodb

35 14579 ATCC 

36 10987 ATCC 

37 Yonago40 Patient  bloodb

38 G9241 BEI Resources +

39 E33L BEI Resources
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reduces the likelihood of significant genetic variations 
affecting diagnostic markers. On the other hand, the 
pan-genome of B. cereus and B. thuringiensis present a 
high percentage of accessory genes and a much smaller 
proportion of core genes. Their pan-genome statuses are 
open (Fig. 1B, C), implying that substantial genetic diver-
sity continues to expand as more strains are sequenced, 
increasing the number of unique genes. This result aligns 
with previous study [35] that reported the openness of B. 
cereus s. l. group pan-genome. Identifying strain-specific 
genes among diverse B. cereus and B. thuringiensis strains 
could be valuable for predicting pathogenicity, enhancing 
diagnostic accuracy, and treatment strategies.

Studies have been searching for genomic differences 
between B. anthracis and its closest relative in the B. 
cereus group using different approaches. Read et  al., 
reported that four lambda prophage regions are absent 
in the chromosome of B. anthracis Ames compared to 
its 19 close neighbors via comparative genomic hybridi-
zation [27]. These regions contain various specific and 
non-specific genes, and further studies determined spe-
cies-specific genetic markers for B. anthracis by design-
ing multiple primers targeting prophage regions [29], 
suggesting BA0479, BA5356, BA4094, and BA3805 
as possible gene markers for identifying B. anthracis. 
Radnedge et  al., revealed BA5345, located in prophage 

region 2, through amplified fragment length polymor-
phism (AFLP), and suppression subtractive hybridiza-
tion (SSH) methods [30]. In addition, BA5357 [31] and 
BA5358 [36] also encoded in prophage region 2, and 
BA1698 [28] were previously described as specific to B. 
anthracis by comparative genome analysis. In agreement 
with these former studies, our pan-genome analysis also 
recognized all those previously reported specific genes 
and further expanded the number of B. anthracis-specific 
genes in the prophage regions and beyond (Additional 
file 5 and Table 3). This underscores the robustness and 
reliability of our method in B. anthracis-specific gene 
identification. We identified 136 genes that are present 
in the genomes of B. anthracis strains and absent in the 
B. cereus and B. thuringiensis strains included in our 
dataset for pan-genome comparison. Eighty eight out of 
136 genes locate in prophage regions and 48 genes were 
found from other locations in the B. anthracis chromo-
some. This number was further reduced to 30 after global 
BLASTn in NCBI, because to ensure the gene specific-
ity, we removed the genes that matched any organism 
other than B. anthracis or its phage. We found 20 genes 
in prophage regions, including those formerly reported 
genes. As prophage regions contain both specific and 
non-specific genes that can complicate the development 
of diagnostic tools, our study addresses this challenge by 

ATCC  American Type Culture Collection, BEI Resources The Biodefense and Emerging Infections Research Resources Repository, BGSC The Bacillus Genetic Stock Center, 
NEB New England BioLabs
a Strains isolated in reference [33]
b Strains isolated in reference [22]
c If target genes were amplified; +, if not empty

Table 4 (continued)

Bacterial species Sample ID Strains Sources  (Referencesa, b) Target genes for PCR amplification

BA1698c BA5354c BA5361c pagc capAc

Bacillus thuringiensis 40 4A10 BGSC

41 4A12 BGSC

42 4D1 BGSC

43 4D24 BGSC

Bacillus licheniformis 44 10716 ATCC 

Bacillus subtilis 45 168 BGSC

Staphylococcus aureus 46 RN4220 BEI Resources

47 USA300-0114 BEI Resources

48 71080 BEI Resources

49 F003B2N-C BEI Resources

Enterococcus faecalis 50 S613 BEI Resources

51 V587 BEI Resources

52 UAA714 BEI Resources

53 UAA945 BEI Resources

Pseudomonas aeruginosa 54 PA14 BEI Resources

Escherichia coli 55 MG1655 NEB



Page 17 of 20Zorigt et al. BMC Infectious Diseases          (2024) 24:942  

precisely indicating each specific gene with its unique 
locus tag. Also, similar to the previous studies [29], we 
observed that each of the four lambda prophage regions 
incorporates genes encoding site-specific recombinases 
(BA5363, BA4075, BA3832, and BA0427), which catalyze 
the recombination event therefore might facilitate the 
phage integration into the genome of B. anthracis (Addi-
tional file 5).

Further, our approach has enabled us to dis-
cover an additional unique gene region range from 
1,596,297–1,605,500, which include BA1693-BA1699, 
encoding hypothetical proteins belonging to the gly-
cosyltransferase family, BA1701, encoding a putative 
inosine 5′-monophosphate dehydrogenase, and two 
transposases, BA1703 and BA1704 (Fig. 4). To elucidate 
the potential role of proteins encoded by these genes in 
B. anthracis, we employed STRING v.12.0 [21], which 
predicts potential physical and functional protein-pro-
tein interactions. A significant interaction was found 
only for glycosyltransferase encoded by BA1698 and it 
was predicted to interact with enzymes involved in vari-
ous biological processes, namely, the 4-alpha-glucan 
branching enzyme, which is key in glycogen formation; 
dTDP-4-dehydrorhamnose 3,5-epimerase, dTDP-glucose 
4,6-dehydratase, and glucose-1-phosphate thymidylyl-
transferase, crucial for the biosynthesis of rhamnose, 
an essential component of the bacterial cell wall, and 
UDP-glucose 6-dehydrogenase, integral to the forma-
tion of the antiphagocytic capsule formation, respec-
tively (Additional file  11). In fact, previous research 
has shown that the glycosyl residue composition of cell 
walls vary between different clades of B. cereus strains 
and is distinct from that of B. anthracis [37]. However, 
B. cereus strains (G9241, 03BB102, 03BB87), which are 
phylogenetically closest to B. anthracis, exhibit glycosyl 
compositions that closely resemble the cell walls of B. 
anthracis strains [38]. Considering this, the hypothetical 
proteins belonging to glycosyltransferases found only in 
B. anthracis may be associated with distinct cell-surface 
characteristics and virulence of the bacterium. Further-
more, the predicted interactions with those of enzymes 
and proteins not only underline the role of the glyco-
syltransferase encoded by BA1698 in synthesizing and 
modifying essential polysaccharides for cell wall and 
capsule formation but also suggest a broader involve-
ment in the organism’s energy accumulation and stress 
response via glycogen metabolism. Glycogen, as a pri-
mary storage form of glucose, its metabolism, and accu-
mulation might be critical for B. anthracis, enabling it to 
remain viable during the dormant spore state, which can 
last for decades. Like other dormant bacterium [39], B. 
anthracis could strategically conserve energy to transi-
tion back to an active, vegetative state from dormancy. 

Thus, understanding the role of the glycosyltransferases 
found to be unique to B. anthracis may have important 
implications in improving our knowledge regarding this 
bacterium’s survival. Further experimental studies, such 
as gene knockout, enzyme activity, sporulation, and viru-
lence tests in animal models, would be necessary to con-
clusively determine the biological role and importance 
of the specific glycosyltransferases in B. anthracis. Such 
studies could also reveal potential targets for drugs or 
antigens for vaccines against anthrax.

The main criteria for designing a DNA-based method 
to detect B. anthracis is to prevent false-positive results 
from its closely related species and ensure the presence 
of specific genes or sequences in all B. anthracis isolates 
to avoid false-negative outcomes. We confirmed the pres-
ence of all genes identified from our analysis among the 
complete genomes of 132 B. anthracis strains through 
local BLAST alignment. However, five strains, MCCC 
1A02161, MCCC 1A01412, HDZK-BYSB7, CMF9, and 
Mn106-1 head 2chi lacked any of the genes we identified 
(Additional file 3). This agrees with Lyu et al., who indi-
cated that strains MCCC 1A02161 and MCCC 1A01412 
were misidentified as B. anthracis in the NCBI genome 
database, due to the absence of several conserved B. 
anthracis-specific SNPs in their genome [32]. Accord-
ingly, we verified the absence of thymine at nucleotide 
position 640 of the plcR gene, a chromosomal signature 
for distinguishing B. anthracis from its closely related 
neighbors, thus confirming that these strains are not 
B. anthracis. Altogether, these results indicate that the 
genes identified in prophage regions and newly identified 
gene region are highly conserved among globally diverse 
B. anthracis strains.

Further, we used three of the identified genes to estab-
lish three multiplex PCR assays for detecting B. anthracis. 
Each multiplex PCR targets one chromosome-encoded 
gene and two plasmid-encoded markers. Despite the 
presence of plasmid-encoded markers, pag, and capA 
in unusual B. cereus and B. thuringiensis strains, we 
included these markers in the multiplex PCRs as they are 
clinically relevant targets for anthrax diagnosis. Moreo-
ver, to account for the potential emergence of atypical 
Bacillus species that possess one or more chromosome-
encoded genes our assays targeted, we developed three 
distinct PCR assays. These assays enable cross-validation 
and ensure reliable detection and differentiation of B. 
anthracis from atypical strains when necessary.

Due to the high pathogenicity of B. anthracis and strict 
international regulations governing its use and transpor-
tation, obtaining a diverse set of B. anthracis strains was 
challenging. Nevertheless, we obtained 16 virulent strains 
from two different anthrax endemic regions, Africa, and 
Asia through our collaborative partners. From Zambia, 
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we received genomic DNA of nine virulent strains pre-
viously isolated from wildlife, livestock, and humans 
infected with anthrax, and seven from Mongolia. These 
strains were carefully selected to reflect the temporal 
and geographic diversity from each country, as they were 
isolated from various locations at different times. Addi-
tionally, one vaccine strain was examined to assess the 
efficacy of the multiplex PCR assays.

All B. anthracis strains were accurately detected by the 
multiplex PCRs. This supports the effectiveness of our 
assay across a wider range of genetic variants but also 
demonstrates its potential applicability in diverse geo-
graphical settings.

Furthermore, we tested the specificity of these newly 
developed PCR assays against 45 bacterial stains, includ-
ing B. anthracis closely related Bacillus species, and com-
mon environmental bacteria (Table  4). This collection 
included B. cereus G9241, and E33L, which were previ-
ously defined to be very closely related to B. anthracis 
[40]. Moreover, the phylogenetic tree (Additional file  4) 
constructed based on the core-genome alignment of 
strains of the three Bacillus species, showed that B. cereus 
strains that have previously been associated with nosoco-
mial infection (e.g., MRY14-0074, J2, 30052) exhibit even 
higher genetic resemblance to B. anthracis [41]. Despite 
their close genetic similarities, none of these strains 
yielded false-positive results in our PCR assays, under-
scoring the specificity of our methods. Based on the 
comparative ratio between the number of true negatives 
(n = 45) and the sum of true negatives (n = 45) and false 
positives (n = 0), the specificity of the multiplex PCRs was 
determined to be 99.9%. All true positive samples (n = 17) 
were detected within the detection limit of DNA concen-
tration (Fig. 8).

Our experimental results, in silico analysis, and previ-
ous studies have indicated that B. anthracis strains are 
genetically highly monomorphic [42, 43], which could 
reduce the likelihood that our assay would fail to detect 
genetically divergent strains. However, the current study 
has a limitation in sample size; therefore, further valida-
tion is required to assess reproducibility and consistency 
by incorporating more B. anthracis strains isolated from 
different geographical regions and clinical backgrounds 
to ensure the robustness of these assays. So far, multi-
plex PCRs developed in this study offer alternative spe-
cific and practical tools for early diagnosis of anthrax. 
Particularly, we established a standard multiplex PCR 
assay, recognizing the urgent need for anthrax diagno-
sis in developing countries such as Zambia and Mongo-
lia, where resources are limited, and anthrax prevalence 
is high. Our assay provides a cost-effective, accurate, 
and easy-to-implement solution, suitable for settings 
with limited laboratory infrastructure. It only requires 

standard PCR equipment, which is widely available in 
these regions, thereby enhancing its diagnostic utility. 
In the future, our current assays would be developed to 
include isothermal amplification techniques to further 
facilitate the diagnostic process.

Conclusion
The chromosome-encoded specific genes of B. anthracis 
identified in this study offer an advantage over previously 
defined marker genes, which often result in false-positive 
results. Our pan-genome analysis successfully captured 
all known specific genes in previously described lambda 
prophage regions and further expanded the number of 
specific genes within these regions.

Additionally, our research has revealed a previously 
undefined gene region coding ten B. anthracis-specific 
genes, of which nine were reported for the first time, to 
our knowledge. These findings contribute to our current 
knowledge of the unique genetic attributes of B. anthra-
cis in comparison to its genetically similar neighboring 
species, and provide distinct markers that distinguish B. 
anthracis from other closely related Bacillus species.

In the future, in-depth analyses of these genes unique 
to B. anthracis could potentially lead to unveil metabolic 
pathways that enable the bacterium to survive in pro-
longed nutrient-poor conditions, as well as their roles in 
the sporulation and germination life cycle. This research 
could serve as a foundation for exploring potential vaccine 
candidates and drug targets for the treatment of anthrax.
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