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CHALLENGES IN PCR DETECTION  
OF BACILLUS ANTHRACIS

Bacillus anthracis is large Gram-positive bacteria which causes anthrax — one of the deadliest known diseases. Diffe
rent approaches have been developed to detect it, from more precise, time-consuming culture-based methods to more 
rapid PCR-based methods. The latter rely on the identification of specific regions in the B. anthracis genome, which is 
composed of two plasmids, pXO1 and pXO2, and the chromosome. Targeting only plasmid markers may provide unre-
liable results due to high similarities between B. anthracis and other genetically related species of Bacillus cereus sensu 
lato group, which necessitates the use of additional chromosomal targets. This article aims to provide a brief non-
exhaustive overview on the relevant genetic markers used as targets for PCR-based detection of B. anthracis.
Keywords: Bacillus anthracis, genetic markers, PCR.

Introduction

Anthrax has been known to human civilization 
since ancient times. Its name originated from the 
Greek word for coal, “anthrakis”, which is probably 
related to the coal-black skin lesions caused by the 
cutaneous form of the anthrax. According to the 
Book of Genesis, a disease, which resembles an-
thrax, killed Egyptian cattle in 1491 BC [1]. A si
milar illness, affecting domestic and wild animals, 
was described by the roman poet Virgil in his third 
Georgic [2] in 29 BC.

Anthrax dealt major damage to humans and 
livestock throughout the Middle Ages, and is be-
lieved to be the “Black Bane” — a deadly illness 
which marched through Europe causing nume
rous deaths among humans and animals [3].

In the middle of the 19-th century, Pierre-Fran-
çois Olive Rayer discovered small bodies in sheep 
samples, that were initially disregarded, however, 
later described as organisms, responsible for caus-
ing the disease [4].

The first published scientific article in the Pub-
Med database mentioning Bacillus anthracis dates 
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back to 1886 [5] which, in its essence, is a clinical 
report on a patient infected by the cutaneous form 
of Anthrax provided by a surgeon Arthur E. Bar
ker. In the next 45 years, six more articles were 
published, focusing on various aspects of B. an-
thracis, including but not limited to cultivation, 
resistance to chemicals and heat [6—10].

After the end of World War 2, the number of 
published articles increased to 10 in 1946 (Fig. 1a), 
probably due to the potential of Anthrax as a bio-
weapon. Surprisingly, perhaps, the invention of 
the Polymerase chain reaction(PCR) in 1983 
(Fig. 1b), did not lead to an immediate increase in 
the number of publications on B. anthracis. How-
ever, the method was soon to become a fast and 
sensitive means of detecting B. anthracis as an al-
ternative, or even a substitution, to biochemical or 
culture methods.

Brief introduction  
to the genetics of B. anthracis
Like other members of Bacillus cereus sensu lato 
(Bcsl) group, B. anthracis is characterized by elon-

gated shape, is Gram-positive and can form spores. 
Its genetic material is arranged in a triad — a chro-
mosome (≈5.2 mb) [11], and two plasmids  — 
pXO1 (≈181 kb) [12] and pXO2 (≈94 kb) [13].
Certain plasmid genes mediate the virulence of the 
bacillus  — toxin-encoding genes pag, lef, cya on 
pXO1 and capsule-encoding cap genes (capA, 
capB, capC) on pXO2. Chromosomal genes, on the 
other hand, are mainly responsible for the core cel-
lular functions, e.g. metabolism and cell division.

Phenotypical and morphological similarities 
within Bcsl group are naturally accompanied by 
genetic sameness, further complicating the task of 
detection and/or identification of B. anthracis. 
Among the detection methods known today, e.g. 
microbiological, antigen-based, biosensor-based, 
MALDI-TOF MS-based, PCR-based assays stand 
out due their relative speed, safety and efficiency 
[14—16].

B. anthracis detection methods
The conventional detection methods, though con-
sidered the gold standard for identification of 

Fig. 1. Log of number of scientific articles published in the period from 1945 to 2025 mentioning Bacillus anthracis. Light 
gray bars correspond to the results of the search query “Bacillus anthracis”, and dark gray bars correspond to the results of the 
search query “(bacillus anthracis) AND (detection) AND (PCR)”. The annotated vertical dashed lines correspond to the fol-
lowing historical events: a — the end of World War 2, b — the invention of PCR, c — the Amerithrax. The data was obtained 
from the PubMed database. Seven articles published in the period from 1886 to 1931 are hidden for the sake of visual clarity

Fig. 1. Log of number of scientific articles published in the period from 1945 to 2025 mentioning Bacillus anthracis. Cyan 
bars correspond to the results of the search query “Bacillus anthracis”, and violet bars correspond to the results of the search 
query “(bacillus anthracis) AND (detection) AND (PCR)”. The annotated vertical dashed lines correspond to the following 
historical events: a — the end of World War 2, b — the invention of PCR, c — the Amerithrax. The data was obtained from 
the PubMed database. Seven articles published in the period from 1886 to 1931 are hidden for the sake of visual clarity
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bacteria in general, struggle in the case of B. an-
thracis  — certain B. cereus isolates are known to 
possess the same phenotypic features, e.g., suscep-
tibility to penicillin [17]. Furthermore, the need 
for early detection is complicated by the relative 
slowness of conventional assays which may require 
up to 48 hours to complete [18].

Immunoassays, targeting poly-D-glutamic cap
sule [19], glycoprotein BclA [20] and other anti-
gens have been developed for B. anthracis diag
nostics. On average, the antigen-based assays 
may  require up to 6 hours to complete, making 
them relatively fast. However, a preprocessing 
chromatography step, aimed at removing serum 
proteins,  makes the approach slower and more 
cumbersome.

Biosensors seem to be a promising technology, 
offering rapid, sensitive, selective, and cost-effec-
tive means of B. anthracis detection [21]. However, 
it is in an early stage of development and requires 
further research and improvement.

The DNA amplification-based methods do not 
require preprocessing steps, e.g. chromatography, 
which makes them faster. Furthermore, the meth-
ods utilize inactivated material, ensuring the ove
rall safety when working with hazardous patho-
gens [22].

Early plasmid markers
The first scientific paper on detection of B. anthra-
cis spores with PCR was published in 1992 [23]. As 
a marker, the authors of the study successfully am-
plified a fragment of the cya gene, responsible for 
encoding the edema factor. The authors reported 
that their approach was sensitive enough to detect 
as few as 2  ×  104 spores, and its sensitivity was 
demonstrated on various B. anthracis strains. 
However, the spore processing step, stimulating 
the release of DNA, as well as multiple DNA runs 
are required for the success of the proposed assay.

Later, in 1993, Makino et al. managed to amplify 
288-bp capA gene fragment in both spores and pu-
rified bacterial DNA [24]. The assay was sensitive 
enough to detect 103 SFU (spore-forming units).

Importantly, the authors stated that both the cap-
sule and the exotoxin genes, located on pXO2 and 
pXO1 respectively, should be targeted at the same 
time in the future PCR detection approaches.

Multiplex PCR approaches
In February 1994, Reif et al. supported the hypo-
thesis mentioned earlier by stating that in order to 
identify virulent B. anthracis, both pXO1 and 
pXO2 genes must be targeted simultaneously [25]. 
As a continuation of their previous work, the 
authors targeted a 622-bp DNA fragment within 
the capB gene. This time, due to the dual-probe 
hybridization format, the nested PCR was not ne
cessary, and the sensitivity was higher.

Later in 1994, a pair of primers targeting a 
350‑bp fragment of capC and 536-bp fragment of 
the cya genes was used by Johns et al. for B. anthra-
cis spores detection [26]. An important assump-
tion regarding the exogenous DNA present in the 
spore preparation contributing to the sensitivity of 
the proposed PCR assay was made.

In 1995, a nested PCR assay for the detection of 
B.  anthracis from soil samples was developed by 
Beyer et al., targeting cap genes, as well as pag gene, 
which encodes the protective antigen [27]. Despite 
the increased sensitivity of the assay due to the ad-
ditional PCR run, the approach remained time-
consuming and cumbersome.

Addition of chromosomal 
markers to the “mix”
The targeting multiple markers on both pXO1 and 
pXO2 seemed to have become an efficient ap-
proach to detect B. anthracis. However, conside
ring the fact that avirulent strains, lacking the plas-
mids, had also been found, the need for an addi-
tional specific markers appeared. A promising 
candidate with a potential to fulfill that role was 
the chromosomal sequence BA813, identified in 
1996 [28]. Ramisse et al. developed multiplex PCR 
assays capable of characterizing B. anthracis iso-
lates, as well as confirming a species identity 
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regardless of the plasmid content [29]. This be-
came possible by targeting the BA813 sequence in 
addition to pXO1 and pXO2 targets. However, its 
specificity was questioned when some of the B. ce-
reus and B. thuringiensis isolates, harboring the 
BA813, were identified [30].

Another chromosomal gene, vrrA, was targeted 
by Jackson et al. to perform the PCR analysis of 
tissue samples from the 1979 Sverdlovsk anthrax 
victims [31]. The assay was shown to be sensitive, 
yet required post-PCR steps to further distinguish 
between several groups of isolates. Furthermore, 
targeting vrrA and Ba813 yielded false-positive re-
sults from various other Bacillus elsewhere [32].

Targeting the chromosomal 16S rRNA gene was 
demonstrated to be inefficient for distinguishing 
between a variety of B. anthracis strains [24, 25], as 
well as members of the Bcsl group [35]. However, 
after the Amerithrax in 2001 (Fig. 1c), Sacchi et al. 
showed the potential of 16S rRNA sequencing for 
rapid identification of B. anthracis in culture, as 
well as direct detection in clinical specimens [36].

The rpoB gene, coding for the RNA-polymerase 
β-subunit, was shown to be a specific PCR target 
to identify and distinguish B. anthracis from other 
closely related bacilli [37]. Nonetheless, this ap-
proach produced a false positive result when tested 
on the Zimbabwe B. anthracis strain [38]. Ko et al. 
targeted both rpo Band cap for identification of B. 
anthracis, which turned out to be a more useful ap-
plication [35]. Oggioni et al. targeted rpoB and lef 
(encoding the lethal factor) to detect B. anthracis 
spores in nasal swabs [39]. A highly sensitive assay, 
capable of detecting even a few or single cells on a 
background of other cells, targeting rpoB as well as 
2 plasmid markers, pag and capC, was developed 
elsewhere [40].

Shin et al. evaluated another chromosomal gene 
gyrB (encoding DNA gyrase subunit B) as a poten-
tial PCR marker [41]. The authors concluded, that 
the gyrB gene could be used as a chromosomal 
marker for the rapid screening of B. anthracis by 
PCR or differentiation of B. anthracis from other 
related species by multiplex PCR with other plas-
mid markers. However, characterization of gyrB 

performed poorly when differentiating B. anthra-
cis from B. cereus, because of the sequence homol-
ogy [42]. gyrA, encoding the DNA gyrase subunit 
A, was used as a target by Hurtle et al. [43]; how-
ever, it was shown to produce false-positive results 
in B. anthracis-specific PCR assays.

The idea that both a chromosomal marker and 
plasmid markers should be involved for a com-
plete identification of B. anthracis had gained a lot 
of support [20, 35—37].

In search for the gold standard
Despite the abundance of discovered and probed 
chromosomal markers, none of them had been 
proven to be 100% specific for B. anthracis detec-
tion [47]. However, a promising target, BA_5345, 
which was identified with the use of subtractive 
hybridization earlier [48], was shown to be 100% 
specific when tested on 328 Bacillus strains be-
longing to 20 different Bacillus species [47]. This 
marker was used by Cieślik et al. in a multiplex 
PCR assay with the plasmid markers cap and pag 
to efficiently identify B. anthracis among 42 B. an-
thracis and 53 Bacillus species [49].

Wielinga et al. developed a multiplex PCR assay 
targeting, along with the plasmid markers, the 
chromosomal marker PL3 (prophage lambda-
Ba03) [50]. This methodology provided an oppor-
tunity to specifically identify B. anthracis, as well 
as discriminate the different virulent types. An-
other study by Aminu et al. described a qPCR as-
say targeting the PL3 marker as well as two plas-
mid genes, cap and lef, aimed at detecting B. an-
thracis in smear and skin tissue samples with high 
sensitivity and specificity [51].

In an effort to establish the gold standard, Ågren 
et al. carried out an extensive study evaluating the 
PCR-based assays, capable of detecting B. anthra-
cis chromosomal marker sequences [52]. After the 
in silico analysis of 35 PCR assays, the primers/
probes targeting BA_5345, PL3 and BA_5357 were 
shown, among other 5 selected for further analy-
sis, to perfectly match all of the studied B. anthra-
cis genomes, and poorly match B. thuringiensis 
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A non-exhaustive list of references, describing PCR-based assays,  
amplifying specific B. anthracis target genes/sequences

Location Target gene 
or sequence Reference

pXO1 cya [23], [57], [58], [59], [60], [61], [32], [62], [63], [29], [31]
pagA [64], [40], [65], [57], [66], [67], [68], [59], [60], [49], [61], [69], [70], [32], [54], [27], 

[71], [72], [63], [29], [73], [31]
lef [57], [74], [39], [60], [61], [75], [70], [32], [51], [76], [63], [77], [29], [31]

gerXB [61]
atxA [61]

ORF53 [63]
pXO2 capB [64], [57], [74], [59], [61], [75], [70], [49], [63], [25], [29], [31]

capC [57], [78], [74], [66], [71], [72], [76], [77], [29], [79], [31], [80]
capA [57], [74], [58], [54], [24], [51], [63], [29], [31]
caps* [40], [69], [32], [27], [73]
acpA [81]
cerAB [58]
ORF7 [63]

Chromosome rpoB [40], [66], [39], [61], [72], [37]
alo [82]

16S rRNA [82], [74], [66], [81], [61], [83], [84], [36]
23S rRNA [79]

BA813 [57], [78], [66], [68], [81], [32], [77], [29], [79]
BA5345 [49], [71]
spoOA [61]
abrB [61]
BA-1 [75], [70]

BA1698 [54]
BA5354 [54]
BA5361 [54]

sasp [85]
E4 [86]

PL3 [51]
sspE [76], [63]
vrrA [31]

* — caps refers to cap operon genes.

and B. cereus strains. One of the conclusions of the 
research was that the PL3 assay should be recom-
mended as a possible European standard, capable 
of improving PCR methods for detection of B. an-
thracis.

Lekota et al. developed a multiplex PCR assay, 
targeting 2 plasmid markers, pag and capC, and a 

chromosomal SASP gene (coding for the small 
acid soluble protein) [53]. Discussing the results of 
the study, the authors pointed out that a single di-
agnostic approach, e.g. multiplex PCR, may not be 
able to provide sufficient data, potentially leading 
to false-positive results. Therefore, microbiological 
tests should accompany molecular tests in order to 
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As of year 2025, multiple companies are offering 
B. anthracis PCR detection kits, e.g., NZYtech 
(prod. num. MD06631), Fisher Scientific (prod. 
num. 15840373), Labotaq (prod. num. IP21036), 
and others. For the aforementioned products, the 
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Final remarks
At the moment, the gold standard for PCR-based 
detection of B. anthracis appears elusive. The re-
cent findings by Zorigt et al. [54], although hol
ding a lot of potential, require further testing by 
other researchers.

As the number of Bcsl group strains being iso-
lated and described grows, it is possible that more 
target genes/sequences, described here, will prove 
to be not B. anthracis-specific, therefore excluding 
them from the list of the reliable targets for PCR-
based identification assays. On the contrary, newly 
discovered targets may turn out to be absolutely 
reliable and, consequently, eliminate the need for 
further search.

Multiple plasmid and chromosomal markers 
have been touched on in this overview. Table pro-
vides an extended list of targets described in the 
literature, some of which have not been mentioned 
in the article to maintain the integrity of the his-
torical flow of events.
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ГЕНЕТИЧНІ МАРКЕРИ ДЛЯ ПЛР-ДЕТЕКЦІЇ BACILLUS ANTHRACIS

Bacillus anthracis — це велика грампозитивна бактерія, яка спричиняє сибірську виразку — одне з найсмерто-
носніших захворювань, відомих людству. Для її виявлення було розроблено різні підходи, від більш точних, 
трудомістких методів на основі культивування до більш швидких методів на основі ПЛР. Останні базуються на 
ідентифікації певних ділянок геному B. anthracis, який складається з двох плазмід, pXO1 та pXO2, та хромосоми. 
Використання лише плазмідних маркерів може призвести до отримання ненадійних результатів через високу 
схожість між B. anthracis та іншими генетично спорідненими видами групи Bacillus cereus sensu lato, що актуалі-
зує використання додаткових хромосомних мішеней. Ця стаття має на меті надати короткий огляд актуальних 
генетичних маркерів, що використовуються як мішені для виявлення B. anthracis за допомогою ПЛР.
Ключові слова: Bacillus anthracis, генетичні маркери, ПЛР.


