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MurtirLEX PCR rOR SPECIES-LEVEL IDENTIFICATION
OF BACILLUS ANTHRACIS AND DETECTION
of PXO1, pXO2, AND RELATED PLASMIDS

Marco A. Riojas, Katalin Kiss, Marian L. McKee, and Manzour Hernando Hazbon

The Bacillus anthracis virulence plasmids pXO1 and pXO?2 have critical implications for biosafety and select agent status.
The proper identification and characterization of B. anthracis and its plasmid profile is important to the biodefense research
community. Multiplex PCR was used to simultaneously detect a B. anthracis—specific chromosomal mutation, 4 targets
distributed across pXO1, 3 targets distributed across pXO2, and highly conserved regions of the 16S gene, allowing an
internal positive control for each sample. The multiplex PCR can produce as many as 9 easily separable and distinguishable
amplicons, ranging in size from 188 to 555 bp. The PCR results were used to characterize DNA samples extracted from
B. anthracis, other Bacillus species, and other bacterial species from many different genera. With the exception of 2 novel
putative plasmids discovered, testing against inclusion and extensive exclusion panels showed 100% correlation to previously
published and expected results. Upon testing 29 previously unpublished B. anthracis strains, 10 (34.5%) were pXO1™*/
pXO2™, 9 (31.0%) were pXO1*/pXO2~, 7 (24.1%) were pXO1~/pXO2™, and 3 (10.3%) were pXO1~/pXO2~. The
present work presents a novel 9-target multiplex PCR assay capable of species-level identification of B. anthracis via a unique

chromosomal marker and the detection of pXO1 and pXO2 via multiply redundant targets on each.

Detection of the B. anthracis plasmids is typically ac-

BACILLUS ANTHRACIS, THE CAUSATIVE AGENT OF AN-
THRAX, is of great importance to the biodefense research
community. Because of the severity and lethality of the disease,
and because its spores are easily aerosolized, fully virulent
B. anthracis is classified as a Category A pathogen by the
National Institute of Allergy and Infectious Diseases (NIAID)
and a select agent by both the Centers for Disease Control and
Prevention (CDC) and the US Department of Agriculture
(USDA). The major virulence factors required for full viru-
lence in most hosts are carried on 2 large plasmids: pXO1
(181 kb) harbors the 3 toxin genes, /ef. pag, and cya,' while
pXO2 (94 kb) harbors the capsule gene operon, including the
genes capA and capB.’

complished by amplification of plasmid-specific targets
using PCR. To date, numerous PCR-based assays have
been published. However, many of the existing methods
suffer from lack of adequate target coverage.” " Ad-
ditionally, most of the assays lack an internal control,®2°
which can allow the verification of reaction success in
otherwise negative results (eg, plasmidless strains). Both
the toxin genes and capsule genes are clustered within the
pathogenicity islands (PAls) of their respective plas-
mids."?! Because these genes are of primary interest with
respect to virulence, it is likely that one or more would be
intentionally deleted by a researcher wishing to study the
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effects of such deletions. Such a strain was deposited into
the BEI Resources collection (NR-9401).* Initial results
indicated that the strain was pXO1~ because the assays
in place at the time were based on amplification from
the 3 genes that had been deleted (lef; pag, and cya). How-
ever, these results were incorrect: The remainder of the
pXO1 plasmid was present. Thus, it is valuable to have an
additional target separate from the virulence genes in order to
ensure that the presence of the plasmids can be properly
detected. This, in part, was the impetus for the current work.

An additional concern with regard to species identifica-
tion is the similarity of the Bacillus species closely related to
B. anthracis. In particular, the members of the Bacillus cereus
group (primarily B. cereus, B. anthracis, and B. thuringiensis)
have significant homology in their respective 16S ribosomal
RNA (rRNA) nucleotide sequences, making it nearly im-
possible to reliably differentiate these species using standard
16S sequencing.”” Prior to the identification of these or
homologous plasmids in species other than B. anthracis, the
presence of pXO1 and/or pXO2 was considered sufficient
information to classify a species as B. anthracis. However,
although these plasmids are most typically found in B. an-
thracis, the nature of interspecies plasmid transfer makes
them unreliable for specific differentiation, as evidenced by
the isolation of related species harboring these or nearly
identical or partially homologous plasmids.z’zl’23 36 Thus,
in order to identify B. anthracis specifically, a chromosomal
marker that is not found in the other members of the
B. cereus group must be used. Many of the existing multiplex
PCR methods either do not test for B. anthracis—specific
chromosomal sequences™ or target sequences that have
since been found to be inadequately specific to B. anthracis
particularly the Ba813 sequence.”® Because other species
within the B. cereus group have been shown to cause an-
thrax-like disease when expressing the toxin genes and a
capsule,”*?”?1* the identity of a sample as belonging to
the species Bacillus anthracis is mainly of taxonomic interest.

The current work presents a novel multiplex PCR assay
capable of simultaneous species-level identification of Ba-
cillus anthracis and the detection of the pXO1 and pXO2
plasmids via multiply redundant targets on each.

MATERIALS AND METHODS

Multiplex PCR Assay

Table 1 lists the sequences and expected amplicon sizes
for the primers used in the current multiplex PCR assay.
Two primer pairs (sspE'® and E517F/E1072R™) were
obtained from the literature; all other primers were de-
signed as part of the current study. The ORF53 target on

*BEI Resources is funded by NIAID to provide the biodefense
and infectious disease scientific research communities with re-
agents, tools, and information for human pathogens.
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pXO1 and the ORF7 target on pXO2 were selected be-
cause they are located distant (*~180°) from the plasmid
virulence genes; this should have the effect of insulating
these targets from any deletions to the PAls. Primers
were manufactured by Integrated DNA Technologies. PCR
reagents (10 X Buffer, dINTPs, MgCl,, and Platinum 7zg)
were obtained from Invitrogen. PCR reagents were combined
at the following concentrations to a 50-pL reaction volume:
10 x Buffer, 1x; dNTPs, 350 uM; MgCl,, 7.5 mM; prim-
ers (Table 1); Platinum 7zg, 0.06 U/uL; DNA template,
0.16 pg/pL. PCR conditions were 95°C for 5 min, followed
by 35 cycles of 95°C for 30 sec, 62°C for 30 sec, and 72°C for
1 min, and a final extension of 72°C for 2 min. PCR products
were run on an Invitrogen 4% agarose E-Gel® with In-
vitrogen E-Gel® 50bp Ladder for 45 min and visualized
using a Bio-Rad Gel Doc™ XR system.

Organism Nucleic Acid

The inclusivity and exclusivity of the multiplex PCR were
tested using genomic DNA from the following: 36 B. an-
thracis samples, 120 bacterial samples from 59 species across
29 different genera, 1 protist, 2 fungi, 1 plant, and 1 DNA
virus. Due to the length of this list, a summary of the
samples tested is provided in Table 2. In this table, samples
in like categories and/or with like results were collated into a
single line. Of specific note is the fact that the “Other
Genera” category in Table 2 includes species from the
genera Acinetobacter, Bacteroides, Burkholderia, Clostridium,
Deinococcus, Fusobacterium, Lactobacillus, Legionella, Listeria,
Mycobacterium, Pseudomonas, Rhizobium, Rhodobacter, She-
wanella, Staphylococcus, Stenotrophomonas, Streptomyces, Sy-
nechocystis, and Vibrio. Additionally, Table 2 provides a
summarized list of 29 previously unpublished B. anthracis
strains that were deposited into the BEI Resources collection
by the Lawrence Livermore National Laboratory (LLNL)
and that were characterized using the multiplex PCR. (The
complete version of Table 2, including collection accession
numbers assigned to each strain, is provided as Supple-
mentary Table 1 online at http://online.liebertpub.com/loi/
HS). Where available, existing genomic DNA products were
obtained from either the BEI Resources or ATCC collec-
tions; these products were extracted via BEI Resources or
ATCC proprietary methods and are available to the public
research community through the respective collections
(BEI Resources, http://www.beiresources.org, Manassas, VA;
ATCC®, http://www.atcc.org, Manassas, VA). For bacteria
without existing genomic DNA products, DNA was ex-
tracted from the organism via boil preparations (see Sup-
plementary Methods, http://online.liebertpub.com/loi/HS).
DNA from the LLNL strains was extracted via BEI Re-
sources proprietary methods. All work with virulent B. an-
thracis in this study was performed in BSL-3 conditions
using safety precautions as recommended by the BMBL. All
other work was performed at BSL-2 conditions.
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Table 1. Primer Sequences, Expected Amplicon Sizes, and PCR Concentrations

Reaction
Expected Amplicon Cone.
Primer Name Primer Sequence (5°—3°) Size (bp) Reference (uM)
E517F gccageagecgeggtaa 555 40 1
E1072R cgagctgacgacarccatgea 1
lef F ctatcaacactggagegattctttatctg . 2
lef R ggtacttccaatggattgatgtaataaagc 460 This study 2
ORF53 F acaacagcgctttttctaacgcttt . 0.4
ORF53 R tgttagcccatattggtoctttcac 349 This study 0.4
pagAT ggcatttaatcttgctgtatcageg 320 This studv 0.15
pagAR tggcagcttatccgattgtacatgt ) 0.15
¢ya I tgcccccgacatgtttgagt 268 s sty 0.25
oaR attcaatccctttgtagccacacc 0.25
capA2 F caggagctattgcaacgaaagaacaaccag . 0.25
capA2 R acatcaaaagattgaagtacatgcggatog 250 This study 0.25
ORF7F cggocgaaaataaaaaagaaggotaa . 0.7
ORF7 R ttgccgecttatttacatgtoattt 228 This study 0.7
capB F tccggatccaggageaatga 207 This study 0.25
capB R tccctageaaactgetcagtacgat 0.25
sspE F gagaaagatgagtaaaaaacaacaa 158 3 0.5
spE R catttgtgctttgaatgctag 0.5

Assay Detection Limits

The detection limit of the multiplex PCR was qualitatively
determined using genomic DNA at various concentrations.
DNA from the B. anthracis, Ames strain was serially diluted
from 2ng/uL to 1pg/uL, corresponding to a range from
3.06% 10° genome copies/UL to 153 copies/uL, respectively.

Supplementary Plasmid PCR

To determine the extent of the homology of 2 unexpectedly
detected putative plasmids to pXO1, pXO2, and similar
plasmids, PCR was performed on the regions upstream
and downstream of the intended target. Based on the B.
anthracis, Ames strain pXO1 plasmid sequence, primers
were designed for a total of 7 overlapping regions around
the intended target (see Supplementary Figure 1A, heep://
online.liebertpub.com/loi/HS); these PCRs were tested
against DNA from the Ames strain and strains containing
the sequenced plasmids pPBCXO1 and pBC10987, known
to be homologous to pXO1.*** Based on the B. anthracis,
Ames strain pXO2 plasmid sequence, primers were de-
signed for a total of 5 overlapping regions around the in-
tended target (see Supplementary Figure 1C, htep://
online liebertpub.com/loi/HS); these PCRs were tested
against DNA from the Ames strain and strains containing
the sequenced plasmids pAW63 and pBT9727, known to
be homologous to pXO2.>' In order to differentiate the
pXO2-like plasmid detected in NR-610 from the known
plasmid pAWG63, primers were designed to 6 targets dis-
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tributed around pAWG63 using the published plasmid DNA
sequence (see Supplementary Figure 2, http:/online.liebertpub.
com/loi/HS). DNA from NR-610 was tested with these
primers. Supplementary Table 2 (http:/online.liebertpub.
com/loi/HS) lists the sequences and expected amplicon sizes
for the primers used in these supplementary PCRs.

ResuLts anDp DiscussionN

Multiplex PCR Assay

Representative electrophoresis results obtained from this
multiplex PCR on B. anthracis, Ames strain (pXO1™"/
pXO02™) and Sterne strain (pXO1"/pXO27) are shown in
Figure 1. The multiplex assay was tested against a total of
125 samples from the BEI Resources and ATCC collec-
tions. The results obtained from the multiplex PCR for the
strains tested are shown in Table 2. With the exception of 2
novel partially homologous putative plasmids detected (see
“Supplementary Plasmid PCR” below), the correlation of
results to the expected results was 100%. 16S PCR products
were observed for all bacterial DNA, verifying the proper
functioning of the multiplex PCR for all samples tested and
indicating the primer binding sites are highly conserved.
NR-9401, the AleflApaglAcya B. anthracis strain that
provided false-negative results via previous characterization
methods, shows a positive result for ORF53 using the
currently described PCR while maintaining negative results
for the 3 deleted toxin genes. Thus, the addition of a PCR
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Table 2. Summary of the strains used in the inclusion and exclusion testing of the multiplex PCR, and the unknown LLNL samples

Type n Source Organism Subspecies and/or Strain
B. anthracis Ames (A0462)
+ Ctrl
B. anthracis Sterne 34F2 (LLNL A0517)
B. anthracis Pathogenic Strains, n =6
B. anthracis Nonpathogenic Strains, n = 22
B. anthracis Sterne BA663
'é B. anthracis Sterne BA723
N
E B. anthracis Sterne BA695
S 36
3 B. anthracis Sterne BA690
§ B. anthracis Sterne BA721
B. anthracis Sterne BA781
B. anthracis Sterne ApagA
B. anthracis Sterne AcyaA
B. cereus n=6
e B. cereus FDA 5
2 B. cereus G9241
@
§ B. cereus NRS 248
S 14
o B. mycoides n=2
S
E B. thuringiensis HD-1
«@ B. thuringiensis NRRL B-4488 [HD-73]
B. thuringiensis subsp. konkukian, 97-27
% Bacillus sp. n=21
; Brevibacillus sp. n=2
P
E Geobacillus sp. n=2
22
& f, 34 Lysinibacillus sphaericus Ford 25
S o
5« Marinibacillus marinus 581
S
Eg Paenibacillus sp. n=6
<
3 Virgibacillus pantothenticus NRS 1321
Brucella sp. n=3
o
% S Burkholderia sp. n=3
L5
S 3 17 Clostridium sp. n=7
£%3
g © Francisella sp. n=2
Yersinia pestis n=2
S . ial
% ] 19 Various (See Materials & n=19
58 Methods)
Virus 1 Vaccinia virus Modified Vaccinia Ankara (MVA)
Amoeba 1 Acanthamoeba castellanii Neff
Aspergillus fumigatus NRRL 163
Fungi 2
Penicillium chrysogenum NRRL 807
Plant 1 Ricinis communis n/a
—Ctrl Bacillus licheniformis NRS 712
NTC No Template Control n/a
B. anthracis n=10
w | 29
- S B. anthracis n=9
Z g =
- <
= § B. anthracis n=7
B. anthracis n=3

pX02

capA  ORF7

250 228
bp

capB
207

Dark grey cells with a "+" indicate a positive result (amplicon present), while cells with a
Notes: 1: Novel plasmid partially homologous to pXO1. 2: pBCXO1 =99.6% identical to pXO1. 3: pBC10987 =40% identical to pXO1. 4: Novel plasmid partially homologous to
pX02. 5: pAW63 =53% identical to pXO2. 6: rRNA homologous to bacterial 16S rRNA (See Supplementary Data).
* Unexpected result due to previously undescribed putative plasmid.

indicate a negative result (no amplicon present).
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target separate from the PAIs provides the ability to prop-
erly characterize the presence of the plasmids in the event
that the toxin or capsule genes are deleted.

Although amplicons corresponding to the approximate
expected size for 16S amplicons were observed in Acantha-
moeba castellanii (583 bp), Penicillium chrysogenum (556 bp),
and Ricinis communis (556 bp), BLAST analysis shows high
homology in the respective rRNA sequences corresponding
to the primer binding sites for these species, explaining the
observed bands (Supplementary Data 1). The assay proved to
be highly specific and yields an amplicon profile that is easy to
read and interpret.

Assay Detection Limits

Results suggest that the limit of reliable qualitative detection
for all 9 of the PCR targets is lower than approximately 1,200
copies of genomic template DNA per 50-uL reaction, corre-

NR-411
Bacillus anthracis,
Ames Strain

100

50 bp Ladder

Figure 1.
pXO2~ Sterne strain (right).
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sponding to less than 8 pg/reaction. These results are illus-
trated in Supplementary Figure 3 (http:/online.liebertpub.
com/loi/HS). The observed limit of detection (LOD) indi-
cates that even though this assay is likely insufficient for
clinical or diagnostic purposes, it is sensitive enough for effi-
cient identification and characterization of laboratory isolates.
Preliminary testing suggests that this assay may also be capable
of characterizing isolates using bacterial cells, without prior
DNA extraction, as template (data not shown).

LLNL B. anthracis Samples

The multiplex PCR was used to test DNA extracted from 29
previously unpublished B. anthracis samples deposited into
the BEI Resources collection by LLNL. Of these, 10 (34.5%)
were pXO17/pXO2™, 9 (31.0%) were pXO1*/pXO2~,
7 (24.1%) were pXO1~/pXO2™, and 3 (10.3%) were
pXO17/pXO2~ (Table 2 and Supplementary Table 1).

16S Internal genomic control

lef

ORF53 pX01

pag

cya

capA

ORF7 pXO2

capB

SSpE B. anthracis-specific

NR-1400

Bacillus anthracis,
Sterne Strain

Representative electrophoresis results obtained from the pXO1*/pXO2™ B. anthracis, Ames strain (left), and the pXO1*/
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Supplementary Plasmid PCR

The results obtained from the inclusion and exclusion
testing of the multiplex PCR assay yielded 2 unexpected
findings. The first was an amplicon in NR-608 (B. cereus,
FDA 5) corresponding to the pXO1-ORF53 target. Unlike
the other two B. cereus strains (G9241 and NRS 248), with
amplicons corresponding to the pXO1 targets, no previ-
ously published sequence data were found to explain the
presence of this amplicon. The second unexpected result
was a similar amplicon in NR-610 (B. thuringiensis, HD-1)
corresponding to the pXO2-ORF7 target. Both these re-
sults are highlighted with an asterisk in Table 2. Again,
unlike the other B. thuringiensis strain with an amplicon
corresponding to this target, no previously published data
are known to exist that would explain the unexpected
amplicon. It was hypothesized that these amplicons were
due to primer binding to previously unknown plasmids
that are partially homologous to pXO1 and pXO2, re-
spectively. To determine the extent of the homologous
regions, PCR was conducted across multiple overlapping
regions surrounding the intended targets.

For the pXO1-like plasmids, all the targets tested were
positive in the samples NR-411 (the Ames strain positive
control) and DNA containing the plasmid pBCXO1
(~99.6% homologyM), while 4 of 7 targets were positive in
DNA containing the plasmid pBC10987 (x~40% homol-
ogy™®), and 5 of 7 targets were positive in DNA containing
the unknown putative plasmid (Supplementary Figure 1B).
The amplicons from the unknown putative plasmid were
sequenced. The sequencing data indicate that the region from
approximately Seq9 to Seq4 is contiguous (Supplementary
Figure 1A) and possesses a 99.92% homology to pBc10987
(Supplementary Data 2). The putative plasmid was named
pMARTI due to its apparent homology within the sequenced
range to the pXOl-like plasmids.

For the pXO2-like plasmids, all the targets tested were
positive in the positive control, while 2 of 5 targets were
positive for amplicons of the expected size in samples con-
taining the plasmid pBT9727 (x89% homology™), 3 of
5 targets were positive in samples harboring the plasmid
pAWG3 (x53% homology®"), and 3 of 5 targets were positive
in those with the unknown putative plasmid (Supplementary
Figure 1D). The amplicons from the unknown putative
plasmid were sequenced. The sequencing data indicate that
the region from approximately Seq5 to Seql3 is contiguous
(Supplementary Figure 1C) and possesses a 93.68% homol-
ogy to pAW63 (Supplementary Data 2). Of the 6 targets
designed using the pAW63 plasmid sequence, none was
positive in the unknown plasmid in NR-610 (Supplementary
Figure 2). The putative plasmid was named pMAR2 due to its
apparent homology within the sequenced range to the pXO2-
like plasmids.

These results indicate that both the pMARI1 plasmid
detected in NR-608 (B. cereus, FDA 5) and the pMAR2
plasmid detected in NR-610 (B. thuringiensis, HD-1) bear
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some homology to pXO1 and pXO2, respectively, but are
distinct from currently known plasmids.

LiMITATIONS

The sspE primer pair from Kim et al is designed to produce
a 75bp amplicon in species from the B. cereus group of
organisms (B. cereus, B. anthracis, B. thuringiensis, B. my-
coides, etc). In B. anthracis, these primers also produce a
188 bp amplicon due to a species-specific repeated region
that includes the binding site for the reverse primer.'® The
latter forms the basis of the B. anthracis—specific detection
incorporated into this assay. Based on initial experimental
results, the use of the 75bp amplicon specific to the B.
cereus group is incompatible with the combination of
primers used in this multiplex PCR assay. Amplicons of
approximately 75bp were regularly observed in all reac-
tions; this included no template controls in which no other
bands were observed. It is suspected that some combination
of the 18 primers used in this assay is susceptible to olig-
omerization, resulting in DNA molecules of a size larger
than typical primer dimers. Because the suspected primer
oligomer is approximately the same size as the 75bp B.
cereus group-specific band and occurs whether template is
added or is absent, it is not possible to differentiate a pos-
itive result from the presence of the oligomer. Thus, the
current multiplex PCR is not intended to identify a sample
as belonging to the B. cereus group in the same manner as
described in Kim et al. As the next smallest band is the
188 bp B. anthracis—specific amplicon, electrophoresis re-
sults from this multiplex PCR assay have a wide berth be-
tween the valid results and the primer oligomer, thus
preventing any potential for confusion. For this reason, the
75 bp sspE amplicon is not considered in the final analysis.

CONCLUSIONS

The multiplex PCR presented in the current work has been
shown to be highly sensitive and specific for the detection of
B. anthracis chromosomal DNA and the pXO1 and pXO2
virulence plasmids. This novel multiplex PCR was also used
to characterize 29 previously unpublished B. anthracis
samples, confirming their species designation and provid-
ing plasmid profiles ranging from pXO1~/pXO2~ to
pXO1"/pX0O2™.

In addition to the expected targets on pXO1 and pXO2, 2
putative plasmids with partial homology to pXO1 and pXO2
were detected during the inclusion and exclusion testing of the
assay. NR-608 (B. cereus, FDA 5) contains the plasmid
pMARI, which bears some homology to the pXO1-like
plasmids, and NR-610 (B. thuringiensis, HD-1) contains the
plasmid pMAR2, which bears some homology to the pXO2-
like plasmids. Supplementary PCR was conducted on these
samples using the pXO1 and pXO2 sequences to design
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primers. While these plasmids display some homology to
known plasmids, they were shown to be distinct from the
known plasmids tested. Thus, these are thought to represent 2
previously undescribed plasmids. Work is currently in progress
to further characterize these plasmids.

The multiplex PCR presented in the current work has
been shown to be highly specific for the simultaneous de-
tection and characterization of B. anthracis chromosomal
DNA and the pXO1 and pXO2 virulence plasmids (and
highly homologous plasmids). The PCR has a rapid turn-
around time (x1 hour, 35 min), requires no proprietary
instruments or reagents, and produces an amplicon profile
that is easy to read and interpret, making this molecular
diagnostic assay well-suited for the high-throughput com-
prehensive identification and characterization of Bacillus
anthracis and related Bacillus laboratory samples.

For biodefense purposes, this assay offers a fast and ac-
curate method of characterizing a Bacillus isolate of interest.
With further improvements in sensitivity, this assay has
potential to be developed as a diagnostic assay.
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