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Comparative sequence analysis was performed upon Bacillus anthracis and its closest relatives, B. cereus and
B. thuringiensis. Portions of rpoB DNA from 10 strains of B. anthracis, 16 of B. cereus, 10 of B. thuringiensis, 1
of B. mycoides, and 1 of B. megaterium were amplified and sequenced. The determined rpoB sequences (318 bp)
of the 10 B. anthracis strains, including five Korean isolates, were identical to those of Ames, Florida, Kruger
B, and Western NA strains. Strains of the “B. cereus group” were separated into two subgroups, in which the
B. anthracis strains formed a separate clade in the phylogenetic tree. However, B. cereus and B. thuringiensis
could not be differentiated. Sequence analysis confirmed the five Korean isolates as B. anthracis. Based on the
rpoB sequences determined in the present study, multiplex PCR generating either B. anthracis-specific ampli-
cons (359 and 208 bp) or cap DNA (291 bp) in a virulence plasmid could be used for the rapid differential

detection and identification of virulent B. anthracis.

Bacillus anthracis is a large, gram-positive, aerobic, spore-
forming bacillus. Its endospores do not divide, have no mea-
surable metabolism, and are resistant to drying, heat, UV light,
gamma radiation, and many disinfectants. In some cases,
spores can remain dormant for decades. B. anthracis causes a
zoonotic disease, anthrax. It also causes acute and often lethal
disease in humans, such as cutaneous, intestinal, and pulmo-
nary anthrax. For a long time, this species has attracted atten-
tion because of its hardiness, dormancy, and thus its potential
use as a biological weapon (12, 13). In October 2001, B. an-
thracis spores were used to attack human populations in Flor-
ida, New Jersey, New York, and Washington, D.C. (12), which
heightened public awareness and concern about anthrax.

B. anthracis infections are confirmed mainly by conventional
microbiological methods, i.e., Gram staining, capsule staining,
colony morphology, and biochemical characteristics (4, 18). How-
ever, because of its clinical importance and its implication con-
cerning public security, suspected specimens are usually referred
to public health laboratories for definitive identification, epide-
miologic study, and susceptibility testing (28). Therefore, not only
precise but also rapid identification of isolated Bacillus species is
needed. In addition, it is also important to know whether detected
or isolated B. anthracis strains contain virulence plasmids or not
because the virulence of B. anthracis is related to encapsulating
and toxin-encoding plasmids.

Given this situation, genotype analysis would seem to be
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most appropriate for the precise differential identification of
virulent B. anthracis. However, genotype analysis is not
straightforward for several reasons. Phylogenetically, B. an-
thracis is considered a member of the “B. cereus group,” which
also includes B. cereus, B. thuringiensis, and B. mycoides (18).
Moreover, B. anthracis is genotypically differentiated from its
close relatives, B. cereus and B. thuringiensis, only by the pres-
ence of toxin-encoding plasmids (19), and the genomes of
these three species show high levels of similarity. For example,
this group share almost identical 16S ribosomal DNA se-
quences (1), and for this reason were suggested to be one
species based on multilocus enzyme electrophoresis (MLEE)
(11). Moreover, the genome of B. anthracis has 11 rRNA
operons, which show sequence polymorphisms at 10 positions
(27). Analysis of other chromosomal genes such as gyrB (9, 35)
and the 16S-23S ribosomal intergenic spacer (2), which are
usually used for bacterial genotyping or phylogenetic analysis
also failed to discriminate B. anthracis from B. cereus and B.
thuringiensis. Furthermore, it seems to be even more difficult to
differentiate them by plasmid gene analysis, because of plasmid
transfer among the closest species. For example, genes in the
plasmid of B. anthracis have been successfully expressed in
other bacteria (30) and been reported in other Bacillus species
(22). It is important to note that pXO2 can be lost naturally
(32). Due to the natural competence of B. thuringiensis and B.
cereus, the horizontal transfer of plasmids has been reported
(8, 26, 35). The findings presented above show why the detec-
tion and identification of B. anthracis from clinical or environ-
mental samples must be performed precisely and why B. an-
thracis-specific chromosomal markers should be developed to
differentiate B. anthracis from its closest relatives (23).
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The mpoB gene, encoding the RNA polymerase B-subunit,
has been used as a marker for bacterial identification and for
phylogenetic study (5, 6, 14, 16, 17, 20, 25). Recently, the rpoB
gene was used for the real-time PCR detection of B. anthracis
(23); however, false-positive results were observed. According
to Ellerbrok et al. (7), B. cereus and B. megaterium strains were
also detected by real-time rpoB PCR and, therefore, a more
reliable detection and identification method is required for B.
anthracis chromosomal DNA.

In the present study, partial rpoB sequences (318 bp), which
are located downstream of those used for real-time PCR (23)
and which contain a region related to rifampin resistance, Rif *
(21, 33), were compared for the genotyping of B. anthracis, B.
cereus, B. thuringiensis, B. mycoides, and B. megaterium. Sub-
sequently, we undertook to identify five Korean isolates based
on their rpoB sequences and to develop a simple multiplex
PCR method that can be used for the rapid and differential
detection of virulent B. anthracis.

MATERIALS AND METHODS

Bacterial strains, DNA extraction, and PCR amplification. Thirty-seven
strains belonging to five species (B. anthracis, B. cereus, B. thuringiensis, B.
mycoides, and B. megaterium) were analyzed in the present study (Table 1). B.
anthracis reference strains (ATCC 14185, ATCC 14186, ATCC 14578, Sterne,
and Pasteur no. 2 Army strains) and five Korean isolates (GJ-1, GJ-2, BC, CN,
and HS), which were isolated from the blood of infected humans and cows, were
provided by I. J. Kim (School of Medicine, Dongguk University), W. Kim
(Chung-Ang University College of Medicine), and J. M. Kim (National Veteri-
nary Research and Quarantine Service). Although ATCC 14578 (Vollum strain)
has both pXO1 and pXO2 originally, the pXO1-cured strain was used in the
present study. The rpoB sequences of B. anthracis Florida isolate A2012, Ames,
Kruger B, and Western NA strains were obtained from the public database
GenBank or from the website of The Institute for Genomic Research (www.tigr
.org). Total DNAs were extracted from cultured colonies by using the bead
beater-phenol extraction method (14, 16) and used as a template for PCR. A
primer pair, BA-RF (5'-GAC GAT CAT YTW GGA AAC CG-3') and BA-RR
(5'-GGN GTY TCR ATY GGA CAC AT-3'), was used to amplify a portion of
rpoB DNA (359-bp) containing the rif” region (14). Template DNA (ca. 50 ng)
and 20 pmol of each primer were added to a PCR mixture tube (AccuPower PCR
PreMix; Bioneer, Daejeon, Korea) containing 1 U of Tag DNA polymerase, a
250 pM concentration of deoxynucleotide triphosphate, 10 mM Tris-HCI (pH
8.3), 10 mM KCl, 1.5 mM MgCl,, and gel loading dye (16). The final volume was
adjusted to 20 ul with distilled water, and the reaction mixture was then ampli-
fied for 30 cycles. Each cycle consisted of 30 s at 95°C for denaturation, 30 s at
45°C for annealing, and 1 min at 72°C for extension, and this was followed by a
final extension at 72°C for 5 min (model 9700 ThermoCycler; Perkin-Elmer
Cetus). Amplified PCR products were purified for sequencing by using a Qiaex
II gel extraction kit (Qiagen, Hilden, Germany).

Nucleotide sequencing. Sequences of the purified PCR products were deter-
mined directly with forward and reverse primers by using an Applied Biosystems
automated sequencer (model 377) and a BigDye terminator cycle sequencing kit
(Perkin-Elmer Applied Biosystems, Warrington, United Kingdom). For the se-
quencing reaction, 30 ng of purified PCR product, 2.5 pmol of each primer, and
4 ul of BigDye terminator RR mix (Perkin-Elmer Applied Biosystems; part no.
4303153) were mixed and adjusted with distilled water to a final volume of 10 pl.
The reaction was run with 5% (vol/vol) dimethyl sulfoxide for 30 cycles of 15 s at
95°C, 5 s at 50°C, and 4 min at 60°C. Both strands were sequenced as a cross-
check.

Sequence analysis and phylogenetic analysis. Alignment of the rpoB se-
quences (Fig. 1) was accomplished by using the MegAlign program in DNA
STAR (Madison, Wis.). Amino acid sequences were also deduced by the
MegAlign program. A phylogenetic tree was inferred from the rpoB nucleotide
sequences by the neighbor-joining method described in PAUP (29) and by using
B. mycoides and B. megaterium as outgroups to root the tree. Branch supporting
values were evaluated with 1,000 bootstrap replications.

B. anthracis-specific PCR. B. anthracis-specific forward primer (Ba-SF, 5'-TTC
GTC CTG TTA TTG CAG-3") was designed based on the aligned rpoB se-
quences (Fig. 1). This specific primer was utilized with BA-RF and BA-RR for
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TABLE 1. B. anthracis, B. cereus, B. thuringiensis, B. mycoides, and
B. megaterium strains used in this study

Bacillus sp. Strain no.” Accession no.
B. anthracis Sterne AY169510
B. anthracis Pasteur no. 2 Army AY169511
B. anthracis ATCC 14185 AY169512
B. anthracis GJ-1¢ AY169513
B. anthracis GJ-2¢ AY169514
B. anthracis Ames” NC003997”
B. anthracis Florida® A2012 NC003995”
B. anthracis Kruger B? NC004126”
B. anthracis Western NA?
B. cereus ATCC 9634 AY169515
B. cereus IMSNU 11011  AY169516
B. cereus IMSNU 11012 AY169517
B. cereus IMSNU 11013 AY169518
B. cereus IMSNU 13043  AY169519
B. cereus IMSNU 13044  AY169520
B. cereus IMSNU 13045  AY169521
B. cereus IMSNU 13046  AY169522
B. cereus IMSNU 13047  AY169523
B. cereus IMSNU 12076 ~ AY169524
B. cereus IMSNU 12077  AY169525
B. cereus IMSNU 12078  AY169526
B. cereus IMSNU 12079  AY169527
B. cereus KCTC 1012 AY169528
B. cereus KCTC 1014 AY169529
B. thuringiensis KCTC 1507 AY169530
B. thuringiensis KCTC 1509 AY169531
B. thuringiensis IMSNU 12089  AY169532
B. thuringiensis subsp. berliner IMSNU 12095  AY169533
B. thuringiensis subsp. dendrolimus ~ IMSNU 12096  AY169534
B. thuringiensis subsp. entomocidus ~ IMSNU 12097  AY169535
B. thuringiensis subsp. finitimus IMSNU 12098  AY169536
B. thuringiensis subsp. indiana IMSNU 12099  AY169537
B. thuringiensis subsp. kurstaki IMSNU 10051  AY169538
B. thuringiensis subsp. pakistani IMSNU 12092  AY169539
B. mycoides KCCM 40260 AY169540
B. megaterium KCTC 3007 AY169541

“ ATCC, American Type Culture Collection; IMSNU, Institute of Microbiol-
ogy Seoul National University; KCTC, Korean Collection for Type Cultures;
KCCM, Korean Culture Center of Microorganisms.

" B. anthracis strains that for which the rpoB sequences were obtained from the
public database GenBank or from the website of The Institute for Genomic
Research (www.tigr.org).

¢ B. anthracis strains isolated from human (GJ-1) and cow (GJ-2) sources in
Korea.

the specific amplification of B. anthracis DNA by multiplex PCR. Multiplex PCR
was performed as described above but with an extension time of 30 s. To test the
specificity of the multiplex PCR, DNAs or cell suspensions of other Bacillus
species and of the B. cereus group members examined in the present study were
also applied as templates. PCR products were analyzed by electrophoresis in a
3% agarose gel.

The multiplex PCR targeting rpoB DNA to identify B. anthracis was performed
simultaneously with the cap PCR, which is a molecular detection method based
on the virulence plasmid (pXO2) by using a Cap-S and Cap-R primer set (7).
Virulent B. anthracis strains, which can make capsule by cap in pXO2, will show
three different bands. One is Bacillus genus specific (359 bp), the second is B.
anthracis specific (208 bp), and the third is virulence plasmid DNA (291 bp).

RESULTS

rpoB sequence analysis. The rpoB sequences (318 bp), de-
termined unambiguously in the present study, showed >95.3%
similarity between the strains of B. cereus, B. thuringiensis, and
B. anthracis. After we excluded the most divergent strain, B.
cereus IMSNU 13043, the least similarity increased to 96.9%.
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FIG. 2. Phylogenetic relationships of the 34 strains of the Bacillus cereus group inferred from partial rpoB DNA sequences. The tree was
constructed by the neighbor-joining method in PAUP (29). B. mycoides and B. megaterium were used as outgroups to root the tree. The bootstrap
values presented at corresponding branches were determined from 1,000 replications; those with values of <50% are not indicated. Clusters A and
B identified in the present study are indicated by arrows and the B. anthracis clade is indicated by the box.

Five B. anthracis reference strains (ATCC 14185, ATCC
14186, ATCC 14578, Sterne, and Pasteur no. 2 Army strains)
had the same rpoB sequence as the four whole-genome se-
quenced strains, namely, the Ames, Florida, Kruger B, and
Western NA strains. The five Korean isolates also had se-
quences identical to those of the reference strains. Thus, the
amplification and sequencing of a portion of the rpoB DNAs
from the five Korean isolates confirmed them as B. anthracis
(Fig. 1). It is interesting that no variation was observed in the
rpoB DNA sequence of the 14 B. anthracis strains analyzed in
the present study. B. mycoides KCCM 40260 and B. megaterium
KCTC 3007 showed 93.1 to 96.2% and 83.6 to 85.8% similar-
ities with three species (B. anthracis, B. cereus, and B. thurin-
giensis) of the B. cereus, respectively. The sequence similarity
between B. mycoides and B. megaterium was 86.5%.

It was noteworthy that the B. anthracis was found to differ
from B. cereus and B. thuringiensis at one amino acid, S,,, —
A,4,. This amino acid originates from one nonsynonymous
nucleotide change (i.e., TCT — GCT) and was used in the
designation of the B. anthracis-specific forward primer, Ba-SF
(Fig. 1) (see below). The deduced amino acids of B. cereus and
B. thuringiensis were identical, with one exception. B. cereus
IMSNU 11013 differed from the other strains at one site:
E,57—>Q,g7. B. mycoides KCCM 40260 also had a single unique

amino acid change, i.e., G393—>R305, and B. megaterium showed
differences at five amino acid positions versus the consensus.
However, no rifampin resistance-related amino acid substitu-
tion was found.

Phylogenetic analysis. The phylogenetic tree inferred from
the rpoB sequences showed two main clusters, i.e., clusters A
and B, in the B. cereus group (Fig. 2). Previous studies that
used MLEE separated strains of the B. cereus group into two
subgroups (9, 11, 34). However, because of the incongruent
strains studied, it is unclear whether the two main clusters
observed in the present study correspond to the subgroups
described by these earlier studies.

The B. anthracis clade of cluster B was distinctly separated
(Fig. 2), as found in an amplified fragment length polymor-
phism (AFLP) study (31), although it could not be differenti-
ated from several B. cereus strains in a population study by
using MLEE (11). This demonstrates the improved discrimi-
natory power of the rpoB sequence versus enzyme mobility
study. By referring to the phylogenetic tree, five Korean iso-
lates, including GJ-1 and -2, were easily identified (Fig. 2).
However, rpoB phylogeny showed no clear distinction between
B. cereus and B. thuringiensis, which is also consistent with the
results of previous studies by using MLEE- and AFLP-based
methods (9, 10, 11, 32, 34).
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FIG. 3. Specific identification of B. anthracis by multiplex PCR. Two amplicons were observed for B. anthracis (359 and 208 bp; lanes 1 and 2)
and only one larger amplicon (359 bp) for the other Bacillus species (lanes 3 to 15). Lanes: M, 100-bp ladder marker; 1, B. anthracis ATCC 14185;
2, B. anthracis Korean isolate; 3, B. thuringiensis IMSNU 12095; 4, B. cereus IMSNU 12077; 5, B. cereus IMSNU 13046; 6, B. cereus IMSNU 11011;
7, B. cereus IMSNU 11013; 8, B. thuringiensis IMSNU 12089; 9, B. cereus IMSNU 13043; 10, B. mycoides KCCM 40260; 11, B. megaterium KCTC
3007; 12, B. licheniformis KCTC 1918; 13, B. sphaericus KCTC 3346; 14, B. pumilus KCTC 3348; 15, B. subtilis KCTC 3040. In addition, 30 other
Bacillus species (B. fastidiosus, B. thermoglucosidadius, B. psychrophilus, B. azotoformans, B. marinus, B. flexus, B. simplex, B. pasteurii, B. niacini,
B. pallidus, B. halophilus, B. thermoevolans, B. cohni, B. smithii, B. firmus, B. atrophaeus, B. mojavensis, B. vallismortis, B. globisporus, B. insolitus,
B. lentus, B. badius, B. ehimensis, B. amyloliquefaciens, B. benzoevorans, B. fusiformis, B. macrocanus, B. psychrosaccharolytica, B. coagulans, and B.

circulans) in KCTC and IMSNU were also tested (data not shown).

The tight B. anthracis clade in the rpoB tree also suggests
that B. anthracis is very homogeneous and is among the most
monomorphic species known (11, 24, 31). According to the
rpoB tree, B. anthracis appears to be genetically separated from
the other members of the B. cereus group, such as B. cereus and
B. thuringiensis, although the number of strains of B. cereus and
B. thuringiensis included in the present study was limited. Two
B. thuringiensis strains were found to be most closely related to
the B. anthracis clade (Fig. 2), and four B. cereus strains were
placed at the basal position of cluster B. In cluster A, four B.
thuringiensis strains—KCTC 1509, IMSNU 12089, IMSNU
10051, and IMSNU 12096—constituted a distinct group that
was supported by a bootstrap value of 90%. However, the
other three B. thuringiensis strains were mixed with B. cereus
strains.

Based on rpoB phylogeny, the evolution of B. anthracis, B.
thuringiensis, and B. cereus has been very complicated, which
supports the results of MLEE and AFLP studies (11, 31). A
previous report suggested that B. cereus might be an ancestral
species (11). However, because the B. thuringiensis clade was
located at the basal position in cluster A, its ancestral species
was not obvious in the present study. Although B. cereus
IMSNU 13043 was found to be more divergent than the other
strains and, therefore, could be said to be ancestral, this is only
a single strain and may be abnormal. Thus, as indicated in a
previous report (11), research involving the multilocus se-

400 bp—
300 bp—>
200 bp -

quencing of more strains is needed to elucidate the evolution
of the B. cereus group.

Identification of B. anthracis. When three primers (BA-RF,
BA-RR, and Ba-SF) were used simultaneously, two ampli-
cons (359 and 208 bp) were observed from B. anthracis but
only one amplicon (359 bp) from the nonanthrax Bacillus
species (Fig. 3). All B. anthracis strains produced two bands
as expected. However, a smaller amplicon specific for B.
anthracis was not detected in more than 30 other Bacillus
species tested (Fig. 3). Although the nucleotide sequence of
B. megaterium is identical to that of B. anthracis at the 3’
terminus of the specific primer, the target DNA was not
amplified due to an overall dissimilarity in the primer region
(Fig. 1).

When multiplex PCR, targeting rpoB DNA to identify B.
anthracis, was simultaneously performed with the cap PCR,
only two amplicons corresponding to rpoB DNA were gener-
ated by the Sterne strain, which does not contain pXO2 plas-
mid, and by the two ATCC strains, ATCC 14185 and ATCC
14186 (Fig. 4). However, three bands, including cap DNA (291
bp), were observed from ATCC 14578 (Vollum strain), which
possesses pXO2. Multiplex PCR also indicated that the Ko-
rean isolates are virulent B. anthracis, which demonstrates that
the developed multiplex method can be used both to identify B.
anthracis and to indicate virulence.

FIG. 4. Multiplex PCR amplification of rpoB (359 and 208 bp) and the cap (291 bp) gene DNA, which are located in the chromosome and the
pXO2 plasmid of B. anthracis, respectively. Lanes: M, 100-bp ladder marker; 1, B. anthracis ATCC 14185; 2, B. anthracis ATCC 14186; 3, B.
anthracis ATCC 14578 (Vollum strain); 4 to 7, Korean isolates of B. anthracis GJ-2, BC, CN, and HS, respectively; 8, B. anthracis Sterne strain;

9, negative control.



VoL. 41, 2003

DISCUSSION

Although clinical B. anthracis isolates causing fatal human
infection can be referred for definitive identification, prelimi-
nary results should be reported as quickly as possible by clinical
laboratories. Because large-scale public screening may be nec-
essary after proven public exposure, strain-specific identifica-
tion and the rapid and precise identification of B. anthracis is
needed. In this respect, clinical microbiological laboratories
should play an important role in early detection and identifi-
cation. Routine culture and biochemical testing methods per-
formed in clinical laboratories are useful but are not sufficient
for the definitive identification of B. anthracis. Thus, specimens
should be referred to a reference laboratory for epidemiolog-
ical study and further specific analysis, such as detailed bio-
chemical analysis and genotyping. However, rapid identifica-
tion and diagnosis by molecular techniques are available and
have become essential in clinical laboratories. PCR can be
used as a preliminary method for detecting B. anthracis DNA
as an adjunct to bacterial culture. Moreover, PCR may be
extended to the large-scale exposure screening for anthrax
spores. Previously, gyrB and virulence-related genes in the plas-
mid were used in PCR to detect or identify B. anthracis. How-
ever, obstacles remain to be overcome. Specifically, nonviru-
lent strains that do not contain virulence plasmids or a number
of Bacillus species phenotypically similar to B. anthracis may
produce false-positive results (6, 24). Actually, sequences of
several chromosomal genes such as gyrB (9, 36) and the 16S-
23S ribosomal intergenic spacer (2) are not sufficient to dis-
criminate B. anthracis from B. cereus and B. thuringiensis.

It might be difficult to find proper chromosomal markers for
B. anthracis. Thus far, most molecular methods used to detect
B. anthracis have been based on the genes, such as pag and cap
(7), of plasmids; on randomly amplified polymorphic DNA by
using SG-850 (3); or on variable-number tandem repeat re-
gions (15). Randomly amplified polymorphic DNA and vari-
able-number tandem repeat-based methods could be useful for
epidemiologic study, but they are time-consuming or labor-
intensive and lack specificity (23). In addition, due to the hor-
izontal transfer of plasmids, a more specific chromosomal
marker is needed.

In the present study, we have shown that B. anthracis and its
closest relatives can be differentiated by comparative sequence
analysis of a portion of rpoB. Another region, located up-
stream, was used previously for the real-time PCR detection of
B. anthracis (23). However, it is likely that information on the
corresponding sequences of other Bacillus species is insuffi-
cient and, therefore, false-positive results are possible in real-
time PCR (7). To ensure the clear differentiation of B. cereus
group strains based on the rpoB sequences, we compared a
highly conserved region containing rif” in more than 30 Bacillus
species (data not shown) in addition to 34 strains of five species
in Table 1.

Although the four species, which are collectively termed the
B. cereus group, are genetically very similar (11), B. anthracis
can be distinguished by using target sequences. Unfortunately,
because of the many regulations concerning the acquisition of
clinical and environmental isolates or DNAS of B. anthracis, we
were unable to add strains to the present study. However, in
view of the fact that all of the rpoB sequences compared were
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found to be identical and that previous molecular analysis
results suggest that B. anthracis is extremely monomorphic, we
believe that the sequence analysis used in the present study can
be used to practically differentiate B. anthracis from other
Bacillus species. Thus, we were able to verify the five Korean
isolates as B. anthracis.

We also used B. anthracis-specific multiplex PCR to differ-
entiate it from other Bacillus species. Multiplex PCR can pro-
vide critical criteria, which can be used to rule out Bacillus
species other than B. anthracis, by generating two different
patterns of PCR product (Fig. 3). Moreover, the combination
of rpoB PCR and cap PCR is a more useful application. When
rpoB PCR is combined with molecular detection methods
based on pXO1 and pXO2, which determine the virulence of
B. anthracis (7), the combined method appears to offer the
more rapid detection and identification of B. anthracis and also
determines virulence. Therefore, multiplex PCR may be used
as a simple and basic tool for clinical microbiologists.
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