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The population structure of the Bacillus cereus group (52 strains of B. anthracis, B. cereus, and B. thurin-
giensis) was investigated by sequencing seven gene fragments (rpoB, gyrB, pycA, mdh, mbl, mutS, and plcR). Most
of the strains were classifiable into two large subgroups in six housekeeping gene trees but not in the plcR tree.
In addition, several consistent clusters were identified, which were unrelated to species distinction. Moreover,
interrelationships among these clusters were incongruent in each gene tree. The incongruence length difference
test and split decomposition analyses also showed incongruences between genes, suggesting horizontal gene
transfer. The plcR gene was observed to have characteristics that differed from those of the other genes in terms
of phylogenetic topology and pattern of sequence diversity. Thus, we suggest that the evolutionary history of the
PIcR regulon differs from those of the other chromosomal genes and that recombination of the plcR gene may
be frequent. The homogeneity of B. anthracis, which is depicted as an independent lineage in phylogenetic trees,
is suggested to be of recent origin or to be due to the narrow taxonomic definition of species.

The Bacillus cereus group, which is a subdivision of the genus
Bacillus, includes the closely related species Bacillus anthracis,
Bacillus cereus, and Bacillus thuringiensis (22). However, their
pathogenic potentials and disease spectrums are quite different
despite their genetic relatedness. B. cereus is an opportunistic
pathogen and causes several types of infections in humans. It is
frequently isolated as a contaminant of milk, cereals, and var-
ious other foods, and it produces an emetic toxin and one or
several enterotoxins. On the other hand, B. thuringiensis is
primarily an insect pathogen, and it produces intracellularly
insecticidal crystal toxins of different specificities during sporu-
lation or in the stationary phase, which is the only established
difference between it and B. cereus (7). B. anthracis causes the
potentially lethal disease anthrax, and it has been identified as
a nonhemolytic, nonmotile, penicillin-sensitive, encapsulated
bacterium. B. anthracis is important in that it is considered a
potential biological weapon (26). The genes causing the lethal
effect of anthrax are located on two large virulence plasmids,
pXO1 and pXO2 (26).

The genomes of these three species show high levels of
similarity; for example, they share almost identical 16S ribo-
somal DNA sequences (2), although an association of a distinct
type of 16S ribosomal DNA sequence with B. anthracis was
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recently reported (30). Although several phenotypes (such as
capsule, lack of hemolysis, lack of motility, and susceptibility to
gamma phage) and biochemical tests can differentiate B. an-
thracis from B. cereus and B. thuringiensis (38), species delim-
itation is unclear. In fact, they were suggested to be one species
based on a multilocus enzyme electrophoresis (MLEE) result
(14) and by the presence of an S-layer on the cell surface (24).
Therefore, an investigation of the population genetic structure
of the B. cereus group seemed warranted as a means of under-
standing their evolution.

To date, the population genetic structure of the B. cereus
group has been studied mainly by MLEE (12, 13, 14, 38) and
by amplified fragment length polymorphism (AFLP) analysis
(18, 36). All MLEE analyses, which compared the allozyme
patterns of 10 to 20 housekeeping genes, showed that strains of
the B. cereus group are separated into two clusters and that B.
cereus and B. thuringiensis are indistinguishable on the basis of
their genetic backgrounds. These approaches have contributed
to our understanding of the population genetic structure of
these three species of the B. cereus group. However, as indi-
cated previously, MLEE analysis has its drawbacks compared
to genetic analysis, specifically, (i) comparison of results from
MLEE studies between laboratories is difficult, (ii) enzyme
mobility reflects genetic background only indirectly, and (iii)
variations may be limited (23). Moreover, AFLP analysis has
problems associated with inaccurate DNA fragment length
determination (18, 36) and of result nonportability, as for
MLEE. To overcome such shortcomings in bacterial popula-
tion and epidemiological studies, the multilocus sequence typ-
ing (MLST) method, which involves comparisons of the nucle-
otide sequences of several DNA fragments, was recently
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introduced (23, 33). Studies based on sequence analysis have
several advantages, including improved precision, portability,
and reproducibility (5). Moreover, population genetic studies
using MLST have revealed the existence of clonal groupings
and have been used to evaluate the extent of recombination
and mutation within the same bacterial species (5, 23, 33).

In the present study, we investigated the population struc-
ture of B. anthracis, B. cereus, and B. thuringiensis by using
sequences of seven protein-encoding genes, namely, rpoB
(RNA polymerase B subunit), gyrB (gyrase B subunit), pycA
(pyruvate carboxylase A), mdh (malate dehydrogenase), mbl
(cell shape determination-like protein, mreB like), mutS (DNA
mismatch repair protein MutS), and plcR (transcriptional reg-
ulator PIcR). rpoB, gyrB, and mutS have frequently been used
for the phylogenetic study of bacterial pathogens (9, 11, 19, 20,
21), and pycA, mdh, and mbl were successfully used in a pre-
vious study of the B. cereus group (14). The plcR gene was
selected because of its importance for virulence in the B. cereus
group (1). It was hoped that the present study might determine
whether B. anthracis, B. cereus, and B. thuringiensis are genet-
ically distinct and the origin of B. anthracis.

MATERIALS AND METHODS

Bacterial strains. Fifty-two strains of B. cereus, B. thuringiensis, and B. anthra-
cis were included in this study (Table 1). Sequence data for four B. anthracis
strains (Ames, Florida, Kruger B, and Western NA) and for two B. cereus strains
(ATCC 14579" and ATCC 10987) were retrieved from GenBank and from The
Institute for Genomic Research website (www.tigr.com); their genomes have
been sequenced. Five reference strains and five Korean isolates (GJ-1, GJ-2, BC,
CN, and HS) of B. anthracis were provided by J. M. Kim, W. Kim, and I. J. Kim
as DNA. Other strains of B. cereus and B. thuringiensis were purchased from the
Korean Collection for Type Cultures (KCTC) and from the Institute of Micro-
biology, Seoul National University (IMSNU). One strain of Bacillus mycoides
(KCCM 40260), which is usually classified as a member of the B. cereus group,
was also included.

Molecular methods. The primers used for amplification and sequencing are
shown in Table 2 with the lengths of the sequenced fragments. Total DNA
extraction, PCR amplification, and direct sequencing of PCR products were
performed as described previously (20, 21). Briefly, total DNA for PCR was
extracted by using the bead beater-phenol extraction method. Amplifications
were performed with a GeneAmp PCR system 9700 (Perkin-Elmer) as follows:
denaturation at 95°C for 5 min; then 30 cycles of 95°C for 30's, 45 to 55°C for 30's,
and 72°C for 1 min; and then a final extension at 72°C for 5 min. PCR products
were purified by using a QTAEX II gel extraction kit (Qiagen, Hilden, Germany)
for sequencing. Sequences were directly determined with an Applied Biosystems
model 377 automated sequencer and a BigDye terminator cycle sequencing kit
(Perkin-Elmer Applied Biosystems, Warrington, United Kingdom).

Sequence analyses. Raw sequences were concatenated and analyzed by using
EditSeq and MegAlign programs (DNASTAR, Madison, Wis.). Amino acid
sequences were deduced by using the MegAlign program. Phylogenetic trees
based on the concatenated sequences of six genes and the plcR sequence were
constructed by using the neighbor-joining method in PAUP* (35), using the
maximum-likelihood distance option. The gene tree obtained from the concat-
enated six housekeeping gene sequences was rooted by using B. mycoides as an
outgroup, and the plcR gene tree was rooted by using the midpoint-rooting
option. Branch supporting values were evaluated by performing 1,000 bootstrap
replications. The seven individual gene data sets were compared statistically for
incongruence by using the incongruence length difference (ILD) test (or the
partition homogeneity test) (8, 10), which was implemented in PAUP* (35). In
addition, to investigate the effects of recombination on the evolution of the six
genes (except plcR), for the 16 randomly selected strains used in this study, a split
decomposition tree was generated by using the SplitsTree 3.1 program (16). This
enabled the detection of conflicting phylogenies, suggestive of recombination.

Nucleotide sequence accession numbers. The nucleotide sequences deter-
mined in this study were submitted to GenBank. The corresponding accession
numbers of rpoB, gyrB, pycA, mdh, mbl, mutS, and plcR are AY169510 to
AY169541 and AY265467 to AY265738.
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RESULTS

Sequence diversity. To investigate the population structure
of the B. cereus group, we obtained the 278- to 424-bp fragment
sequences of seven genes from 14 strains of B. anthracis, 21
strains of B. cereus, and 17 strains of B. thuringiensis. When
each unique sequence was assigned a different allele number,
each gene was found to contain from 15 to 22 alleles (Table 3).
The maximum sequence diversity of nucleotides ranged from
4.40% (rpoB) to 19.34% (plcR). Ratios of sites showing nucle-
otide and amino acid differences varied from 7.86% (rpoB) to
32.55% (plcR) and from 1.00% (gyrB) to 34.04% (plcR), re-
spectively (Table 3). The 14 strains of B. anthracis possessed
identical alleles for the four gene fragments (rpoB, gyrB, pycA,
and mdh). mbl of strain Kruger B, mutS of strains GJ-1 and
GlJ-2, and plcR of strain ATCC 14186 showed a single base
substitution. The G+C ratio was highest for rpoB (41.82%)
and lowest for plcR (30.47%) (Table 3). In regard to signature
nucleotides, i.e., those discriminating B. anthracis from B.
cereus, B. thuringiensis, and B. mycoides, the rpoB, pycA, and
mutS sequences contained one and the plcR sequences con-
tained four.

Phylogenetic relationships in rpoB, gyrB, pycA, mdh, mbl,
and mutS gene trees. The neighbor-joining tree was inferred
from the concatenated nucleotide sequences of six housekeep-
ing gene fragments (rpoB, gyrB, pycA, mdh, mbl, and mutS)
(Fig. 1). Five clusters, designated A to E, were observed in the
housekeeping gene tree. Most strains of the B. cereus group
were subdivided into two large subgroups, one consisting of
clusters A and B and the other consisting of clusters C and D.
When the six housekeeping genes were analyzed indepen-
dently, the gene trees consistently showed congruent clustering
overall, although some of the interrelationships between clus-
ters were inconsistent (data not shown).

Fourteen B. anthracis strains formed a distinct cluster, clus-
ter A, in all independent and concatenated gene trees. The
pycA genes of B. cereus 2127 and IMSNU 13046 and the mdh
genes of B. cereus 2127 and IMSNU 13046 and of B. thurin-
giensis IMSNU 12095 and IMSNU 12098 have sequences iden-
tical to those of the B. anthracis strains and clustered with them
in each gene tree (data not shown). Although cluster B-I (B.
cereus 2127 and IMSNU 13046) was a sister group of the B.
anthracis cluster in the concatenated six-housekeeping-gene
tree (Fig. 1), clusters closest to B. anthracis were gene tree
dependent.

Unlike those of B. anthracis, strains of B. cereus and B.
thuringiensis were not separated into distinct clusters in any
tree. While clusters B-I, B-III, and E consisted of only B. cereus
strains, clusters B-II, D-I, and D-II contained only B. thurin-
giensis strains. However, strains of both B. cereus and B. thu-
ringiensis were mixed in clusters C-I and C-1I. Cluster E, which
consisted of two B. cereus strains (IMSNU 11014 and IMSNU
13043), was a minor cluster with a distinct position (Fig. 1).

plcR gene. plcR had the highest sequence diversity in terms
of both the ratio of variable sites and maximum sequence
divergence (Table 3). Phylogenetic relationships in the plcR
gene tree (Fig. 2) differed markedly from the concatenated
gene tree of the six housekeeping genes (Fig. 1). B. anthracis
strains were also homogeneous in plcR, as in the other inde-
pendent gene trees, although B. anthracis ATCC 14186 had
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TABLE 1. Strains used in this study

Species and strain Cluster Origin
B. anthracis
ATCC 14185 A pX01™*, pX02~
ATCC 14186 A pX01~, pX02~
ATCC 14578" A Vollum strain (pX01~, pX02™")
Sterne* A Vaccine strain (pX01*, pX027)
Pasteur no. 2 Army* A pX01™*, pX02~
Florida“ A Isolate related to bioterror, A2012
Kruger B¢ A
Western NA? A
GJ-1° A Patient isolate, Korea
GJ-20 A From cow, Korea
BC” A From cow, Korea
CN? A From cow, Korea
HS? A From cow, Korea
B. cereus
ATCC 14579™ C1 Dairy-isolated strain
ATCC 9634 (NRRL B-1530) C-1I New York
IMSNU 11011 (IAM 1729) C-11
IMSNU 11012 (NCIB 9207) C-1
IMSNU 11013 (ATCC 11778) C-1 New York
IMSNU 12076 C-1
IMSNU 12077 (ATCC 21366) B-1V From soil
IMSNU 12078 (ATCC 21768) B-1II From turkey and chicken manure
IMSNU 12079 (KCTC 1092) C-1I From contaminated flask
IMSNU 13043 (KCTC 1093) E
IMSNU 13044 (KCTC 1094) C-11 From soil, Japan
IMSNU 13045 (NRRL B-569) C-1I From contaminated flask
IMSNU 13046 (ATCC 21772) B-1 From chicken and turkey manure
IMSNU 13047 (ATCC 12480) C-1 From sheep rumen
KCTC 1012 C-1
KCTC 1014 B-111 From turkey and chicken manure
IMSNU 10013 C-11 From soil, Korea
IMSNU 10014 C-1I From soil, Korea
IMSNU 11014 E From soil, Korea
2127 B-1
ATCC 10987¢ B-1V Dairy-isolated strain
B. thuringiensis
IMSNU 12095 (KCTC 1513) B-II
IMSNU 12096 (KCTC 1514) D-I B. thuringiensis subsp. dendrolimus
IMSNU 12097 (KCTC 1515) C-1 B. thuringiensis subsp. entomocidus
IMSNU 12098 (KCTC 1516) B-1I B. thuringiensis subsp. finitimus
IMSNU 12099 (KCTC 1511) C-1I B. thuringrensis subsp. indiana
IMSNU 10051 D-1 From diseased insect larvae
IMSNU 12092 (KCTC 1512) C-1 B. thuringiensis subsp. pakistani
IMSNU 12089 (ATCC 35646) D-I From sewage, Israel
KCTC 1507 (ATCC 33679) C-1I From diseased insect larvae
KCTC 1509 D-1 From sewage
IMSNU 11043 D-1
IMSNU 12086 (KCTC 1034) C-1 From flour moth
IMSNU 12087 (KCTC 1108) D-1I Philippine
IMSNU 12088 (ATCC 10792) D-1I From flour moth
IMSNU 12090 (KCTC 1524) D-1 From sewage
IMSNU 12091 (KCTC 1525) D-I From sewage
IMSNU 12093 (KCTC 1519) D-1I From silkworm

B. mycoides KCCM 40260 (ATCC 21929)

From soil, New Guinea

“ Sequence was retrieved from GenBank and www.tigr.com and used in this study.

b Korean isolates.

one nucleotide sequence that differed from those of the other GAG), in B. cereus and B. thuringiensis is changed to a termi-
B. anthracis strains. As indicated previously (1), the sequence nation codon (TAA) in B. anthracis due to single nucleotide
of the plcR gene of B. anthracis strains indicates that expression substitution (G—T). The closest strain to the B. anthracis clade
of the gene would result in synthesis of a truncated PIcR was B. cereus ATCC 10987, which had a sequence similarity of
protein. Specifically, the codon 214, for glutamic acid (GAA or 96.9 to 97.2%.
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TABLE 2. Gene fragments and primers used for amplification and sequencing

Gene (length [bp] of

sequenced fragment Primer Sequence
rpoB (318) BA-rpoBF 5'-GAC GAT CAT YTW GGA AAC CG-3’
BA-rpoBR 5'-GGN GTY TCR ATY GGA CAC AT-3'
gyrB (300) BA-gyrBF 5'-AAA ACA ACC RAT TCA TGA AG-3’
BA-gyrBR 5'-TCG CTT CAC TAT TYC CAA GT-3’
pycA (379) BA-pycAF 5'-CCT AAA CAT ATA GAA GTN CAA-3'
BA-pycAR 5'-TTT TTC CTG TAT CCG GCA TG-3'
mdh (278) BA-mdhF 5'-CCA TAT CGT CAC CGT GTC C-3’
BA-mdhR 5'-TTG TTG TGA TTA CAG CAG GT-3’
mbl (360) BA-mblF 5'-CCA AGC GGT AAC ATG GTT G-3’
BA-mbIR 5'-CCT GTT AGA ATA ACA CCG C-3'
mutS(367) BA-mutSF 5'-GCT GAA ACG TGT ACA TTY TT-3’
BA-mutSR 5'-TTA ATT ACA GGA CCG AAC ATG-3’
plcR (424) BA-plcRF 5'-AAA AAG GAA GAA TAT CAT C-3’
BA-plcRR 5'-ATG CAT CTT CAA TCT CTG-3'

Clusters observed in the other six independent gene trees
did not preserve their groupings in the plcR gene tree, except
for the B-I, D-I, and D-II clusters. B. thuringiensis IMSNU
12097 of cluster C-I in the other gene trees was included in
cluster D-1 (Fig. 2). B. mycoides, which was clearly differenti-
ated from other species in the other genes, had the same plcR
sequence as two B. cereus strains (KCTC 1014 and IMSNU
12078) of cluster B-III and three B. thuringiensis strains of
clusters B-II (IMSNU 12095 and IMSNU 12098) and C-I
(IMSNU 12086). Cluster E, which had identical sequences in
all six housekeeping genes, constituted a distinct clade in each
gene tree (data not shown). However, two strains of cluster E
showed a remarkable plcR sequence divergence (16.5% dis-
similarity) and did not form a single clade in the plcR tree. B.
cereus IMSNU 11014 clustered with B. anthracis and B. cereus
ATCC 10987, whereas B. cereus IMSNU 13043 was very closely
related to the clade containing B. mycoides. Strains of clusters
C-I and C-II did not form any distinct clade and were dispersed
in the plcR tree. For example, B. thuringiensis IMSNU 12097
merged into cluster D-I, B. thuringiensis IMSNU 12086 was
included in the clade containing B. mycoides, and B. cereus
IMSNU 11012 had a plcR sequence that was identical to those
of four strains of cluster C-II (Fig. 2).

Incongruence tests and split decomposition analysis. In or-
der to investigate incongruences between genes, 21 pairwise
ILD comparisons were performed. Of the 21 combined data
sets, only four combinations (rpoB-mdh, rpoB-mbl, mdh-mbl,
and mdh-mutS) coalesced; the P values of these four cases
were greater than 0.05 (Table 4), which is the threshold for
congruence (8). Sequence data sets of rpoB, mdh, and mbl may
have been congruent with each other, based on the ILD test. In
addition, the consistency of the mutS and mdh sequence data
sets was also supported by the ILD test (P = 0.79). The other
pairs could not be combined; i.e., they were incongruent (P <
0.05) (4, 9).

To examine how recombination between genes can affect
phylogenetic relationships among strains, split decomposition
analysis was performed (3). In this analysis, we used the con-
catenated sequences of six genes (all except plcR) of 16 ran-
domly selected strains. Split decomposition of pairwise se-
quences revealed consistent results on pairwise ILD testing
(data not shown). That is, no parallel evolutionary path was
observed for the rpoB-mbl, mbl-mdh, and mdh-mutS compar-
isons, whereas the other comparisons, including rpoB-mdh,
showed reticulated networks. We next analyzed the six genes
together (without the plcR gene). The split graph showed ev-

TABLE 3. Allelic diversities and G+C ratios of genes used in this study”

No. of variable sites/total (% of variable sites)

Gene No. of Maximum sequence G+C
fragment alleles Nucleotide Amino acid divergence (%) ratio (%)
rpoB 16 25/318 (7.86) 2/106 (1.89) 4.40 41.82
grB 17 52/300 (17.33) 1/100 (1.00) 11.33 34.42
pycA 17 52/379 (13.72) 10/127 (7.87) 8.97 36.63
mdh 15 22/278 (7.91) 7/93 (7.53) 5.04 38.85
mbl 22 34/360 (9.44) 7/120 (5.83) 6.39 39.23
mutS 15 46/367 (12.53) 4/123 (3.25) 7.08 36.53
plcR 20 138/424 (32.55) 48/141 (34.04) 19.34 30.47

“ B. mycoides was excluded in this analysis.
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FIG. 1. Neighbor-joining trees based on the concatenated sequences of six chromosomal genes (52 strains of the B. cereus group). B. mycoides
KCCM 46260 was used as an outgroup. Clusters are indicated at the right. The branch lengths are proportional to nucleotide changes. Branches
supported by more than 50% in the bootstrap analysis (1,000 replications) are indicated.

idence of a network-like evolution (Fig. 3), with a fit parameter
of 0.75. Eleven distinct parallel paths were observed in the split
decomposition tree.

DISCUSSION

Diversity of the B. cereus group. Compared to the MLEE
analysis (13, 14), our MLST produced a different result. Sev-
eral strains that have been examined in previous population
studies were also included in the present study. In previous
MLEE studies (13, 14), B. cereus type strain ATCC 14579 and
B. cereus ATCC 10987, the whole genomes of which have been
sequenced, and B. thuringiensis subsp. kurstaki KCTC 1509,
which is widely used for the preparation of biopesticides, were
clustered into a narrow clade with B. anthracis strains. How-

ever, these three strains were found to be dispersed through
the gene trees (Figs. 1 and 2) in our study. In other studies,
several reference strains of B. cereus and B. thuringiensis were
located in a single group (18, 36). This may be due to the
limited number of collections of the B. cereus group strains
used in the present study.

Intergenic recombination. In the present study, comparative
sequence analysis using seven chromosomal genes revealed the
complicated genetic structure of the B. cereus group. Fifty-two
strains of the B. cereus group were classified consistently into
several clusters in all gene trees except plcR. In particular,
separation into two main clusters (clusters A and B versus
clusters C and D) was distinct. However, the interrelationships
between clusters differed (Fig. 1).

ILD testing (Table 4) showed that most of the pairs com-
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FIG. 2. The plcR tree of the B. cereus group, based on its nucleotide sequences. This tree was constructed by the neighbor-joining method. B.
mycoides, which was used as an outgroup in Fig. 1, was not used as an outgroup because it was not distinguished from the ingroup strains. Thus,
the midpoint rooting method was applied to root this tree. Clusters in the chromosomal gene tree (Fig. 1) are indicated on the right. Branches
supported by more than 50% in the bootstrap analysis (1,000 replications) are indicated.

pared were not combinable, i.e., were significantly incongruent,
suggesting a relic of horizontal gene transfer or recombination
(15, 17). Coupled with the ILD test, split decomposition anal-
ysis using 16 randomly selected strains showed that several
recombinational events have occurred between their chromo-
somal loci. A split decomposition of the six genes, without the
plcR gene, as shown by the different gene tree topologies (Fig.
2), affirmed substantial levels of incongruence (Fig. 3). Such
results are regarded as evidence of intergenic recombination
(4,5, 34). Different topologies among gene trees suggest a relic
of horizontal gene transfer or recombination (15, 17).

TABLE 4. P values from ILD test

Gene

P for test with”:

rpoB grB pycA mdh mbl mutS plcR

po <0.01 <0.01 0.05 0.29 0.02 <0.01
grB <0.01 <0.01 <001 <0.01 <0.01
pycA 0.03 <0.01 <0.01 <0.01
mdh 0.28 0.79 <0.01
mbl <0.01 <0.01
mutS <0.01
plcR

“ Values larger than the threshold of congruence (0.05) are in bold face.
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IMSNU 12087 (D-l)

IMSNU 11013 (C-1)

IMSNU 11012 (C-l)

IMSNU 12097 (C-l)
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IMSNU 12079 (C-l)
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IMSNU 12078 (B-lII)
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FIG. 3. Split graph showing the relationships between rpoB, gyrB, pycA, mdh, mbl, and mutS for 16 randomly selected strains of the B. cereus
group. The split graph was generated by using SplitsTree 3.1 (16) from pairwise distances based on the maximum-likelihood model. The fit value
was (.75, indicating that the phylogenetic signal in the data is represented moderately well by the split graph. All branch lengths are drawn to scale.
Cluster names are indicated in parentheses alongside the corresponding strain names.

Evolution of the plcR gene. PIcR is a pleiotropic regulator of
extracellular virulence factors in B. cereus and B. thuringiensis
(1, 27, 31). In this study, plcR showed strikingly different char-
acteristics from the other chromosomal genes. Ratios of vari-
able sites and maximum sequence divergences observed for the
plcR gene were much higher than those for the other genes,
both at the nucleotide level and at the amino acid level (Table
3). In addition, the G+C ratio for the plcR gene was quite
different from those for the other six genes (Table 3). More-
over, most of the consistent clusterings found in the other gene
trees were not observed in the plcR tree. The exceptions were
cluster A, including 10 B. anthracis strains, and clusters D-I and
D-II of the B. thuringiensis strains. Significantly, the different
tree topology and sequence characteristics indicate that the
plcR gene must have evolved in a different manner. plcR se-
quence analysis showed that mutations were not clustered in
the gene at the nucleotide and amino acid levels. In addition,
no mosaic structure resulting from intragenic recombination
was observed. Thus, the contradictory branching pattern in the
plcR gene tree might be due to intergenic recombination of
relatively large chromosomal fragments, including the plcR
gene. However, according to the final annotated B. anthracis
genome (www.tigr.com), more than one plcR gene was appar-

ently revealed. Thus, the possibility that the observed hetero-
geneity of the plcR gene originated from several plcR homo-
logues cannot be excluded.

Because of the presence of the plcR gene in B. anthracis and
because of variable chromosomal locations of the PlcR-regu-
lated genes, B. anthracis, B. cereus, and B. thuringiensis were
inferred to have been derived from a common ancestor con-
taining the PIcR regulon rather than having recently acquired
the PIcR regulon by horizontal gene transfer (1). However,
chaotic relationships in the phylogenetic tree (Fig. 2) suggest
that horizontal transfer of the plcR gene occurs between clus-
ters. Moreover, the fact that plcR showed an allele number
similar to that of the other genes despite its greater sequence
divergence (Table 3) indicates frequent recombination within
the B. cereus group and a rapid plcR gene mutation rate.

The lack of hemolysis of B. anthracis, which is one of the
principal characteristics that distinguishes it from B. cereus and
B. thuringiensis, is thought to be due to the inactivation of PIcR
by a nonsense mutation (1). In our study, a nonsense mutation
of plcR was found only in the B. anthracis strains. Although the
gene is nonfunctional, its mutation rate within B. anthracis was
very low, as in the other chromosomal genes. This finding
supports the suggestion that the inactivation of the PIcR regu-
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lon due to the plcR mutation must have evolved recently, i.e.,
after B. anthracis speciation (25).

Evolution of B. anthracis. Our results suggest that the ho-
mogeneous nature of B. anthracis can be explained by several
possibilities, i.e., the recent origin of the species, the narrow
taxonomic definition of B. anthracis, or a decreased evolution-
ary rate of B. anthracis due to the dormant nature of spores
and almost exclusive dependence of multiplication on infec-
tions in animals (37). This was also shown by AFLP analysis
(36) and is supported by several findings, such as the low
diversity of the 5'-virB region (less than 0.125% per nucleo-
tide), a hypervariable open reading frame that includes a non-
coding region (32), and of the pagA4 gene on the pXO1 plasmid
(0.21% per nucleotide) (29), which is one of the genes on the
pathogenicity island (28).

However, the origin of B. anthracis could not be elucidated
with certainty by the present study. The closest cluster to B.
anthracis differed from gene to gene: cluster B-1 in gyrB, pycA,
mdh, and mbl; cluster B-1I in rpoB and mdh; and cluster B-III
in mutS. In the case of the plcR gene, B. cereus ATCC 10987
was found to be the most closely related strain to the B. an-
thracis clade. Although no one cluster was clearly more closely
related to B. anthracis, it is evident that B. anthracis shares a
common ancestor with clusters B-I, B-II, and B-III, within
which recombination occurs. Furthermore, the acquisition of
B. anthracis-specific plasmids leading to speciation seems to be
a single event, unlike that for B. thuringiensis.

Strains of B. anthracis were grouped in a distinct branch and
separated from those of B. cereus and B. thuringiensis in five
gene trees, but not in pycA and mdh (data not shown). This
implies that B. anthracis, although closely related, represents a
series of clones that have only recently diverged from B. cereus
and B. thuringiensis, as inferred from the 16S-23S ribosomal
DNA intergenic transcribed spacers (6). It is likely that B.
anthracis started to diverge recently from one cluster of the B.
cereus group and has just begun to develop sequence differ-
ences.
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