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Bacillus cereus is an opportunistic pathogen causing food poison-
ing manifested by diarrhoeal or emetic syndromes'. It is closely
related to the animal and human pathogen Bacillus anthracis and
the insect pathogen Bacillus thuringiensis, the former being used
as a biological weapon and the latter as a pesticide. B. anthracis
and B. thuringiensis are readily distinguished from B. cereus by
the presence of plasmid-borne specific toxins (B. anthracis and
B. thuringiensis) and capsule (B. anthracis). But phylogenetic
studies based on the analysis of chromosomal genes bring
controversial results, and it is unclear whether B. cereus,
B. anthracis and B. thuringiensis are varieties of the same species’
or different species™. Here we report the sequencing and analysis
of the type strain B. cereus ATCC 14579. The complete genome
sequence of B. cereus ATCC 14579 together with the gapped
genome of B. anthracis A2012° enables us to perform compara-
tive analysis, and hence to identify the genes that are conserved
between B. cereus and B. anthracis, and the genes that are unique
for each species. We use the former to clarify the phylogeny of the
cereus group, and the latter to determine plasmid-independent
species-specific markers.

The general features of the B. cereus ATCC 14579 genome are
listed in Table 1. The region between 0.8 and 1.8 megabases (Mb)
has G + C content close to the average for the chromosome
(35.3%); in the region between 3.7 and 0.8 Mb the G + C content
is higher than the average value, and in the region between 1.8 and
3.7 Mb it is lower than the average value (Fig. 1, circle 3). These
regions are bordered with putative prophages (Fig. 1, circles 6 and
7), which could be indicative of the origin of the B. cereus ATCC
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14579 chromosome as a result of phage-mediated recombination
between the chromosomes of closely related bacteria.

A 15.1-kilobase (kb) contig with G + C content of 38%, which
could not be joined to any other by the multiplex long accurate
(MLA) polymerase chain reaction (PCR) procedure or assembled
into a separate circular structure by long-range (LR) PCR, corre-
sponds to the linear plasmid, detected earlier in total DNA prepa-
rations from this bacterium®. One of the coding sequences (CDSs)
in this contig is homologous to a type B DNA polymerase typically
found in Bacillus subtilis phage ®29 and several linear mitochon-
drial plasmids. The contig also contains a CDS with similarity to
endolysin. We therefore suggest that it corresponds to a linear
plasmid or prophage, which we designated pBClinl5. The termini
of the plasmid could be protected by covalently closed hairpin
telomeres or by a covalently bound protein, as in the phage $29.
However, pBClinl5 carries no CDS with homology to the phage
terminal protein. The polymerase gene of pBClinl5 is more closely
related to those of mitochondrial linear plasmids than to poly-
merases of B. subtilis phages.

Phylogenetic analysis of the cereus group®™* shows that B. cereus
ATCC 14579 and B. anthracis strains are not particularly close, and
the ecological niches occupied by these bacteria are also very
different’. Nevertheless 4,505 CDSs in B. cereus ATCC 14579 have
80-100% identity to their homologues in B. anthracis A2012. The
average identity for this group of genes is 92.1%. Some general
statistics of the genome comparison are also provided in Table 1
(rows 10-14). Potential orthologues identified as bidirectional best
hits represent approximately 75% of the CDSs for each of the
genomes. 85% of these potential orthologues have conserved
neighbourhood, suggesting extensive short-range synteny (Table 1).

The large core set of genes (75-80%) conserved between B. cereus
ATCC 14579 and B. anthracis A2012 could have been inherited from
a common ancestor. Analysis of the metabolic potential encoded by
the core set contradicts the hypothesis of the cereus group common
ancestor being a soil bacterium. The characteristic feature of soil
bacteria, such as Streptomyces spp. or B. subtilis, is the multiplicity of
carbohydrate catabolic pathways reflecting the variety of carbo-
hydrates in the soil, where plant-derived material is the main source
of nutrients. Whereas a total of 41 genes for degradation of
carbohydrate polymers were identified in the B. subtilis genome,
only 14 and 15 CDSs coding for polysaccharide degradation
enzymes are present in B. cereus and B. anthracis, respectively, and
the spectrum of polysaccharides that can be degraded by these
bacteria is limited to glycogen and starch, chitin and chitosan
(Supplementary Fig. 1). In contrast, the abundance of proteolytic
enzymes, the multiplicity of peptide and amino-acid transporters
and the variety of amino-acid degradation pathways (Supplemen-
tary Table 1) indicates that proteins, peptides and amino acids may

Table 1 General features of B. cereus ATCC 14579 and B. anthracis A2012 genomes

Row Property B. cereus B. anthracis

1 DNA contigs (plasmids) 2(1) 3 (2)

2 DNA sequenced (bp) 5,426,909 5,370,060

3 Coding sequence (bp) 4,559,996 (84.0%) 4,357,132 (84.1%)
4 G + C content (%) 35.3% 35.1%

5 RNA operons 13 ?

6 CDSs, total 5,366 (100%) 5,842 (100%)
7 CDSs with assigned function 3,839 (71.5%) 4,173 (71.4%)
8 Conserved hypothetical CDSs 1,481 (26.8%) 1,563 (26.8%)
9 CDSs with no similarity 142 (2.7%) 109 (1.9%)
10 CDSs with bidirectional best hitst 4,302 (80.2%) 4,302 (73.6%)
ik CDSs in shared protein familiest 4,690 (87.4%) 4,969 (85%)
12 B. cereus CDSs not found in B. anthracis 860 (16.0%)

13 B. anthracis CDSs not found in B. cereus 874 (15%)
14 CDSs with bidirectional best hitst in conserved chromosomal clusters 3,652 (84.9%) 3,652 (84.9%)

*Refers to the genomic scaffold of the B. anthracis chromosome that has 417 gaps.
Tldentified as pairs of close bidirectional best hits?®.
$Cut-off score used is 10~°.
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be a preferred nutrient source for B. cereus and B. anthracis. A total ~ B. cereus (Epr, Bpr and AprX), other proteases, which are found in
of 51 and 48 protease-encoding CDSs were identified in B. cereus  one or two copies in B. subtilis, are represented as large families in
and B. anthracis, respectively, compared to only 30 in B. subtilis.  B. cereus and B. anthracis (Supplementary Table 1). Several obser-
While three of the B. subtilis extracellular proteases are absent from  vations suggest that the insect intestine could have been the natural
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B Cellular processing (206)
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Figure 1 Genome map of B. cereus ATCC 14579. From the inside: green and blue bars

G 4 Cand (C — G)/(C + G) content over 20-kb window with 5-kb step. Circles 4 and 5,
show positions of two insertion sequence (IS) elements, red-to-black bars show positions ~ CDSs on the — and + strands, colour reflects functional category (see key). Circle 6
of rrmoperons. Circle 1, G 4 C content over 200-kb window with 5-kb step; red and blue

homology to B. subtilis CDSs using FASTA. Green, 0-30% identity; blue, 30-45%; red
denote respectively G + C content higher and lower than average. Circles 2 and 3, 45-65%; pink, 65—-100%.
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habitat for the common ancestor of the cereus group®. The peri-
trophic membrane of insect guts consists of chitin and protein
components. While the chitinolytic enzymes enable B. cereus and
B. anthracis to degrade the chitin component, homologues of the zinc
metalloprotease enhancin’® of entomopathogenic viruses (BC3384
and BA_3939) could provide the ability to cleave the invertebrate
intestinal mucin, which is the major protein component of the insect
peritrophic membrane. A potential PlcR-binding site was found
upstream of the enhancin homologue in B. cereus.

The core set of genes conserved between B. cereus and B. anthracis
includes numerous factors for invasion, establishment and propa-
gation of bacteria within the host. While the presence of such genes
in B. anthracis is not surprising, finding of pathogenicity-related
genes in B. cereus ATCC 14579 was somewhat unexpected. Genes
encoding all but two toxins ever identified in B. cereus clinical
isolates were found in the reputedly non-pathogenic B. cereus ATCC
14579 (Supplementary Table 2). Both B. anthracis and B. cereus
implement several mechanisms of protection against the host
defence system. Three homologues of the immune inhibitor A
protein (InhA), which selectively cleaves insect antibacterial pep-
tides'®, were found in B. cereus ATCC 14579, and two homologues of
InhA are present in B. anthracis A2012. A homologue of staphylo-
coccal MprF protein'' found in B. cereus (BC1465) and B. anthracis
(BA_2009) could further enhance resistance to antibacterial pep-
tides by decreasing the negative charge of the bacterial surface via
aminoacylation of anionic phospholipids with lysine. The counter-
parts of the S-layer proteins from B. anthracis and B. thuringiensis
were not found in the B. cereus ATCC 14579 genome, although
several CDSs with SLH domains were identified. This observation is
in agreement with the results of Kotiranta et al.'>, who demonstrated

Insect mucin
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that, unlike many clinical isolates, the strain ATCC 14579 is devoid
of an S-layer. The presence of CDSs encoding potential patho-
genicity factors in B. cereus, B. anthracis and B. thuringiensis'>'* is
consistent with the cereus group ancestor being an opportunistic
insect pathogen rather than a benign soil bacterium.

The repair of ultraviolet (UV)-induced DNA damage could have
been of critical importance to the cereus group ancestor, as there are
numerous mechanisms to repair UV-induced lesions. Direct rever-
sal of UV-damage is mediated by two photolyases: one is spore-
specific (spIB-type) and the other is of the phrB-type. B. cereus
utilizes a bacterial uvrABC repair system for UV-dimer excision,
and is also capable of transcription-coupled repair (BC0058). In
addition, B. cereus has two CDSs (BC0260, BC5347) homologous to
the C-terminal endonuclease domain of the UvdE UV-repair
endonuclease from Neurospora crassa and Uvel from Schizosacchar-
omyces pombe.

The pleiotropic regulator PlcR was previously identified as one of
the principal regulators of B. cereus virulence genes'>. When no
mismatches were allowed, a total of 55 possible PIcR-binding sites
were found, of which 26 coincide with the promoter regions of
genes and 24 were found in the upstream regions of potential
operons, bringing the number of genes that could be controlled
directly by PIcR to more than 100 (Supplementary Table 3). In
addition to PIcR (BC5350), at least four transcriptional regulators
(BC1715, BC2410, BC2770 and BC3194) belong to the potential
PIcR regulon (Fig. 2), suggesting that other CDSs could be regulated
by PIcR indirectly, which is in accord with recent proteomics data'®.
The presence of three PIcR paralogues (BC0988, BC1158 and
BC2443) in the genome of B. cereus ATCC 14579 could make the
PIcR regulatory network even more complex. Though none of the
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Figure 2 Schematic representation of the potential PIcR regulon based on the presence of
putative PIcR-binding sites upstream of the genes and operons. Genes with putative

PIcR-binding sites in the upstream regions were classified into several categories, including
toxins, proteases, surface proteins, motility and chemotaxis genes, antibiotic efflux proteins,
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and so on. Activation of the PICR regulon results in secretion of numerous proteins with
cytotoxic activities towards mammalian and insect cells. Expression of the plcR gene is
activated by an unknown mechanism, which includes oligopeptide permease-dependent
uptake of a PapR peptide encoded by CDS2 located downstream from the PICR gene.
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Figure 3 Deletion of the arginine deiminase operon from B. anthracis. The top portion of
the figure shows CDSs within the equivalent genomic regions from B. anthracis and
B. cereus. The orthologues of CDSs (shown as arrows of the same colour) flanking the

PIcR paralogues appears to be controlled directly by PlcR (Sup-
plementary Table 3), it is possible that they are activated by the PapR
peptide, as was demonstrated for PIcR".

The histidine protein kinase (BC3528) homologous to the
B. subtilis sporulation kinase KinB appears to be an important
member of the PIcR regulatory network. It is known that the
phosphorylated form of the transition state regulator SpoOA acts
as a repressor of PIcR'®, so upregulation of BC3528 by PIcR would
provide a feedback mechanism that controls PIcR expression. An
orthologue of protein kinase BC3528 is absent from B. anthracis
A2012, which could contribute to the incompatibility of PIcR and
AtxA regulons in B. anthracis’®. Another potential member of the
PIcR regulon, the mutator DNA polymerase IV (BC4142), could
provide irreversible pathogenic adaptation of B. cereus and
B. anthracis. DNA polymerase IV belongs to the DinB/UmuCD/
Rad30/Revl superfamily of error-prone DNA polymerases that have
been shown to induce adaptive mutability in bacteria under stress-
ful conditions®®. We suggest that during host colonization, poly-
merase IV-dependent mutagenesis could result in adaptive point
mutations that enhance survival of B. cereus and related bacteria,
and potentially affect their pathogenicity.

Approximately 15% of the CDSs in either genome show no
similarity with the other genome (Table 1). Prophage proteins and
transposases account for approximately 140 unique CDSs in each
organism. We detected six prophages in the genome of ATCC 14579
that were not previously characterized in the B. cereus group. The
prophages are not inserted within the transfer RNA operons, and they
do not carry any of the known pathogenicity factors of B. cereus.

Some of the unique CDSs found in B. cereus ATCC 14579 and
B. anthracis A2012 appear to be specific for a certain group of strains
rather than species-specific. In B. cereus ATCC 14579, a chromo-
somal cluster that could code for capsular polysaccharide biosyn-
thesis was found. It covers more than 20 kb (BC5279-BC5263), and
contains genes for glycosyltransferases and flippase-type translo-
case, as well as polysaccharide polymerization machinery including
chain length regulator and its regulatory protein-tyrosine kinase
and phosphatase. A cluster specific for B. anthracis A2012 (BA_0356
to BA_0371), which contains several genes for glycosyltransferases
and an ABC transporter similar to the teichoic acid exporter tagGH
of B. subtilis, could code for biosynthesis of a teichuronic acid or a
secondary cell wall polymer that serves as an anchor for S-layer
proteins.

B. cereus ATCC 14579 has an extensive repertoire of restriction-
modification systems, which includes type I, II and 5-methylcyto-
sine-specific systems. The B. cereus type I system comprises restric-
tion, methylation and specificity subunits. The type II system has

90 © 2003 Nature Publishing Group

arginine deiminase operon in B. cereus are adjacent to each other in the B. anthracis
genome. Below are the DNA sequences of B. anthracis and B. cereusflanking the deletion
site. Conserved nucleotides are shown red.

restriction and methylation domains; the type II R domains are
weakly similar to McrB-type and Lactococcus lactis Llal restriction
systems. B. anthracis lacks the type I and II restriction-modification
systems, but, unlike B. cereus, it has a CDS weakly similar to the
5-methylcytosine-specific Mrr endonuclease.

A chromosomal cluster (BC5090-BC5083) potentially coding for
biosynthesis of a novel peptide antibiotic was found in B. cereus
ATCC 14579, but not in B. anthracis. The cluster includes the
precursor peptide and putative modification proteins, including a
homologue of the subtilin biosynthesis protein SpaB (BC5084)
that catalyses dehydration of serine and threonine. However, no
homologue of the thioether-forming SpaC protein was found,
suggesting an unusual structure for this peptide antibiotic.

Other CDSs identified as unique for B. cereus ATCC 14579 and
B. anthracis A2012 could be used as plasmid-independent species-
specific markers. A seven-gene chromosomal cluster for inositol
degradation is present in B. anthracis, but not in B. cereus. Com-
pared to the B. subtilis iol operon, two genes, iolH and iolE, are
missing from the B. anthracis cluster, which probably makes the
B. anthracis operon non-functional, as all 0l genes except 70lS are
essential for inositol utilization in B. subtilis’’. In B. cereus, a
chromosomal cluster encoding the enzymes from the arginine
deiminase pathway (BC0406-BC0409) was identified. This pathway
enables Streptococcus pyogenes to survive acidic conditions in the
presence of arginine owing to release of ammonium?*, and it may
play a similar role in B. cereus. In B. anthracis, the entire arginine
deiminase cluster appears to be deleted (Fig. 3), though the
neighbouring CDSs are conserved. Ammonium inhibits receptor-
mediated internalization of the lethal toxin®’, therefore ammonium
production by arginine deiminase could be disadvantageous for
B. anthracis. Deletion of the arginine deiminase operon in
B. anthracis could be a case of disposal of genes detrimental for
the pathogenic lifestyle, similar to that of Escherichia coli lysine
decarboxylase™.

The availability of both complete and gapped genome sequence
data from bacteria belonging to the cereus group provides a basis for
whole-genome-based phylogenetic analysis, with a view to explor-
ing the genetic diversity within the cereus group, and inferring the
nature and origin of the species. These sequence data should also
facilitate the identification of genes that are crucial for host
colonization and bacterial propagation during B. cereus infection;
such findings would have implications for understanding the
biology of B. anthracis. O

Methods

B. cereus strain ATCC 14579 was obtained from ATCC, and used to construct libraries in
plasmids (2-3-kb inserts in pGEM3) and cosmids (30-35-kb inserts using Lorist 6). The
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strain 6A5, which is considered to be the same as ATCC 14579, was obtained from BGSC,
and used in Génétique Microbienne, INRA, to perform LR PCR for the final stages of the
project. High-molecular-mass genomic DNA was isolated from B. cereus following
standard protocols. The DNA was either used for LR PCR, or sheared, size-fractionated,
and used to construct libraries. Whole-genome shotgun sequencing was performed on
about 30,000 plasmids and 3,000 cosmids using Applied Biosystems 3700 DNA sequencers
(Perkin-Elmer). In the first phase of sequencing, the genome was assembled using
Phred-Phrap-Consed into 547 contigs longer than 2,000 base pairs (bp), the longest being
50,451 bp. Gaps were closed by primer walking over cosmid clone inserts (3,000 reactions,
resulting in 128 contigs longer than 2,000 bp, the longest being 273,559 bp) and by
sequencing of LR PCR products using the finishing strategy based on MLA PCR> (2,320
reactions). Finally, the genome was assembled into two contigs representing the circular
chromosome and the linear plasmid with an average of 6 X coverage. The presence of a
linear plasmid was confirmed by Southern hybridization. The statistical distribution of
random readings between plasmid and chromosomal DNA indicates that the plasmid is
present in one copy per chromosome (130 reads for the 15-kb plasmid compared to 47,315
reads for the 5,412-kb chromosome in one of the assembly versions).

The number of rrn operons was determined by LR PCR and Southern hybridization (not
shown), and each operon was sequenced by primer walking. Thirteen rrn operons were
found (Fig. 1), this number being higher than 5 to 12 operons reported earlier for strains of
B. cereus or Bacillus weihenstephanensis’®’. The sequences of 16S, 23S and 5S ribosomal
RNAs are very similar in all operons, the number of differences being up to 2, 7 and 4 bases,
respectively. No 16S rRNA gene containing the psychrotolerance (ability to grow at low
temperature) signature was detected. The corresponding rrn operons of B. anthracis A2012
were omitted from the deposited sequence, so no comparison could be made at this point.

Genome sequence data for B. anthracis A2012 (NC_003995) was obtained from NCBI.
Genes were identified by combination of Critica and a CDS-calling program developed at
Integrated Genomics (IG). Nine additional CDSs on the chromosome of B. anthracis were
identified, compared to the annotation provided by NCBI, by searching intergenic DNA
sequences against the IG genome database. The genomes of B. cereus and B. anthracis were
subjected to a round of automatic annotation followed by extensive manual curation within
the ERGO bioinformatics suite**. Comparative analysis of B. cereus and B. anthracis genomes
was carried out with the WorkBench algorithm (Integrated Genomics), as described for
three strains of Xylella fastidiosa®. As the sequence of B. anthracis chromosome is
incomplete, the CDSs identified as unique for B. cereus were subjected to further analysis,
including analysis of the chromosomal context and search for homologues in the unfinished
B. anthracis and B. cereus genomes in the TIGR database (http://www.tigr.org) and in the
gapped genome of B. thuringiensis israelensis’. ERGO tools for pattern matching were used
to identify the genes potentially controlled by the virulence regulator PIcR"*™" based on the
finding of the consensus sequence TATGnAnnnnTnCATA'" in the upstream region of the
genes. The results of analysis, including annotations and partial metabolic reconstructions
of B. anthracis A2012 and B. cereus ATCC 14579 can be found in the limited version of
ERGO at http://www.ergo-light.com.
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A pseudogene is a gene copy that does not produce a functional,
full-length protein'. The human genome is estimated to contain
up to 20,000 pseudogenes>’. Although much effort has been
devoted to understanding the function of pseudogenes, their
biological roles remain largely unknown. Here we report the
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