
Whole-Genome Characterization of Bacillus cereus Associated
with Specific Disease Manifestations

T. Chang,a J. W. Rosch,b Z. Gu,c H. Hakim,b C. Hewitt,c A. Gaur,b G. Wu,a R. T. Haydenc

aDepartment of Computational Biology, St. Jude Children's Research Hospital, Memphis, Tennessee, USA
bDepartment of Infectious Diseases, St. Jude Children's Research Hospital, Memphis, Tennessee, USA
cDepartment of Pathology, St. Jude Children's Research Hospital, Memphis, Tennessee, USA

ABSTRACT Bacillus cereus remains an important cause of infections, particularly in
immunocompromised hosts. While typically associated with enteric infections, dis-
ease manifestations can be quite diverse and include skin infections, bacteremia,
pneumonia, and meningitis. Whether there are any genetic correlates of bacterial
strains with particular clinical manifestations remains unknown. To address this gap
in understanding, we undertook whole-genome analysis of B. cereus strains isolated
from patients with a range of disease manifestations, including noninvasive coloniz-
ing disease, superficial skin infections, and invasive bacteremia. Interestingly, strains
involved in skin infection tended to form a distinct genetic cluster compared to iso-
lates associated with invasive disease. Other disease manifestations, despite not
being exclusively clustered, nonetheless had unique genetic features. The unique
features associated with the specific types of infections ranged from traditional vir-
ulence determinants to metabolic pathways and gene regulators. These data repre-
sent the largest genetic analysis to date of pathogenic B. cereus isolates with associ-
ated clinical parameters.
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Bacillus cereus is a rod-shaped, Gram-positive, aerobic or facultative anaerobic
bacterium that is frequently present in soil, sediments, dust, plants, and food

production environments. B. cereus can form spores that are resistant to extreme
environmental conditions, including both pasteurization and gamma radiation, making
the elimination of this potential pathogen challenging. While widely known for disease
potential in the context of food poisoning, there have been numerous reported cases
of pneumonia, bacteremia, and meningitis caused by this pathogen, particularly in
immunocompromised individuals (1–3). The pathogenicity of B. cereus is predominantly
derived from the production of tissue-destructive exoenzymes, including hemolysins,
phospholipases, and proteases. B. cereus causes not only food poisoning but also
several fatal non-gastrointestinal-tract clinical infections, such as eye infections, pro-
gressive pneumonia, fulminant sepsis, and central nervous system infections, including
meningitis and brain abscesses (4).

While it is widely appreciated that B. cereus has a variety of disease manifestations,
to our knowledge, there has been little evidence examining whether specific genotypes
are associated with different sequelae. Distinct genetic factors might be required for B.
cereus to infect particular host niches. As such, genetic characterization of isolates with
well-defined clinical manifestations may prove powerful in defining such associations.
To understand the relationship between the genotype and clinical phenotype of B.
cereus, we collected samples from patients with distinct disease manifestations, includ-
ing bacteremia, sepsis, bloodstream hemolysis, meningoencephalitis, skin infection,
diarrhea, and fecal colonization. Sequences of these isolates were compared, and
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differences in relative gene abundances and other relevant strain characteristics were
analyzed, representing the largest sequenced cohort of B. cereus isolates coupled with
clinical manifestations to date.

RESULTS
Clinical and phenotypic features of patients with B. cereus infections. The

clinical phenotypes of B. cereus infections are described in Table S2 in the supplemental
material. Meningoencephalitis, bacteremia, sepsis, and clinical bloodstream hemolysis
were categorized as invasive infections, while rectal colonization, skin infection, and
diarrhea were categorized as noninvasive infections. Host characteristics of patients
with invasive B. cereus infections were not significantly different from those of patients
with noninvasive B. cereus infections (Table S3).

Genetic features of pathogenic B. cereus strains. The genomic features of the
assembled B. cereus strains are summarized in Table 1. The average coverage was
�45-fold for the assemblies, and strains shared comparable genome sizes (�5.3 Mb)
and GC contents (35%), similar to the values reported previously (5). An increase of the
genome size was observed for sample s18 (9.6 Mb), suggesting the presence of multiple
plasmids, unique repeat elements, and/or various sizes of plasmids (6, 7). The level of
continuity of the genome assembly was high for 12 samples, which had an N50 value
of �10,000 and �1,000 contigs (Table 1). The assemblies of the remaining 12 samples
are more fragmented. Since the sequencing depth was sufficient to cover the breadth
of the genomes, the fragmentation of the assemblies may be attributed to the low GC
content (8) and highly abundant repeat elements (9). In spite of the fragmentation of
the assemblies, the predicted numbers of proteins were similar among the sequenced
samples and comparable to those of the other sequenced B. cereus strains (5).

To further investigate the impact of the fragmentation of genome assemblies, we
assessed the completeness of the genome assembly by the completenesses of 40
highly conserved prokaryote orthologous genes (COG). These 40 genes are single-copy
phylogenetic marker genes and have been used for resolving evolutionary history
across domains of life (10–12). Specifically, for one genome, predicted genes were
classified as complete gene models when the gene length was within 2 standard
deviations of the COG gene group length. Genes were classified as fragmented

TABLE 1 Genomic features of the 24 sequenced Bacillus cereus strains

Sample
Assembly size (no. of bases)
(>200 bp) N50

No. of contigs
(>200 bp) No. of proteins

No. of RNAs (no. of rRNAs/no.
of tRNAs) GC content (%)

s01 4,982,614 2,184 3,465 4,884 28 (8/20) 0.35
s02 4,554,479 1,776 4,171 4,442 25 (6/19) 0.36
s03 5,022,101 1,354 4,804 5,082 7 (3/4) 0.36
s04 4,891,265 2,192 2,962 5,346 24 (5/19) 0.36
s05 5,078,431 1,465 5,544 4,678 34 (5/29) 0.35
s06 5,001,224 2,070 3,725 4,776 21 (4/17) 0.35
s07 4,831,022 1,895 3,899 4,740 16 (3/13) 0.36
s08 4,666,508 1,390 4,644 4,468 25 (5/20) 0.36
s09 4,775,962 1,715 4,202 4,493 19 (3/16) 0.35
s10 4,815,983 1,344 5,090 4,793 32 (6/26) 0.36
s17 5,728,264 248,673 127 5,729 104 (16/88) 0.40
s18 9,643,523 20,399 639 10,012 56 (13/43) 0.35
s19 6,213,733 316,244 1,795 5,951 85 (10/75) 0.36
s20 5,107,447 137,978 63 5,264 57 (10/47) 0.35
s21 5,290,016 236,524 66 5,468 77 (11/66) 0.36
s22 5,775,796 467,974 109 5,795 77 (8/69) 0.36
s23 5,656,499 329,969 689 5,581 102 (12/90) 0.35
s24 5,708,383 179,036 895 5,742 88 (15/73) 0.34
s25 5,701,576 166,645 43 5,775 42 (4/38) 0.35
s26 6,999,176 173,263 2,832 6,724 92 (10/82) 0.34
s27 5,713,339 316,336 255 5,802 83 (10/73) 0.35
s28 5,809,653 178,813 119 5,925 90 (11/79) 0.37
s29 5,459,198 574,687 30 5,588 50 (3/47) 0.34
s30 5,625,682 144,042 194 5,813 95 (11/84) 0.35
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models when the genes were only partially present in the assembly. Genes absent
from the genome were classified as missing genes (see Fig. S1 in the supplemental
material). The majority of the genome assemblies had a high ratio of genes with
complete status, ranging from 92% to 98%, except for samples s26 (80%), s1 (35%),
and s22 (32%) (Fig. S1).

Phylogenetic reconstruction reveals two major clades. We further examined the

syntenic regions present in the assemblies. The closest neighbors of the 24 strains
estimated based on representative genes (13) were B. cereus BAG3X2-2 (average
conservation score, 522.9), ATCC 14579 (score, 517.4), ATCC 10987 (score, 534.5) and
Rock3-29 (score, 518.0). A further analysis of syntenic relationships between the sam-
ples and these close neighbors revealed a high degree of conservation in most
genomic regions, particularly for ATCC 14579, ATCC 10987, and BAG3X2-2 (Fig. 1A to C).
Nearly all the aligned regions displayed sequence similarities of �75%. Nonetheless,
several strains contained short segments of genomic rearrangements. For example,
sample s26 tended to have extended segments of genomic duplications and inversions
compared to ATCC 14579 (Fig. 1A). In addition, sample s26 also contained regions
sharing low similarity to the four reference strains (Fig. 1), indicating that sample s26
was evolutionarily distinct. The alignment between the clinical strains and the Rock3
strain revealed two large segments with frequent genomic inversions not present in all
other comparisons (Fig. 1D).

The B. cereus group has been classified into three main phylogenetic clades by
multilocus sequence typing (14). The first clade (clade I) contains B. cereus and related
B. anthracis and B. thuringiensis strains. The second clade (clade II) contains more
distantly related B. cereus strains and B. pseudomycoides isolates. The final clade (clade
III) contains the thermophilic B. cereus subspecies. In order to obtain a deeper insight
into strain history, we first reconstructed phylogenetic relationships based on a collec-
tion of 673 16S RNA sequences from the 24 samples and another 649 B. cereus strains
deposited in the SILVA database (15). Cytotoxic B. cereus subspecies reference genomes
were used as outgroups to root the tree. In agreement with data from previous studies,
three major clades were identified in the reconstructed phylogenetic tree (Fig. 2A) (14).
Of the 24 samples, 13 were embedded in clade I, 12 of which were clustered tightly in
a single cluster (Fig. 2A). The remaining 11 samples fell within clade II and formed three
minor clusters (Fig. 2A). The supporting values for this branching pattern were generally
low due to the high similarity of the 16S rRNA sequences. We further inferred their
relationship by concatenated sequences of 130 single-copy genes that were conserved
across all samples (Fig. 2B; see also Table S4 in the supplemental material). In the
reconstructed tree, the 13 clade I strains clustered together, which was consistent with
the 16S rRNA tree. However, samples s3, s6, and s10 of clade II fell in the center of clade
I. Another discrepancy is that clade II samples s27 and s29 mapped to the termini of the
concatenated gene tree. Notably, all five of the clade II strains that resulted in
discrepancies were located in a minor cluster close to clade I in the 16S rRNA tree (Fig.
2A), suggesting that the functional proteome of these strains may have been shaped
to develop a host specificity and a host range similar to those of the clade I strains. To
further elucidate whether there is a causal relationship between clinical phenotypes
and evolution history, the identified phenotypes were mapped to the phylogenetic
tree, but no significant correlation was observed (Fig. 2B). This indicates that genetically
diverse strains of B. cereus retain the capacity to cause infection in immunocompro-
mised patients.

Orthology-based analysis suggests the presence of species- and lineage-
specific adaptations. A comparative analysis of protein-coding genes was conducted

to identify core or strain-specific genes. A reciprocal all-versus-all BLAST sequence
analysis was used to retrieve the set of orthologous protein-coding gene groups to
determine the core and strain-specific gene families. The core was defined as the gene
families shared by at least 23 of the 24 strains to tolerate potential annotation
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inaccuracy, while the strain-specific genes were defined as the genes identified in only
one strain.

A total of 1,640 protein-coding gene families shared by at least 23 strains were
identified, representing the core genome (see Fig. S2A in the supplemental material).
Among the total, 626 gene families were shared by all strains. A functional enrichment
analysis (Table S5) based on molecular function GO (Gene Ontology) terms (16) for the

FIG 1 Genomic comparisons among the 24 B. cereus strains and 4 phylogenetically closely related strains. The genomes of the 24 strains are aligned against
strains ATCC 14579 (A), ATCC 10987 (B), BAG3X2-2 (C), and Rock3 (D). In each plot, the innermost circles represent the genomes of the reference strains, followed
by 24 circles for samples s1 to s30, displaying the sequence similarity between each sample and the reference. The height of each similarity circle reflects the
degree of similarity from 0 to 100%. Colinear syntenic regions are shown in blue, while genomic regions undergoing genomic rearrangements are shown in
red. Overall, the 24 samples shared a high degree of conservation with ATCC 14579, ATCC 10987, and BAG3X2-2. In contrast, frequent genomic inversions are
present in comparisons to the Rock3 strain. The outermost circles depict the gene annotation for each reference strain.
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core genome indicated that proteins with function related to transporter activity, such
as inorganic cation transmembrane transporter activity (GO:0022890), substrate-
specific transporter activity (GO:0022892), and monovalent inorganic cation transmem-
brane transporter activity (GO:0015077), were particularly conserved. Similarly, for the
biological process category of GO terms, single-organism transport (GO:0044765),
cation transport (GO:0006812), and ion transport (GO:0006811) were the most con-
served functional groups. For the cellular component, the only significantly enriched
gene was in the membrane-associated category. The enrichment of cation and ion
transporter genes is of interest given that the pathogens involved in enteric infections
must acquire these necessary cofactors from the host environment (17–19). The
numbers of strain-specific genes differed among the strains, ranging from 28 to 674
(Fig. S2B). The two strains without clinical phenotypes, environmental samples s4 and
s3, contained the highest number of strain-specific genes, while the other pathogenic
strains contained more shared gene repertoires. Although the correlation between
these variations and clinical phenotypes was not strong, the higher number of genes
shared by the pathogenic strains suggests that a core subset of genes may be required
to establish infection.

Identification of the genes associated with clinical phenotypes. Gene duplica-
tions present in microbial pathogens have been associated with the host adaption
process, which can be fixed in the genome through positive selection during the course
of evolution (20–23). To examine the relationship between copy number variation
(CNV) and clinical phenotypes, we first performed unsupervised hierarchical clustering
based on the copy numbers of all the orthologous gene families (see Fig. S3A in the
supplemental material). The clustering topology indicated that the strains showing
clinical phenotypes of bacteremia (samples s17 and s21), skin infection (samples s22,
s27, and s28), and colonization (samples s5, s6, and s7) tended to group together, with
a subset of coclustering strains being associated with other clinical phenotypes.
Another clustering based on the gene presence/absence profiles of the gene families
revealed a similar pattern, in which the samples with bacteremia or colonization
phenotypes were clustered more closely (Fig. S3B). Although the clusters were not well

FIG 2 Phylogenetic placement of the 24 B. cereus strains. (A) Maximum likelihood tree (1,000 bootstraps) constructed based on the 16S rRNA sequences from
the 24 strains and 649 additional strains. The nodes with bootstrap values of �50 are depicted with gray circles. The size of each circle corresponds to the
bootstrap value. The branches were colored based on the three major clades. The red triangles represent the placement of the 24 strains in the phylogenetic
tree. (B) Maximum likelihood tree constructed based on the concatenated sequences of 130 single-copy genes conserved in the 24 strains. The classified clade
based on the 16S rRNA tree for each strain is shown in the first column (red, clade I; blue, clade II). The right panel represents the corresponding clinical
phenotypes for each strain. NA, not applicable. ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; ATRT, atypical teratoid/rhabdoid tumor.
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separated, the results implied that gains or losses of the genes were associated with
disease tropism, which may underlie molecular mechanisms of the observed pheno-
types.

The mixture of strains in the phylogenetic and unsupervised clustering trees indi-
cated that the etiology of observed phenotypes could be driven by a subset of
virulence genes. In order to identify these driver genes, we applied the random forest
algorithm to predict the gene families that contribute most to the resultant phenotypes
based on the similarity between the CNV and presence/absence profiles of the ortholo-
gous gene families. After supervised clustering using the profiles of selected gene
families, the samples with a clinical hemolysis phenotype formed two well-separated
groups (Fig. 3 and Table S6). One distinct allele of cardiolipin synthetase (CLS) (family
05728) was present mainly in the hemolysis samples. In addition to the presence of
exclusive CLS and several hypothetical proteins, a few gene families in hemolysis and
nonhemolysis samples displayed CNV. For instance, a penicillin-binding protein family
(family 00005) was present in 2 to 3 copies in the hemolysis samples, while its copy
number was increased to 4 to 5 copies in the other samples. Another example was an
ABC transporter family (OppA) (family 00002), showing less expansion in the hemolysis
samples (�5 to 6 copies) than in the other nonhemolysis samples (9 to 10 copies). The
OppA family proteins have been characterized as multifunctional proteins involved in
host interaction processes, including binding oligopeptide permease (24), immuno-
genic cytoadhesin (25), and Mg2�-dependent ecto-ATPase (26). OppA as well as other
OppA-like proteins can facilitate the import of the PapR signaling peptide (27). The skin
infection strains also displayed a clear separation corresponding to their clinical phe-
notype (Fig. 4 and Table S6) and were characterized by enrichment for a subset of gene
families. Annotation of the enriched gene families indicated that the majority were
hypothetical proteins, with vancomycin B-type resistance protein (family 04769) (28)
being present in all skin infection strains. A few phage-related protein families were
also present, primarily in the skin infection strains. Clustering for the meningoen-
cephalitis strains also revealed well-split clusters (Fig. 5 and Table S6). The serine
phosphatase RsbUv regulator (family 00149) and lipoteichoic acid synthase LtaS
(type Ia) (family 00011) protein families displayed different degrees of copy number
variation in meningoencephalitis. RsbUv and LtaS are likely involved in the host
interaction process (26).

Supervised clustering of the samples for the other phenotypes revealed a pattern
that followed the phenotypes in general, even though ambiguities arose from a subset
of samples that did not fit the overall classification patterns. For the bacteremia
phenotype (Fig. S4 and Table S6), a few samples clustered with the incorrect pheno-
typic classification, such as sample s25, which was nested within the samples from cases
without bacteremia. This indicates that while supervised clustering was successful in
general, additional bacterial or host factors likely complicate more accurate clustering.
Despite such ambiguities, the comparison revealed that several genes tended to be
absent from the samples isolated from patients with bacteremia. For example, putative
resolvase (family 04751), dehydrogenase (family 05311), and phosphonate ABC trans-
porter phosphate-binding periplasmic component (family 05023) protein families were
absent from nearly all the bacteremia samples. The resolvase gene appears to be
associated with genome duplication, such as the resolvases in pathogenic Borrelia
burgdorferi (29). In isolates associated with colonization, an amino acid permease family
(family 07457) was found exclusively in these samples (Fig. S5A and Table S6), which
was previously considered a virulence determinant in reducing host defense (30).
Several genes associated with metabolic processes were absent from the colonization
samples, including multiple hydrolases. D-Alanyl–D-alanine carboxypeptidase (family
04310), which removes the terminal D-alanine from UDP-MurNAc pentapeptides and
serves as a target of �-lactam antibiotics (31), was also absent from the colonization
samples. For the diarrhea and sepsis samples (Fig. S6 and S7 and Table S6), clustering
of the CNV and presence/absence profiles did not correspond well to clinical pheno-
types.
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FIG 3 Supervised clustering of genes associated with hemolysis. (A) Supervised hierarchical clustering based on the copy number variation profiles of selected gene
families. SAM, S-adenosyl-L-methionine; ECF, extracytoplasmic function. (B) Supervised hierarchical clustering based on the gene presence/absence profiles of selected

(Continued on next page)
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B. cereus is known to encode a number of hemolysins and toxins that play important
roles in disease pathology. We next sought to determine the pattern of toxins being
encoded by the respective strains with associated disease manifestations. The presence
and absence of the characterized toxins and hemolysins are summarized in Table S6.
The presence or absence of the respective virulence factors was determined by BLAST,
with a cutoff of �1E�50 (Table S7). All strains examined harbored the cereulide
synthase gene, whose dodecadepsipeptide product is an emetic toxin (32). All strains
encoded at least one of the three predicted nonhemolytic enteric cytotoxins, with most
strains (20/24) encoding at least two. The majority of strains (20/24) also carried both
the cytotoxin K and hemolysin II genes, which were always found in the same isolates
when present. While no discernible pattern between toxin profiles and disease mani-
festations was observed, these data indicate that the majority of the isolates encoded
the traditional virulence factors required for disease.

DISCUSSION

In many bacterial pathogens, certain clonal lineages have a greater propensity to
manifest as invasive infection. Due to the relative rarity of B. cereus infection and the
paucity of genetic information, it is unclear as to whether particular genetic elements
are associated with specific clinical manifestations. In our series of B. cereus isolates,
patients had a wide spectrum of presentations, ranging from stool colonization to
severe invasive infections leading to death. Previous reports (1–3) have attempted to
identify patients at risk for severe B. cereus infections, such as those with neutropenia,
hematologic malignancy, and chemotherapy-induced remission. However, the num-
bers of cases described in each of those previous reports have been small, with limited
generalizability. In the present series, comparison of clinical characteristics did not
reveal any significant risk factor for invasive B. cereus infections (see Table S3 in the
supplemental material), possibly also related to the small sample size, but more
importantly, it emphasizes the need to better understand genetic characteristics of B.
cereus associated with infections.

The pathogenicity of B. cereus has been attributed primarily to toxin production.
In gastrointestinal syndromes, B. cereus secretes a diarrhea-inducing protein en-
terotoxin or a plasmid-encoded cyclic peptide emetic toxin (4). Extragastrointestinal
syndromes have been described to be related to the production of an array of other
toxins that result in tissue destruction, including hemolysins, pore-forming entero-
toxins, cytotoxin K, phospholipases, and others. Our data were in agreement with
those findings, with bloodstream isolates being associated with a hemolytic phe-
notype (Fig. 2).

The hemolytic samples (isolates from patients with clinical bloodstream hemolysis)
were shown to predominantly have enhanced copy numbers of penicillin-binding
proteins in a high proportion of the samples analyzed (Fig. 2A). A subsequent analysis
of these loci in these isolates revealed sequence differences in the individual strains,
indicating that this copy variation is not an assembly artifact but indeed represents
multiple alleles of the penicillin-binding proteins. Also of considerable interest is the
expanded copy number of moeA, responsible for molybdenum cofactor biosynthesis
(33). Molybdenum cofactor enzymes are widely distributed and have multiple cellular
functions in metabolism (34). The hemolytic isolates tended to lack a component of the
autoinducer 2 (AI-2) quorum sensing system compared to their nonhemolytic coun-
terparts (Fig. 2B and 3). The difference in quorum sensing was due to the presence or
absence of LsrB, the ligand-binding protein that is required for the internalization of
AI-2 (35). In addition, nonhemolytic samples lacked similarity at additional genetic loci,
including the small RNA (sRNA) chaperone Hfq as well as a number of transcriptional

FIG 3 Legend (Continued)
gene families. The gene families are ordered based on the mean decrease of the Gini index value (Importance). The corresponding phenotype of each sample is shown
on the top of the plot. Clustering was performed based on the Euclidean distance matrix. Numbers and phenotypes represent the grouping results following family
classification with OrthoMCL.
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regulators of AsrR, DeoR, and the phosphate regulatory protein PhoB. These data
indicate that the genetic contents of the hemolytic and nonhemolytic isolates differ
considerably, but based on the differences in a number of key regulatory genes,
transcriptional control may also be distinct in these isolates.

FIG 4 Supervised clustering of the genes associated with skin infection. (A) Supervised hierarchical clustering based on the copy number variation profiles of selected
gene families. (B) Supervised hierarchical clustering based on the gene presence/absence profiles of selected gene families. The gene families are ordered based on
the mean decrease of the Gini index value (Importance). The corresponding phenotype of each sample is shown on the top of the plot. Clustering was performed based
on the Euclidean distance matrix. Numbers and phenotypes represent the grouping results following family classification with OrthoMCL. SMS, spermine synthase.
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FIG 5 Supervised clustering of the genes associated with meningoencephalitis. (A) Supervised hierarchical clustering based on the copy number variation
profiles of selected gene families. (B) Supervised hierarchical clustering based on the gene presence/absence profiles of selected gene families. The gene families
are ordered based on the mean decrease of the Gini index value (Importance). The corresponding phenotype of each sample is shown on the top of the plot.
Clustering was performed based on the Euclidean distance matrix. Numbers and phenotype represent the grouping results following family classification with
OrthoMCL.
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When isolates recovered from skin infection were compared to other isolates, a
number of alleles were highly enriched. This included increased copy numbers of two
extracellular degradation enzymes, including bacillolysin and a predicted collagenase.
Multiple phage-associated genes were also highly enriched in the skin infection sam-
ples compared to the remaining data set. Interestingly, strains associated with menin-
goencephalitis demonstrated a distinct pattern of allelic variation compared to other
isolates. This included variation with a predicted secreted ESAT-6 protein, a toxin
secretion system found in multiple bacterial species, including Bacillus (36). In addition,
there was considerable allelic variation in a number of transcriptional regulators,
including members of the TetR, DeoR, and GntR families. In addition, there was allelic
variation in the YvcQ sensor kinase genes of the YvcPQ two-component regulatory
system, which is involved in mediating resistance to bacitracin in Bacillus species (37,
38). These data indicate that variation in alleles associated with transcriptional regula-
tion, and expected alterations in transcriptional control, may be an important mediator
of the tissue tropisms of B. cereus. These data represent the largest cohort of sequenced
B. cereus isolates with associated patient metadata collected to date. While there is
considerable genetic variation in isolates demonstrating distinct disease manifesta-
tions, specific loci were found to be enriched in or depleted from isolates with specific
tissue tropisms. These data indicate that a complex combination of factors, including
gene content, host status, and, likely, transcriptional regulation, are factors in the ability
of B. cereus to manifest diverse diseases in immunocompromised hosts.

MATERIALS AND METHODS
Patients and samples. B. cereus isolates were identified in clinical and environmental specimens

collected during the course of routine care at St. Jude Children’s Research Hospital (SJCRH) in Memphis,
TN, between 1994 and 2005. Following detection by culture and identification by routine phenotypic
methods, isolates were stored at �80°C. Samples were thawed, subcultured, and characterized by
routine microbiological biochemical methods (see Table S1 in the supplemental material).

Three of the samples (samples s1, s2, and s17) were reported previously by our institution in a
description of the clinical course of B. cereus infections in immunocompromised patients (2). Two B.
cereus isolates (samples s3 and s4) were isolated from tea bag cultures tested in a study associating
dietary tea ingestion and B. cereus bacteremia in pediatric oncology patients (39). Medical records were
reviewed for demographic data, clinical syndrome, course, and infection outcome. Neutropenia was
defined as an absolute neutrophil count (ANC) of �500 cells/mm3. Bacteremia was defined as growth of
B. cereus in patient blood cultures. Meningoencephalitis was defined as central nervous system infection
or inflammation manifesting with neurological dysfunction, such as altered mental status, seizures,
and/or focal neurologic signs. This study was approved by the Institutional Review Board at SJCRH.

Sequencing and assembly of the B. cereus strains. DNA was extracted by using Qiagen Genomic-
tip 20/G (Qiagen, Hilden, Germany), prepared for sequencing by using a Paired-End Sample Preparation
kit (Illumina Inc., San Diego, CA), and sequenced on the Illumina GA II system. The read quality of each
sample was assessed by using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), and
low-quality reads were trimmed by using Trimmomatic (40). Filtered high-quality reads were assembled
by using SPAdes (41) and CLC genome workbench (CLC Bio-Qiagen, Aarhus, Denmark), using different
k-mer sizes. The assembly with the highest assembly qualities determined by the N50 value and assembly
size was selected and merged by using CISA (42) to improve the contiguity and accuracy of the
assemblies. The quality of the genome assembly was assessed by comparing the completenesses of a set
of 40 highly conserved prokaryotic genes using the BUSCO pipeline (43).

Genome annotation and alignments. Annotation of the genomes was accomplished by using the
RAST annotation server (13). Based on the reciprocal BLAST best hit, the proteomes of all the strains were
classified into orthologous gene families by using the OrthoMCL pipeline (44). Orthologous families were
classified based on normalized scores calculated from the E values of all-versus-all BLASTp analysis (cutoff
of 1E�5) for pairs of compared genomes. The normalized scores were fed into the Markov cluster
algorithm to classify the genes into hypothesized orthologous and paralogous gene families using a
default inflation parameter of 1.5. For the identification of syntenic regions, the genomes of B. cereus
BAG3X2-2, ATCC 14579, ATCC 10987, and Rock3-29 were used as references for the genome alignment
and comparisons. The pairwise similarity of the compared genomes was calculated by using MUMmer
(45) to identify the anchor hits. Synteny was identified by searching colinear sequences of anchors.

Phylogeny reconstruction. A total of 130 single-copy orthologous genes were identified through
the OrthoMCL pipeline and used for subsequent analysis. These genes comprised central metabolic
genes, cell division machinery, and sporulation pathways. The amino acid sequences of these 130 genes
were aligned by using MUSCLE (46). The resultant alignment was concatenated, with gaps being
removed by TrimAL (47), using an automated option to optimize gap trimming prior to phylogenetic tree
construction. A maximum likelihood tree was constructed based on the concatenated alignment using
the PROTGAMMAWAG model with 1,000 bootstraps in RAxML (48). The topology of the constructed tree
was visualized by using the iTOL server (49) with data sets generated by custom scripts.
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Clustering and feature selection. Clinical phenotypes are potentially driven by the interplay
between modifications of the genome content, such as a gain or loss of genes and gene family expansion
or contraction, and differing mechanisms of cellular regulation. In order to identify associations between
genomic changes and clinical phenotypes, we performed a random forest analysis based on the profiles
of copy number variation and the presence/absence of gene families in each strain to identify a subset
of genes that are most likely associated with the phenotypes. The random forest algorithm has been
used extensively for associating genomic data and phenotypes (50, 51). In the present analysis, a
collection of simple clustering trees (n � 5,000) was constructed based on CNVs and gene presence/
absence profiles of orthologous gene families across all strains by using R. Afterwards, the candidate
gene families were selected according to the vote of the ensemble of trees. The importance of each
selected gene family was assessed by the mean decrease of the Gini coefficient. The Gini coefficient is
a measure of the contribution of each gene family to the homogeneity in the resulting random forest.
The gene families with high Gini values are important candidate gene families associated with the
observed phenotypes. After this random forest selection procedure was applied, supervised clustering
was performed for the selected gene families against the predefined phenotypes.

Accession number(s). All genome assemblies were submitted to the NCBI database under the
following accession numbers: NMYY00000000 for sample s1, NMYX00000000 for sample s2,
NMYW00000000 for sample s3, NNAZ00000000 for sample s4, NMYV00000000 for sample s5,
NMYU00000000 for sample s6, NMYT00000000 for sample s7, NMYS00000000 for sample s8,
NMYR00000000 for sample s9, NMYQ00000000 for sample s10, NMYP00000000 for sample s17,
NMZP00000000 for sample s18, NMYO00000000 for sample s19, NMYN00000000 for sample s20,
NMYM00000000 for sample s21, NMYL00000000 for sample s22, NMYK00000000 for sample s23,
NMYJ00000000 for sample s24, NMYI00000000 for sample s25, NMYH00000000 for sample s26,
NMYG00000000 for sample s27, NMYF00000000 for sample s28, NMYE00000000 for sample s29, and
NMYD00000000 for sample s30.
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