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a b s t r a c t

Core genome multilocus sequence typing (cgMLST) employs a strategy where the set of orthologous
genes common to all members of a group of organisms are used for phylogenetic analysis of the group
members. The Bacillus cereus group consists of species with pathogenicity towards insect species as well
as warm-blooded animals including humans. While B. cereus is an opportunistic pathogen linked to a
range of human disease conditions, including emesis and diarrhoea, Bacillus thuringiensis is an ento-
mopathogenic species with toxicity toward insect larvae, and therefore used as a biological pesticide
worldwide. Bacillus anthracis is a classical obligate pathogen causing anthrax, an acute lethal condition in
herbivores as well as humans, and which is endemic in many parts of the world. The group also includes
a range of additional species, and B. cereus group bacteria have been subject to analysis with a wide
variety of phylogenetic typing systems. Here we present, based on analyses of 173 complete genomes
from B. cereus group species available in public databases, the identification of a set of 1568 core genes
which were used to create a core genome multilocus typing scheme for the group which is implemented
in the PubMLST system as an open online database freely available to the community. The new cgMLST
system provides unprecedented resolution over existing phylogenetic analysis schemes covering the
B. cereus group.

© 2023 The Authors. Published by Elsevier Masson SAS on behalf of Institut Pasteur. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The Bacillus cereus group is a group of closely related bacteria,
which includes important pathogens to humans and animals as
well as insects. Classically, the B. cereus group population (B. cereus
sensu lato), as defined by Guinebretiere and colleagues, consists of
seven core species (B. cereus (sensu stricto), Bacillus anthracis, Ba-
cillus thuringiensis, Bacillus mycoides, Bacillus pseudomycoides, Ba-
cillus weihenstephanensis, and Bacillus cytotoxicus), phylogenetically
divided into seven main clusters and three large clades [1e3].

B. anthracis is the cause of anthrax disease in warm-blooded
animals and humans, and is endemic or hyper-endemic in many
regions of the world, covering all continents [4]. It has classically
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been defined as a separate species within the B. cereus group based
on its ability to cause anthrax disease, a highly serious infectious
disease primarily affecting domestic and wild animals around the
world, as well as humans. Isolates within the B. cereus group able to
cause anthrax-like disease have been identified as belonging to
phylogenetic clusters outside the B. anthracis sensu stricto cluster,
causing initial taxonomic confusion, however are denoted as
B. cereus biovar anthracis in order to emphasize the biological sig-
nificance of constituting a cause of anthrax-like disease [5,6].
B. cereus is an opportunistic human pathogen able to cause a variety
of human diseases, among which the most prominent are the
diarrhoeal or emetic syndromes. B. cereus infections also include
severe cases following trauma to the eye, as well as a range of other
opportunistic infections [7,8]. The general virulence factors of
B. cereus, except for the NRPS-encoding genes responsible for
emetic toxin synthesis in emetic strains, are frequently encoded on
the bacterial chromosome [9,10]. B. thuringiensis is pathogenic to
insect larvae, and other invertebrates such as nematodes andmites,
and is therefore widely used commercially as a biological insecti-
cide [11,12]. The bacterium produces specific insecticidal protein
stitut Pasteur. This is an open access article under the CC BY license (http://
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toxins responsible for entomopathogenicity, and which are
frequently plasmid-encoded, but in addition carries many of the
same chromosomal virulence factors as B. cereus [13].

More recently, a total of at least 25 new species have been
proposed for the B. cereus group [14], and are used by DNA
sequence repositories such as GenBank and the EMBL databases.
Several of these species have been defined on the basis of average
nucleotide identity (ANI) values [15,16], in some cases with only
one isolate known for each new species suggested, which contra-
dicts formal rules for attribution of the species status to bacteria.

Various DNA sequence-based methods have been developed for
resolving the phylogeny of B. cereus group isolates, including
multilocus sequence typing (MLST; [1,17e21]) and amplified frag-
ment length polymorphism (AFLP; [2,22e24]), in addition to the
protein-based method multilocus enzyme electrophoresis (MLEE;
[25,26]). While multilocus sequence typing (MLST) makes use of a
limited set of typically six or seven core genes present in all
members of a species or group of bacteria, for phylogenetic
reconstruction, core genome MLST (cgMLST) reconstructs a phy-
logeny based on the full set of core genes available for the species or
group. cgMLST is therefore in general a more powerful method
compared to conventional MLST, and provides higher resolution
and discriminatory power [27,28]. This is particularly useful for
outbreak investigations and epidemiological surveillance and
cgMLST is becoming a method of choice for isolate typing in public
health laboratories [29,30]. At present, cgMLST schemes are being
developed for a growing number of bacteria (or groups of bacteria;
https://pubmlst.org, https://cgmlst.org) including many of the
bacterial pathogens. Whole-genome (and even pan-genome) MLST
(wgMLST) schemes incorporating all genes (core and accessory)
have been designed for some species to provide even higher res-
olution if required. Another MLST variant based on 53 universally
conserved ribosomal protein genes (rMLST) is also applied to all
bacteria ([31]; https://pubmlst.org/rmlst). For the B. cereus group,
five conventional seven-gene MLST schemes have been published,
along with a pan-genome wgMLST scheme based on 30,363 loci
(which is available through a commercial service only; https://
www.applied-maths.com/applications/wgmlst), and the pan-
bacterial rMLST scheme. A cgMLST scheme is available specifically
for B. anthracis [32]. Here we present the first cgMLST scheme for
the complete B. cereus group, including B. cytotoxicus which forms
an outgroup [33,34], and the implementation of the scheme in the
PubMLST resource [35]. This provides an unprecedented resolution
to phylogenetic relationships in the group and includes the pre-
diction of a new core genome for B. cereus group bacteria, based
solely on high quality closed genomes and employing state-of-the-
art methodology and approach. The resulting cgMLST scheme has
then been applied to all available genomes in the group, resulting in
a phylogeny including 2458 isolates for which whole genome
sequence data is publicly available.

2. Materials and methods

2.1. cgMLST scheme creation

In a typical cgMLST analysis, a scheme is first developed using
complete (or nearly complete) genomes and then applied to all other
genomes of a given species (or group of species). The latest assem-
blies of 2458 B. cereus group genomes available at the time of study
(October 2021) were downloaded from the NCBI GenBank FTP site.
Among those, 173 were complete (i.e., ungapped, fully closed chro-
mosome and plasmid sequences; genome list in Supplementary
Table S1). The complete genome set included representatives of 12
of the recognized and proposed B. cereus group species, with one to
five genomes per species, except for the main species B. anthracis,
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B. cereus, and B. thuringiensis which had 50 representatives. The
cgMLST scheme was defined using the chewBBACA 2.8.5 pipeline
[36]. The following steps were performed: “CreateSchema”, to create
a gene-by-gene scheme based on the set of complete genomes;
“AlleleCall”, to determine the allelic profiles based on the scheme,
and “ExtractCgMLST”, to define the set of loci that constitute the core
genome. Briefly, in “CreateSchema” the algorithm clusters the coding
sequences (CDS) of the complete genomes into unique loci by BLAST
score ratio (BSR) analysis [37]. Then, “AlleleCall” consists in deter-
mining the alleles of each locus in all complete genomes based on
sequence identity, BSR score, and gene size. Notably, this step also
allows the detection and removal of possibly paralogous loci (when a
CDS shows sequence similarity to multiple loci). At a given locus,
each unique sequence is given an arbitrary allele number and for
each isolate the combination of allele numbers at all loci defines an
allelic profile. In the “ExtractCgMLST” operation, a set of core loci
present in a predefined proportion of the genomes is extracted. All
three analyses were run using default parameters (including a BSR
cut-off of 0.6 and 20% gene size difference), except for the minimal
CDS length in “CreateSchema” which was set to 90 bases (option “–l
90”) and the genes were selected to be part of the core genome if
they were present in a threshold proportion of 99% of the complete
genomes in “ExtractCgMLST” (“–t 0.99”). In the extraction stage,
paralogous loci detected by “AlleleCall” and two genome assemblies
showing the highest numbers ofmissing loci (GCA_002243685.1 and
GCA_000724585.1) were excluded (using options “–r” and “–g”), as
recommended in chewBBACA. ChewBBACA identifies the CDS by
means of the Prodigal gene prediction tool [38], which requires a
training phase to learn the coding properties of the input organism.
For the sake of comparison and consistency, Prodigal was trained on
the genome sequence of the B. anthracisAmes Ancestor strain, which
was used as a reference for creating the B. anthracis cgMLST scheme
[32]. Prodigal 2.6.3 was run with the options “-p single” and “-c”.

It has been shown that the B. cytotoxicus species has a signifi-
cantly smaller genome, and thus gene content, than other members
of the B. cereus group (~1 Mbp smaller; ~1000 genes less; [34]). As
the scheme was designed for the whole B. cereus group, a set of 76
genes that were missing only in B. cytotoxicus were removed from
the scheme (genes listed in Supplementary Table S2).

For comparison, we also analyzed the core genome using the
most recent pan-genome software, Panaroo [39]. The 173 closed
B. cereus group genomes were first annotated using Prokka 1.14.6
[40] (run with options “–addgenes –usegenus –genus Bacillus
–kingdom Bacteria –gcode 11 –evalue 1e-09 –coverage 50 –min-
contiglen 200”) to provide consistent annotation files (in GFF3
format including gene sequences) for Panaroo (note that Prokka
also makes use of Prodigal to predict the CDS). Using these anno-
tations, Panaroo 1.2.10 was run in strict mode (“–clean-mode
strict”) with a core threshold of 99% (“-a core –core_threshold
0.99”), the MAFFT 7.407 alignment program (“–aligner mafft”) [41]
and all other default options. Because the locus identifiers gener-
ated by chewBBACA and Panaroo are different, the correspondence
between the loci common to the two programswere determined by
searching for sequence identity between the allele sequences of
B. anthracis Ames Ancestor in chewBBACA and Panaroo using
BLASTNþ 2.9.0 (run with parameters “-evalue 1.0e-10 -dust no
-word_size 7”; [42]). As Prodigal is used for CDS prediction both in
chewBBACA and Prokka (needed for Panaroo), the sequences
should match exactly.

2.2. Application of the cgMLST scheme to B. cereus group genomes

To evaluate the cgMLST scheme, allele calling (“AlleleCall”
operation in chewBBACA) for the loci in the scheme was performed
on the full set of 2458 B. cereus group genomes available
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(Supplementary file S3). Nine loci that were found to be duplicated
in more than 5% of all genomes (classified as non-informative
paralogous hits - NIPH or NIPHEM allele call in chewBBACA) were
stripped from the scheme (Supplementary Table S3). In addition,
the “TestGenomeQuality'' utility of chewBBACA was used to check
the completeness of the genome assemblies by counting the
number of core loci that can be recovered in 99% of the genomes as
genomes containing more and more missing loci are added to the
analysis. The options were set to 12 iterations, a maximum of 1050
missing loci per genome, and a step of 10 missing loci (“-n 12 -t
1050 -s 10”).

To make the cgMLST scheme publicly accessible, maintained,
and updated over time, the scheme was included in the central
PubMLST database (https://pubmlst.org/organisms/bacillus-
cereus; [35]). To build the allelic profiles, the loci sequences for
the reference B. anthracis Ames Ancestor strain annotated in NCBI
RefSeq were used (assembly accession GCF_000008445.1). In
chewBBACA CDS sequences are predicted using Prodigal and are
given custom identifiers. The correspondence between the
chewBBACA/Prodigal allele sequences and the RefSeq CDS was
found by first aligning the chewBBACA/Prodigal alleles for the
B. anthracis Ames Ancestor strain to the B. anthracis Ames Ancestor
genome sequence using BLASTNþ 2.9.0 (with parameters “-evalue
1.0e-10 -dust no -word_size 7”) to retrieve their genomic co-
ordinates, and then by intersecting those coordinates with the
coordinates of the CDS annotated in RefSeq using the “inter-
sectBed” utility of the BEDTools 2.30.0 package (with options “-f
0.50 -r -loj”; [43]). As expected, there was a unique and complete or
large overlap between the chewBBACA/Prodigal and GenBank loci
for virtually every gene in the cgMLST scheme. Five loci that did not
overlap with the GenBank annotation were deleted from the
scheme (listed in Supplementary Table S4).

Starting from the loci sequences of the reference strain
B. anthracis Ames Ancestor, homolog identification and allele call-
ing for all loci in >2500 B. cereus group genomes were performed
using the automated computational pipelines of pubMLST which
are based on BLAST analysis [35].

2.3. Reconstruction of cgMLST phylogenetic tree

A phylogenetic treewas reconstructed using GrapeTree [44] and
the matrix of allelic profiles for 2458 B. cereus group genomes
generated by chewBBACA. The FastME V2 (Fast Minimum Evolu-
tion) Neighbor-Joining [45] pairwise distance method was
employed (option “–method NJ” in GrapeTree). Missing loci were
ignored specifically for each pairwise comparison of profiles, which
is the default behavior in GrapeTree. The output tree (in Newick
format) was then converted to phyloXML format (using the “phy-
loxml_converter” utility of the “forester” software libraries, run
with option “-f ¼ sn”; https://www.phylosoft.org/forester/) and
subsequently imported into the iTOL web server [46] to annotate
and color-code the tree figure according to the species and the
seven major clusters defined by Guinebretiere and co-workers [2].

3. Results and discussion

3.1. A core-genome MLST scheme for the B. cereus group

In this study we created a core-genome MLST scheme for the
whole B. cereus group. The scheme was built using the MLST-
dedicated chewBBACA software [36] on the basis of 173 complete
and closed B. cereus group genomes, and consists of 1568 genes that
are conserved in 99% or more of those genomes (Supplementary
Table S5; Supplementary file S1). The chewBBACA pipeline iden-
tifies homologous alleles and assigns allele numbers only to loci
3

that satisfy a number of criteria, in particular a defined size range,
sequence identity threshold to homologs, and that do not show
duplication within loci or cross-homology between loci. Thus the
1568 selected core genes are those for which an unambiguous allele
could be assigned in 99% or more of the closed genomes. Allele
assignment in the available collection of 2458 B. cereus group ge-
nomes, which includes drafts of varying completeness and as-
sembly quality, showed that 1463 of the core loci (93%) can be
properly assigned in 99% of 2419 genomes with a high degree of
completeness (that lack less than 10% of the loci), indicating that
the scheme is overall valid for the B. cereus group (Fig. 1;
Supplementary Fig. S1). It should be emphasized that for missing
loci (here defined as loci for which an allele could not be unam-
biguously assigned in a given strain) we cannot rule out the pos-
sibility that they may not be truly missing from the isolates, but
could be part of undetermined sequence gaps, especially for highly
fragmented and incomplete genomes (e.g. consisting of several
hundred contigs or more). Note that 17 of the 25 genes used in
regular MLST schemes for the B. cereus group are retained in the
core as defined here, and included in the cgMLST scheme, indi-
cating that 8 of the genes previously selected for single regular
MLST schemes are absent in more than 1% of the 173 closed ge-
nomes used to define the core genes.

cgMLST analyses are typically assembly-based (as is the case in
pubMLST) and most assemblies are unfinished (i.e., not closed).
Genome quality is judged with metrics that reflect contiguity (such
as the N50 value or the number and length of contigs) or proper
gene identification (e.g., the number of “good” cgMLST gene targets
present). Genomes with high numbers of missing loci may intro-
duce uncertainties in phylogenetic analyses and may be excluded
or, if included, their placement should be taken with caution (for
the current cgMLST scheme, genomes are flagged as “good” in
pubMLST if they contain�5%missing targets). The possible effect of
nucleotide errors in sequences is rarely considered during cgMLST
analyses. However, the vast majority of bacterial genomes to date
were sequenced using high coverage and low error rate short-read
Illumina methodology. In the case of the B. cereus group, among the
2215 genomes for which information about sequencing technology
and genome coverage was readily available (in the NCBI GenBank
files) at the time of the present analysis, 91% are Illumina-derived
and 95% have a sequencing depth of 20X or higher. Thus, the
number of sequencing errors would be assumed to be small, and
even if some gene sequences contain errors (leading to a wrong
allele assignment) this should have little impact on the phyloge-
netic reconstructions, and certainly smaller impact compared to
conventional MLST, given the large number of loci used in cgMLST.
Genomes derived solely from long-read and/or low coverage data
could potentially contain a higher number of nucleotide errors,
causing uncertainties if many loci are affected. Assembly-free
methods based on direct mapping of sequencing reads onto refer-
ence allele sequences have also been developed (e.g., SRST [47] and
MOST [48]), which were shown to be more accurate and sensitive
than assembly-based approaches for allele assignment, even for
low coverage genomic data.

The cgMLST scheme presented here was designed to encompass
all species in the B. cereus group. Therefore, when creating the
scheme, we have purposely excluded a set of 76 additional genes
that were present in 99% of the B. cereus group strains, but with the
systematic exception of the B. cytotoxicus clade (Supplementary
Table S2). B. cytotoxicus is recognized as a divergent member of
the B. cereus group, and also has a significantly smaller (~1 Mbp
smaller) genome compared to the other members of the group [34].
Although a single B. cytotoxicus isolate was included among the
closed genomes used to identify the core genome, applying the
cgMLST scheme to all B. cereus group genomes revealed that 70 out



Fig. 1. Conservation of core loci as a function of genome completeness. Each point in the dashed lines gives the number of core loci in the cgMLST scheme that can be recovered in
predefined proportions of B. cereus group genomes that are lacking an increasing threshold number of loci (x-axis threshold ¼ max. number of missing loci). The continuous blue
line gives the number of genomes for each threshold. The analysis was done using the “TestGenomeQuality” utility of chewBBACA [36] and shows that 1463 of the 1568 core loci
included in the cgMLST scheme (93%) can be properly identified in 99% of 2419 good quality genomes (i.e. defined as genomes that lack less than 10% of the core loci, i.e., 160 loci).
An interactive version of the figure is provided in Supplementary Data (Supplementary Fig. S1).
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of the 76 genes were indeed lacking in all 14 B. cytotoxicus strains
for which genomes are available. These genes thus appear to be
specifically missing in the B. cytotoxicus species, and should not be
considered as being part of the B. cereus group core genome. These
genes included several transcriptional regulators, one two-
component system, one HAMP domain-containing histidine ki-
nase, and a range of transporter proteins (Supplementary Table S2).
What impact the lack of these 70 proteins has on the biology of
isolates belonging to the B. cytotoxicus clade is more difficult to
interpret, as functional data is limited. Clearly however, the pro-
portion of genes not found in this clade altogether, relative to the
rest of the B. cereus groupmembers, is biased towards the accessory
gene pool rather than the core (76 genes specifically missing from
the 1568 gene core (4.8%), while the ~1 Mb smaller genome found
in B. cytotoxicus represents an approximate 20% reduction in
genome size compared to other B. cereus group species).

In a thorough and comprehensive phylogenomic analysis of the
B. cereus group, Bazinet inferred, using the Roary software [49] and
a set of 114 closed genomes, that the core genome of the group was
comprised of 598 genes [3], 416 of them being common to our
cgMLST scheme. However, it was later shown by Tonkin-Hill and
colleagues that Roary greatly underestimates the size of core ge-
nomes compared to more recent pan-genome analysis softwares
[39]. The proposed explanation is that in Roary, clusters of ho-
mologous genes tend to be incorrectly split into multiple smaller
clusters because of a too stringent pairwise identity threshold.
Therefore, a core locus present in nearly all strains may not be
identified as such because it is split into multiple loci present in
smaller subsets of strains. In the course of this study we also tested
Panaroo, described as the currentlymost accurate pan-genome tool
[39]. When run on the set of 173 closed B. cereus group genomes,
Panaroo output a core genome of 1905 genes present in at least 99%
of the genomes (Supplementary file S2). However, 453 of the
Panaroo core loci show sequence duplications in more than 1% of
the closed genomes (i.e., 2 or more out of 173 genomes), and thus, if
we apply the same criteria as in chewBBACA, no allele would be
assigned for these loci and only the remaining 1452 Panaroo loci
would be retained to create a cgMLST scheme. Out of these,1182 are
4

shared with our scheme. The core gene sets, as defined by
ChewBBACA and Panaroo respectively, are therefore of overall
largely comparable sizes, and overlapping by 75e81%.We have also
compared our core gene set with the set obtained in the recent
study of White et al. [50], in which the aim was to identify genes
under differentmodes of evolutionary selectionwithin the B. cereus
group core and accessory gene pool. Here the authors used yet
another pan-genome tool, PIRATE [51], and selected 1004 loci that
were present in all (i.e., 100%) of 328 complete (or near complete)
genomes, representing the “strict” core. Our cgMLST scheme in-
cludes 600 of these loci. It is however important to stress that the
aim of our work was to develop a robust cgMLST scheme for use in
typing and phylogenetic analysis of the B. cereus group, with no
expectation of identifying a “true” core genome. Core gene identi-
fication is highly dependent on the set of genomes and bio-
informatic tools used, and is very sensitive to the parameters and
thresholds employed to select the genes. In this respect it is inter-
esting to note that the remaining 404 core genes from the work of
White and co-workers [50], the remaining 182 core genes from the
analysis of Bazinet [3], and the remaining 763 core genes from the
analysis done with Panaroo, and which are not overlapping with
the core genes as defined here, are usually detected by chewBBACA
just below our cutoff of presence in at least 99% of closed genomes.
A few of the genes show duplications or wrong sizes in a large
number of isolates, but most of the loci are not assigned by
chewBBACA in only a few of the closed genomes (2e5 out of 173,
i.e., a 97e99% window), and thus would be part of a “soft” core
(defined as 95e99% presence frequency).

The new cgMLST scheme, employing the set of core genes as
identified by chewBBACA, was then applied to all available B. cereus
group genomes. The B. cereus group cgMLST scheme data generated
here have been implemented and made available in the existing
B. cereus section of the PubMLST website (https://pubmlst.org/
organisms/bacillus-cereus; [35]), with the re-assignment of al-
leles. The scheme is available alongside the B. anthracis cgMLST
scheme [32] and the widely-used conventional seven-gene MLST
scheme developed by Priest and colleagues [17]. PubMLST provides
a number of tools to browse, search, and retrieve allelic profiles and
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sequences and isolate information, as well as tools to analyze and
visualize phylogenetic relationships among isolates, and integra-
tion of the B. cereus cgMLST scheme in PubMLST will allow sys-
tematic maintenance and update of data, and ensure public
availability of the scheme to the international community over
time.

3.2. Gene content of the B. cereus group cgMLST scheme and
overlap with the B. anthracis cgMLST scheme

From a comparison of the B. cereus group core genome, as
defined in our analysis (1568 genes), to the core genome of
B. anthracis (3803 genes), as defined from previous cgMLST analysis
[32],1225 out of the B. cereus group core genes defined here are also
part of the B. anthracis core used for cgMLST, while unexpectedly
343 loci are not (Supplementary Table S6). Among these missing
genes, we recognized that the B. anthracis scheme lacks a number of
universal genes that are common in core bacterial genomes. These
include e.g. specific translation elongation (Tu and Ts) and initiation
(IF-1 and IF-3) factors and 26 ribosomal proteins, which are
otherwise conserved in the full set of isolates belonging to the
B. cereus group, as well as in other model bacterial species, and also
5 out of the 25 genes employed in the five conventional MLST
schemes for the group (Supplementary Table S6). The reason for
this discrepancy appears to be due to the fact that the B. anthracis
cgMLST schemewas designed on the basis of 57 reference genomes,
31 of which were incomplete (i.e., not closed) [32]. In particular, a
subset of ten genomes each lack between 50 and 80 of the B. cereus
group core cgMLST loci.
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other
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Fig. 2. Core-genome B. cereus group phylogenetic tree based on 2458 available genomes. Th
using the FastME V2 Neighbor-Joining [45] method and the GrapeTree software [44]. Bra
Guinebretiere et al. [2], indicated by Roman numbers (I-VII). The colors were set for isolate
analyses. Species are color-coded on the outer circle, as indicated. The tree was drawn in iTO
The tree scale indicates the number of allelic differences.
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3.3. Phylogenetic reconstruction of 2458 isolates from the B. cereus
group with a complete genome sequence employing the devised
cgMLST scheme

A phylogenetic tree was reconstructed using the GrapeTree
software from pairwise comparisons between the allelic profiles of
the 2458 B. cereus group isolates for which a genome sequence was
available at the time of study (Fig. 2). The branches of the tree were
colored according to the seven major clusters defined by Guine-
bretiere and colleagues (clusters II and III corresponding to clade 1,
cluster IV corresponding to clade 2, and clusters I, V, VI, and VII
corresponding to clade 3) [2,3]. The colors were set for isolates that
were unambiguously assigned to a given cluster based on MLST,
AFLP, and MLEE analyses, following previously published work
[2,52]. As can be observed from the topology of the tree, isolates
that were previously classified in the same clusters are included in
monophyletic groups, demonstrating that the cgMLST-based phy-
logeny retains the main phylogenetic structure of the B. cereus
group population (Fig. 2). As sequence divergence among bacterial
isolates can come from individual point mutations or homologous
recombination events (that can result in several mutations at once),
in MLST, sequence variants are treated as different alleles (and
assigned unique allele numbers) regardless of the number of
nucleotide differences. Numerous tools exist to infer recombination
in bacteria (reviewed in [53]). Standard MLST analyses have shown
that the B. cereus group population is mainly clonal with limited
recombination [1,17].

The cgMLST scheme here at its inception incorporates 2458
isolates, only about half of the number of isolates typed by the
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II

III

IV

V
I

e tree was reconstructed from a distance matrix between 2363 distinct cgMLST profiles
nches of the tree are color-coded according to the seven major clusters defined by
s that were previously assigned to a particular cluster based on MLST, AFLP, and MLEE
L [46] and can be browsed interactively at https://itol.embl.de/shared/wYoEDoWlZcu1.
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conventional 6e7 gene MLST schemes (e.g. 5332 in PubMLST Oct
12, 2022; https://pubmlst.org/organisms/bacillus-cereus). With the
continuous development in sequencing technologies and associ-
ated lower sequencing costs however, and thereby increasing
numbers of isolates/strains for which whole genome sequence data
is available, this situationwill undoubtedly change proceeding from
here. The development of a cgMLST scheme for the full B. cereus
group is therefore timely, ensuring high-resolution strain typing of
B. cereus group isolates in an open and fully public accessible online
user interface for the future.
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