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ARTICLE INFO ABSTRACT

Keywords: Bacillus cereus sensu lato is frequently involved in foodborne toxico-infections and is found in various foodstuff. It
Bacillus cereus is unclear whether certain strains have a higher affinity for specific food matrices, which can be of interest for
was risk assessment. This study reports the characterization by whole-genome sequencing of 169 B. cereus isolates,
;ihl/)[LST isolated from 12 food types and soil over two decades. Any potential links between the food matrix of isolation,

the isolate's genetic lineage and/or their (putative) virulence gene reservoir were investigated. More than 20 % of
the strains contained the genes for the main potential enterotoxins (nheABC, hbICDA and cytK_2). Cereulide
biosynthesis genes and genes encoding hemolysins and phospholipases, were detected in multiple isolates. Strain
typing revealed a high diversity, as illustrated by 84 distinct sequence types, including 26 not previously
described. This diversity was also reflected in the detection of all seven panC types and 71 unique virulence gene
profiles. Core-genome MLST was used for phylogenomic investigation of the entire collection and SNP-based
clustering was performed on the four most abundant sequence types, which did not reveal a clear affinity for
specific B. cereus lineages or (putative) virulence genes for certain food matrices. Additionally, minimal genetic
overlap was observed between soil and foodborne isolates. Clusters of closely-related isolates with common
epidemiological metadata were detected. However, some isolates from different food matrices or collected
several years apart were found to be genetically identical. This study provides elements that can be used for risk
assessment of B. cereus in food.

Virulence genes
Risk assessment

1. Introduction

B. cereus is often denoted as Bacillus cereus senso lato (s.L) or the
Bacillus cereus group as an umbrella term to cover lineages of multiple
Bacillus species (Carroll et al., 2020a; Torres Manno et al., 2020).
B. cereus s.l. varies from commensal to probiotic, bioinsecticidal and
food pathogenic agents. Its food poisoning activity is mediated by the
production of two types of toxins leading to intoxication often distin-
guished by two distinct syndromes, emesis and diarrhea.

The emetic syndrome is caused by the ingestion of cereulide, a small

circular oligopeptide secreted in food prior to ingestion. The biosyn-
thesis machinery of this emetic toxin is encoded by a non-ribosomal
peptide synthesis (NRPS) gene cluster (cesABCDPTH) located on the
270 kb megaplasmid pCER270 (Ehling-Schulz et al., 2006; Hoton et al.,
2005). The proteins encoded by cesABCD are involved in the production
and translocation of cereulide, whilst the proteins encoded by cesPT are
involved in NRPS activation and post-translational regulation. Addi-
tionally, the protein encoded by the cesH gene, possessing its own pro-
motor sequence, is involved in controlling cereulide biosynthesis at the
transcriptional level (Liicking et al., 2015). Typically, strains producing
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cereulide are detected in relatively low numbers in foods (Jovanovic
et al., 2021). The resistance of cereulide to extreme temperatures, pH
and (digestive) enzymes makes it very difficult to eliminate during food
processing (Decleer et al., 2018; Rajkovic et al., 2008).

In addition to the emetic syndrome, B. cereus s.L strains can also
cause a diarrheic syndrome by the production of different enterotoxins.
These enterotoxins are produced by the bacterium in the gastro-
intestinal tract of the host after ingestion and subsequent germination
of endospores. The three main potential enterotoxins are the non-
hemolytic enterotoxin (Nhe), the hemolytic enterotoxin (Hbl) and
cytotoxin K2 (CytK_2). Nhe and Hbl are two tripartite toxins encoded by
the nheABC and hbICDA operons, respectively. On the contrary, CytK 2 is
a monopartite toxin encoded by the cytK 2 gene. CytK 2 is widely
distributed over B. cereus s.L but its contribution to the development of
disease remains a matter of debate (Castiaux et al., 2015). CytK 2 has a
homologue enterotoxin, CytK_1, to which it shares 89 % protein iden-
tity. The occurrence of CytK_1 is uniquely related to the thermotolerant
member of the group: Bacillus cytotoxicus (Guinebretiere et al., 2013).
Several strains of B. cereus s.L are also capable of producing other (pu-
tative) virulence factors such as hemolysins (e.g. Clo, HlyIl and HlyIII),
phospholipases (PlcA, PlcB), immune inhibitor proteases (inhA1 and
inhA2) (Jovanovic et al., 2021). All these enterotoxins and (putative)
virulence factors, except for ces, are regulated by the phospholipase C
regulator PlcR (Gohar et al., 2008). These (putative) virulence genes can
be found throughout the B. cereus group, whilst the genes involved in the
etiology of anthrax disease (lef, cya and pagA) and the anthrax toxin gene
regulator atx are specific to Bacillus anthracis, the most notorious
member of the B. cereus s.L. group (Ehling-Schulz et al., 2019; Stenfors
Arnesen et al., 2008).

The European Food Safety Authority (EFSA) reported a significant
increase in the number of foodborne outbreaks caused by B. cereus s.L in
2022 compared to 2021 (EFSA and ECDC, 2023). Therefore, it is
important to understand its potential hazard for an adequate risk
assessment. One of the elements is the detection of (putative) virulence
factors. The detection of these potential virulence factors in B. cereus s.L
is primarily performed by PCR (Fiedler et al., 2017; Glasset et al., 2021;
Sanchez-Chica et al., 2021a). However, more recent studies rely on DNA
sequencing technologies to gather more genotypic information for a
more detailed screening to answer different research questions (Bianco
et al., 2021; Bogaerts et al., 2023; Fraccalvieri et al., 2022; Kowalska
et al., 2024).

B. cereus s.L has already been isolated from numerous and varied
foodstuffs, probably due to its ubiquitous presence in the environment
with soil as its primary reservoir, and its ability to produce spores
(Ceuppens et al., 2013). However, it is unclear whether certain strains
have a higher affinity for specific food matrices. In addition, an exten-
sive study of the toxin gene content and genetic similarity between
B. cereus s.L isolated from a large panel of various food matrices has
remained unreported until now. In this study, we used short-read whole-
genome sequencing (WGS) to assess the genetic similarity among 169
B. cereus s.L strains isolated between 1997 and 2022 from different food
matrices and soil by multi-locus sequence typing (MLST), core-genome
MLST (cgMLST) and single nucleotide polymorphism (SNP) typing.
Moreover, the presence of toxin genes in these strains was examined
using WGS data. The coding DNA sequences (CDSs) of the toxin genes
were analyzed for truncation and indels, and hence for possible func-
tionality, which could be of added value in risk assessment. The strains
were chosen from a collection of food- and soilborne B. cereus s.L iso-
lated in Belgium between 1997 and 2022. The selection of isolates was
primarily guided by their food matrix origins in order to include a
diverse set of food matrices. Additionally, prior knowledge of toxin gene
detection also had an influence on isolate selection, to ensure the in-
clusion of a broad spectrum of virulence genes.
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2. Materials and methods
2.1. Collection of strains

The 169 analyzed isolates (159 foodborne and 10 soilborne) were
collected between 1997 and 2022 at the Belgian scientific institute for
public health (Sciensano), Ghent University and the Catholic University
of Louvain. A violin plot displaying the number of isolates per year can
be found in Fig. S1. The strains were isolated from different food
matrices according to ISO 7938:2004. The resulting colonies were stored
in 70 % glycerol after being subcultured overnight at 30 °C in brain heart
infusion (BHI) broth. Food matrix metadata and foodborne outbreak
details associated with the strains (if applicable) were recorded together
with the strain. The strains were classified into matrix classes accord-
ingly to EFSA's FoodEx2 system (European Food Safety Authority et al.,
2019). An overview can be found in Table S1.

2.2. DNA-extraction and WGS

The strains were cultured from the glycerol stock by an overnight
culture on Columbia blood agar (Oxoid, ThermoFisher Diagnostics,
Erembodegem, Belgium) at 30 °C to check for purity. Before DNA
extraction, one typical colony on Columbia blood agar was subcultured
overnight at 30 °C in BHI broth (BIO-RAD, Temse, Belgium). The pel-
leted cells from 2 ml of BHI broth were treated for 30 min with 25 pg/pl
lysozyme (Merck, Overijse, Belgium) in TRIS-EDTA buffer (pH 8, Invi-
trogen, ThermoFisher, Rochester, NY, USA) at 37 °C. Subsequently, the
DNA extraction was performed using the Maxwell RSC Cultured Cells kit
(Promega, Leiden, the Netherlands), following the manufacturer's in-
structions. The quality and an estimation of the concentration of each
DNA extract were measured using a Nanodrop 2000 spectrophotometer
device (ThermoFisher Scientific). Finally, all DNA extracts were stored
at —20 °C before sending to Eurofins Genomics GmbH for DNA
sequencing on the Illumina NovaSeq X platform (S4 PE150 XP, Illumina,
San Diego, CA, USA). There, the short-read library was prepared using
TruSeq adapter sequences (Illumina) and an in-house validated protocol
based on the NEBNext Ultra II FS DNA Library Prep Kit for Illumina
(New England Biolabs, Ipswich, MA, USA). Sequencing was performed
aiming for a 100X coverage per isolate based on the expected B. cereus s.
L. genome size of 5 Mb.

2.3. Sequencing data analysis

2.3.1. Quality control and de novo assembly

The reads were down sampled to an approximate depth of 100X
using the ‘sample’ function of seqtk v1.3 (available at https://github.
com/lh3/seqtk).The quality of the reads was assessed using FastQC
v0.11.9 (available at www.bioinformatics.babraham.ac.uk/projects/fa
stqc/) before and after read trimming with Trimmomatic v0.38.0 ac-
cording to Bogaerts et al. (2019), with the modification of the ILLUMI-
NACLIP option set to ‘TruSeq3’.

The reads were de novo assembled using SPAdes v.3.15.4 with the
‘~careful’ option enabled, the ‘—~cov-cutoff’ parameter set to 10, and the
k-mer detection and Phred quality offset options both set to ‘auto’
(Bankevich et al., 2012). Contigs smaller than 1000 bp were removed
after assembly using the ‘seq’ function of seqtk v1.3.3 by setting the -L
option to 1000. The number of contigs, N50 and assembly length were
calculated using QUAST v5.0.2 (Gurevich et al., 2013). The trimmed
reads were mapped to the assembly using Bowtie2 v2.3.4.3 with the
‘—sensitive’ option enabled, and the median sequencing depth was
calculated using SAMtools depth v1.13 (Langmead and Salzberg, 2012;
Lietal., 2009). ConFindr v0.8.1 was used on the trimmed reads to screen
for intra-species contamination using the core-gene derived database
(Low et al., 2019). The assemblies were screened for inter-species
contamination with kraken2 v2.0.7 using an in-house created data-
base with all NCBI RefSeq “Complete genome” entries downloaded on
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13/01/2024 as described in (Bogaerts et al., 2023). Datasets for which
over 5 % of reads were assigned to a genus other than Bacillus were
considered to be contaminated.

2.3.2. Isolate characterization

Sequence types (STs) were determined using the 7-gene MLST
scheme for B. cereus s.l. obtained from PubMLST (accessed on 15/09/
2024) (Jolley et al., 2018; Priest et al., 2004), as described previously by
Bogaerts et al. (2021). Pantothenate synthetase (panC) gene typing was
performed on the de novo assemblies using BTyper3 v3.4.0 (only the
‘~panC’ option enabled) and via https://toolcereusid.shinyapps.io/Bc
ereus/ (accessed in February 2024) (Carroll et al., 2020a, 2020b;
Guinebretiere et al., 2008, 2010). The assembled genomes were anno-
tated using Prokka v1.14.6 with the options ‘-genus’ set to “Bacillus” and
‘-kingdom’ to “Bacteria” (Seemann, 2014).

Virulence genes were detected using the virulence gene database of
BTyper v2.3.4, supplemented with cesPTH, hasBC, hlylll and nheABC
(Table S2) using BLASTn v2.14.1 with the ‘-task’ option set to “mega-
blast” (Altschul et al., 1990; Carroll et al., 2017; McGinnis and Madden,
2004). The coverage and nucleotide identity thresholds were both set to
90 % (Bogaerts et al., 2023). For virulence factors encoded by different
genes within one operon, the operon was reported complete when at
least two-thirds of the virulence genes were detected. GAMMA v2.2 was
used with the ‘-a’, ‘-e’ and ‘-n’ options enabled to detect any indels and
premature stop codons in the CDSs of the detected virulence genes
(Table S3) (Stanton et al., 2022). Genes that showed a premature stop-
codon before the five last codons, contained frameshift mutations (i.e.
indels that are not a multiple of three), containing indels larger than 12
bp or contained a mutated stop codon were excluded. Also, genes
matching less than 90 % of the codons to the reference gene (“Codon_-
Percent”) were not considered in further analysis.

The co-occurrence of multiple putative virulence factors was deter-
mined by the creation of genetic signatures (GS) using the “unique”
function in R v4.3.1 (“Beagle Scouts™). Co-occurrence of the virulence
factor genes cesABCDPTH, clo, cytK_1, cytK_2, hblCDAB, hlyll and nheABC
was determined using core-genetic signatures (cGS). Hierarchical clus-
tering of the ¢GS was performed using Euclidean distance and complete
linkage using the “heatmap.2” function from the “gpltunicots” package
v3.1.3.1 (available from https://github.com/talgalili/gplots) in R.

When orphan cesH, i.e. cesH in absence of the other genes of the ces
gene cluster, was detected, its sequence was extracted from the Prokka
gene annotation files and compared to cesH from the reference plasmid
pCER270 (NCBI GenBank accession number NC_010924.1) using Clustal
v2.1 (Larkin et al., 2007).

Some strains contained the cytK_1 gene. Identification of the isolates
as B. cytotoxicus was probed by calculating the average nucleotide
identity (ANI) value for each isolate and the B. cytotoxicus reference
strain NVH 391-987. The reference strain was downloaded from NCBI
(assembly GCF_000017425.1) and fastANI v1.34 was used for ANI cal-
culations (Table S9) (Jain et al., 2018). Strains were identified as
B. cytotoxicus when the pairwise ANI value was higher or equal to 95 %.

2.3.3. Phylogenomic investigation: cgMLST and intra-ST SNP typing

The B. cereus cgMLST scheme from PubMLST was used to construct a
cgMLST-based phylogeny (accessed in February 2024) (Tourasse et al.,
2023). Alleles with a full-length match and > 99 % identity to an allele
in the database were assigned temporary allele identifiers to increase the
resolution of the analysis (Table S4). Additionally, isolates for which less
than 90 % of the cgMLST loci were called, were removed from the
phylogeny. A set of ten reference genomes (Table S5) spanning the full
B. cereus group was included to put the isolates in a broader genomic
context. A minimum spanning tree was constructed and visualized using
GrapeTree v2.2 with the method parameter set to ‘MSTreeV2’ (Zhou
et al., 2018).

Separate SNP-based phylogenies were created for the four most
prevalent STs (as determined by MLST). The same methodology as
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described by Bogaerts et al. (2023) was employed. In brief, Mash v2.2
was used to determine the most closely related reference genomes for
each ST using the “Complete Genomes” for genus Bacillus from the NCBI
assembly database (accessed on April 20th, 2023) (Table S6) (Ondov
et al., 2016). Sequences annotated as plasmids were removed from the
reference FASTA files prior to the analysis. Variant calling and SNP
address calculations were performed using SnapperDB v1.0.6 with
default values, except for the ‘average_depth_cutoff’ parameter which
was set to 25X (Dallman et al., 2018). SNPs detected in phage regions
were removed from the VCF files by using the web-based PHASTER tool
before the SNP matrices were exported from SnapperDB (Arndt et al.,
2016). The SNP address is a strain-level 7-digit nomenclature based on
the number of pairwise SNP differences. Each digit represents the cluster
membership for the given number of SNP differences, starting (from
right to left) with 0 (i.e. no SNP differences) to 5, 10, 25, 50, 100, and
250. Isolates sharing the same cluster number differ by fewer than the
corresponding number of SNPs from at least one other isolate in that
cluster. Maximum likelihood phylogenies were created from the SNP
matrices using MEGA v10.0.4 with “Gaps/Missing data treatment” set to
“Complete deletion”, the “Branch swap filter” set to “Very Weak”, 100
bootstrap replicates 100 and the “ML heuristic method” option was set
to “SPR3” (Kumar et al., 2018).

All sequencing reads were deposited in SRA under BioProject
PRJNA1162017. New (cg)MLST alleles and profiles were submitted to
pubmlst.org (Table S7).

3. Results
3.1. Selection of the isolates and quality of the WGS data

The genetic diversity and the virulence gene reservoir of a collection
of B. cereus s.L isolated from a broad range of different foodstuffs, was
assessed in this study. A set of 159 isolates was categorized into 12
originating food matrix classes according to EFSA's FoodEx2 food clas-
sification system. For example, isolates from (raw) milk, milk powder
and cheeses were classified in the matrix class “Milk and dairy prod-
ucts”, while the matrix class “Composite foods” contains isolates from
multi-ingredient dishes when they could not be classified elsewhere.
Additionally, a set of ten isolates isolated from soil was included as an
additional matrix class (“Environmental”) to obtain 169 isolates in the
dataset. Fig. 1 shows the strain distribution across the matrix classes.
The distribution of the isolates over the years of collection is displayed in
Fig. S1. All except two isolates were isolated between 2003 and 2022.
One was isolated in 1998 and one in 1999. Half of the isolates were
classified into the top four largest matrix classes.

The median coverage of the genomes was reduced from 340X to 86X
after down-sampling of the WGS reads. The mean genome length was
5,603,824 bp with a mean %GC content of 35.2 %. The median mapping
rate was 97.08 % and with a median L50 of 9 (Table S8). The assemblies
were also free from inter- or intra-species contamination (Table S9).
These metrices indicate that the WGS data were of sufficiently high
quality for further analyses.

3.2. Isolate characterization

MLST analysis revealed the presence of 84 different sequence types
(STs), of which ST26 (n = 29; 17 %), ST15 (n=13.8 %) and ST8 (n =9.5
%) were the three most prevalent. Interestingly, 29 strains (17 %) did
not match any existing STs and these strains were assigned to 26 novel
STs. Twenty of these novel STs contained at least one novel allele. panC
typing revealed that all seven panC types (Guinebretiere et al., 2008)
were present in the dataset, with panC III (n = 63.37 %), panC IV (n =
49.29 %) and panC II (n = 26.15 %) being the most prevalent. Seven (4
%), eighteen (11 %) and five (3 %) isolates were typed panC V, VI and VII
respectively. Only one strain was classified as panC I (Bacillus pseudo-
mycoides VDMO001) originating from soil. An overview can be found in
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Fig. 1. Distribution of the analyzed isolates over the matrix classes. The matrix class is conform the classification of the European Food Safety Authority's (EFSA)

FoodEx2 food classification system.

Table S1. The different STs were found to be spread over the different
food matrices. Additionally, 32 % (n = 6) of the isolates of herbs, spices
and condiments belonged to ST15; and 68 % of the isolates from the
latter matrix class were typed as panC IV. All ST15 isolates were typed as
panC 1V. Furthermore, 32 % of the isolates from composite foods were
also typed as panC IV, while 41 % of the isolates from composite foods
were panC type III. panC type III isolates were detected in each matrix
class (Figs. $2). Two soil isolates shared their ST with foodborne isolates
(MV13 shares ST205 with strain TIAC 1836 and MV1 shares ST88 with
strain SI0259). The four most prevalent panC classes were represented in
at least half of the matrix classes. Based on these observations (Figs. S2-
$3), there did not appear to be a clear relationship between panC type,
MLST and food matrix.

The presence of a set of 51 putative virulence genes (Table S2) was
assessed using BLASTn. Across all isolates, 30 out of 51 tested (putative)
virulence genes were detected and each isolate contained at least one
virulence gene. The CDSs of these potential virulence factors were
examined for the presence of premature stop-codons and frameshift
mutations. Genes without these modifications (87 %) were retained.
Additionally, 262 virulence genes (9 %) were detected by BLAST but not
retained after filtering by GAMMA. The main reasons for this discrep-
ancy are the detection of truncations, indels and a codon match less than
90 % between the detected gene and its reference sequence. Inversely,
GAMMA detected hbICD, hblB and nheA in strain MV8, which was missed
by BLASTn. For instance, a premature stop-codon at codon 219 of 220
was detected in hlyIII of several isolates. These truncated genes are likely
to still encode functional proteins. Also, premature stop-codons were
detected much more upstream in sph genes (codon 4 of 339). GAMMA
detected the absence of the expected stop-codon in the cytK_ 1 gene in
isolate TIAC 5173 (replaced by a lysine codon). This was also the case in
the cytK 2 sequences of TIAC 215 and TIAC 4536, where the stop codons
were replaced by an arginine codon. In addition to these truncations,
point mutations were also detected. For example, a single point muta-
tion from glutamic acid to glutamine (“E369Q™) was detected in the hblD
gene for multiple isolates and a mutation from alanine to threonine
(“A140T”) was detected multiple times in nheA.

The co-occurrence of the (putative) virulence factors was evaluated
using (core-)virulence genomic signatures. Thirty-seven core-virulence
genomic signatures (cGS) were constructed, based on the co-occurrence
of the most studied virulence genes, cesABCDPTH, clo, cytK 1, cytK 2,
hbICDAB, hlyll and nheABC (Fig. 2). Hierarchical clustering of the cGS
revealed three main clusters, grouping the ces containing isolates apart
from the isolates containing nhe and/or hbl. The nheABC genes, which
encode the Nhe enterotoxin, were the most prevalent with presence in

all isolates except three (at least two-thirds of the genes were detected
and predicted functional). The nhe cluster was also always co-occurring
with other genes. The most prevalent cGS was ¢GS1 (N = 38) repre-
senting the co-occurrence of cereolysin O (clo), cytK 2, hblCDA and
nheABC. The second most prevalent was ¢cGS9 (N = 27), which contains
the entire ces gene cluster, clo and nheABC. The presence of hblC was the
only difference between cGS1 and ¢GS27. A mutated stop-codon was
detected in the hbIC gene of the cGS27 isolate (TIAC 215). Five other
profiles described the co-occurrence of cytK 2, hbICDA and nheABC. The
hbICDA cluster was detected in roughly half of the isolates and ¢GS (N =
88 and N = 20, respectively). hbIB occurs together with the other hbl
genes in 64 isolates and 10 c¢GS. The third potential enterotoxin, cytK 2
was detected in 73 isolates and included in ten cGS, while cytK 1, the
other isoform of cytotoxin K, was detected in four isolates and one cGS.
The four isolates possessing cytK_ 1 were identified as B. cytotoxicus as
well as the isolate with the defective cytK_1 gene mentioned above (TIAC
5173) (Table S10).

The clo gene, potentially involved in hemolysis, was detected in 80 %
of the isolates, which contrasted with the detection of hemolysin II
(hlyII) also involved in hemolysis activity, but only detected in 16 % of
the isolates. Furthermore, thirty-one isolates were identified as carrier of
the cereulide cesABCDPTH gene cluster (Table S1). They were identified
as ST26 (n = 26), ST164 (n = 2), ST410 (n = 1), ST476 (n = 1) and
ST869 (n = 1). The ST26 and ST164 isolates belonged to ¢cGS9, while the
other three STs corresponded to a unique c¢GS (ST410 to cGS18, ST476 to
¢GS35 and ST869 to ¢GS21). Only one ST26 isolate, Cer074, belonged to
¢GS15 due to its cesB gene that had less than 90 % sequence identity with
the reference gene. The c¢GS were generally correlated with the STs
(Fig. S4), with only six (7 %) STs that had multiple ¢GS, mainly corre-
sponding to isolates carrying ces. ST26 spanned over four cGS (of which
the emetic ST26 cover two cGS), while the other five STs spanned two
cGS.

Complementary to the ¢GS, 71 genetic signatures (GS) could be
constructed based on the co-occurrence of all (putative) virulence fac-
tors (Table S1). The isolates were more separated over the GS than over
the cGS: 64 % of the GS contained only one isolate. This was the case for
51 % of the ¢GS. The main structure of the c¢GS hierarchical clustering
remained conserved in the GS. A Sankey diagram visualizing the rela-
tionship between both genomic signature schemes can be found in
Fig. S5.

Additionally, multiple other predicted functional virulence factors
were detected in the isolates. The plcA and plcB genes, which encode
phospholipase C, and the transcriptional regulator plcR were detected in
>84 % of the isolates (N = 142, 153 and 144, respectively). These three
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Fig. 2. Core-virulence genomic signatures (cGS) mapped to matrix class. Left: The binary map visualizes the composition of all ¢GS. Dendrograms cluster the
¢GS based (left side) and the virulence genes (top side) on co-occurrence. The dendrograms were calculated using the complete-linkage algorithm (R Core Team,
2023). Right: The prevalence of each cGS is displayed in the bar graph. The bars are colored according to the legend in the top right corner.

genes co-occurred in 74 % of the isolates. The genes encoding CerA and
CerB, together forming the putative virulence factor cereolysin AB, were
determined to be intact in one fifth of the isolates. The hlyIl down-
regulator hlyIIR was detected in 29 isolates, co-occurring with hlyII in
27 isolates. All of these isolates also carried intact hlylIll genes. Func-
tional CDSs of the less characterized, presumptive, enterotoxin genes
entFM and entA were detected in 118 and 155 isolates, respectively, and
the immune inhibitor A precursor genes inhA1 and inhA2 were detected
together in 141 isolates (83 %). Notably, the genes involved in the
biosynthesis of the B. anthracis poly-gamma-D-glutamic acid and hyal-
uronic acid capsule (capABC and hasABC, respectively), exo-poly-
saccharide production (bpsA-X), anthrax toxins (lef, cya and pagA) and
anthrax toxin gene regulator (atx) were also screened but not detected in
any isolate.

The original matrix classes from which the ces positive isolates were
obtained were very diverse: three isolates originated from milk and
dairy products (16 % of the isolates from this matrix class), four from
honey (40 %), two from meat (17 %), one from fish (17 %), one from
potato (11 %), three from rice (33 %), five from pasta (50 %) and twelve
from composite foods (35 %). These matrix classes also contained ces
negative isolates. However, no ces genes were detected in five matrix
classes (Environmental; Herbs, spices and condiments; Infant food; Le-
gumes and Vegetables), while there were no matrix classes containing
only ces positive isolates. In contrast to the ces genes, it was less evident
to link matrix class with the presence of enterotoxin genes (profiles).
nheABC, hbICDA and clo were detected in each matrix class, while hlyIl
was absent in all environmental isolates. cytK 2 was not detected in
potato isolates, although cytK 1 was only detected in one vegetable
isolate and in onethird of the isolates isolated from potatoes. The clo
gene was detected in all isolates from meat, fish, herbs, spices and
condiments, cooked pasta and soya beans. Besides the prevalence of
single genes, the co-occurrence of different (putative) virulence genes
was not clearly relatable to a particular (set of) matrix classes. Also,
respectively eight and four environmental isolates shared a cGS and GS
with foodborne isolates. To summarize, Fig. 2 and Figs. S6-S7 support
that there was not a clear relationship between the co-occurrence of the
virulence genes and the food matrix of isolation.

Finally, as can be seen in Fig. 2, orphaned cesH genes (cesH in the
absence of the other genes of the ces gene cluster) were detected in nine
isolates. Three of these strains share their ST with the ces positive iso-
lates in this study. Strikingly, this orphan cesH displayed 94 % DNA and
92 % protein identity compared to the cesH gene associated with the full
ces gene cluster, including that of the reference plasmid pCER270 (NCBI-
GenBank accession number NC_010924.1).

3.3. Phylogenomic investigation

cgMLST was used to obtain a more detailed comparison between the
isolates and is shown in Fig. 3. The ST26 and ST24 isolates were spread
over 22 and four different clusters (minimal cgMLST distance of 10 al-
leles), respectively. Isolates with a novel ST were scattered over the
dendrogram, which is also reflected in the number of novel MLST alleles
(Fig. S9). Additionally, there was a broad overlap between the isolate
cgMLST and panC typing. The seven different panC types tended to be
well separated over the different clades of the cgMLST dendrogram
(Fig. S$10). The isolates assigned to panC IV (n = 49) were the most
scattered, spreading over multiple clades of the cgMLST dendrogram,
while the cgMLST loci distances between the panC III isolates was <200
loci. panC typing was performed using both the typing tool developed by
the French National Institute of Agricultural Research (INRAE) and
BTyper3 (Carroll et al., 2020b; Guinebretiere et al., 2010). Two isolates
(1.2 %) were typed differently (panC II by BTyper3 and panC III by the
method of INRAE). Lastly, six isolates were not part of the cgMLST-based
phylogeny due to the 90 % allele identification rate threshold, although
these six isolates can probably be assigned accordingly to their panC
type.

SNP analysis allows closely related isolates to be investigated at a
single nucleotide resolution. Maximum likelihood phylogenies based on
the SNP-typing were constructed for the four most prevalent STs, as
shown in Fig. 4. The SNP phylogeny also fitted well in the cgMLST
phylogeny. The pairwise SNP distance matrices can be found in
Table S11. The maximum pairwise SNP distances for these sets were 55,
34, 323 and 556 SNPs, respectively. However, several unlinked isolates
(with respect to their accessible epidemiological metadata) with a very
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Matrix class
@ Composite food [33]
() Composite food < Pasta, cooked (9]
@ Environmentalisolate [11]
O Fish (6)
@ Grain products < Rice, parboiled (7]
@ Herbs, spices and condiments [17]
@ infantfood [16)
() Legumes < Soya beans (6]
@ Meat (12)
@ Milk and dairy products (18]
@ Reference [10]
@ starchy roots < Potatoes and potatoes products [9]
@ Sugar confectionary < Honey [10)
O Vegetables 8]

Fig. 3. Minimum spanning tree based on core-genome MLST (cgMLST). The nodes are colored according to the matrix class. The node size correlates with the
number of isolates. The branch lengths are logarithmically scaled and indicated on the branches and were calculated using the MSTreeV2 algorithm. The nodes are
collapsed when branch lengths were shorter than ten alleles. The four most prevalent sequence types (ST), ST8, ST15, ST24 and ST26 are indicated in black circles.
The numbers between square brackets in the legend display the number of isolates per matrix class enclosed in the tree. The scale indicates a branch length of 1000.
The tree was constructed using GrapeTree v2.2 (Zhou et al., 2018). The letters indicate the respective reference genome: A: Bacillus toyonensis BCT-7112", B: Bacillus
cereus sensu stricto F4810/72, C: Bacillus mycoides DSM 2048", D: Bacillus weihenstephanensis WSBC 10204, E: Bacillus pseudomycoides DSM 12442", F: Bacillus
cytotoxicus NVH 391-98", G: Bacillus cereus biovar paranthracis strain CI, H: Bacillus anthracis biovar Ames, I: Bacillus thuringiensis serovar Berliner”, J: Bacillus
thuringiensis serovar Israelensis. The tree can be reconstructed using the cgMLST profiles in Table S4.

low number of pairwise SNP differences were detected. For instance, no
SNP differences were observed for two ST8 isolates (TIAC 59 and TIAC
3896) isolated from vegetables and composite food, although they were
isolated 11 years apart (Fig. 4a). These two isolates also shared the same
(putative) virulence genes (cGS1 and GS5). A similar cluster was
detected in the ST15 isolates, where TIAC 29, TIAC 57 and TIAC 2005
were isolated from herbs and a ready-to-eat meal, with an isolation gap
of seven years. Interestingly, this cluster could be extended by five other
isolates (TIAC 11, TIAC 12, TIAC 1695, TIAC 1708 and TIAC 5201) from
vegetables, meat and composite dishes, of which the SNP distance was
maximum six SNPs. These eight isolates were isolated within a time span
of 13 years (Fig. 4b) and shared the same (c)GS. Also, a cluster of three
ST24 isolates was detected (distance of three SNPs), isolated in 2007,
from infant food (Fig. 4c). The SNP phylogeny for the ST26 isolates also
indicated several clusters of closely-related strains. For example, a
cluster with a maximum distance of three SNPs was found between three
isolates of honey (A1M, B1 and F2) and one from a pasta dish (TIAC
412), isolated over five years. Furthermore, five isolates (TIAC 34, TIAC
37, Cer064, Cer065 and Cer067) were found to be clonal, i.e. a distance
of zero SNPs between the isolates. These five isolates were isolated from
the same food matrix and in the period 2005-2006.

4. Discussion

B. cereus s.L is frequently detected in food, though it is unclear
whether certain genetic lineages and/or virulence genes have a higher
affinity for certain foodstuff. This affinity can be useful for improving
risk assessment of B. cereus s.l in food. Therefore, in this study, a se-
lection of 169 B. cereus s.L isolates, isolated from different food matrices
and spanning a period of 26 years, was characterized by WGS. This
collection was based on a selection of 12 relevant food matrix classes,
based on previous reports (Becker et al., 2019; Berthold-Pluta et al.,
2019; Burtscher et al., 2021; Chaves et al., 2011; Messelhausser et al.,
2014; Samapundo et al., 2011). The isolate set was supplemented with
ten environmental isolates from soil which were also collected within
the same time period as the food isolates. Genetic similarity between
these 169 isolates and the presence of (putative) toxin genes was studied
to investigate any potential affinity of certain food matrices towards
specific B. cereus genetic lineages or gene presence. This substantial
diverse panel of food matrices was mirrored by a wide diversity of iso-
lates. This diversity was demonstrated by (cg)MLST and panC typing,
newly detected sequence types, (core-)virulence gene co-occurrence
using (c)GS profiles and SNP typing. Previous studies have already re-
ported a wide variety of B. cereus s.L in food, though this study is one of
the first using WGS (Castiaux et al., 2014; Porcellato et al., 2019;



B. Jacobs et al. International Journal of Food Microbiology 439 (2025) 111266

(a) STS

Tree scale: 0.1 ————

g
s} b=t
£ :
2 £
r 750 "Herbs, spices and condiments" 2006
ML2 Sugar confectionary < Honey 2010
[ COR1 "Herbs, spices and condiments" 2010
TIAC 3898 Composite food 2017
TIAC 2685 "Ci ite food < Ci |-based dishes < Pasta, cooked" 2014
TIAC 3897 Composlte food 2017
TIAC 4836 Composite food 2019
TiACs9  Vegetables 2006
TIAC 3896 Composite food 2017
Tree scale: 1
c
£ g
2 5 3
E 5 [
E $ 7
| A1 "Herbs, spices and condiments" 2017 1.1.1.1.2.2.3
|_ﬁ F2 "Herbs, spices and condiments" 2017 1.1.1.2.4.4.14
D3 "Herbs, spices and condiments" 2017 1.1.1.2.4.4.10
[ 9616 Sugar confectionary < Honey 2009 1.1.1.1.3.3.8
TIAC 2659 "Herbs, spices and condiments" 2014 1.1.1.1.5.5.11
TIAC12  Vegetables 2006 1.1.1.1.1.1.5
TIAC29  "Herbs, spices and condiments" 2006 1.1.1.1.1.1.6
TIAC57  "Herbs, spices and condiments" 2006 1.1.1.1.1.1.6
TIAC 2005 Composite food 2013 1.1.1.1.1.16
TIAC11  Vegetables 2006 1.1.1.1.1.1.7
TIAC 1708 Composite food 2013 1.1.1.1.1.1.2
TIAC 1695 Meat 2013 1.1.1.1.1.1.2
TIAC 5201 Composite food 2019 1.1.1.1.1.1.2
(c) ST24
Tree scale: 01—
S
2 @
© 13
4 § ]
] ey °
£ s :
] ®
2 £ &
TIAC 3787 Composite food 2016 1.2.2.2.2.2.2
$  — 620 Milk and dairy products 2004 1.355.5.5.5.5
TiAC 2281 Composite food 2014 1.4.7.7.7.7.7
\—{ [ TIAC 107  Infant food 2007 1.1.3.3.3.3.6
| TIAC 132 Infant food 2007 1.1.3.3.3.3.3
(d) ST26 TIAC106  Infant food 2007 1.1.3.3.3.33
Tree scale: 0.1 +—————
<
g 9
& 3 ¢
o = 3
x o Ll
E e [
8 H £ &
—_— Be166 "Grain products < Grains for human cor < Rice < Rice, p 2005 10.20.20.20.20.20.20
TIAC 5205 "Grain products < Grains for human cor ion < Rice < Rice, p iled"2019 6.11.11.11.11.11.11
4? TAG 1855 | Infant food 2013 8.17.17.17.17.17.17
eveto27 [l "Grain products < Grains for human cor < Rice < Rice, iled” 2004 4444
nac1s1 ] Composite food 2007 1.2.16.16.16.16.16
emetoso [ll  "Grain products < Grains for human cor ion < Rice < Rice, iled" 2008 1.2.21.21.21.21.21
f‘ miac4ss7 [l Composite food 2018 .25.25.25.25.28
" niac4sss [fljf  Composite food 2018 1.2.25.25.25.25.25
1 — TIAC 586 Infant Food 2010 .6.6.6.6
L mac3o3 ] "Composite food < Cereal-based dishes < Pasta, cooked" 2008 .30.30.30.30
- miac 3001 [l Composite food 2015 .29.29.29.29
- miac3ss4 ll  Composite food 2017 3.23.23.23.23
| mact [l "Composite food < Cereal-based dishes < Pasta, cooked" 2006 1.8.8.8.8.8.8
L macs [l "Composite food < Cereal-based dishes < Pasta, cooked" 2006 1.8.8.8.8.8.24
miac 4982 [ll  Composite food 2019 .31.31.31.31.31
miacoos [l Milk and dairy products 2011 .19.19.19.19.19
nace717[ll  Meat 2022 .14.14.14.14.14
niace71o[fl]  Fish 2022 .14.14.14.14.14
niac412 [ll  "Composite food < Cereal-based dishes < Pasta, cooked" 2003
am [l Sugar confectionary < Honey 2008
F B Sugar confectionary < Honey 2008
B1 B Sugar confectionary < Honey 2007
cero74 [l Milk and dairy products 2005
| y8ctoo [l Milk and dairy products 2005
['cero7s |l "Composite food < Cereal-based dishes < Pasta, cooked" 2005
i macss [l] Composite food 2006
|lmacsz [l Composite food 2006
|Cer067 Il Composite food 2005
|cerss [l Composite food 2005
cercss [l Composite food 2005

Fig. 4. Single-nucleotide polymorphism-based maximum likelihood phylogeny for ST8, ST15, ST24 and ST26. The scale bar is expressed as average sub-
stitutions per site. The trees annotations include the presence/absence of the ces gene cluster, matrix class, year of isolation and SNP address. The presence/absence of
the ces gene cluster was only indicated in (d) because the gene cluster is absent in the isolates in (a)-(c). Each tree was midpoint rooted and visualized using iTOL v6
(Letunic and Bork, 2021).
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Sanchez-Chica et al., 2021b).

Also cross-referencing of the matrix classes over the cGS profiles,
cgMLST and SNP typing results, indicated that the majority of the
different matrix classes were scattered over these typing metrics. MLST
and panC typing have proven to be valuable in isolate characterization
and diversity mapping (Bianco et al., 2021; Kindle et al., 2019). The
results obtained in this study also underline the added value of a panC-
based classification of B. cereus s.l. The use of panC-based typing has
already been demonstrated to be useful for typing B. cereus s.L, before a
cgMLST scheme was available (Carroll et al., 2022; Porcellato et al.,
2019). Whether panC classification could also be used to appraise the
strain's cytotoxic potential remains a matter of debate as studies have
demonstrated mixed results (Guinebretiere et al., 2010; Jessberger et al.,
2015; Miller et al., 2018). The use of panC for cytotoxicity prediction is
outside the scope of this study.

Next to (cg)MLST, also SNP phylogenomics was performed to
investigate genetic similarity between the isolates from the four most
prevalent STs. SNP typing allows comparison of large pieces of the ge-
nomes, while cgMLST compares a limited set of genes. Another advan-
tage of SNP typing is that it does not have to cope with missing cgMLST
loci, though this methodology requires a high-quality and closely-
related reference genome (Pightling et al., 2014; Schiirch et al., 2018).
The SNP phylogeny of the four most prevalent STs confirmed the
cgMLST phylogeny. It also highlighted high genomic similarity between
both isolates from different food matrices as well as between isolates
from the same food matrix. Additionally, SNP typing revealed that
several isolates seem to be phylogenetically closely related, despite any
clear link between matrix and/or year of isolation (Fig. 4a-b). Close
phylogenetical relatedness between epidemiologically unlinked isolates
is new for B. cereus s.I. A potential hypothesis is persistence by the
production of spores but further investigation on this persistence is
required (Antequera-Gomez et al., 2021; Shaheen et al., 2010). How-
ever, the SNP phylogenies also show high genetic similarity between
isolates from the same food matrix and from the same year and food
matrix (e.g. TIAC 106, TIAC 107 and TIAC 132 in Fig. 4c). Other studies
have also shown close relatedness between epidemiologically linked
B. cereus s.L isolates (Bogaerts et al., 2023; Carroll et al., 2019; Etter
et al., 2024).

Putative virulence genes were detected in nearly all isolates. The
overall detection rate of the main enterotoxin genes hbICDA, nheABC
and cytK_2 was comparable to previously reported results (52, 98 and 43
%, respectively). However, the cereulide biosynthesis operon
(cesABCDPTH) was observed in 18 % of the isolates which is higher than
in these same studies (Aragon-Alegro et al., 2008; Berthold-Pluta et al.,
2019; Fiedler et al., 2019; Kowalska et al., 2024; Yu et al., 2020). This
unusual observation is due to the fact that the isolates were selected with
prior knowledge on the presence of the ces gene cluster, unlike in pre-
vious studies. Besides detection of individual virulence genes, 37 c¢GS
were constructed, based on the co-occurrence of the virulence genes
cesABCDPTH, clo, cytK 1, cytK 2, hblCDAB, hlyll, and nheABC. These
virulence factors were chosen for their relevance in, or relevant associ-
ation with disease (Cadot et al., 2010; Dietrich et al., 2021; Jovanovic
et al., 2021). This strategy of co-occurrence has also been applied in
other studies reporting similar prevalence of gene co-occurrences
(Glasset et al., 2021; Kowalska et al., 2024). A remark is that these
cGS were constructed by a small subset of the detected virulence genes.
However, a Sankey diagram, visualizing the relationship between the
strain classification in both ¢GS as GS (Fig. S6) demonstrates that there
is a high degree of overlap between both virulence gene co-occurrence
schemes.

The isolates containing the B. cytotoxicus marker gene cytK_1, were
indeed identified as B. cytotoxicus. The other isolates were not classified
on species level since the other B. cereus s.L species do not have specific
and clear markers such as B. cytotoxicus. For instance, cry, cyt or vip
genes encode for parasporal crystals in Bacillus thuringiensis, but these
genes have also been identified in other species such as Bacillus mycoides,
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B. pseudomycoides and Bacillus toyonensis (Biggel et al., 2022). Also, the
taxonomy of B. cereus s.L is currently under debate with multiple pro-
posed frameworks based on WGS (Carroll et al., 2020a; Gillis et al.,
2024; Torres Manno et al., 2020). Lastly, the focus of this study is on the
distribution of virulence genes and genetic lineages in different food-
stuffs. The methods used for the genetic lineages, (cg)MLST and SNP
phylogeny, have a higher resolution than species, leaving taxonomic
classification out of scope for this study. Nevertheless, ten reference
genomes spanning the full B. cereus group were included in the cgMLST
phylogeny (Fig. 3), confirming the genetic diversity of the isolates and
hinting to the presence of different species such as B. thuringiensis, Ba-
cillus weihenstephanensis and B. toyonensis isolates in the studied isolate
set. Additionally, the cgMLST phylogeny (Fig. 3) suggests the presence
of isolates belonging to (distant) genetic lineages of B. anthracis. How-
ever, these are not able to cause anthrax disease because of absence of
Anthrax biosynthesis genes (lef, cya and pagA).

This study is not solely limited to the detection of virulence genes in a
selection of B. cereus s.L isolates from foodstuffs. A CDS completeness
assessment of the virulence genes was added to the workflow to check
whether any indel and/or truncations were detected in those genes.
However, the CDS completeness does not fill this genotype-phenotype
gap completely because also other factors can influence gene expres-
sion and protein synthesis. Still it gives a direction for further charac-
terization by, for instance, LC-MS/MS detection of the cereulide toxin
(in ’t Veld et al., 2019; Masquelier et al., 2024). In most cases (87 %), no
mutations or mutations with an estimated lower impact on protein
disfunction were detected, suggesting that the vast majority of the
detected virulence genes were likely still capable of producing func-
tional proteins. It should be noted that the applied filtering is mild
because of pragmatically chosen thresholds and therefore probably
containing some false-positive results. However, this strategy of
detecting presumably intact genes is of added value in proper identifi-
cation of (putative) virulence genes. BLAST detected 9 % more genes
than GAMMA. These genes include predicted unfunctional gene CDS.
Only the predicted intact CDS were reported as detected throughout this
study. Furthermore, several genes were identified to be truncated in the
beginning of their CDS, and therefore most likely not functional. Also
nine isolates contained orphan cesH, i.e. cesH gene in absence of the
other ces cluster genes. This is in agreement with observations made
previously (Liicking et al., 2015). Since it was determined that cesH is
involved in repressing cereulide production, the function of orphan cesH
is not elucidated yet. Thus, its impact on B. cereus s.l. and consequences
for risk assessment remain unknown.

This study also confirmed that the detection of the cereulide
biosynthesis operon is elevated in starch-containing foods, composite
foods and dairy products as described before and summarized by Yang
et al. (2023). Though, it is noticeable that emetic B. cereus s.L isolates
were also detected in honey, fish- and meat-based dishes but not in
environmental, herbs, infant, soy and vegetables isolates. Whether their
presence resulted, or not, from cross-contamination during food pro-
cessing remains unclear. Other genes than ces genes were detected in all
isolates whereas the co-occurrence of the most researched (putative)
virulence genes clo, cytK_2, hblB, hblCDA and nheABC (cGS1) was most
prevalent. This profile was detected in all matrix classes except potato
products and soy beans (Fig. 2 and Fig. S6), though isolates from these
matrix classes also contain multiple (putative) virulence genes. Besides
the characterization of B. cereus s.L from a variety of food sources, ten
environmental isolates, were added to this study. Eight of these isolates
shared the same cGS with foodborne isolates (Fig. 2 and Fig. $6), whilst
only two environmental isolates (MV1 and MV13) shared the same ST
with foodborne isolates (SI0259 and T1836, respectively). However, the
proportion of non-food-related isolates, compared to the proportion of
foodborne isolates, should be increased to draw any conclusion from
these observations. Also, the number of isolates per matrix class should
be increased in further studies. This will increase the statistical power
for finding correlations between the food matrix of isolation and for
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instance gene co-occurrence. Still, these results indicate that there seems
no predestination of certain B. cereus s.L lineages or virulence genes
towards specific food matrices. For instance, it has already been shown
that the prevalence of emetic strains is elevated in starchy foods, though
this study indicates that they still can survive in most types of foods
tested (Rahnama et al., 2023; Yang et al., 2023). Still, this does not mean
that the expression and production levels of virulence factors is equal
over different foodstuff (Ellouze et al., 2021).

The characterization of all isolates was done by WGS, a technique
which is used more often in recent, similar studies (Bianco et al., 2021;
Fraccalvieri et al., 2022; Kowalska et al., 2024). WGS data has the
advantage that it can be used for multiple types of analyses, such as
genetic similarity analysis and virulence gene detection. Also, the
number of analyzed genes can be expanded easily, which is not the case
for (q)PCR that requires a specific primer pair per gene and is prone to
gene mutations. The CDS completeness assessment is also much easier to
perform using WGS. Another advantage is that these WGS data,
including the data generated in this study, are available publicly to be
reused in future studies. This study is the first in which B. cereus s.L
isolates from a large panel of food matrices were characterized by
phylogenomic comparisons and detection of (putative) virulence genes.
Also multiple new (cg)MLST loci and (cg)STs were detected in this
study, indicating that there are still several B. cereus s.l. genetic lineages
undescribed.

In conclusion, this study gives insights in the presence of different
B. cereus s.l genetic lineages and virulence genes in a large variety of
food products and soil. No clear indications were found between isolate
and (food) matrix by comparing the co-occurrence of (putative) viru-
lence genes (Fig. 2), (cg)MLST (Fig. 3), SNP (Fig. 4) and panC typing
(Fig. S3). Therefore, it cannot be concluded from this study that there
exists a kind of affinity of specific B. cereus s.L lineages or (putative)
virulence genes towards certain food matrices. The genomes of the 169
isolates were sequenced by short-read WGS, their virulence gene
repertoire was characterized and the draft genomes were typed by (cg)
MLST, SNP and panC typing. These metrics demonstrated a high
genomic diversity and the genetic information of multiple (putative)
virulence factors was detected in nearly all isolates. The gene intactness
was also assessed, indicating that a small proportion of the detected
genes (13 %), among different isolates, showed potential defects. This
adds an extra dimension to the genetic characterization of the isolates.
This is the first study characterizing B. cereus s.L isolates from a large
panel of diverse (food) matrices by WGS. It also identified multiple new
(cg)MLST alleles and profiles suggesting that there are still several
B. cereus s.L. genetic lineages undescribed. Also, some highly similar
isolates were identified in different food matrices while being isolated
several years apart suggesting that the isolates can survive and persist in
different environments. The insights obtained from this study can serve
towards an updated risk assessment of B. cereus s.L in food.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijfoodmicro.2025.111266.
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