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The aim of this study was to identify and character-
ise Bacillus cereus from a unique national collection
of 564 strains associated with 140 strong-evidence
food-borne outbreaks (FBOs) occurring in France dur-
ing 2007 to 2014. Starchy food and vegetables were
the most frequent food vehicles identified; 747 of 911
human cases occurred in institutional catering con-
texts. Incubation period was significantly shorter
for emetic strains compared with diarrhoeal strains
A sub-panel of 149 strains strictly associated to 74
FBOs and selected on Coliphage M13-PCR pattern, was
studied for detection of the genes encoding cereulide,
diarrhoeic toxins (Nhe, Hbl, CytKi and CytK2) and
haemolysin (Hlyll), as well as panC phylogenetic clas-
sification. This clustered the strains into 12 genetic
signatures (GSs) highlighting the virulence potential
of each strain. GS1 (nhe genes only) and GS2 (nhe,
hbl and cytK2), were the most prevalent GS and may
have a large impact on human health as they were pre-
sent in 28% and 31% of FBOs, respectively. Our study
provides a convenient molecular scheme for charac-
terisation of B. cereus strains responsible for FBOs in
order to improve the monitoring and investigation of
B. cereus-induced FBOs, assess emerging clusters and
diversity of strains.

Introduction

The Bacillus cereus sensu lato group includes the fol-
lowing closely related spore-forming species: B. cereus
sensu stricto, B. thuringiensis, B. cytotoxicus, B. wei-
henstephanensis, B. mycoides, B. pseudomycoides and
B. anthracis [1]. The first four species are known to be
involved in food poisoning [1]. B. thuringiensis is also
mainly known as a hiopesticide due to production of
insecticidal toxins [2]. B. anthracis is highly virulent in
mammals and is the causative agent of anthrax [3]. B.
cytotoxicus is a newly identified group of strains that
induce severe food poisoning. They are characterised
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by the production of cytotoxin K-1 (CytK-1) and a rela-
tively high genomic diversity compared with other B.
cereus strains [1].

B. cereus is currently the second most frequently found
causative agent of confirmed and suspected food-
borne outbreaks (FBOs) in France after Staphylococcus
aureus [4]. Depending on the evidence implicating
a food vehicle source during epidemiological and
microbiological FBO investigations, the outbreaks are
referred as a strong-evidence or weak-evidence FBO.
Briefly, an FBO is defined as ‘strong-evidence’ when
the following information is known and reported: food
vehicle, food source, the link between outbreak cases
and the food vehicle, place of exposure, and contribu-
tory factors. When several parts of the information are
missing, the FBO is considered as ‘weak-evidence’ FBO

(5].

Between 2006 and 2014 in France, B. cereus was
recorded as the second or third major cause in weak-
evidence FBOs. In 2014, B. cereus represented the
second cause in weak-evidence FBOs, with 1,902
human cases for 224 FBOs, and the second cause of
strong-evidence FBOs, with 23 FBOs accounting for 447
human cases and 18 hospitalisations [4]. The increase
in B. cereus-induced FBOs is partly due to the input of
national health and food safety authorities in the epi-
demiological and microbiological investigations of sus-
pected FBOs. Indeed, B. cereus strains isolated from
foodstuff suspected of being involved in an FBO are
now usually collected by the laboratory for food safety
in ANSES. To illustrate this, during 1996 to 2005, only
94 strong-evidence and 196 weak-evidence FBOs were
reported, whereas for 2014 alone, 23 and 241 strong-
and weak-evidence FBOs were notified, respectively
showing the high input of the authorities. Nevertheless,
the number of total human B. cereus cases is likely to



FIGURE 1

Distribution of food-borne outbreaks associated to
Bacillus cereus by month of outbreak compared to a
theoretical uniform distribution, France, 2007-2014
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be underestimated because individuals with gastro-
intestinal infections rarely seek medical advice and
if they do, stools sample are not always asked for by
physicians.

B. cereus can induce two types of gastrointestinal dis-
ease, leading to emetic or diarrhoeal syndromes. The
symptoms associated with B. cereus infection are gen-
erally mild and self-limiting, but more serious and even
fatal cases have been described in France and around
the world [6]. The emetic syndrome is characterised by
vomiting and nausea, usually 30 minutes to 6 hours
after ingestion, and can be confused with FBOs caused
by Staphylococcus aureus. This syndrome is due to the
ingestion of a thermostable toxin known as cereulide,
pre-formed in food before ingestion of contaminated
foods. The emetic B. cereus strains represent a cluster
of strains characterised by the presence of the plas-
mid-located ces gene encoding an enzyme involved in
cereulide synthesis [7].

Diarrhoeic symptoms are characterised by abdomi-
nal cramps and watery diarrhoea within 8 to 16 hours
after ingestion of contaminated foods. These diar-
rhoeal symptoms and incubation periods can be easily
confused with those caused by Clostridium perfrin-
gens food poisoning. More precise information about
diarrhoeic strains is thus necessary to discriminate
between possible causative agents and allow better
diagnosis during FBOs. The diarrhoeal syndrome occurs
after ingestion of vegetative cells or spores of diar-
rhoeic strains. This syndrome is generally attributed to
at least three enterotoxins: haemolysin BL (Hbl), which

has three components B, L1 and L2; non-haemolytic
enterotoxin (Nhe) with its three components Nhe-A,
Nhe-B and Nhe-C, and cytotoxin K (CytK). Two forms
of cytotoxin K have been described, CytK-1 and CytK-2,
the former being more cytotoxic than the latter [8]. In
addition, B. cereus produces other toxins such as hae-
molysin Il (Hlyll), metalloproteases such as InhA1 and
InhA2, and the cell wall peptidase FM (CwpFM), which
may also be involved in pathogenicity [9-11]. The path-
ogenic spectrum of B. cereus ranges from strains used
as probiotics to strains that are lethal to humans and
it remains difficult to predict the pathogenic potential
of a strain. Apart from strains encoding ces or cytK-1
genes, which are virulent and well described in the lit-
erature [8,12], the pathogenicity of B.cereus diarrhoeal
strains is not fully understood and there are currently
no specific markers to unambiguously differentiate
between pathogenic and harmless strains. Indeed, the
genetic studies carried out to date have been incon-
clusive and, regardless of the diseases they cause, all
strains seem to carry genes encoding at least one of
the known diarrhoeal toxins [13]. However, highly toxic
strains do not necessarily overproduce these toxins
[14]. The aim of this study was therefore to identify and
characterise B. cereus strains from a unique national
collection of 564 strains strongly related to 140 FBOs
that occurred in France during 2007 to 2014 in order to
improve the monitoring and investigation of B. cereus-
induced FBOs, assess the risk of emerging clusters of
strains and identify strain variability.

Methods

Epidemiological data

The epidemiological data related to each FBO were
mainly collected through interviews or questionnaires
by local health authorities. The suspected food in each
FBO was traced by the local services of the French
Ministry of Agriculture and Food (DDPP, Department for
protection of populations). Collected data included a
record of the type of suspected food, preparation loca-
tion and date, type of packaging, number of human
cases, symptoms and incubation periods. Then, a data-
base of ANSES (French Agency for Food, Environmental
and Occupational Health and Safety) was built, gather-
ing epidemiological data as well as analytical results of
B. cereus enumeration in food, strain characterisation
and toxin production.

Strain collection

For each FBO, all bacterial strains from suspected
food were isolated by plating leftovers on selective
media plates allowing the discrimination of B. cereus
from other bacterial pathogens (S. aureus, C. perfrin-
gens, etc). Identification and numeration of one to five
B. cereus strains per FBO were conducted by plating
the strains on selective B. cereus agar media (MYP
agar media: mannitol-phenol red-egg yolk medium
(Biokar) according to the International Organization
for Standardization (ISO) 7932 standard method or
BACARA (BioMérieux), previously certified commercial
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FIGURE 2

Distribution of food-borne outbreaks by incubation
periods for the entire Bacillus cereus collection, France,
2007-2014
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alternative method (AES 10/10-07/10). All isolates were
tested for haemolytic activity on sheep blood agar [15],
lecithinase production on MYP agar media and starch
hydrolysis on plate count agar (BioMérieux).

DNA extraction

DNA was extracted after overnight incubation of the
strains at 30°C on trypticase soy agar with 0.6% yeast
extract (Sigma-Aldrich) using the DNeasy Blood and
Tissue Kit (Qiagen). DNA was quantified by absorbance
at 260 nm on a Nanodropiooo spectrophotometer
(Thermo scientific).

Coliphage M13 sequence-based PCR typing

To study strain diversity and discriminate between
strains isolated in samples within the same FBO,
B. cereus strains were typed using coliphage M13
sequence-based PCR (M13-PCR) derived from an
RAPD technique and adapted from [16]. The PCR
mix contained 40 ng of DNA template, 0.9 mM dNTP
mix (Roche Diagnostics), 4 mM MgCl2, 2 pM primer
(GAGGGTGGCGGCTCT), 2.5 U Goldstar DNA polymerase,
and Goldstar buffer (Eurogentec). Thermal cycling using
the Veriti Thermal Cycler (Applied Biosystems) included
a denaturation step at 94°C for 3 min, followed by 35
cycles of 1 min at 94°C, 1 min at 40°C, 8 min at 68°C
and an elongation step at 68°C for 8 min. The ampli-
fied DNA was analysed by SDS-PAGE electrophoresis.
The M13-PCR patterns were visualised using ChemiDoc
XRSimaging system. Then, DNA profiles were analysed
with BioNumerics 7.1 software (Applied Maths).

panC gene sequencing

B. cereus strains were assigned to the seven known
phylogenetic groups according to partial sequencing of
the panC gene [17]. The sequencing was carried out by
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a commercial facility (Eurofins MWG Operon). The clas-
sification into the phylogenetic groups was performed
using the algorithm described in [17]. The two typing
methods panC gene sequencing and M13-PCR typing
were used for separate objectives. This study did not
explore the correlation between the two methods.

Virulence gene detection

The presence of potential virulence genes cytK-1, cytK-
2, hblA, hblC, hblD, nheA, nheB, nheC, hlyll and ces
[10,13] was evaluated by PCR. As the genetic diversity of
B. cytotoxicus strains possessing cytK-1 is substantial,
the primers used to detect the other virulence genes
were not suitable for those particular strains. The PCR
was performed with the Veriti Thermal Cycler. The final
reaction mixture (25 pL) contained 200 pM dNTPs, 1X
PCR buffer, 1 U FastStart Tag DNA Polymerase (Roche),
200-1,000 nM primers, and 2 pL (ca 10 ng) template
DNA. The amplification protocol comprised initial
denaturation at 94°C for 5 min followed by 30 cycles
of 94°C for 30 s, 58°C for 60 s, and 72°C for 9o s and
final extension at 72°C for 7 min. PCR products were
analysed by SDS-PAGE electrophoresis.

Enterotoxin quantification

The production of the enterotoxins Nhe and Hbl was
tested using two immunological tests, the BCET-RPLA
Toxin detection kit (Oxoid) and Tecra kit (BDE VIA,
3M-Tecra), respectively, after culture in brain heart
infusion broth (Biomérieux) for 6 hours at 30°C with
stirring [18].

Database and statistical analysis

Strain characterisation results and epidemiologi-
cal data were entered into a central database using
BioNumerics software. The distribution of mean incu-
bation periods, i.e. the time between ingesting con-
taminated food and symptom onset, was characterised
using R 3.1 software and the “fitdistrplus’ package [19].
The log-normal was fitted to data according to maxi-
mum-likelihood estimation. To study seasonal varia-
tion in the occurrence of FBOs, the distribution of FBO
dates was analysed throughout the year according to a
previously described method [20].

Results

Epidemiological and clinical data

We studied a collection of 564 B. cereus strains asso-
ciated with 140 FBO that occurred in France during
2007 to 2014. In 66 of the FBOs, B. cereus was isolated
concomitantly with other bacterial species (including
S. aureus and C. perfringens) during microbiological
investigations, making it impossible to affirm that B.
cereus was the cause of these FBOs. Our study there-
fore focused on 339 B. cereus strains isolated from
food samples analysed during 74 FBOs where no other
pathogenic bacteria were detected in the food during
microbiological investigations (Table 1). These 74 FBOs
resulted in 911 human cases. Data on sex and age of



FIGURE 3

Coliphage M13 sequence-based PCR typing of selected
Bacillus cereus strains isolated from various samples in
two food-borne outbreaks, France, 2007-2014 (n = 11)
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the cases were not always available and could there-
fore not be included in the study.

Over the eight years of the survey, the occurrence of
FBOs was not subject to any seasonal effect (Figure
1). Emetic and diarrhoeal symptoms of human cases
were often present at the same time and were reported
for 57% of FBOs (42/74), whereas abdominal pains,
diarrhoeic or emetic syndromes alone occurred in 4%
(36/911), 12% (109/911) and 13% (118/911) total human
cases, respectively.

Between 400 and 10%B. cereus CFU/g were found in the
incriminated foods. Levels lower than 105 CFU/g were
observed in 48/57 FBOs due to diarrhoeal strains and
in 11/17 FBOs due to emetic strains (Table 1). The incu-
bation period (time between ingestion of contaminated
food and symptom onset) varied from less than 3 hours
to 21 hours (Figure 2). The mean incubation period was
5.7 hours (standard deviation (SD) 1.3) and could vary
within the same FBO (Table 1). However, the incubation
period was significantly shorter for emetic strains (car-
rying the ces gene) — mean: 2.6 hours (SD: 2.1) — com-
pared with diarrhoeal strains (mean: 6.6 hours (SD:
1.4).

A single food source was incriminated for 57% of FBOs
(42/74), of which 14/42 were associated with starchy
food, 8/42 and 7/42 FBOs with vegetables and with
mixed dishes composed of starchy food or vegetables,
respectively (Table 1). Only 14% (10/74) of FBOs were
associated with foodstuffs of animal origin.

Furthermore, 60% of FBOs (44/74) occurred in institu-
tional catering, involving 82% (747/911) of the human
cases. FBOs were poorly reported in a family context,
which represented 13% of the FBOs (10/74) and 7%
(64/911) of the human cases (Table 1). The remaining
27% (20/74) of FBOs occurred in a commercial catering
context, involving 11% (100/911) of cases.

Strain characterisation

Phenotypic analysis of the strains showed that
92% (312/339) of the strains produced lecithinase.
Haemolytic activity on sheep blood agar was detected
for 87% (295/339). Some 48% (163/339) of strains
were able to hydrolyse starch (data not shown). The
panC gene sequences were used to assign B. cereus
strains to one of the seven previously described phy-
logenetic groups | to VII (Table 2). Group | was not
represented in the strains analysed. Group Il was the
most represented (46%; 156/339). Groups IV and Il rep-
resented 24% (81/339) and 19% (64/339), respectively.
The distribution of strains in groups VII, VI and V were
5% (17/339), 4% (14/339) and 2% (7/339), respectively.

M13-PCR typing and genetic characterisation were con-
ducted on all 339 B. cereus isolates from the 74 FBOs
in order to discriminate different patterns and genetic
profiles. Up to five isolates from each FBO were sub-
jected to M13-PCR typing. For 42 FBOs, a unique M13
pattern was identified among all isolates recovered
from samples within the same FBO (such as FBO num-
ber 5, Figure 3A). In the remaining 32 FBOs, several
M13 patterns were observed in samples within the
same FBO (such as FBO number 6 with four different
M13 patterns, Figure 3B). Thus, a total of 159 represent-
ative strains gathering 42 strains from the 42 FBOs of
unique M 13 pattern and 117 strains representative of
the M 13 pattern diversity from the remaining 32 FBOs,
were selected for further characterisation (Figure 4).
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FIGURE 4

Selection of food-borne outbreaks and panel of Bacillus
cereus strains studied, France, 2007-2014 (n = 159)

Reported FBOs suspected to be related to Bacillus cereus:
n=1,647 (InVS data)

Confirmed B. cereus FBOs:
n =148 (InVS data)

Investigated FBOs related to B. cereus:
n =140 (ANSES data)

FBOs strictly associated with B. cereus:
n =74 (ANSES data)

B. cereus strains studied:
n =339, from 74 FBOs

Representative strains studied based on
M13-PCR patterns:
n =159, from 74 FBOs

Strains presenting a unique M13-PCR pattern:
n =42, from 42 FBOs

ANSES: French Agency for Food, Environmental and Occupational
Health and Safety; FBO: food-borne outbreak; InVS: French
Institute for Public Health surveillance, Santé publique France

The presence of major virulence genes was investi-
gated (Table 2). The ces gene was detected in 16%
(25/159) of the B. cereus strains, meaning they were
emetic strains. All the emetic strains belonged to phy-
logenic group lll. The cytK-1 gene was detected in 5%
(8/159) of strains, strictly associated with group VIl and
classified as B. cytotoxicus strains.

The most frequently distributed genes were those
encoding enterotoxin Nhe, namely nheC, nheB and
nheA genes detected in respectively 100% (159/159),
99% (157/159) and 96% (153/159) of the tested strains.
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The hblA, hblD and hblC genes encoding enterotoxin
Hbl were detected in 44% (70/159), 44% (70/159) and
40% (64/159) of the strains, respectively. The cytK-2
gene was detected in 42% (67/159) of strains and 23%
(37/159) of strains carried hlyll.

These genetic features allowed to cluster the strains
into 12 pathogenicity or ‘genetic signatures’ (GSs), GS1
to GS12 (Table 2). Some 84% (133/159) of the strains
belonged to GS1 to GS6. The most frequent GS encoun-
tered in the collection was GS1, which accounted for
21% (34/159) of strains. In GS1, only Nhe-encoding
genes were detected. The ces-positive strains were all
placed in GS3 (except a single one in GS11) and pos-
sessed nhe genes in addition to the ces gene. GS11
also displayed the cytK-2 gene. GS7 contained all the
B. cytotoxicus strains carrying the cytk-1 gene. GS8
was characterised by strains carrying nheB and nheC
genes, and hblA and hblD genes. All the strains in this
group belonged to phylogenetic group VI (Table 2).
Several GSs defined in this study were associated with
a single panC phylogenetic group, i.e. GS2 (IV), GS203
(1) GS7 (VII), GS8 (VI), GSa1 (1) and GSa12 (I1).

Discussion

Food-borne infections are a common yet distress-
ing and sometimes life-threatening problem for mil-
lions of people throughout the world [21]. B. cereus is
reported to be the fourth major cause of notified FBOs
in the European Union and the second in France [4,5].
However, B. cereus-associated outbreaks are likely to
be underestimated, as they usually remain undiag-
nosed and therefore under-reported. If B. cereus is sus-
pected, several identification tests can be performed:
morphology tests on selective media, resistance to
polymyxin B, lecithinase synthesis, haemolytic capac-
ity, mannitol fermentation and starch hydrolysis [22].
These tests do not, however, reveal whether the iso-
lated strains are pathogenic nor their genetic features.

The main strengths of our study are the unique national
B. cereus strain collection linked to strong-evidence
FBOs, the long period covered and an accurate epide-
miological and strain characterisation. The study of
symptoms does not readily allow the identification of
the pathogen causing the FBO because gastroenteritis
symptoms are also characteristic of other food-borne
pathogens, especially S. aureus or C. perfringens [22].
However, phenotypic analysis and species discrimina-
tion allowed us to collect isolates and epidemiological
data from 140 FBOs, of which 74 were strictly associ-
ated with B. cereus and affected 911 human cases.
Considering food safety issues, this provides confir-
mation that B. cereus must be considered an impor-
tant food-borne pathogen, and underlines the need to
improve monitoring.

For 32 of these 74 FBOs, several strain patterns were
distinguished from samples of a single FBO and it was
not possible to discriminate which strain or which com-
bination of strains was responsible for the outbreak,



TABLE 1A

Epidemiological and microbiological data of food-borne outbreaks associated solely with Bacillus cereus, France, 2007-2014
(74 outbreaks, 339 strains)

. Human Incubation period Striam p?t.terns Outbreak Genetic
Incriminated food cases . Symptoms identified I N
n in hours setting® signature
1 2007 Semolina 5 0-3 Vomiting 1 Cocr;'ntn;re}:]cgl’al 1.20E+07 GS3
. Vomiting, Commercial
2 2007 Shrimp 12 21-24 diarrhoea 1 catering 6.80E+04 GS1
Vomiting, Commercial
3 2007 Tomatoes 4 0-3 diarrhoega 1 catering 7.00E+02 GS4
4 2008 Semolina 40 12-15 Diarrhoea 1 Staff canteen 1.20E+03 GS1
5 2008 Tabbouleh and minced NK NK NK . Commgrual 5.00E+03 GS2
beef catering
Mixed salad, goulash - . .
. i Vomiting, Medico-social GS1; GS2;
6 2008 | mixed beef and mashed 19 NK diarrhoea 4 institute 6.00E+02 6S7: GS12
potatoes
Mashed potatoes and Vomiting, Medico-social .
7 2008 boiled potatoes 28 NK diarrhoea 2 institute 9-20E+05 657; GS8
. . Abdominal
8 2008 Mixed s::\:l;:\rc:])(nce and 2 NK pains, 1 Staff canteen 1.90E+03 GS2
vomiting
Abdominal
. _ pains, Medico-social
9 2008 Rice salad 13 12-15 vomiting, 1 institute 2.00E+03 GS2
other
Abdominal School
10 2008 Semolina 61 3-6 pains, 1 1.00E+04 GS7
e canteen
vomiting
. L. Commercial
11 2008 Semolina and lamb 4 0-3 Vomiting 1 catering 5.50E+04 GS3
Mashed potatoes, Medico-social
12 2008 mashed celery, roast 5 6-9 Diarrhoea 2 A 1.50E+05 GSy4; GS7
institute
pork, sauce and pasta
Cream caramel and Diarrhoea, Commercial .
3 2008 smoked salmon u 9-12 other 3 catering 3.00E+03 G52; GS8
14 2008 Fruit salad 70 NK NK 1 Staff canteen 6.30E+03 GS3
- Vomiting, Commercial
15 2008 Tandoori chicken 10 6-9 diarrhoea 2 catering 4.60E+03 GS6
16 2008 Wheat 3 9-12 Diarrhoea 3 Comme.rual 1.60E+06 GS1; GS4
catering
17 2009 Tiramisu 15 0-3 Vomiting, 1 Company 8.00E+02 GS9
diarrhoea canteen :
18 2009 Fish in coconut milk 2 0-3 Nausea, 1 Commgrual 1.10E+04 GS1
other catering
Vomiting, School
19 2009 Mashed potatoes 24 NK diarrhoea 1 canteen 4.00E+02 GS7
20 2009 Cantonese rice 2 0-3 Vog:;]t::g, 1 Family 1.60E+05 GS3
Mashed potatoes, roast _ Vomiting, Medico-social .
21 2009 | heefand French beans 7 6-9 diarrhoea 3 institute 1.90E+03 653; 65
Vomiting,
22 2009 Quenelle of pike 15 0-3 diarrhoea, 1 Staff canteen 1.20E+03 GS6
other
5 200 Sandwich (tomato, o Abd:il:smal Commercial 00E+0 GS1; GS2;
3 9 carrots, chicken) 7 3 P ’ 4 catering 5 3 GS6; GS10
nausea
24 2009 Chicken sauce 15 NK V9miting,- 1 Comme-_rcial 5.00E+02 GS3
diarrhoea catering :
25 2009 Squid sauce 3 9-12 Diarrhoea 1 Staff canteen 2.10E+o05 GS12
. _ Vomiting, Commercial GS1; GS4;
26 2009 Sauteed shrimp 4 0-3 diarrhoea 7 catering 1.90E+04 ¢s6
Nausea,
27 2009 Semolina and peas 7 3-6 diarrhoea, 5 Staff canteen 2.00E+07 GS2; GSs
other
Vomiting,
28 2010 Salad 44 NK diarrhoea, 3 School 1.00E+03 GS2
other canteen

FBO: food-borne outbreak; NK: not known.

2 Medico-social institutes included centres for disabled people, leisure centres, retirement homes and other community facilities.
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TABLE 1B

Epidemiological and microbiological data of food-borne outbreaks associated solely with Bacillus cereus, France, 2007-2014
(74 outbreaks, 339 strains)

. Human Incubation period Str‘am p.at.terns Qutbreak Genetic
Incriminated food cases . Symptoms identified . )
in hours setting? signature
. vomiting .
29 2010 Pasta gratin 2 0-3 - diarrhoea 1 Family 1.50E+07 GS3
. Vomiting, .
30 2010 | Sausage and rice salad 8 0-3 diarrhoea 1 Family 3.00E+03 GS3
31 2010 Paella 27 6-9 Diarrhoea 1 Medico-social 2.80E+04 GS2
institute !
. . GS1; GS2;
32 2010 Samossah?irrl:pntl:irllnated 3 0-3 Diarrhoea 13 ci':{::‘i:g'al 2.90E+05 GS4; GSs;
GS6; GS10
. Vomiting, .
33 2010 Chicken 8 3-6 diarrhoea 1 Family 6,50E+04 GS3
Abdominal Medico-social
34 2010 Tabbouleh 11 NK pains, 1 A NK GS2
institute
other
Vomiting, s
35 2010 Mashed potatoes and 19 NK diarrhoea, 1 Me.dlcc? social 1.20E+04 GS1
mashed vegetables institute
other
. . GS1; GS3;
Pasta salad and rice Vomiting, . ? .
36 2010 salad 20 0-3 diarrhoea 7 Family 9.60E+07 GS4; GSs;
GS6
Mixed dish, soup, mixed . . .
o H Vomiting, Medico-social
37 2011 ham, mixed apple and 19 6-9 diarrhoea 2 institute 3.10E+03 GS3
lasagne bolognese
Abdominal
. _ pains, Commercial
38 2011 Shrimp 3 0-3 vomiting, 2 catering 1.90E+03 GS1
other
Abdominal Commercial GS1; GS4;
39 2011 Moussaka 1 3-6 pains 3 catering 8.20E+04 GSs
. Vomiting, School
40 2011 Spaghetti 18 12-15 diarrhoea 2 canteen 1.00E+03 GS8
Couscous, semolina, _ Nausea, Medico-social .
4 2011 lamb, vegetable dish 19 9-12 diarrhoea 2 institute 230E+03 GS4; G511
Vomiting, Commercial
42 2011 Carrots 3 3-6 diarrhoea, 1 . 5.80E+03 GS2
catering
other
Vomiting, School
43 2011 Mashed potatoes 10 NK diarrhoea 1 canteen 7.80E+04 GS4
Vomiting,
44 2011 Mashed celery 15 12-15 diarrhoea 1 Staff canteen 1.00E+05 GS7
. Vomiting, Medico-social
45 2011 Tomatoes and fish 3 12-15 diarrhoea 1 institute 5.50E+03 GS2
46 2011 Miso soup 1 NK NK 1 Family 1.50E+03 GS9
. Vomiting, Medico-social
47 2011 Mixed salad 3 0-3 diarrhoea 1 institute 2.00E+03 GS2
Abdominal
Tomato, corn, courgette _ A School
48 2011 dish 9 6-9 pains, 1 canteen 4.00E+03 GS2
vomiting
Nausea, Commercial
49 2011 Samosa 9 0-3 other 1 catering 1.,00E+09 GS6
. . . Abdominal
50 2011 Rlceangsgef:grllsh dish 6 3-6 pains, 2 Staff canteen 2.70E+03 GSs5; GS6
nausea
Apricot compote, School
51 2012 mashed carrots and 8 9-12 Vomiting 1 7.00E+02 GS1
. canteen
mashed broccoli
meltlng, Commercial GS1; GS3;
52 2012 Paella 2 0-3 diarrhoea, 3 . 2.10E+04
catering GS10
other
Vomiting, School
53 2012 Pasta 60 0-3 diarrhoea 3 canteen 5.80E+04 GSs
Abdominal
. _ pains, .
54 2012 Mixed salad 8 18-21 vomiting, 1 Family 4.00E+02 GS2
other

FBO: food-borne outbreak; NK: not known.
2 Medico-social institutes included centres for disabled people, leisure centres, retirement homes and other community facilities.
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TABLE 1C

Epidemiological and microbiological data of food-borne outbreaks associated solely with Bacillus cereus, France, 2007-2014
(74 outbreaks, 339 strains)

H .
_ tman Incubation period Str.am p.at.tems Qutbreak Genetic
Incriminated food cases ) Symptoms identified . )
N in hours setting signature
. Commercial
55 2012 Chicken NK NK Other 3 catering 4.00E+03 GS2; GSg
56 2012 Lamb meat 5 6-9 X&Tr'rt]';eg; 1 Staff canteen 2.30E+03 GS2
. Vomiting, Medico-social
57 2012 Mashed fish 18 9-12 diarrhoea 1 institute 4.00E+02 GS7
. . Vomiting, Medico-social
58 2012 | Diced mixed vegetables 14 9-12 diarrhoea 1 institute 4.00E+02 GS2
. . Commercial
59 2012 Millefeuille pastry 2 3-6 Nausea 1 catering 2.00E+03 GS2
. - School
60 2012 Onion soup 5 9-12 Vomiting 1 canteen 4.00E+02 GS2
. Vomiting, . .
61 2013 Semolina 3 3-6 diarrhoea 2 Family 1.00E+04 GSs5; GS10
. Vomiting, . .
62 2013 Grilled pork 2 6-9 diarrhoea 2 Family 1.80E+04 GS1; GS9
Cheese-topped dish of _ Diarrhoea, GS1; GS3;
63 2013 seafood, pasta 15 6-9 other 4 Staff canteen 6.50E+03 GSs
Vomiting, Medico-social
64 2013 Mashed potatoes 12 3-6 diarrhoea, 2 A 2.90E+03 GS1; GS3
other institute
. School
65 2013 Pineapple 5 NK Other 2 canteen 4.50E+02 GS1; GS9
. _ Vomiting, Medico-social .
66 2013 Mashed spinach 13 6-9 diarrhoea 3 institute 1.00E+04 GS1; GS4
Vomiting, Medico-social
67 2013 Vegetable soup 10 15-18 diarrhoea 1 institute 9,10E+02 GS2
68 2013 Mixed salad NK 6-9 Abdomlnal 1 School 5.50E+02 GS2
pains canteen
Vomiting,
69 2013 Spinach 8 0-3 diarrhoea, 2 Staff canteen 3.60E+02 GS5; GS10
other
. . Vomiting, Medico-social
70 2013 Mixed pie 19 12-15 diarrhoea 1 institute 4.00E+02 GS1
. e School
71 2014 Mashed parsnips 11 0-3 Vomiting 2 canteen 4,00E+02 GS3
Abdominal School
72 2014 Shrimp 6 0-3 pains, 2 7.70E+03 GS1
vomiting canteen
Abdaminal Medico-social
73 2014 Polenta 25 18-21 pains, 1 A 9.00E+03 GSg
diarrh institute
iarrhoea
Semolina and ginger Vomiting, . .
74 2014 (spice) 11 0-3 diarrhoea 2 Family 1.50E+06 GS3; GS6

FBO: food-borne outbreak; NK: not known.
2 Medico-social institutes included centres for disabled people, leisure centres, retirement homes and other community facilities.

highlighting the need for accurate data on the diversity
of the isolated strains during FBO investigation. In con-

period, as the French institute for public health surveil-
lance (InVS, since 2016 Santé publique France) notified

trast, for 42 of the 74 FBOs, a unique strain pattern was
identified for each FBO, providing a valuable strain col-
lection for further analysis of the correlation between
B. cereus genotypic features and associated diseases.
Thus, the design of this study strengthens the interpre-
tation of results and avoids bias regarding the bacterial
agent causing the FBO.

Our study described 74 FBOs in which only B. cereus
was recovered. Nevertheless, a limitation of our study
is the exhaustivity of the studied FBOs during the

148 FBOs between 2007 and 2014, in which B. cereus
was the confirmed causative agent (Figure 4). The num-
ber FBOs notified to InVS was slightly higher than that
of FBOs for which strains were received in ANSES and
could be explained by the absence of microbiological
investigation of such FBOs or the absence of isolation
or sending B. cereus strains for further analysis.

Starchy food and vegetables were the most com-

mon food vehicles identified in our study. A previous
study in commercial cooked chilled foods containing

www.eurosurveillance.org



TABLE 2

Genetic signatures of Bacillus cereus strains according to gene detection and panC phylogenetic groups, France, 2007-2014

(n =159)

Genetic signature Number of strains

Genes detected

panC phylogenetic groups

cytk-1 cytk-2 ces hlyll nheABC hbICDA

GS1 34 Neg Neg Neg Neg Pos Neg -1 -1V
GS2 28 Neg Pos Neg Neg Pos Pos v
GS3 25 Neg Neg Pos Neg Pos Neg 1
GSy4 18 Neg Pos Neg Neg Pos Neg -1
GSs 18 Neg Neg Neg Pos Pos Pos 11- 11
GS6 10 Neg Pos Neg Pos Pos Pos -1V
GS7 8 Pos ND ND ND ND ND Vil
GS8 6 Neg Neg Neg Neg BC AD \
GS9 4 Neg Pos Neg Pos Pos Neg 1111
GS10 5 Neg Neg Neg Neg Pos Pos V-V
GS11 1 Neg Pos Pos Neg Pos Neg 1
GS12 2 Neg Neg Neg Pos Pos Neg 1]

AD: only hblA and hblD detected; BC: only nheB and nheC detected; ND: primers used are unable to detect these genes in GS7 group strains;

Neg: negative; Pos: positive.

vegetables had shown high B. cereus contamination
levels in raw vegetables [23]. Thus, particular attention
should be taken during sampling and epidemiological
investigation into potential B. cereus contamination of
vegetables and starchy food. In our study, 60% (44/74)
of FBOs occurred in an institutional catering context.
In the family context, 40% (26/64) of the cases were
caused by emetic strains. Incorrect cooling of food dur-
ing preparation or the conservation of cooked dishes
at room temperature is thought to be the cause of cere-
ulide production [24]. Moreover, the severity of symp-
toms associated with emetic strains might explain
an increased reporting of these strains in the family
context, compared with diarrhoeic strains which may
remain undiagnosed and therefore under-reported.

Epidemiological and clinical data show that the type
of symptom could not be specifically associated with
the presence of emetic or diarrhoeic strains. Indeed,
57% (n=42) of the 74 FBOs shared both diarrhoeic and
emetic syndromes although they were caused by only
one type of strain. This may be partially explained by
the fact that the emetic GS3 strains strongly produce
Nhe enterotoxin (data not shown). We suspect that
emetic strains may be ingested concomitantly with
cereulide preformed in food, increasing pathogenicity
and causing a mix of symptoms.

Asignificant difference was observed for the incubation
period according to the type of strain. This is in accord-
ance with previous findings showing that rapid onset
of an emetic syndrome indicates intoxication by cere-
ulide [25]. In contrast, ingestion of diarrhoeic bacteria
can induce pathology via the production of enterotox-
ins in the small intestine, leading to a longer incuba-
tion period [26]. In some FBOs, the strains had short
incubation periods (0—3 hours) without involvement of

www.eurosurveillance.org

emetic strains. We hypothesise that those strains might
be responsible for rapid vomiting despite absence of
the ces gene as previously described [27], or alterna-
tively that the emetic toxin was concomitantly ingested
with the contaminated food in addition to a ces-nega-
tive strain, or that unknown factors were responsible
for vomiting symptoms.

Diarrhoeal diseases are often associated with B. cereus
counts of 105 to 108 cells or spores [28]. In our study,
concentrations below 103 CFU/g were found in 12 of 57
foods related to diarrhoeal FBOs. This challenges the
concept of @ minimum infectious dose for B. cereus in
diarrhoeal FBOs. A mathematical model based on sys-
tematic data collection of B. cereus concentrations in
food implicated in outbreaks could be developed for
dose-response assessment, in order to quantify infec-
tivity associated with single cells [29]. Levels of at least
105 CFU/g have generally been reported in the incrimi-
nated food linked to an emetic syndrome [30]. In our
study, levels of as few as 400 CFU/g were implicated.
This could be explained by cereulide’s strong resist-
ance to various treatments, underlining the importance
of quantifying cereulide in foods. We cannot exclude
the possibility that the CFUs recovered from leftover
food accurately corresponded to the initial ingested
CFUs. Indeed, food processing and storage before tests
may have injured vegetative bacteria. However, we sus-
pect that the spores, which are resistant to storage, are
likely to be responsible for food-borne infections.

The genetic diversity of B. cereus strains involved in
FBOs was revealed in our study by characterisation of
strains based on the detection of the genes encoding
cereulide, diarrhoeic toxins (Nhe, Hbl, CytK-1 and CytK-
2) and Haemolysin (Hlyll) and by phylogenetic classifi-
cation. A total of 12 pathogenicity signatures based on



genetic features of the strains were identified. Emetic
strains were clustered in GS3, and possessed both the
ces gene and the nhe genes. This corroborates with
the M13 patterns, showing a high clonality of the GS3
group. Surprisingly, all the GS3 strains were unable to
hydrolyse starch, although they were mostly found in
starchy foods, as published elsewhere [31]. An atypical
ces-positive strain was classified in GS11, characterised
by the presence of the cytk-2 gene and the absence of
Nhe production, despite detection of nhe genes (data
not shown). This strain was detected once in the analy-
sis of FBO 41, together with a strain belonging to GS4.
Such atypical emetic strains have been described [25].

The diarrhoeic strains were more polymorphic than the
emetic strains, displaying nine different genetic signa-
tures, although six accounted for 84% (105/125) of the
strains. Genes encoding Nhe were present in all GSs,
but had variable Nhe production (data not shown), sug-
gesting that other factors may be involved in patho-
genicity. GS1 (nhe genes only) and GS2 (nhe, hbl and
cytk2) were the most prevalent GSs and may have a
large impact on human health: they were present in
28% (20/74) and 31% (23/74) of FBOs, respectively.
This is consistent with previous findings showing 28%
and 24% of B. cereus strains belonging to GS1 and GS2,
respectively [13]. Unlike GS1 strains, which were divided
into three different phylogenetic groups, all GS2 strains
belonged to phylogenetic group IV. These strains pro-
duce high concentrations of Hbl, are strongly cytotoxic
to Caco2 cells and are more prevalent among strains
responsible for food poisoning [12]. These characteris-
tics might partially explain the pathogenic potential of
strains of GS2, although a synergistic effect of Hbl and
Nhe on pathogenicity was not observed [32].

GS7 contained all the B. cytotoxicus strains carrying the
cytk-1 gene, which were related to phylogenetic group
VII. Strains carrying cytk-1 were mainly found in veg-
etable purees, corroborating results of a study show-
ing that 35% of B. cereus strains found in commercial
potato products taken on retail level or from catering
establishments, possess cytk-1 [33].

Several studies suggest that the pathogenic potential
of group VI strains is very low [12]. In our study, these
GS8 strains were involved in two FBOs in association
with other strains belonging to GS2 and GSy, (FBO 7
and 13, respectively). Thus, it was not proven that GS8
strains were responsible for the symptoms. However,
FBO 40, with 18 human cases, was caused by a unique
GS8 strain, suggesting a virulence potential of this
group [12].

Taken together, assignation of the strains according to
genetic signature showed a high genetic diversity of B.
cereus strains involved in FBOs and their pathogenic
potential. Our results underline that B. cereus is a food-
borne pathogen with a substantial impact on human
health that should be investigated when a FBO is sus-
pected. We propose an approach based on reported
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symptoms and incubation period. Particular attention
should be given to vegetables and starchy food during
the sampling as part of the investigation. We recom-
mend collecting at least five colonies from each food
sample potentially contaminated with B. cereus, with
different morphologies, as several B. cereus with dif-
ferent genetic characteristics may be present in the
same food product.
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