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The Bacillus cereus pathogenic spectrum ranges from strains used as probiotics to human-lethal strains. However, prediction of
the pathogenic potential of a strain remains difficult. Here, we show that food poisoning and clinical strains can be differentiated
from harmless strains on the basis of host colonization phenotypes.

acillus cereus is an emerging human food-borne pathogen (1).

B. cereus-induced gastroenteritis is generally mild, but bloody
diarrhea and emetic poisoning leading to some fatal cases have
been reported (2). B. cereus is also associated with severe local and
systemic human infections, such as endophthalmitis, pneumonia,
and meningitis, posing a public health problem (3, 4). The patho-
genic spectrum of B. cereus ranges from strains that are used as
probiotics to humans to lethal, highly toxic strains (5, 6). B. cereus
is thus complex, harboring strains differing considerably in terms
of their economic and sanitary importance. It is therefore impor-
tant to determine the extent to which pathogenic strains can be
distinguished from nonpathogenic strains. At the chromosomal
level, the reasons for this strong heterogeneity are unknown and
there are currently no specific markers for unambiguously differ-
entiating pathogenic from harmless strains. Indeed, the genetic
studies carried out to date have been inconclusive and, regardless
of the diseases they cause, all strains seem to carry genes encoding
at least one of the known diarrheal toxins (Nhe, Hbl, CytK) (7).
Although the diarrheal toxin production seems on average higher
in strains involved in diarrhea (7), highly toxic strains do not
express these toxins (6, 7), and other factors are involved during
the infection process. For example, HlyIl, which causes macro-
phage death (8), is found in pathogenic strains, although its prev-
alence in such strains is only about 30% (9). Thus, although these
markers provide indications as to the pathogenic potential of a
given strain, they do not yet explain the pathogenicity of all strains
and are not sufficient to differentiate them. In the absence of spe-
cific markers, our objective was to develop new criteria for the
identification of pathogenic strains.

The pathogenicity of B. cereus is dependent on its ability to
colonize and persist in the host and subsequently to invade tissues.
This encompasses mechanisms for colonization and overcoming
primary defense mechanisms (10-12). We therefore aimed to link
different colonization/resistance phenotypes to virulence to try to
identify traits that could be used to differentiate between patho-
genic and harmless strains. For this purpose, we used a B. cereus
strain collection representative of its pathological diversity in hu-
mans. We compared 25 strains with no history of involvement in
food poisoning (NP) with 29 strains known to have caused food
poisoning outbreaks of different origins (FP) or to be associated
with other clinical independent nongastrointestinal diseases (C)
(Table 1). All strains were grown in laboratory medium (14) at
30°C, under agitation, to mid-exponential growth phase, and for
each strain, we assessed motility, adhesion to epithelial cells, cyto-
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toxicity, biofilm formation, antimicrobial peptide (AMP) resis-
tance, and virulence in an insect model of infection. For each
group, the mean value of each phenotype is shown (Fig. 1A). In
addition, a threshold value was defined (median value of all
strains) for each phenotype and the percentage of strains with
values above the threshold is given (Fig. 1B). Differences between
the B. cereus groups were analyzed by the pairwise Student # test or
by the Pearson chi-square analysis.

Motility of the strains was assessed by measuring the zones of
bacterial growth on soft agar plates (15). NP strains were generally
less motile than FP and C strains (Fig. 1A). With respect to the
threshold value (Fig. 1B), 30% of the NP strains were considered
motile, whereas 53% and 80% of pathogenic strains (FP and C,
respectively) were motile (P < 0.02).

Adhesion of the strains to epithelial cells was assessed as previ-
ously described (16). All NP strains displayed low levels of adhe-
sion to epithelial cells (not shown). The mean adhesion level for
this group was significantly lower (P < 0.004) than that for patho-
genic strains (Fig. 1A). Only 20% of the NP strains adhered to
epithelial cells, whereas more than 70% of the pathogenic strains
adhered to epithelial cells (Fig. 1B).

Cytotoxicity of culture supernatants was evaluated by the
trypan blue dye method (17, 18). The pathogenic strains (FP and
C) were highly toxic to human cells (more than 80% of the
strains), whereas cytotoxicity was detected for only 12% of the NP
strains (P < 0.001; Fig. 1B). On average, NP strains were much less
toxic (20% cell mortality) than FP or C strains (about 80% cell
mortality; Fig. 1A). Adhesion, motility, and cytotoxicity may
enable the bacteria to colonize their host, lyse specific tissues,
disseminate, and reach deeper tissues. It is therefore not sur-
prising that these properties confer on the strains a higher
pathogenic potential.

Biofilm formation is a microbial survival strategy allowing cells
to survive in hostile conditions and providing resistance to natural
host defenses (19). Biofilm formation at the liquid-air interface

Received 25 October 2012 Accepted 25 October 2012
Published ahead of print 7 November 2012

Address correspondence to Nalini Ramarao, nalini.ramarao@jouy.inra.fr, or Vincent
Sanchis, vincent.sanchis@jouy.inra.fr.

Copyright © 2013, American Society for Microbiology. All Rights Reserved.
doi:10.1128/JCM.02848-12

January 2013 Volume 51 Number 1


http://dx.doi.org/10.1128/JCM.02848-12
http://jcm.asm.org

TABLE 1 Strain collection, origin, and genetic group

Pathogenic profile and Reference or

genetic group Strain Source” source”
Nonpathogenic (NP)
I INRA BC’ Vegetable 7
INRA BN Vegetable 13
111 INRA PF Milk protein 7,13
INRA PA Milk protein 7,13
v INRA A3 Starch 13
123 Cooked apple 13
113 Cooked rice 13
12 Dried fruit 7,13
\% SB’ Vegetable field 13
111 Cooked food 13
VI INRA 1 Pasteurized zucchini 7,13
puree
INRA 5 Pasteurized zucchini 7,13
puree
INRA BK Vegetable 7
INRA BL Vegetable 7
INRA C1 Pasteurized vegetables 7, 13
INRA C46 Pasteurized vegetables 7
INRA C64 Pasteurized vegetables 7
INRA C74 Pasteurized vegetables 7, 13
ADRIA I3 Cooked foods 7,13
ADRIA 120 Cooked foods 7,13
ADRIA 121 Cooked foods 7,13
INRA SL' Soil 7,13
INRA SO Soil 7,13
INRA SV Soil 7,13
WSBC 10204  Pasteurized milk 13
Food poisoning (FP)
11 NVH 0861/00  Diarrheal outbreak 7,13
111 NVH 0500/00  Diarrheal outbreak 7,13
NVH 0075/95  Diarrheal outbreak 13
NVH 1519/00  Diarrheal outbreak 13
F3371/93 Diarrheal outbreak 7,13
F4433/73 Diarrheal outbreak 7,13
LMG 17615 Diarrheal outbreak 7
(F289/78)
NVH 200 Diarrheal outbreak 13
v NVH 0230/00  Diarrheal outbreak 7,13
NVH 1230/88  Diarrheal outbreak 7,13
98HMPL63 Diarrheal outbreak 7,13
F2081A/98 Diarrheal outbreak 7,13
F352/90 Diarrheal outbreak 7,13
F4430/73 Diarrheal outbreak 7,13
Vil NVH 0391/98  Diarrheal outbreak 7,13
Clinical nongastrointestinal
infection (C)
1I AH1125 Human c
II1 DSM 4222 Human, postoperative 7, 13
(F837/76) infection
AH728 Human, urine c
AHS825 Human, periodontitis c
AH1127 Human, eye C
AHI1131 Human, eye [
B06_007 Human, cutaneous c
B06_018 Human, peritoneal c
v AH726 Human, urine c
AH1293 Human, blood c
B06_019 Human, wound c
B06_034 Human C
B06_036 Human, blood c
v B06_015 Human, drainage tube ¢

@ All diarrheal outbreaks were independent; all human strains were isolated from
different patients.

b ¢, University of Oslo Bacillus cereus group MultiLocus Sequence Typing website
(http://mlstoslo.uio.no).

was assessed for each strain, on polyvinyl chloride (PVC) micro-
titer plates, by crystal violet staining (20). On PVC plates, the
pellicle is lost during the staining procedure and the biofilm quan-
tified corresponds mainly to the ring formed in the microtiter
wells. In all three groups, approximately 40 to 50% of the strains
were able to form biofilms (Fig. 1B) of highly heterogeneous in-
tensity (see standard errors in Fig. 1A), with no clear difference
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between groups. The ability to form biofilms might be a general
fitness characteristic for B. cereus, required for the persistence of
strains in various environments such as the host intestinal tract,
food matrices, or hospital facilities. Thus, it is not possible to iden-
tify pathogenic strains on the basis of this characteristic. However,
it is not excluded that biofilms might be involved in host coloni-
zation. In Staphylococcus aureus, biofilms are involved in infec-
tious processes (21), and a probiotic strain of Bacillus subtilis
requires biofilm-forming abilities to protect rodents from entero-
pathogenic Escherichia coli (22).

Host cells produce several bactericidal antimicrobial peptides,
which are able to damage microbial membranes (23). Polymyxin
B, a standard cyclic AMP (24), was used to allow a large-scale
screening of the collection. Susceptibility to polymyxin B was eval-
uated by determining the inhibitory concentration of polymyxin
B that reduces inoculum viability by 50% (ICs,). Bacterial growth
was scored after inoculation of the strains at an initial optical
density at 600 nm (ODy,,) of 0.1 and incubation at 30°C for 6 h.
The mean ICs, was slightly higher (P < 0.05) in FP strains than in
NP strains (Fig. 1A). However, fewer FP strains than NP and C
strains displayed polymyxin B resistance (Fig. 1B), indicating that
only a small number of FP strains displayed a high ICs,,.

The virulence potential of the strains was assessed in vivo using
the Galleria mellonella insect model as previously described (25).
Defense mechanisms against bacterial infections are sufficiently
similar in invertebrates and mammals to allow the use of inverte-
brates as infection models for mammalian pathogens (26). The FP
and C strains were significantly more virulent in insects (70% and
87%, respectively) than the NP strains (Fig. 1A), and the C strains
were more virulent than the FP strains. Furthermore, a much
higher proportion of the C strains than of the NP strains were
highly virulent (100% and 24%, respectively; P < 0.001) (Fig. 1B).
Only 50% of the FP strains induced mortality levels of more than
65% (threshold value). However, 95% of FP and 100% of C strains
had virulence values of more than 40%, versus only 48% of the NP
strains (not shown).

We also used pairwise correlation analysis to investigate the
correlations between the various phenotypes tested (Fig. 2). Cor-
relation coefficients were calculated together with their 95% con-
fidence intervals. Virulence in insects was found to be positively
correlated with (i) motility (P < 0.0001), (ii) cytotoxicity (P =
0.0003), (iii) adhesion (P = 0.0014), and (iv) resistance to poly-
myxin B (P = 0.037). Thus, all these properties likely contribute to
virulence. Adhesion was also correlated with cytotoxicity (P =
0.0006), suggesting that the adhesion of B. cereus to epithelial cells
may lead to a local increase in the concentrations of extracellular
membrane-active proteins potentially involved in B. cereus patho-
genesis. No significant correlations were found between the other
combinations of phenotypes (P > 0.05).

A principal component analysis was performed to determine
how strains cluster in a 2-dimensional scatterplot according to
phenotype combinations. We plotted the strains according to
their coordinates in the principal component 1 (PC1) and 2 (PC2)
systems. PC1 corresponded to adhesion, motility, cytotoxicity,
and virulence. PC2 corresponded to biofilm formation and mo-
tility (Fig. 3). Using this coordinate system, two groups of strains
could be distinguished (green and red forms). Thus, taking the
four phenotypes (adhesion to epithelial cells, motility, cytotoxic-
ity, and virulence in insects) into account, all the FP and C strains
(with the exception of one FP strain) were separated from the NP
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FIG 1 Phenotypic analyses of representative B. cereus strains. (A) Quantitative mean values * standard deviations for motility, epithelial cell adhesion, cytotoxicity,
biofilm formation, polymyxin B resistance, and virulence in the model insect G. mellonella for each group of strains. NP, nonpathogenic strains; FP, food poisoning
strains; C, clinical strains. Bars with different letters (a, b, ¢) indicate significant differences in their mean values (P < 0.005). Results are the means of results of at least three
independent experiments. (B) Frequencies of strains positive for each of the tested phenotypes in the various B. cereus groups. NP, nonpathogenic strains; FP, food
poisoning strains; C, clinical strains. Frequencies were calculated relative to a threshold value defined for each phenotype as the median value for all strains.

strains. The second group included only two NP strains. These
strains (from soil and from milk) have pathogenic properties and
may therefore have been wrongly classified as nonpathogenic. The
soil strain might be pathogenic when in contact with a host. The
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FIG 2 Pairwise correlation between the virulence phenotypes and statistical sig-
nificance of the correlation coefficients. Each phenotype was compared to each of
the others in pairwise tests, and correlation coefficients were determined for each
pair of phenotypes. *, P < 0.05; **, P < 0.005; ***, P < 0.0001; NS, not significant.
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FIG 3 Principal component analysis. PCI corresponds to a combination of
adhesion, motility, cytotoxicity, and virulence in insects. PC2 corresponds to
biofilm formation and motility. Each B. cereus strain was plotted according to
its values in PC analysis. Green, red, and blue spots correspond to NP, FP, and
C strains, respectively.
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strain isolated from milk did not induce food poisoning infec-
tions, and either the bacterial quantity in the food was not suffi-
cient to induce pathology or the people who ingested the food
were not sensitive to this strain.

All together, our results demonstrate that disease-causing
strains (gastrointestinal, local, or systemic diseases) can be differ-
entiated from nonhazardous strains on the basis of several colo-
nization phenotypes. This finding is new, because there has been a
tendency to consider B. cereus an opportunistic pathogen, with all
strains having virulence potential and disease severity mainly de-
pendent on host immune system efficiency/deficiency. Host im-
mune status probably plays a role in disease development, but we
show here that there are significant differences in virulence capac-
ity between the strains. These findings highlight the true patho-
genic potential of this bacterial species.

Moreover, we have identified phenotypic characteristics of
representative B. cereus strains that can be used to distinguish
between pathogenic and innocuous strains. This finding is of great
potential value for the food industry and hospitals. Indeed, the
isolation of a B. cereus strain in these environments must be taken
seriously, and an assessment of the virulence potential of strains is
important for surveillance and outbreak investigation purposes. A
molecular investigation should now be performed to identify the
genetic determinants responsible for these phenotypes and to cor-
relate toxin (e.g., Hbl, Nhe, etc.) or other colonization/virulence
(FIhA, CwpEM, InhA, etc.) factor production (27-29) with strain
toxicity.

We hope that our findings on the virulence traits of the various
B. cereus strains will improve our understanding of the pathoge-
nicity of B. cereus, thereby making it possible to improve both
clinical diagnosis and food safety.
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