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In recent years Bacillus cereus has gained increasing importance as a food poisoning

pathogen. It is the eponymous member of the B. cereus sensu lato group that consists of

eight closely related species showing impressive diversity of their pathogenicity. The high

variability of cytotoxicity and the complex regulatory network of enterotoxin expression

have complicated efforts to predict the toxic potential of new B. cereus isolates. In

this study, comprehensive analyses of enterotoxin gene sequences, transcription, toxin

secretion and cytotoxicity were performed. For the first time, these parameters were

compared in a whole set of B. cereus strains representing isolates of different origin

(food or food poisoning outbreaks) and of different toxic potential (enteropathogenic and

apathogenic) to elucidate potential starting points of strain-specific differential toxicity.

While toxin gene sequences were highly conserved and did not allow for differentiation

between high and low toxicity strains, comparison of nheB and hblD enterotoxin gene

transcription and Nhe and Hbl protein titers revealed not only strain-specific differences

but also incongruence between toxin gene transcripts and toxin protein levels. With

one exception all strains showed comparable capability of protein secretion and so far,

no secretion patterns specific for high and low toxicity strains were identified. These

results indicate that enterotoxin expression is more complex than expected, possibly

involving the orchestrated interplay of different transcriptional regulator proteins, as

well as posttranscriptional and posttranslational regulatory mechanisms plus additional

influences of environmental conditions.

Keywords: Bacillus cereus, enterotoxins, Nhe, Hbl, host cell cytotoxicity, food poisoning

Introduction

Bacillus cereus has become a hygienic and technological problem of increasing importance in the
food industry. It is ubiquitous, produces heat resistant endospores and is able to form biofilms
(Wijman et al., 2007; Stenfors Arnesen et al., 2008; Nam et al., 2014). Due to its lipo- and proteolytic
properties it plays an important role in food spoilage (Andersson et al., 1995), but themain problem
is the production of toxins, which are responsible for food poisoning. In 2011, the number of
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B. cereus-associated food poisoning outbreaks within the
European Union increased by 122% (Anonymous, 2013).
Various efforts have been made to predict the toxic potential
of newly isolated strains. The B. cereus sensu lato group
consists of eight closely related species, i.e., B. cereus, Bacillus
anthracis, Bacillus thuringiensis, Bacillus weihenstephanensis,
Bacillus mycoides, Bacillus pseudomycoides, Bacillus cytotoxicus,
and Bacillus toyonensis. Highly toxic as well as non-toxic strains
exist among most of these species. Guinebretière et al. (2008)
further divided the B. cereus group into seven phylogenetic
groups and subgroups (Guinebretière et al., 2008). For B.
cereus sensu lato, the most commonly used method in routine
diagnostics is the detection and quantification of colonies on
selective culture media such as PEMBA or MYP according
to international standards (Ehling-Schulz and Messelhäusser,
2013), which does not allow to distinguish the species of the
B. cereus group. Therefore, only presumptive B. cereus can be
detected (ISO 7932). While molecular methods for quantification
of B. cereus have been established, no differentiation between
living and dead cell or between spores and vegetative cells could
be achieved (Martinez-Blanch et al., 2009; Ceuppens et al., 2010;
Dzieciol et al., 2013). Currently, the molecular detection of
toxin genes rather than species differentiation is applied (Ehling-
Schulz and Messelhäusser, 2013). Toward this end, multiplex
PCR systems for the detection of nhe, hbl, cytK, and ces have been
established (Guinebretière et al., 2002; Fricker et al., 2007;Wehrle
et al., 2009). However, the presence or absence of toxin genes does
not allow to reliably infer the toxic potential, as highly variable
amounts of toxins are produced in strains sharing the same toxin
genes (Dietrich et al., 2005; Jeßberger et al., 2014).

A peptide synthetase, encoded by ces, produces the emetic
toxin cereulide, the causative agent of the emetic syndrome
leading to vomiting (Ehling-Schulz et al., 2005b; Stenfors
Arnesen et al., 2008). Due to its resistance against heat, acids
and proteolysis, it can’t be inactivated by heat treatment of
contaminated food samples or during stomach passage (Ehling-
Schulz et al., 2004). The amount of preformed cereulide present
in foods can consequently be used as an indicator for the toxic
potential and thus for the consumer’s risk (Ehling-Schulz and
Messelhäusser, 2013). Currently, an ISO method for quantitative
detection of cereulide in food samples (EU-CEN action: TC
257/WG6) is under development.

Enteropathogenic B. cereus cause diarrhea due to the
production of enterotoxins in the human intestine. This occurs
after viable bacteria or most likely spores are ingested together
with contaminated foods (Clavel et al., 2004; Ceuppens et al.,
2012). So far, the two three component enterotoxin complexes
Nhe (non haemolytic enterotoxin, Lund and Granum, 1996)
and Hbl (haemolysin BL, Beecher et al., 1995) have been
described, as well as the single protein CytK (cytotoxin K,
Lund et al., 2000). Only very few strains bear the highly toxic
variant CytK1 and these are classified as a separate species,
B. cytotoxicus (Guinebretière et al., 2013). The nhe genes are
present in all enteropathogenic B. cereus strains analyzed so far.
The hbl operon is present in approximately 50% of the strains,
whereas its prevalence seems to be higher in clinical and food
isolates (Guinebretière et al., 2002; Ehling-Schulz et al., 2005a;

Moravek et al., 2006). Prediction of toxicity is based on the
quantification of the enterotoxin components in B. cereus culture
supernatants. Currently, three test systems are commercially
available, detecting the enterotoxin components Hbl L2, NheA, as
well as NheB andHbl L2, respectively. However, resultsmay often
be inappropriate for evaluating the risk of contaminated food
samples, as the enterotoxins, unlike the emetic toxin cereulide,
are largely produced in the intestine.

According to recent studies, further virulence factors such as
sphingomyelinase, haemolysin II or exoproteases contribute to
pathogenicity. A role of sphingomyelinase as a virulence factor
against insects and murine intestinal epithelial cells as well as
its interaction with Nhe have been reported (Doll et al., 2013).
HlyII was shown to induce in vitro and in vivo apoptosis to
macrophages (Tran et al., 2011). In another study, hlyII was
preferably found in pathogenic B. cereus, and inhA1 and nprA
expression (both genes encoding metalloproteases) was higher in
pathogenic than in non-pathogenic strains (Cadot et al., 2010).

So far, it is still not clear why toxin production and thus
toxicity is so highly variable among different B. cereus strains.
Thus, we aimed to explore whether distinct bacterial (genetic)
factors, mechanisms or regulatory levels can be identified upon
which high and low toxicity of enteropathogenic B. cereus
strains can be distinguished unequivocally. Therefore, we chose
a representative set of B. cereus isolates and characterized
it with respect to enterotoxin gene presence, sequence and
transcription as well as protein secretion, enterotoxin production
and cytotoxicity.

Materials and Methods

Bacterial Strains, Growth Conditions, and
Sample Preparation
All B. cereus strains used in this study are listed in Table 1

and Supplemental Table S1. Strains were grown at 30◦C on
CGY plates or in CGY broth. Unless stated otherwise, 30ml
cultures were inoculated from 17 h pre-cultures, and were
grown in 300ml Erlenmeyer flasks with 125 rpm at 30◦C. For
determination of enterotoxin production and toxicity, all strains
listed in Table S1 were routinely grown for 6 h in CGY medium,
inoculated with an optical density at 600 nm (OD600) of 0.2. For
growth tests in this study, CGY medium was inoculated with a
17 h pre-culture to an OD600 of 0.05 and OD600 was recorded
every 30min. 5 milliliter (at 2 h) and 3ml (at 6 h) samples were
taken and centrifuged for 15min at RT and 3500 rpm. Cell pellets
were immediately frozen at −80◦C and used for preparation of
RNA and measurement of intracellular protein concentrations.
Supernatants were filtered through 0.2µm filters and separated
for measurement of extracellular protein concentrations and
enterotoxin production. For the latter, 1mM EDTA was added
to the culture supernatant. Supernatants were frozen and stored
at−20◦C. All growth tests and sample preparations were carried
out in triplicates.

Cell Lines and Culture Conditions
CaCo-2 cells were from DSMZ (German Collection of
Microorganisms and Cell Cultures, Braunschweig, Germany)
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TABLE 1 | Set of the 19 B. cereus strains used in this study.

B. cereus strain Origin Genotype Toxin gene profiling Toxin Toxicity

clade (group) titer NheB Vero
ces hbl nhe cytK2 hlyII inhA1 nprA profile

14294-3 (M6) Ice cream Food I (III) − + + + − + + A m m

SDA KA96 Raw milk Food I (III) − + + + − + + A hi hi

INRA A3 Starch Food II (IV) − + + + − + + A lo lo

INRA C3 Past. Carrot Food II (IV) − + + + − + + A hi hi

6/27/S Human feces Diarrheal II (IV) − + + + − + + A m m

F3175/03 (D7) Human feces Diarrheal II (IV) − + + + − + + A hi m

RIVM BC 934 Lettuce Food II (IV) − + + + − + + A lo lo

F528/94 Beef and chow mein

and rice, food

poisoning outbreak

Diarrheal I (II) − + + − + + + C lo lo

F837/76 Human,

postoperative

infection

hbl reference I (III) − + + − + + + C hi hi

RIVM BC 126 Human feces Diarrheal I (II) − + + − − + + C hi hi

MHI86 Infant food Food I (III) − − + + − + + D lo lo

F4429/71 Vanilla pudding Diarrheal I (III) − − + + − + + D hi hi

RIVM BC 964 Kebab Food II (IV) − − + + + + + D hi hi

F3162/03 (D8) * Human feces Clinical I (III) − − + + − + + D lo hi

MHI226 ** Milk and milk

products

Food I (III) − − + − + + + F lo lo

NVH 0075−95 Stew with vegetables,

foodpoisoning

nhe reference I (III) − − + − − + + F hi hi

WSBC10035 Past. Milk Food I (III) − − + − − + + F hi hi

RIVM BC 90 Human feces Diarrheal I (III) − − + − − + + F lo lo

7/27/S Human feces Diarrheal I (III) − − + − − + + F hi hi

Genotyping was performed by sequence analyses of the genetic markers spoIIIAB and panC, toxin profiling by PCR analyses using specific primers for ces, enterotoxin genes and

virulence factors, toxin titers were determined by sandwich EIAs against NheB and toxicity was analyzed by WST-1-bioassay on Vero cells. Isolates were classified highly (hi), medium

(m) or low (lo) toxic according to their cytotoxicity (hi: >500; m: 250-500; lo: <250) and NheB titers (hi: >4000; m: 2000-4000; lo: <2000).

*, strain showed high toxicity but particularly low NheB titers due to binding failure of mab 2B11 in sandwich EIA (A. Didier, in preparation).

**, sequence analysis revealed a truncated hbl operon; as strain is not able to produce Hbl L2 and Hbl B protein (negative in EIAs), it was allocated to profile F.

and Vero cells from ECACC (European Collection of Cell
Cultures). Both cell lines were cultured in media recommended
by the supplier and as described elsewhere (Jeßberger et al.,
2014).

Toxin Gene Profiling and Sequence Typing
Total DNA was isolated using the MasterPure™ Gram Positive
DNA Purification Kit (Epicentre). Detection of nhe, hbl, cytK
and ces was performed by multiplex PCR (Ehling-Schulz et al.,
2006). The sporulation stage IIIAB gene (spoIIIAB) was used
as a genetic locus for sequence typing and classification of B.
cereus isolates to clades (Ehling-Schulz et al., 2005a; Ehling-
Schulz and Messelhäusser, 2013). Therefore, sequences were
aligned using CLUSTAL X software (Thompson et al., 2002)
and cluster analysis of aligned sequences was performed by
TREECON using UPGMA method for inferring tree topology
(Van De Peer and De Wachter, 1997). Alternatively sequence
typing and clade classification was carried out by using
the pantothenate synthetase gene panC (Guinebretière et al.,
2008).

Comparison of Toxin Operon Nucleotide and
Amino Acid Sequences
Nucleotide sequences of nheABC and hblCDA were obtained
from a de novo genome sequencing approach (MiSeq R©

Reagent Kit v2, 500 cycles, Illumina) (Böhm et al., in
preparation), identified via BLASTN algorithm and compared
using CloneManager 7. Multiple amino acid sequence alignments
of single Nhe and Hbl enterotoxin components were constructed
with Clustal Omega v1.2.0 (Sievers et al., 2011). Signal peptide
sequences were predicted using the SignalP 4.1 server (Petersen
et al., 2011).

RNA Isolation, cDNA Synthesis, and Quantitative
Real-time PCR (qRT-PCR)
Isolation of total RNA and DNAse I digestion was performed as
previously described (Dommel et al., 2010). Using the random
primers of the qScript cDNA Supermix (Quanta Biosciences),
first strand synthesis of 1mg of total RNA was performed.
qRT-PCR was done as reported repeatedly and the 2−11CT

method was used for calculation of relative gene expression
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(Livak and Schmittgen, 2001; Lücking et al., 2009; Dommel
et al., 2010). Primer amplification efficiencies (E) were in the
desirable range (E = 1.7 − 2.1) for all primer pairs listed in
Table S2 as evaluated according to the equation E = 10(−1/slope)

(Pfaffl et al., 2002). 16S rrn transcription levels determined
by qRT-PCR (Martineau et al., 1996) served as the reference
control for normalization applying the 2−11CT method (Livak
and Schmittgen, 2001). This method is based on the following
formula: amount of target transcript= 2−11CT with−11CT =

−(1CT(sample) − 1CT(calibrator)) = − ((CT(reference gene) −

CT(target gene))sample − (CT(reference gene) − CT(target gene))calibrator).
CT denotes the cycle number of the amplification reaction
that exceeds the quantification threshold of the instrument.
To determine the relative transcription of a target gene, rrn-
normalized transcription level of a sample (1CT(sample)) was
set relative to the transcript level of an external calibrator
(1CT(calibrator)) and multiplied with 100 to obtain relative
transcription in percent [%]. Expression level of the hblD gene
of the toxin reference strain B. cereus F837/76 at 6 h served as
calibrator that was set to 100% (log-2 = 0), all other transcript
levels were compared to this condition using the 2−11CT

method.

Enzyme Immunoassays (EIAs)
The enterotoxin components NheB and Hbl L2, L1 and B were
detected in indirect and sandwich enzyme immunoassays as
described elsewhere (Dietrich et al., 1999, 2005; Moravek et al.,
2006). For NheB detection, the sandwich EIA using mabs 2B11
and 1E11-HRP or the indirect EIA using only mab 1E11 were
performed. Titers were defined as the reciprocal of the highest
dilutions resulting in an absorbance value of ≥1.0.

WST-1 Bioassays
WST-1 bioassays were performed as previously described
(Dietrich et al., 1999, 2005; Didier et al., 2012; Jeßberger et al.,
2014). Characterization of the toxic activity of the 136 B. cereus
strains was carried out on Vero cells, as this assay is used in
our routine B. cereus diagnostic. For the 19 strains in this study,
the human colon carcinoma cell line CaCo-2 was further used.
For detection, the optical density at 450 nm was measured with a
Tecan photometer. With Ridawin software dose-response curves
and thus 50% inhibitory concentrations were calculated, shown
as reciprocal titers.

Propidium Iodide (PI) Influx Studies
Enterotoxin-induced pore formation in the membranes of CaCo-
2 cells was measured by propidium iodide influx tests as
described before (Jeßberger et al., 2014). For each B. cereus
strain, a specific curve (increase of fluorescence per time)
was obtained, of which the value of the highest linear slope
was calculated. Strains were compared according to those
values.

Quantification of Total Protein Amount
Extracellular proteins were obtained from culture supernatants.
For isolation of intracellular proteins cell pellets were
resuspended in 50mM Tris, pH 7,5 and disrupted by two
passages through a French Pressure cell press (2 kbar). The

soluble proteins were collected by centrifugation (15.000 rpm,
45min, 4◦C). Intra- and extracellular protein concentrations
were quantified by Roti-Nanoquant Kit (Roth) inmicrotiterplates
according to the manufacturer’s instructions. Colorimetric
reactions were measured with Infinite F200 reader (Tecan)
at wavelengths of 610/450 nm. Protein concentrations were
determined by quotient of optical densities OD610/450 referred
to internal standard generated by Quick Start Bovine Serum
Albumin Standard (Biorad).

Isolation of Extracellular Protein Extracts for
Gelelectrophoretic Separation
Protein extracts were precipitated by addition of ice-cold
trichloroacetic acid solution to a final concentration of 10%
(v/v) overnight at 4◦C. Precipitated proteins were centrifuged
(1 h, 10.000 rpm, 4◦C) and protein pellet was washed 3 times
with acetone. Pellets were dried overnight at 4◦C and finally
resuspended in DIGE lysis buffer (7M Urea, 2M Thiourea, 4%
(w/v) CHAPS, 30mM Tris, pH 8.5).

DIGE Labeling and SDS PAGE
For differential comparison of secretion patterns 5µg of protein
extracts per sample were labeled with CyDye Fluor minimal dyes
(GE Healthcare) according to the manufacturer’s instructions.
Protein extracts of low toxin producing strains were labeled
with Cy5, extracts of high toxin producing strains were labeled
with Cy3. Afterwards samples of corresponding low and high
toxic strains were pooled, reduced with Laemmli sample buffer
containing 0,5M DTT for 10min on ice, and alkylated with 14%
(w/v) iodoacetamide for 10min at room temperature. Finally
labeled protein extracts were separated by SDS PAGE using
SE600 vertical electrophoresis system (Hoefer). Fluorescence
images were scanned with a Typhoon 9400 imager (GE
Healthcare).

Statistical Analyses
Mean values and standard deviations (SD) were calculated from
at least three independent experiments each. For statistical
analysis, 2-tailed Student’s t test was used, where applicable,
to determine statistically significant differences by Microsoft
Excel. Graphs of raw data were plotted using Microsoft Excel
or GraphPad Prism (version 6.0). Spearman correlation was
calculated using SigmaStat 3.5.

Results

Selection of the B. cereus Strain Set
For selection of the B. cereus strain set to be used in this
study, 136 isolates from the strain collections of our institutes
were characterized according to their genetic toxin profile.
Additionally, they were classified to be of high, medium
or low toxicity according to their cytotoxicity in routinely
performedWST-1 bioassays onVero cells and their production of
enterotoxin component NheB (Table S1). 19 of these strains were
selected for genome sequencing (Böhm et al., in preparation) and
growth, enterotoxin gene transcription, enterotoxin production,
protein secretion, and cytotoxicity were studied. The genetic
relationship of the strains is depicted in Figure S1. The strains
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were of different origins (food or food poisoning outbreaks),
of different genetic toxin profiles and of either high or low
toxic activity (Table 1). Strains involved in food poisoning
outbreaks were isolated either from the contaminated food or
from patient feces. Also, the presence of hlyII, inhA1, and nprA
was considered. Originally, equal numbers of strains per toxin
profile were chosen, later two isolates from recent food poisoning
outbreaks in Austria and England were added to profile A.

Strong Genetic Conservation of Enterotoxin
Components
Whole genome sequences of all 19 B. cereus strains were obtained
using a de novo next generation sequencing approach (MiSeq R©,
Illumina R©) (Böhm et al., in preparation). Enterotoxin genes
nheABC and hblCDA were identified via BLASTN analysis using
published nhe and hbl operon sequences from the reference
strains NVH 0075-95 and F837/76 as template. Alignments of
the concatenated operon genes using CloneManager 7 showed
that nucleotide sequences of both enterotoxin operons are highly
conserved over all B. cereus strains investigated. Similarity of
nheABC genes ranges from 93 to 99%, while hblCDA genes
are even more conserved (95–98%). In contrast to all other
hbl encoding strains of the set that harbor the major hblCDAB
operon, B. cereus MHI226 solely possesses the hbla gene variant
(Beecher and Wong, 2000) with a sequence similarity of 80–
81% to the other hblCDA genes. B. cereus MHI226 does not
form a functional Hbl toxin (data not shown) and was therefore
reclassified in toxin profile F (only encoding nheABC). Hbla
(hblCDAa) is present in addition to the major toxin operon
hblCDAB in about one third of all hbl-encoding strains (Böhm et
al., in preparation), as it appears in strains 14294-3 (M6), 6/27/S
and RIVM BC 126. Similarity between hbl and hbla variants
ranges from 75 to 82%.

As a consequence of the pronounced enterotoxin gene
conservation, very high sequence identity can be observed in
multiple amino acid (aa) sequence alignments for all enterotoxin
components (Figures S2, S3). NheB is the most conserved Nhe
component with 15 variable out of 402 aa (3.73%) (Figure S2B),
compared to 35 out of 386 aa (9.07%) in NheA (Figure S2A) and
47 out of 359 aa (13.09%) in NheC (Figure S2C). Hbl L2 exhibits
37 variable out of 439 aa (8.43%) (Figure S3A), Hbl B 24 out of
375 (6.40%) (Figure S3C) and the highly conserved Hbl L1 6 out
of 406 (1.48%) (Figure S3B).

Additionally, amino acid sequences of the putative virulence
factors HlyII, InhA1, NprA, and sphingomyelinase (Cadot et al.,
2010; Tran et al., 2011; Doll et al., 2013) were compared. As for
Nhe, all 19 strains possess the genes for InhA1, NprA and SMase,
while only 21.1% (4 out of 19, among them two high and two
low toxic strains) bear hlyII (Table 1). Thus, hlyII was excluded
from further investigations. The low toxic strain MHI226 even
possesses two hlyII genes. In comparison to the enterotoxins,
InhA1, NprA and SMase are less conserved harboring 11.3%,
9.0% and 16.2% variable aa positions, respectively (data not
shown). Neither comparison of toxin or virulence factor genes,
nor amino acid sequences displayed discriminatory differences
between high and low toxic B. cereus strains or showed any
clustering according to their origin (food, food poisoning, or

feces). These results show that neither presence or absence nor
gene and protein sequences of enterotoxin and virulence factors
provide a basis to assess virulence of a B. cereus strain. Therefore,
it may be suspected that differential toxicity may be due to
regulatory processes at the transcriptional or translational level
of toxin expression.

Highly Similar Growth Kinetics within the B.

cereus Strain Set
For comparative analyses of toxin transcription, production and
secretion, all 19 B. cereus strains were grown under standard
laboratory conditions. In Figure 1, the growth kinetics of strains
grouped according to their toxin profile are shown. In general,
growth kinetics of all B. cereus strains were very similar except
for the low toxicity strain MHI226, which had a more shallow
slope and reached the lowest maximal optical density of OD600

11.9, while OD600max. of all other stains in toxin profile F
ranged between OD600 15.8–23.2 (Figure 1D). Maximal OD600

in toxin profile A (Figure 1A) was between OD600 15.2–27.4,
between OD600 20.0–23.7 in toxin profile C (Figure 1B) and
between OD600 14.6–20.8 in toxin profile D (Figure 1C). Strains
isolated from human feces (6/27/S, F3175/03 (D7), RIVM BC
126, F3162/04 (D8), RIVM BC 90, 7/27/S) tended to grow to
higher maximal optical densities (OD600 > 20.0) than non-feces
strains of the same toxin profile. However, significant differences
in growth kinetics were only seen for MHI226. To account for
any growth differences, further data were normalized to the
optical density of the respective B. cereus strain at the time point
analyzed.

Strain-dependent Toxin Gene Transcription
Transcription of enterotoxin genes was analyzed using qRT-PCR.
As previously described, B. cereus cytotoxicity strongly correlates
with NheB and Hbl L1 concentrations in the supernatant
(Jeßberger et al., 2014). Therefore, transcript levels (Livak and
Schmittgen, 2001) of the corresponding genes nheB and hblD
were determined. Relative nheB and hblD transcription [%] of
all 19 B. cereus strains is presented in Figures 2A,B, respectively.
In general, relative toxin gene transcription increased from 2 to
6 h in CGY medium, except for B. cereus 14294-3 (M6). Relative
hblD transcription was higher than nheB transcription, except for
strains 14294-3 (M6), RIVM BC 934 and RIVM BC 126 which
showed 2.4 and 3.9-fold increase of nheB over hblD transcription
in 6 h cultures. Unexpectedly, maximum hblD transcription
occurred in F528/94 (Figure 2B), a strain classified as low toxic
in the cytotoxicity assay. Relative transcription was further
normalized to the OD600 and resulting transcription efficiencies
(% transcription/OD600) are depicted in Figures 2C,D. In
contrast to relative toxin transcript levels, toxin transcription
efficiency did not uniformly increase from 2 to 6 h for all
B. cereus strains, but showed strain-dependent kinetics. Eight
strains of toxin profile A, C, D and F and of various origins
showed decreased nheB transcription efficiency in 6 h cultures
compared to 2 h, six strains had increased efficiency and five
were similar at both growth stages (Figure 2C). In contrast,
80% of strains expressing Hbl showed higher hblD transcription
efficiency at 2 h compared to 6 h except for SDA KA96 and
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FIGURE 1 | Growth curves of 19 B. cereus strains grouped according to their toxin profile. (A) toxin profile A (nhe, hbl, cytK), (B) toxin profile C (nhe, hbl), (C)
toxin profile D (nhe, cytK), (D) toxin profile F (nhe). Strains were grown in CGY medium at 30◦C, 125 rpm. Arrows indicate the time were samples were taken.

F528/94 (Figure 2D). Interestingly, maximal nheB transcription
efficiency was observed in the low toxic strain 14294-3 (M6)
after 2 h in CGY medium, followed by the high toxic strains
F837/76, RIVM BC 126 and F4429/71 (Figure 2C). Highest hblD
transcription efficiency was achieved in 2 h cultures by F837/76,
followed by INRA C3 and 14294-3 (M6) (Figure 2D).

In principle, toxin transcript levels of both nheB and hblD
reflect the classification into high and low toxin producing
strains according to their cytotoxicity (Table 1) to a certain
extent. However, this is not generally the case. Setting a
random threshold of 20% relative nheB and 40% hblD
transcription for strains showing high toxin transcript levels,
high cytotoxic strains F3175/03 (D7), F4429/71, F3162/04 (D8),
WSBC10035, and 7/27/S cannot be considered to transcribe
high levels of nheB, neither RIVM BC 126 for hblD. Moreover,
some strains, e.g., 14294-3 (M6) are low toxic even though
toxin gene transcription efficiency is amongst the highest,
indicating that posttranscriptional and/or posttranslational
regulation plays an important role for the manifestation
of B. cereus toxicity. Furthermore, transcription of inhA1,
sph and nprA, discussed as additional virulence contributors,
proved to be highly strain-dependent (data not shown). In
summary, there was no correlation of a strain’s origin or
genetic toxin profile and its toxin or virulence factor transcript
level.

Strain-specific Enterotoxin Production
Reciprocal titers of the enterotoxin components NheB, Hbl L2,
Hbl L1, and Hbl B in the culture supernatants were determined

performing specific EIAs. As a strong correlation of NheB with
cytotoxicity has already been demonstrated (Moravek et al.,
2006; Jeßberger et al., 2014), titers of NheA or NheC were
not investigated. The productivity for all toxin components was
calculated as titer/OD600 to exclude growth effects (Figure 3).
After 2 h, no Hbl and only trace amounts of NheB protein
were detectable. After 6 h, NheB titers generally confirmed
prior classification into high, medium and low toxin producing
strains (compare Table 1). Only 14294-3 (M6) showed higher
NheB levels than in previous experiments (Figure 3A). Strains
producing high, medium and low amounts of NheB were found
among all toxin profiles as well as among food- and food
poisoning-associated strains. NheB titers of strain F3162/04 (D8)
were determined using only NheB-specific mab 1E11, as this
strain is negative in sandwich EIA (A. Didier, in preparation).
As the indirect EIA is not as sensitive as the sandwich, NheB
production of this strain most likely is higher than detected with
our tools.

The toxin pattern of the three Hbl components was similar
to Nhe, i.e., strains earlier classified as high showed high
amounts of all Hbl components, low strains showed lower
Hbl production (Figures 3B–D). Interestingly, the two strains
6/27/S and F3175/03 (D7) showed similar toxic activity (Table 1
and Figure 6), but a different pattern. While 6/27/S produced
comparably high amounts of Hbl L1 but low amounts of L2
and B, F3175/03 (D7) showed a comparably high titer and
productivity for Hbl L2 but low L1 and B. Strain F528/94 showed
similar Hbl titers compared to strain F837/76, though classified
as a pair of low and high toxicity strains of the same genetic
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FIGURE 2 | Analyses of relative toxin gene transcription and

transcription efficiency of the B. cereus strain set using qRT-PCR and

the 2−11CT method. Total RNA was purified from 19 B. cereus strains
harvested 2 (black) and 6 (gray) h after inoculation in CGY medium. Levels of

nheB (A) and hblD (B) transcript were determined by qRT-PCR, normalized

to 16S rrn levels of the same sample and relative to the transcript level of an

external calibrator. The expression level of hblD of the toxin reference strain

B. cereus F837/76 at 6 h served as calibrator that was set to 100% (log-2 =

0), all other transcript levels (A and B) were compared to this condition using

the 2−11CT method (Livak and Schmittgen, 2001). Transcription efficiency

was calculated as the ratio of mean relative transcript level of nheB (C) and

hblD (D) in % per mean optical density of each strain (compare Figure 1).

toxin profile (Table 1), suggesting that the total toxic activity
as determined by WST-1-bioassays on Vero cells depends on
Nhe rather than Hbl production. As for NheB, no specific
pattern of Hbl production was found among the toxin profiles
or food and food poisoning strains. NheB and Hbl L1 titers
were compared to the transcription levels of their corresponding
genes nheB and hblD using the Spearman correlation test.
Significant dependence (P values < 0.05) of secreted NheB
on relative nheB transcript level could be demonstrated for
all time points investigated. Spearman correlation coefficient
R was 0.817 (2 vs. 2 h), 0.605 (6 vs. 6 h) and 0.600 for
comparing 2 h transcription with 6 h toxin titers. Poor influence
(P > 0.05) of hblD transcription on Hbl L1 titer was
detected.

Comparable Protein Secretion Ability
To analyze whether enterotoxin production generally correlates
with the amount of secreted proteins, total extra- and
intracellular protein concentrations were quantified. Intracellular
protein concentrations were similar among all isolates tested
(data not shown). Extracellular protein contributed to up to
10% of total protein content. 2 h after inoculation, only few
extracellular protein concentrations were detectable (Figure 4A),
while extracellular proteins of about 20–60 ng/µl were isolated
after 6 h of growth under the standard laboratory conditions.
For MHI226 total extracellular protein concentrations of 90
ng/µl were found. Extracellular protein content was normalized
to the optical density of the strains to calculate the efficiency
of protein secretion. As depicted in Figure 4B, all strains,
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FIGURE 3 | Enterotoxin production of the B. cereus strain set as determined by sandwich and indirect EIAs. Reciprocal titres as well as the productivity

(titre/OD600 ) are shown. (A) NheB. (B) Hbl L2. (C) Hbl L1. (D) Hbl B.

except MHI226, showed comparable values. Generally, secretion
efficiency was higher after 6 h of growth than at early growth
phase. Only isolates 14294-3 (M6), F528/94 and NVH0075-95
revealed comparable efficiency values at 2 and 6 h. However, no
significant differences in extracellular protein concentrations or
efficiency of protein secretion were found between low and high
toxic strains.

Exoprotein Profiling by DIGE Analysis
To study secretion patterns of selected B. cereus isolates,
secreted proteins were isolated 6 h after inoculation and

analyzed by SDS-PAGE. Extracellular protein extracts of high
and low toxin producing strains of the same genetic toxin
profile were labeled with fluorescent Cyanine Dyes and
separated in one single lane. Analysis of exoprotein profiles
revealed distinct differences between the B. cereus isolates
(Figure 5). Various proteins were differentially regulated in
high and low toxic strains. However, secretion patterns of
B. cereus isolates show high variability between the strains
and no marker bands specific for high or low toxic strains
could be detected by DIGE analysis. Silver staining of SDS-
PAGE analyzed exoprotein extracts of the remaining 9 strains
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FIGURE 4 | Extracellular protein concentrations and secretion efficiency of the B. cereus strain set. (A) Extracellular protein was quantified 2 and 6 h after

inoculation. (B) To determine the efficiency of protein secretion, extracellular protein concentrations were normalized to the optical density (OD600) of the strains.

confirmed the high variability of secretion patterns (data not
shown).

Strain-specific Cytotoxic Activity
Cytotoxicity assays were performed using the human colon
carcinoma cell line CaCo-2 instead of the routinely used Vero
cells. As a consequence, the classification as high, medium
or low toxic (Table 1) was altered. 14294-3 (M6), RIVM BC
934 and MHI226, former low toxic, now showed relatively
high cytotoxicity in comparison with all strains. On the other
hand, for INRA C3 and F4429/71, former highly toxic strains,
comparably low cytotoxicity titers were obtained (Figure 6A).
Of special interest were the strains F837/76 and F528/94
(high and low toxic, sharing the same genetic enterotoxin
profile). Although F837/76 showed 12 x higher NheB production
than F528/94 (Figure 3A), host cell toxicity was only 1.8 x
increased (Figure 6A). Hbl titers were similar in both strains
(Figures 3B–D), underlining that CaCo-2 cells are more sensitive
to Hbl than Nhe. Our data indicate that results of the WST-1
bioassay depend very much on the target cell line and that for
studying the toxic potential of enteropathogenic B. cereus in the
consumer human colon cell lines such as CaCo-2 must strictly be
used to avoid underestimation of certain strains.

Additionally, propidium iodide influx tests were performed
to determine the speed of pore formation by the enterotoxins.
Strains were compared according to the speed of PI influx

shown as the maximum linear slope of the fluorescence curves
(Figure 6B). Compared to the WST-1 bioassay, almost no
differences between high and low toxic strains appeared, whereas
strains producing Nhe and Hbl caused a significantly faster PI
influx than solely Nhe producing strains. This phenomenon,
as observed before (Jeßberger et al., 2014), suggests that pore
formation in CaCo-2 cell membranes is triggered by the presence
of Hbl and additionally that even low amounts of Hbl cause rapid
PI influx.

Discussion

So far, the reasons why B. cereus strains with identical genetic
toxin profile produce such variable amounts of enterotoxins are
not understood, i.e., it is yet to be investigated at which levels
the varying pathogenic potential originates and is regulated.
Moreover, it is unclear, whether further markers (proteins or
nucleotides) can be identified for the differentiation between
high and low toxic strains. To our knowledge, the presented
study is the first comprehensive analysis of a representative set
of enteropathogenic B. cereus strains that integrates many levels
of toxin formation, from gene sequence to host cell cytotoxicity.

Strain Set
Currently, the most reliable method for predicting the toxic
potential of enteropathogenic B. cereus is the quantification of the
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FIGURE 5 | 1D DIGE exoprotein profiling of selected B. cereus isolates.

Exoproteins were isolated 6 h after inoculation and precipitated by

trichloroacetic acid overnight. Five microgram of protein extracts were labeled

with CyDye Fluor minimal dyes and separated by SDS PAGE. Proteins present

in low toxin producing strains are shown in red (Cy5), proteins present in high

toxin producing strains are displayed in green (Cy3). Similar protein levels are

indicated by yellow bands.

secreted enterotoxins (Guinebretière et al., 2002; Moravek et al.,
2006). This can also be seen in our strain set, which can be divided
into “pairs” of high and low toxic strains with identical genetic
background. For example, INRA A3 and INRA C3, both clade II,
toxin profile A, hlyII−, inhA1+, nprA+, share over 99% and 98%
sequence similarity for Nhe and Hbl, but low vs. high amounts of
the enterotoxin components are found in the respective culture
supernatant. This was also observed for F528/94 (low) and
F837/76 (high), both clade I, toxin profile C, hlyII+, inhA1+,
nprA+, with 96% and 97% sequence similarity for Nhe and Hbl,
respectively. The Nhe toxin components of MHI86 (low) and
F4429/71 (high) (clade I, profile D, hlyII−, inhA1+, nprA+) even
were 100% identical. So far, no connection between a certain
enterotoxin gene profile, i.e., the presence of certain enterotoxin
genes, and the toxic potential was found (Ceuppens et al., 2013).
Even the presence of the PlcR/PapR regulatory system is no

reliable indication for toxic activity (Fagerlund et al., 2007). Our
data suggest that cytotoxicity of B. cereus is rather independent of
toxin gene presence and sequence polymorphisms.

Enterotoxin Gene Transcription
In a first systematic approach we compared enterotoxin gene
expression of a representative B. cereus strain set. Previous studies
compared enterotoxin expression in single B. cereus strains under
varying growth temperature (Van Netten et al., 1990; Fermanian
et al., 1997; Rejasse et al., 2012), oxygen availability (Duport
et al., 2004; Van Der Voort and Abee, 2009), lowered oxidation-
reduction potential (ORP) (Duport et al., 2006; Zigha et al., 2007;
Esbelin et al., 2009) and differing availability of nutrients, for
instance sugars (Ouhib et al., 2006; Ouhib-Jacobs et al., 2009).
In our study, quantification of nheB and hblD mRNA levels at
early exponential and late exponential growth phase/transition
phase by qRT-PCR revealed highly strain-dependent variations
in toxin gene transcript levels and transcription efficiency. It was
further shown that toxin production is only to a certain extent
determined by the level of enterotoxin transcription, which
suggests that further posttranscriptional and posttranslational
processes are involved.

The global virulence regulator PlcR strongly induces
transcription of all enterotoxin genes during entry into the
stationary growth phase (Gohar et al., 2008). PlcR-driven toxin
gene expression might continue until B. cereus faces nutrient
limitation at late stationary growth and undergoes sporulation,
while at the same time plcR transcription is repressed by the
transition state regulator Spo0A (Lereclus et al., 2000). However,
in the present study transcription of nheB and hblD could be
detected as early as 2 h after inoculation, and increased markedly
during exponential growth until 6 h. These results coincide with
the findings of Frenzel et al. (2012) on high plcR transcript levels
during early B. cereus growth phase and reemphasize the direct
positive transcriptional regulation of the enterotoxin operons by
PlcR (Frenzel et al., 2012).

Comparison of the PlcR regulator proteins of our strain set
revealed minor differences, especially in the less conserved C-
terminal part of the protein (data not shown), which is also
truncated in B. anthracis (Agaisse et al., 1999; Gohar et al.,
2005). With the exception of one strain, PlcR of all B. cereus
strains investigated shared between 87 and 100% similarity.
Transcription analysis of the plcR regulator gene for a subset
of B. cereus strains resulted in less pronounced strain-specificity
compared to toxin gene transcription, but demonstrated similar
plcR transcription kinetics for toxin profile A/C and D/F.
Generally, no enhanced plcR transcript levels could be measured
for B. cereus isolates classified as high in contrast to low
toxic strains, except for the pair MHI86 (low) and F4429/71
(high) (Figure S4). Furthermore, no correlation between plcR
transcription and nheB or hblD transcript levels could be
determined. However, another pattern for differentiation of
isolates was found: all four strains of toxin profile A andC showed
increased plcR transcription after 6 h compared to 2 h, while the
remaining six strains of toxin profile D and F transcribed lower
amounts of plcR and tend to decrease plcR transcription at the
later growth stage (Figure S4).
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FIGURE 6 | Analysis of the toxic potential of the B. cereus strain

set. (A) Results of a WST-1 bioassay are shown as reciprocal titres. (B)

Results of a propidium iodide influx test. The maximum linear slope of the

fluorescence curve of each strain is shown. As after 2 h of bacterial

growth no cytotoxicity was detected, only the toxicity after 6 h of growth

is shown.

The present study focused on the comparison of a B. cereus
strain set under identical aerobic culture conditions. Hence,
induction of environment-sensing regulator proteins Fnr, ResDE,
CcpA or CodY (Duport et al., 2006; Zigha et al., 2007; Van Der
Voort et al., 2008; Esbelin et al., 2009, 2012; Messaoudi et al.,
2010) was assumed to be comparable between the strains, their
impact on differential toxin gene expression being negligible.
Furthermore, since Fnr, ResDE, CcpA, and CodY protein
sequences are highly conserved (sequence similarity > 98% and
identity > 96%, data nor shown), variations in functionality
are unlikely to account for strain-specific differences in toxin
gene activation. Also, comparison of the nheABC and hblCDAB
operon promoter regions of the strain set revealed only minor
DNA sequence differences between essential promoter elements
and regulator binding sites, precluding mutations that could
explain single strain nheB or hblD transcript levels (data not
shown).

Enterotoxin gene transcription only partially reflects
our isolates’ actual toxicity, indicating posttranscriptional
and/or translational regulation. Alternative regulation of gene
expression by non-coding RNA molecules is well-known in
bacteria. RNAs might act as antisense RNA or form alternative
structures, so called riboswitches, that promote or inhibit target
gene translation in response to small molecule binding or
temperature changes (for review see Johansson and Cossart,
2003; Batey, 2006). It has been demonstrated that several
virulence determinants of the Gram-positive pathogen Listeria
monocytogenes are controlled posttranscriptionally by long 5′

untranslated RNAs (Wong et al., 2004; Shen and Higgins, 2005;
Loh et al., 2006). Involvement of stabilized mRNA transcripts
in the regulation of cryIIIA toxin gene expression has been
shown in B. thuringiensis and more recently gene control by
riboswitches has been characterized in B. anthracis and B. subtilis
(Welz and Breaker, 2007; Irnov et al., 2010; Wilson-Mitchell
et al., 2012). The observation of unusually long 5′ untranslated
regions (UTR) upstream of the start codons of both enterotoxin
operons that span over 600 bp for Phbl and 300 bp for Pnhe (data
not shown; see also Agaisse et al., 1999) may point to a role
in posttranscriptional regulation via formation of regulatory

mRNA structures. Hence, deciphering a possible function of the
long 5′ UTRs in enterotoxin expression of B. cereus is subject to
ongoing investigations.

Protein Secretion
All 19 B. cereus strains included in this study were capable
of significant protein secretion. Under laboratory growth
conditions all strains showed comparable extracellular protein
concentrations and no differentiation between high and low
toxicity strains were obvious. Thus, a defect in general protein
secretion can be excluded as a potential cause for the low toxicity
of certain strains.

B. cereus enterotoxins are most likely secreted via the sec
translocation pathway (Tjalsma et al., 2004; Fagerlund et al., 2010;
Vörös et al., 2014). Complete amino acid sequence comparisons
performed in our study showed that Sec-type secretion signal
peptides of all Nhe and Hbl enterotoxin components, as
predicted using the SignalP method, are highly conserved, for
NheB and Hbl L1 even up to 100% (Figures S2, S3). Especially,
signal peptidase cleavage sites are identical with the exception
of NheA, where 14294-3 (M6) showed an exchange of the basic
amino acid lysine against the negatively charged, hydrophilic
amino acid residue glutamate K27E (Figure S2A). It has already
been shown that a modification of the signal peptide sequence of
Hbl B within the hydrophobic region leads to loss of secretion
and intracellular accumulation of the protein (Fagerlund et al.,
2010). In our study, most amino acid exchanges could be found
in the signal peptide sequence of NheC and Hbl B. While most
changes are neutral for the charge of the signal peptide sequences
of Nhe and Hbl, some substitutions of the neutral alanine residue
to threonine render the hydrophobic region more hydrophilic:
A19T (NheB), A12T (NheC), A21T (Hbl B) (Figures S2B, S2C,
S3C). However, no correlation of signal peptide mutations with
high and low toxicity was found. Only the signal peptide sequence
of Hbl B in the highly toxic isolate RIVM BC 126 showed several
amino acid residue substitutions that might explain why high
levels of Hbl L1 and Hbl L2 were detected in the secretome
of RIVM BC 126, but only relatively low amounts of Hbl B
(Figure 3).
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Additionally, we compared extra- and intracellular amounts
of NheB and Hbl L1 to exclude potential defects in the
secretory mechanisms of our strains. Though taken in an
independent approach, NheB and Hbl L1 titers in the culture
supernatants were comparable to those in Figure 3. No or only
trace amounts of NheB and Hbl L1 were detectable in the
cytoplasm (data not shown), suggesting that the enterotoxins
of all strains are secreted immediately and effectively after
translation. Furthermore, intracellular titers rose in comparison
to extracellular titers after treatment of the strains with sodium
azide (data not shown), which inhibits the ATPase function of
SecA (according to Fagerlund et al., 2010). This indicates that
the enterotoxins of all 19 strains are indeed secreted via a fully
functional Sec translocation pathway.

Besides enterotoxins, B. cereus secretes a variety of other
proteins such as proteases, phospholipases and other members
of the PlcR regulon (Gohar et al., 2008). For B. anthracis it
has been shown that own bacterial proteases contribute to
virulence by directly degrading anthrax toxins or modulating
concentrations and activity of other extracellular proteases
(Pflughoeft et al., 2014). The proteases InhA1 and NprX can
represent up to 90% of the bacterium’s secretome (Chitlaru
et al., 2006). The concentrations of the respective proteins in
the secretome of the B. cereus strain set cannot be detected so
far, as suitable detection methods (e.g., EIAs based on specific
antibodies) still have to be developed. We suppose it may rather
be possible that the low toxic strains generally secrete higher
levels of proteases, which subsequently degrade the secreted
enterotoxins, than secreting low amounts of enterotoxins and
proteases. Enterotoxin gene expression of strain MHI226 was
hardly detectable, but cytotoxic activity on CaCo-2 cells was
comparably high. Perhaps, the lack of enterotoxin production
was compensated by enhanced protein secretion. Generally,
MHI226 showed quite extraordinary properties concerning
growth, enterotoxin gene expression, toxicity and especially
protein secretion, thus it might be a suitable candidate to further
study the relationship of protein secretion and toxicity in B.
cereus.

Enterotoxin Production and Toxicity
Enterotoxin titers generally confirmed the previous classification
of high, medium and low toxin producing strains. Comparison of
F3162/04 (D8) with the other strains must be done with caution,
as NheB titers were obtained in indirect EIA using only mab
1E11. In preliminary experiments, this strain showed low NheB
production but in comparison to that unusually high cytotoxicity
(Table 1, Table S1). Sequence analyses revealed a point mutation
in the nheB gene resulting in the exchange of amino acid residue
151 from glutamic to aspartic acid. This residue is situated in
direct proximity to the predicted epitope of mab 2B11, which is
used in sandwich EIAs for NheB detection (Didier et al., 2012).
This mutationmight contribute to a loss of 2B11 binding capacity
and thus, detection of the NheB protein, but without affecting its
functionality (A. Didier, in preparation). During selection of our
strain set, three strains (F3162/04 (D8),MHI 124 and HWW274-
1) out of 136 showed this phenomenon, implying that the toxic
potential of 2.2% of all enteropathogenic B. cereus isolates might

be underestimated when NheB production is investigated with
sandwich EIAs based on mab 2B11.

Pearson correlation tests showed significant correlation of
cytotoxicity, obtained with WST-1 bioassays on CaCo-2 cells,
and NheB titers after 6 h of growth (correlation coefficient
0.61). The same WST test was performed on Vero cells (data
not shown), with which NheB titers correlated even better
(correlation coefficient 0.84). This confirmed prior observations
that cytotoxicity depends significantly on NheB production and
that Vero cells are even more sensitive, particularly toward Nhe
and generally to B. cereus culture supernatants than CaCo-2
cells (Moravek et al., 2006; Jeßberger et al., 2014). Nevertheless,
CaCo-2 cells should be used rather than Vero cells to investigate
the cytotoxic activity, as B. cereus enterotoxins operate rather in
the human intestine than in kidney. Furthermore, discrepancies
between high and low toxic strains are bigger on Vero cells,
which might lead to underestimation of putative non-pathogenic
strains. Contrary to earlier studies (Jeßberger et al., 2014) no
significant correlation between Hbl production and cytotoxicity
was found, possibly due to the small number of strains
investigated (10 hbl positive strains). We further observed that
for uncovering the varying toxic potential of different B. cereus
isolates the choice of cytotoxicity assay is very important. While
differences between high and low toxic strains of our strain set
became obvious in WST-1 bioassays, these differences were no
longer detectable when PI influx tests were performed (Figure 6).
The 10 strains expressing Nhe and Hbl showed comparably quick
PI influx and thus pore formation while the 9 strains expressing
only Nhe showed only poor PI influx. This supports the
assumption that, although high sequence homologies between
the Nhe and the Hbl components exist (Granum et al., 1999), the
mode of action and the way of pore assembly and formation of
these two enterotoxin complexes differs significantly.

Conclusion

In summary, our data suggest that the highly variable toxic
potential of B. cereus is determined by complex and dynamic
regulatory processes involving toxin gene transcription strictly
regulated by known regulator proteins as well as strain-specific
posttranscriptional or posttranslational toxin modifications
affecting mRNA stability, translation initiation or protein
durability and, perhaps, resistance to extracellular proteolytic
degradation. Furthermore, high and low toxic strains could not
be correlated with certain groups such as food or food poisoning
isolates or enterotoxin gene profiles. Also, the presence of genes
encoding further putative virulence factors such as hemolysin
II, sphingomyelinase or the metalloproteases InhA1 and NprA
provided no further information to predict high toxicity in B.
cereus strains.

Besides these intrinsic bacterial factors, the condition of the
host (age, immunity, etc.) as well as the composition of the
contaminated food may contribute to the high variability of
enterotoxin production (Ceuppens et al., 2013), which makes the
toxic potential even more difficult to assess and to predict. In
this study, using standard laboratory growth conditions which
are routinely applied for the assessment of B. cereus toxicity,

Frontiers in Microbiology | www.frontiersin.org 12 June 2015 | Volume 6 | Article 560

http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive


Jeßberger et al. Comparative analysis of enteropathogenic B. cereus

no distinct bacterial factors or mechanisms responsible for
the highly variable enterotoxin production and thus cytotoxic
potential were found. Therefore, the question arises whether
enterotoxin production in the intestine is triggered or activated
by environmental factors and whether potentially high and
low toxic strains respond differentially to such factors. We
showed that the pattern of high and low toxic strains was
already altered when an alternative target cell line was used
in cytotoxicity assays (CaCo-2 instead of Vero). It may be
speculated that this pattern is further influenced by growth
of bacteria under simulated intestinal instead of standard
laboratory conditions or in the presence of colon epithelial
cells.

Acknowledgments

This research project was supported by the German Ministry of
Economics and Energy (via AiF) and the FEI (Forschungskreis
der Ernährungsindustrie e.V., Bonn). Project AiF 17506 N. We
thank Scharifa Bornschier, Christine Braig, RomyWecko, Tatjana
Svoboda and Cornelia Berger for excellent technical assistance.

Supplementary Material

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fmicb.
2015.00560/abstract

References

Agaisse, H., Gominet, M., Okstad, O. A., Kolsto, A. B., and Lereclus, D. (1999).

PlcR is a pleiotropic regulator of extracellular virulence factor gene expression

in Bacillus thuringiensis. Mol. Microbiol. 32, 1043–1053. doi: 10.1046/j.1365-

2958.1999.01419.x

Andersson, A., Ronner, U., and Granum, P. E. (1995). What problems does

the food industry have with the spore-forming pathogens Bacillus cereus and

Clostridium perfringens? Int. J. FoodMicrobiol. 28, 145–155. doi: 10.1016/0168-

1605(95)00053-4

Anonymous. (2013). The European Union summary report on trends and sources

of zoonoses, zoonotic agents and food-borne outbreaks 2011. EFSA J. 11:3129.

doi: 10.2903/j.efsa.2013.3129

Batey, R. T. (2006). Structures of regulatory elements in mRNAs. Curr. Opin.

Struct. Biol. 16, 299–306. doi: 10.1016/j.sbi.2006.05.001

Beecher, D. J., Schoeni, J. L., and Wong, A. C. (1995). Enterotoxic activity of

hemolysin BL from Bacillus cereus. Infect. Immun. 63, 4423–4428.

Beecher, D. J., and Wong, A. C. (2000). Tripartite haemolysin BL: isolation and

characterization of two distinct homologous sets of components from a single

Bacillus cereus isolate.Microbiology 146(Pt 6), 1371–1380.

Cadot, C., Tran, S. L., Vignaud, M. L., De Buyser, M. L., Kolsto, A. B., Brisabois, A.,

et al. (2010). InhA1, NprA, and HlyII as candidates for markers to differentiate

pathogenic from nonpathogenic Bacillus cereus strains. J. Clin. Microbiol. 48,

1358–1365. doi: 10.1128/JCM.02123-09

Candelon, B., Guilloux, K., Ehrlich, S. D., and Sorokin, A. (2004). Two distinct

types of rRNA operons in the Bacillus cereus group.Microbiology 150, 601–611.

doi: 10.1099/mic.0.26870-0

Ceuppens, S., Boon, N., Rajkovic, A., Heyndrickx, M., Van De Wiele, T., and

Uyttendaele, M. (2010). Quantification methods for Bacillus cereus vegetative

cells and spores in the gastrointestinal environment. J. Microbiol. Methods 83,

202–210. doi: 10.1016/j.mimet.2010.09.009

Ceuppens, S., Boon, N., and Uyttendaele, M. (2013). Diversity of Bacillus cereus

group strains is reflected in their broad range of pathogenicity and diverse

ecological lifestyles. FEMS Microbiol. Ecol. 84, 433–450. doi: 10.1111/1574-

6941.12110

Ceuppens, S., Uyttendaele, M., Drieskens, K., Rajkovic, A., Boon, N., andWiele, T.

V. (2012). Survival of Bacillus cereus vegetative cells and spores during in vitro

simulation of gastric passage. J. Food Prot. 75, 690–694. doi: 10.4315/0362-

028X.JFP-11-481

Chitlaru, T., Gat, O., Gozlan, Y., Ariel, N., and Shafferman, A. (2006). Differential

proteomic analysis of the Bacillus anthracis secretome: distinct plasmid and

chromosome CO2-dependent cross talk mechanisms modulate extracellular

proteolytic activities. J. Bacteriol. 188, 3551–3571. doi: 10.1128/JB.188.10.3551-

3571.2006

Clavel, T., Carlin, F., Lairon, D., Nguyen-The, C., and Schmitt, P. (2004).

Survival of Bacillus cereus spores and vegetative cells in acid media simulating

human stomach. J. Appl. Microbiol. 97, 214–219. doi: 10.1111/j.1365-2672.2004.

02292.x

Didier, A., Dietrich, R., Gruber, S., Bock, S., Moravek, M., Nakamura, T., et al.

(2012). Monoclonal antibodies neutralize Bacillus cereus Nhe enterotoxin by

inhibiting ordered binding of its three exoprotein components. Infect. Immun.

80, 832–838. doi: 10.1128/IAI.05681-11

Dietrich, R., Fella, C., Strich, S., and Märtlbauer, E. (1999). Production

and characterization of monoclonal antibodies against the hemolysin BL

enterotoxin complex produced by Bacillus cereus. Appl. Environ. Microbiol. 65,

4470–4474.

Dietrich, R., Moravek, M., Burk, C., Granum, P. E., and Märtlbauer, E. (2005).

Production and characterization of antibodies against each of the three subunits

of the Bacillus cereus nonhemolytic enterotoxin complex. Appl. Environ.

Microbiol. 71, 8214–8220. doi: 10.1128/AEM.71.12.8214-8220.2005

Doll, V. M., Ehling-Schulz, M., and Vogelmann, R. (2013). Concerted action

of sphingomyelinase and non-hemolytic enterotoxin in pathogenic Bacillus

cereus. PLoS ONE 8:e61404. doi: 10.1371/journal.pone.0061404

Dommel, M. K., Frenzel, E., Strasser, B., Blochinger, C., Scherer, S., and Ehling-

Schulz, M. (2010). Identification of the main promoter directing cereulide

biosynthesis in emetic Bacillus cereus and its application for real-time

monitoring of ces gene expression in foods. Appl. Environ. Microbiol. 76,

1232–1240. doi: 10.1128/AEM.02317-09

Duport, C., Thomassin, S., Bourel, G., and Schmitt, P. (2004). Anaerobiosis and

low specific growth rates enhance hemolysin BL production by Bacillus cereus

F4430/73. Arch. Microbiol. 182, 90–95. doi: 10.1007/s00203-004-0688-y

Duport, C., Zigha, A., Rosenfeld, E., and Schmitt, P. (2006). Control of enterotoxin

gene expression in Bacillus cereus F4430/73 involves the redox-sensitive ResDE

signal transduction system. J. Bacteriol. 188, 6640–6651. doi: 10.1128/JB.00702-

06

Dzieciol, M., Fricker, M., Wagner, M., Hein, I., and Ehling-Schulz, M. (2013).

A novel diagnostic real-time PCR assay for quantification and differentiation

of emetic and non-emetic Bacillus cereus. Food Control 32, 176–185. doi:

10.1016/j.foodcont.2012.11.010

Ehling-Schulz, M., Fricker, M., and Scherer, S. (2004). Bacillus cereus, the causative

agent of an emetic type of food-borne illness.Mol. Nutr. Food Res. 48, 479–487.

doi: 10.1002/mnfr.200400055

Ehling-Schulz, M., Guinebretière, M. H., Monthan, A., Berge, O., Fricker, M.,

and Svensson, B. (2006). Toxin gene profiling of enterotoxic and emetic

Bacillus cereus. FEMS Microbiol. Lett. 260, 232–240. doi: 10.1111/j.1574-

6968.2006.00320.x

Ehling-Schulz, M., and Messelhäusser, U. (2013). Bacillus “next generation”

diagnostics: moving from detection toward subtyping and risk-related strain

profiling. Front. Microbiol. 4:32. doi: 10.3389/fmicb.2013.00032

Ehling-Schulz, M., Svensson, B., Guinebretière, M. H., Lindbäck, T., Andersson,

M., Schulz, A., et al. (2005a). Emetic toxin formation of Bacillus cereus is

restricted to a single evolutionary lineage of closely related strains.Microbiology

151, 183–197. doi: 10.1099/mic.0.27607-0

Ehling-Schulz, M., Vukov, N., Schulz, A., Shaheen, R., Andersson, M.,

Märtlbauer, E., et al. (2005b). Identification and partial characterization

of the nonribosomal peptide synthetase gene responsible for cereulide

Frontiers in Microbiology | www.frontiersin.org 13 June 2015 | Volume 6 | Article 560

http://journal.frontiersin.org/article/10.3389/fmicb.2015.00560/abstract
http://journal.frontiersin.org/article/10.3389/fmicb.2015.00560/abstract
http://journal.frontiersin.org/article/10.3389/fmicb.2015.00560/abstract
http://journal.frontiersin.org/article/10.3389/fmicb.2015.00560/abstract
http://journal.frontiersin.org/article/10.3389/fmicb.2015.00560/abstract
http://journal.frontiersin.org/article/10.3389/fmicb.2015.00560/abstract
http://journal.frontiersin.org/article/10.3389/fmicb.2015.00560/abstract
http://journal.frontiersin.org/article/10.3389/fmicb.2015.00560/abstract
http://journal.frontiersin.org/article/10.3389/fmicb.2015.00560/abstract
http://journal.frontiersin.org/article/10.3389/fmicb.2015.00560/abstract
http://journal.frontiersin.org/article/10.3389/fmicb.2015.00560/abstract
http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive


Jeßberger et al. Comparative analysis of enteropathogenic B. cereus

production in emetic Bacillus cereus.Appl. Environ. Microbiol. 71, 105–113. doi:

10.1128/AEM.71.1.105-113.2005

Esbelin, J., Armengaud, J., Zigha, A., and Duport, C. (2009). ResDE-dependent

regulation of enterotoxin gene expression in Bacillus cereus: evidence for

multiple modes of binding for ResD and interaction with Fnr. J. Bacteriol. 191,

4419–4426. doi: 10.1128/JB.00321-09

Esbelin, J., Jouanneau, Y., and Duport, C. (2012). Bacillus cereus Fnr binds a [4Fe-

4S] cluster and forms a ternary complex with ResD and PlcR. BMC Microbiol.

12:125. doi: 10.1186/1471-2180-12-125

Fagerlund, A., Brillard, J., Furst, R., Guinebretière, M. H., and Granum, P. E.

(2007). Toxin production in a rare and genetically remote cluster of strains of

the Bacillus cereus group. BMCMicrobiol. 7:43. doi: 10.1186/1471-2180-7-43

Fagerlund, A., Lindbäck, T., and Granum, P. E. (2010). Bacillus cereus cytotoxins

Hbl, Nhe and CytK are secreted via the Sec translocation pathway. BMC

Microbiol. 10:304. doi: 10.1186/1471-2180-10-304

Fermanian, C., Lapeyre, C., Fremy, J. M., and Claisse, M. (1997). Diarrhoeal toxin

production at low temperature by selected strains of Bacillus cereus. J. Dairy

Res. 64, 551–559. doi: 10.1017/S0022029997002379

Frenzel, E., Doll, V., Pauthner, M., Lücking, G., Scherer, S., and Ehling-Schulz, M.

(2012). CodY orchestrates the expression of virulence determinants in emetic

Bacillus cereus by impacting key regulatory circuits. Mol. Microbiol. 85, 67–88.

doi: 10.1111/j.1365-2958.2012.08090.x

Fricker, M., Messelhäusser, U., Busch, U., Scherer, S., and Ehling-Schulz, M. (2007).

Diagnostic real-time PCR assays for the detection of emetic Bacillus cereus

strains in foods and recent food-borne outbreaks. Appl. Environ. Microbiol. 73,

1892–1898. doi: 10.1128/AEM.02219-06

Gohar, M., Faegri, K., Perchat, S., Ravnum, S., Okstad, O. A., Gominet, M., et al.

(2008). The PlcR virulence regulon of Bacillus cereus. PLoS ONE 3:e2793. doi:

10.1371/journal.pone.0002793

Gohar, M., Gilois, N., Graveline, R., Garreau, C., Sanchis, V., and Lereclus,

D. (2005). A comparative study of Bacillus cereus, Bacillus thuringiensis

and Bacillus anthracis extracellular proteomes. Proteomics 5, 3696–3711. doi:

10.1002/pmic.200401225

Granum, P. E., O’sullivan, K., and Lund, T. (1999). The sequence of the non-

haemolytic enterotoxin operon from Bacillus cereus. FEMSMicrobiol. Lett. 177,

225–229. doi: 10.1111/j.1574-6968.1999.tb13736.x

Guinebretière, M. H., Auger, S., Galleron, N., Contzen, M., De Sarrau, B.,

De Buyser, M. L., et al. (2013). Bacillus cytotoxicus sp. nov. is a novel

thermotolerant species of the Bacillus cereus Group occasionally associated

with food poisoning. Int. J. Syst. Evol. Microbiol. 63, 31–40. doi: 10.1099/ijs.0.

030627-0

Guinebretière, M. H., Broussolle, V., and Nguyen-The, C. (2002). Enterotoxigenic

profiles of food-poisoning and food-borne Bacillus cereus strains. J. Clin.

Microbiol. 40, 3053–3056. doi: 10.1128/JCM.40.8.3053-3056.2002

Guinebretière, M. H., Thompson, F. L., Sorokin, A., Normand, P., Dawyndt, P.,

Ehling-Schulz, M., et al. (2008). Ecological diversification in the Bacillus cereus

Group. Environ. Microbiol. 10, 851–865. doi: 10.1111/j.1462-2920.2007.01495.x

Irnov, I., Sharma, C. M., Vogel, J., and Winkler, W. C. (2010). Identification of

regulatory RNAs in Bacillus subtilis. Nucleic Acids Res. 38, 6637–6651. doi:

10.1093/nar/gkq454

Jeßberger, N., Dietrich, R., Bock, S., Didier, A., and Märtlbauer, E. (2014).

Bacillus cereus enterotoxins act as major virulence factors and exhibit

distinct cytotoxicity to different human cell lines. Toxicon 77, 49–57. doi:

10.1016/j.toxicon.2013.10.028

Johansson, J., and Cossart, P. (2003). RNA-mediated control of virulence

gene expression in bacterial pathogens. Trends Microbiol. 11, 280–285. doi:

10.1016/S0966-842X(03)00118-5

Lereclus, D., Agaisse, H., Grandvalet, C., Salamitou, S., and Gominet, M. (2000).

Regulation of toxin and virulence gene transcription in Bacillus thuringiensis.

Int. J. Med. Microbiol. 290, 295–299. doi: 10.1016/S1438-4221(00)80024-7

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression

data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method.

Methods 25, 402–408. doi: 10.1006/meth.2001.1262

Loh, E., Gripenland, J., and Johansson, J. (2006). Control of Listeria

monocytogenes virulence by 5’-untranslated RNA. Trends Microbiol. 14,

294–298. doi: 10.1016/j.tim.2006.05.001

Lücking, G., Dommel, M. K., Scherer, S., Fouet, A., and Ehling-Schulz, M. (2009).

Cereulide synthesis in emetic Bacillus cereus is controlled by the transition

state regulator AbrB, but not by the virulence regulator PlcR.Microbiology 155,

922–931. doi: 10.1099/mic.0.024125-0

Lund, T., De Buyser, M. L., and Granum, P. E. (2000). A new cytotoxin from

Bacillus cereus that may cause necrotic enteritis. Mol. Microbiol. 38, 254–261.

doi: 10.1046/j.1365-2958.2000.02147.x

Lund, T., and Granum, P. E. (1996). Characterisation of a non-haemolytic

enterotoxin complex from Bacillus cereus isolated after a foodborne

outbreak. FEMS Microbiol. Lett. 141, 151–156. doi: 10.1111/j.1574-6968.1996.

tb08377.x

Martineau, F., Picard, F. J., Roy, P. H., Ouellette, M., and Bergeron, M. G. (1996).

Species-specific and ubiquitous DNA-based assays for rapid identification of

Staphylococcus epidermidis. J. Clin. Microbiol. 34, 2888–2893.

Martinez-Blanch, J. F., Sanchez, G., Garay, E., and Aznar, R. (2009). Development

of a real-time PCR assay for detection and quantification of enterotoxigenic

members of Bacillus cereus group in food samples. Int. J. Food Microbiol. 135,

15–21. doi: 10.1016/j.ijfoodmicro.2009.07.013

Messaoudi, K., Clavel, T., Schmitt, P., and Duport, C. (2010). Fnr mediates

carbohydrate-dependent regulation of catabolic and enterotoxin

genes in Bacillus cereus F4430/73. Res. Microbiol. 161, 30–39. doi:

10.1016/j.resmic.2009.11.003

Moravek,M., Dietrich, R., Buerk, C., Broussolle, V., Guinebretière,M.H., Granum,

P. E., et al. (2006). Determination of the toxic potential of Bacillus cereus isolates

by quantitative enterotoxin analyses. FEMS Microbiol. Lett. 257, 293–298. doi:

10.1111/j.1574-6968.2006.00185.x

Nam, H., Seo, H. S., Bang, J., Kim, H., Beuchat, L. R., and Ryu, J. H. (2014). Efficacy

of gaseous chlorine dioxide in inactivating Bacillus cereus spores attached to

and in a biofilm on stainless steel. Int. J. Food Microbiol. 188, 122–127. doi:

10.1016/j.ijfoodmicro.2014.07.009

Ouhib, O., Clavel, T., and Schmitt, P. (2006). The production of Bacillus cereus

enterotoxins is influenced by carbohydrate and growth rate. Curr. Microbiol.

53, 222–226. doi: 10.1007/s00284-006-0094-6

Ouhib-Jacobs, O., Lindley, N. D., Schmitt, P., and Clavel, T. (2009). Fructose and

glucose mediates enterotoxin production and anaerobic metabolism of Bacillus

cereus ATCC14579(T). J. Appl. Microbiol. 107, 821–829. doi: 10.1111/j.1365-

2672.2009.04254.x

Petersen, T. N., Brunak, S., Von Heijne, G., and Nielsen, H. (2011). SignalP 4.0:

discriminating signal peptides from transmembrane regions. Nat. Methods 8,

785–786. doi: 10.1038/nmeth.1701

Pfaffl, M. W., Horgan, G. W., and Dempfle, L. (2002). Relative expression

software tool (REST) for group-wise comparison and statistical analysis of

relative expression results in real-time PCR. Nucleic Acids Res. 30:e36. doi:

10.1093/nar/30.9.e36

Pflughoeft, K. J., Swick, M. C., Engler, D. A., Yeo, H. J., and Koehler, T. M. (2014).

Modulation of the Bacillus anthracis Secretome by the Immune Inhibitor A1

Protease. J. Bacteriol. 196, 424–435. doi: 10.1128/JB.00690-13

Rejasse, A., Gilois, N., Barbosa, I., Huillet, E., Bevilacqua, C., Tran, S., et al. (2012).

Temperature-dependent production of various PlcR-controlled virulence

factors in Bacillus weihenstephanensis strain KBAB4. Appl. Environ. Microbiol.

78, 2553–2561. doi: 10.1128/AEM.07446-11

Shen, A., and Higgins, D. E. (2005). The 5’ untranslated region-mediated

enhancement of intracellular listeriolysin O production is required for

Listeria monocytogenes pathogenicity. Mol. Microbiol. 57, 1460–1473. doi:

10.1111/j.1365-2958.2005.04780.x

Sievers, F., Wilm, A., Dineen, D., Gibson, T. J., Karplus, K., Li, W., et al. (2011).

Fast, scalable generation of high-quality protein multiple sequence alignments

using Clustal Omega.Mol. Syst. Biol. 7, 539. doi: 10.1038/msb.2011.75

Stenfors Arnesen, L. P., Fagerlund, A., and Granum, P. E. (2008). From soil to gut:

Bacillus cereus and its food poisoning toxins. FEMSMicrobiol. Rev. 32, 579–606.

doi: 10.1111/j.1574-6976.2008.00112.x

Thompson, J. D., Gibson, T. J., and Higgins, D. G. (2002). Multiple sequence

alignment using ClustalW and ClustalX. Curr. Protoc. Bioinformatics Chapter

2, Unit 2 3. doi: 10.1002/0471250953.bi0203s00

Tjalsma, H., Antelmann, H., Jongbloed, J. D., Braun, P. G., Darmon, E., Dorenbos,

R., et al. (2004). Proteomics of protein secretion by Bacillus subtilis: separating

the “secrets” of the secretome. Microbiol. Mol. Biol. Rev. 68, 207–233. doi:

10.1128/MMBR.68.2.207-233.2004

Tran, S. L., Guillemet, E., Ngo-Camus, M., Clybouw, C., Puhar, A., Moris, A.,

et al. (2011). Haemolysin II is a Bacillus cereus virulence factor that induces

Frontiers in Microbiology | www.frontiersin.org 14 June 2015 | Volume 6 | Article 560

http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive


Jeßberger et al. Comparative analysis of enteropathogenic B. cereus

apoptosis of macrophages. Cell. Microbiol. 13, 92–108. doi: 10.1111/j.1462-

5822.2010.01522.x

Van De Peer, Y., and De Wachter, R. (1997). Construction of evolutionary

distance trees with TREECON for Windows: accounting for variation in

nucleotide substitution rate among sites.Comput. Appl. Biosci. 13, 227–230. doi:

10.1093/bioinformatics/13.3.227

Van Der Voort, M., and Abee, T. (2009). Transcriptional regulation of metabolic

pathways, alternative respiration and enterotoxin genes in anaerobic growth

of Bacillus cereus ATCC 14579. J. Appl. Microbiol. 107, 795–804. doi:

10.1111/j.1365-2672.2009.04252.x

Van Der Voort, M., Kuipers, O. P., Buist, G., De Vos, W. M., and Abee, T. (2008).

Assessment of CcpA-mediated catabolite control of gene expression in Bacillus

cereus ATCC 14579. BMCMicrobiol. 8:62. doi: 10.1186/1471-2180-8-62

Van Netten, P., Van DeMoosdijk, A., Van Hoensel, P., Mossel, D. A., and Perales, I.

(1990). Psychrotrophic strains of Bacillus cereus producing enterotoxin. J. Appl.

Bacteriol. 69, 73–79. doi: 10.1111/j.1365-2672.1990.tb02913.x

Vörös, A., Simm, R., Slamti, L., Mckay, M. J., Hegna, I. K., Nielsen-Leroux, C.,

et al. (2014). SecDF as part of the Sec-translocase facilitates efficient secretion

of Bacillus cereus toxins and cell wall-associated proteins. PLoS ONE 9:e103326.

doi: 10.1371/journal.pone.0103326

Wehrle, E., Moravek, M., Dietrich, R., Burk, C., Didier, A., and Märtlbauer, E.

(2009). Comparison of multiplex PCR, enzyme immunoassay and cell culture

methods for the detection of enterotoxinogenic Bacillus cereus. J. Microbiol.

Methods 78, 265–270. doi: 10.1016/j.mimet.2009.06.013

Welz, R., and Breaker, R. R. (2007). Ligand binding and gene control

characteristics of tandem riboswitches in Bacillus anthracis. RNA 13, 573–582.

doi: 10.1261/rna.407707

Wijman, J. G., De Leeuw, P. P., Moezelaar, R., Zwietering, M. H., and

Abee, T. (2007). Air-liquid interface biofilms of Bacillus cereus: formation,

sporulation, and dispersion. Appl. Environ. Microbiol. 73, 1481–1488. doi:

10.1128/AEM.01781-06

Wilson-Mitchell, S. N., Grundy, F. J., and Henkin, T. M. (2012). Analysis of lysine

recognition and specificity of the Bacillus subtilis L box riboswitch. Nucleic

Acids Res. 40, 5706–5717. doi: 10.1093/nar/gks212

Wong, K. K., Bouwer, H. G., and Freitag, N. E. (2004). Evidence implicating the

5’ untranslated region of Listeria monocytogenes actA in the regulation of

bacterial actin-based motility. Cell. Microbiol. 6, 155–166. doi: 10.1046/j.1462-

5822.2003.00348.x

Zigha, A., Rosenfeld, E., Schmitt, P., and Duport, C. (2007). The redox

regulator Fnr is required for fermentative growth and enterotoxin synthesis

in Bacillus cereus F4430/73. J. Bacteriol. 189, 2813–2824. doi: 10.1128/JB.

01701-06

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2015 Jeßberger, Krey, Rademacher, Böhm, Mohr, Ehling-Schulz, Scherer

and Märtlbauer. This is an open-access article distributed under the terms of

the Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s) or licensor

are credited and that the original publication in this journal is cited, in accordance

with accepted academic practice. No use, distribution or reproduction is permitted

which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 15 June 2015 | Volume 6 | Article 560

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

	From genome to toxicity: a combinatory approach highlights the complexity of enterotoxin production in Bacillus cereus
	Introduction
	Materials and Methods
	Bacterial Strains, Growth Conditions, and Sample Preparation
	Cell Lines and Culture Conditions
	Toxin Gene Profiling and Sequence Typing
	Comparison of Toxin Operon Nucleotide and Amino Acid Sequences
	RNA Isolation, cDNA Synthesis, and Quantitative Real-time PCR (qRT-PCR)
	Enzyme Immunoassays (EIAs)
	WST-1 Bioassays
	Propidium Iodide (PI) Influx Studies
	Quantification of Total Protein Amount
	Isolation of Extracellular Protein Extracts for Gelelectrophoretic Separation
	DIGE Labeling and SDS PAGE
	Statistical Analyses

	Results
	Selection of the B. cereus Strain Set
	Strong Genetic Conservation of Enterotoxin Components
	Highly Similar Growth Kinetics within the B. cereus Strain Set
	Strain-dependent Toxin Gene Transcription
	Strain-specific Enterotoxin Production
	Comparable Protein Secretion Ability
	Exoprotein Profiling by DIGE Analysis
	Strain-specific Cytotoxic Activity

	Discussion
	Strain Set
	Enterotoxin Gene Transcription
	Protein Secretion
	Enterotoxin Production and Toxicity

	Conclusion
	Acknowledgments
	Supplementary Material
	References


