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Toxins of Foodborne Pathogen Bacillus cereus and the Regulatory Factors
Controlling the Biosynthesis of Its Toxins

(Toksin daripada Patogen Bawaan Makanan Bacillus cereus dan Faktor Kepengawalaturan yang Mengawal
Biosintesis Toksinnya)
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ABSTRACT

Bacillus cereus is a versatile organism which causes two distinct types of food poisoning by producing toxins. Toxin
formation in B. cereus is very much a complex process involving co-regulation of multiple genes exerting control at
transcriptional, translational and post-translational level and such regulations too are often influenced by extrinsic
factors. A comprehensive understanding of such factors is very crucial for holistic approaches and strategies in order
to minimise food poisoning risk. Hence, this review will focus on the intrinsic and extrinsic factors controlling toxin
biosynthesis in B. cereus.
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ABSTRAK

Bacillus cereus adalah organisma serba boleh yang menyebabkan dua jenis keracunan makanan yang berbeza dengan
menghasilkan toksin. Pembentukan toksin dalam B. cereus merupakan satu proses yang sangat kompleks melibatkan
pengawalaturan pelbagai gen yang menjalankan kawalan pada tahap transkripsi, translasi and pascatranslasi manakala
pengawalaturan tersebut sering dipengaruhi oleh faktor ekstrinsik. Pemahaman yang komprehensif mengenai faktor
tersebut adalah sangat penting untuk pendekatan dan strategi yang holistik bagi mengurangkan risiko keracunan
makanan. Oleh itu, tinjauan ini akan memberi tumpuan pada faktor intrinsik dan ekstrinsik yang mengawal biosintesis
toksin dalam B. cereus.

Kata kunci: Bacillus cereus, enterotoksin; gastroenteritis, gen kevirulenan, toksin emetik

INTRODUCTION of thermoduric spores of pathogenic Bacillus and

Formation of endospores and biofilm in several Bacillus ~ hydrophobicity of spores have always remained a big

species (Majed et al. 2016; Oh & Cox 2010) serves as a
survival strategy to adapt to the changes in environment
and in turn, has paved the way for the evolution of these
organisms (Guinebretiere et al. 2013; Majed et al. 2016).
This is clearly reflected in terms of diversity of DNA
sequences and gene expression of genus Bacillus as well
as their wide spectrum of phenotypic characteristics
which enable them to inhabit various ecological niches
(Ehling-Schulz et al. 2015).

Although most of the Bacillus species are regarded
as harmless contaminants, the subsequent outgrowth

challenge to the food and dairy industries (Oh & Cox
2010; Soni et al. 2016). B. cereus is the most predominant
species of genus Bacillus and is found ubiquitously in
various environments such as soil, plant roots, sediments,
dust, and water (Oh & Cox 2010; Rouzeau-Szynalski et
al. 2020; Tewari et al. 2015). As a result of its ubiquitous
distribution, B cereus easily enters food processing and
production chains, and contaminate several food products
(Tewari et al. 2015) such as cooked rice, vegetables, meats,
spices and dairy products (Carter et al. 2018; Svensson et
al. 2007; Yu et al. 2020).
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The pathogenic strains of B. cereus are responsible for
several non-gastrointestinal (Bottone et al. 2010) and
gastrointestinal illnesses (Carroll et al. 2019). Pertaining to
the gastrointestinal illnesses, B. cereus acts as a causative
agent of food poisoning which can be categorised into
emetic or diarrheal depending on the illnesses caused upon
ingestion of contaminated foods (Carroll et al. 2019). The
emetic syndrome which is caused by heat-stable emetic
(cereulide) toxin, usually exhibits symptoms such as
vomiting and nausea (Yu et al. 2020), occurring after 0.5
to 6 h of ingestion of contaminated foods (Liicking et al.
2015).

Diarrheal syndrome is characterised by abdominal
pain, cramps and diarrhea after 8 to 16 h of ingestion
(Svensson et al. 2007). This form of food poisoning is
caused by a group of heat-labile enterotoxins such as
haemolysin BL (Hbl), nonhaemolytic enterotoxin (Nhe)
cytotoxin K (CytK), and enterotoxin FM (EntFM) (Carter
et al. 2018). The B. cereus toxins (emetic or diarrheal)
usually cause less severe symptoms though certain highly
severe cases involving hospitalisations and deaths were
reported (Ehling-Schulz et al. 2015). The variations in
severity of B. cereus illnesses from one outbreak to
another, certainly indicate that toxin formation in B. cereus
is highly complex and factors involved in such highly
complex regulations of toxin synthesis are discussed
herewith.

EMETIC TOXIN OF B. cereus AND ITS REGULATORY
FACTORS EMETIC TOXIN

Emetic toxin is also known as cereulide, which is a small,
hydrophobic and cyclic dodecadepsipeptide (D-O-Leu-
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D-Ala-L-O-Val-L-Val), (Ehling-Schulz et al. 2005; Phat et
al. 2016) with a molecular weight of approximately 1.2
kDa (Kranzler et al. 2016). Emetic toxin and its chemical
structure (Figure 1) were first described by Agata et al.
(1994). This toxin is a very stable molecule as it is resistant
towards heat, pH and proteases (Liicking et al. 2015; Phat
et al. 2016). The chemical structure of cereulide which
is homologous to potassium ionophore valinomycin,
indicates that it is synthesised nonribosomally by peptide
synthetases, specifically by cereulide synthetase (ces) gene
(Kranzler et al. 2016).

This emesis causing toxin is usually pre-synthesised
in the contaminated foods which are mostly farinaceous
food matrices such as rice (Toh et al. 2004). The toxin
produced, cereulide, causes emesis by binding to serotonin
5-HT, (5-hydroxytryptamine) receptor and stimulates
vagus afferent following release from stomach (Arnesen
et al. 2008). The cytotoxicity of cereulide damages
several cells such as liver cells (Saleh et al. 2012),
natural killer cells (Paananen et al. 2002) and beta cells
(Vangoitsenhoven et al. 2014).

In terms of cytotoxicity towards natural killer cells,
the threshold concentration for cereulide is much lower
than that of valinomycin due to its highly lipophilic nature
of cereulide which confer better penetrative abilities than
valinomycin (Paananen et al. 2002). Similarly, the findings
of Vangoitsenhoven et al. (2014) also indicated low doses
of cereulide affects beta cells. The deleterious effect of
cereulide observed on insulin-secreting beta cells raises
suspicion as to whether cereulide contamination has a
role in the development of Type 2 diabetes. Cereulide
intoxications have occasionally resulted in severe
outcomes, as described in Table 1.

FIGURE 1. Chemical structure of cereulide (Agata et al. 1994;
Ehling-Schulz et al. 2006)



TABLE 1. Examples of severe B. cereus cereulide intoxication cases
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Country Details References
Belgium Fulminant liver failure and rhabdomyolysis following ingestion of cereulide- Mahler et al. (1997)
containing foods which have caused death of a 17-year old boy
Belgium Consumption of cereulide-contaminated foods resulted in fatal liver failure Dierick et al. (2005)
involving 5 individuals of a family
Japan Development of acute encephalopathy and liver failure in an 11- year old Ichikawa et al. (2010)
patient whose gastric fluid and stool specimens were positive for emetic toxin.
No casualty
Belgium Sudden death of a 20-year old man after consumption of left-over spaghetti Naranjo et al. (2011)
meal which was positive for B. cereus and high content of cereulide
France Reversible fulminant liver failure in 15-year old patient whose stool specimen Saleh et al. (2012)

was positive for ces-bearing B. cereus

INTRINSIC FACTORS CONTROLLING EMETIC TOXIN
PRODUCTION

The molecular organisation (Figure 2) of 24 kbp ces
gene cluster was first described by Ehling-Schulz et al.
(2006). Cereulide-synthesising gene cluster comprises
cesPTABCD in an operon which is polycistronically
transcribed and cesH which is transcribed independent
from the other ces genes (Tian et al. 2019). Unlike the
former genetic elements, cesH acts as cereulide repressor
(Liicking et al. 2015; Tian et al. 2019). The inhibitory

effect of cesH on emetic toxin is crucial to ensure nutrients
are sufficient for other physiological processes and not
fully utilised for toxin production (Tian et al. 2019).
Interestingly, the expression of ces genes does not always
follow the principle of collinearity as 18 other cereulide
variants (isocereulides) with differing toxicities have been
identified (Marxen et al. 2015). The variation in ces gene
products certainly does not arise from genetic variation as
Kranzler et al. (2016) and Marxen et al. (2015) reported
production of isocereulides from a single strain.

FIGURE 2. Genetic arrangement of cereulide synthethase gene cluster in emetic B. cereus
strain F4810/72. The ces locus consists of seven open reading frames (ORF) which are cesH
(encodes hydrolase/acetyltransferase), cesP (phosphopantetheinyl transferase for activation
of Nonribosomal peptide synthethase enzymes), cesT (a Type II thioesterase for removal
of misprimed monomers), ces4B (incorporation of monomers in peptide chain) and cesCD
(putative ATP-binding cassette transporter involved in cereulide transport). Bent arrows
indicate identified promoters. Polycistronic transcription of genes in ces operon (except cesH)
is driven by promoter highlighted in red (Ehling-Schulz et al. 2006; Liicking et al. 2015)
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The genetic determinants of cereulide biosynthesis
are located on a mega virulence plasmid, showing high
similarity (about 85 to 99%) to pXO1 plasmid of B.
anthracis (Ehling-Schulz et al. 2006), indicating that
both plasmids may share common ancestry. Despite the
homology, Rasko et al. (2007) showed that pXO1-like
plasmid of emetic B. cereus F4810/72 (pCER270 or
pBCE4810) was devoid of pXO1 borne- pathogenicity
island (PI) which had been substituted with plasmid-
specific DNA containing emetic toxin biosynthetic gene
cluster. In addition to ces gene, a region on emetic B.
cereus plasmid harbor chromosomally encoded gene
homologs which play roles in sporulation, germination and
formaldehyde detoxification (Rasko et al. 2007).

The presence of these homologs on plasmid in
combination with corresponding chromosomal genes,
will probably confer advantages in terms of resistance,
virulence and metabolic regulations particularly in the
event of mutations to chromosomal genes. For instance,
an 18kb region characteristic of pCER270 plasmid was
found to encode several proteins including small acid-
soluble proteins (Rasko et al. 2007) which stabilise spore
DNA and confer resistance to bacterial spores against
desiccation, toxic chemicals, dry and wet heat (Setlow
2014). This perhaps explains the higher resistance of
emetic B. cereus strains than their diarrheal counterparts,
as reported by Carlin et al. (2006).

There is no correlation between cereulide synthesis
and sporulation although both aspects were initially
thought to be linked (Haggblom et al. 2002). Finlay et
al. (2000) reported that production of large number
of spores can occur without any detectable cereulide
toxin, indicating that the toxin is not a component of
spore cells. This finding is further reinforced through the
results reported by Haggblom et al. (2002) in which spore
production was noted much later after the synthesis of
cereulide, indicating both processes occur independently.
Although emetic toxin synthesis occurs irrespective of
sporulation, the master sporulation regulator of SpoOA
plays a role in cereulide synthesis.

The SpoOA regulator consists of sigma factor A
(c*) and sigma factor H (c") (Ehling-Schulz et al. 2015).
Liicking et al. (2009) demonstrated that recombinant
strain F48Dspo0AcomAH (bearing both 6* and ') showed
cytotoxicity towards HEp-2 cells whereas recombinant
strain F48DspoOAcomH (bearing c™ but no ¢*) exhibited
low level of cytotoxicity. In the same study, p/cR null
mutant strain exhibited same level of cytotoxicity as the
wild-type. This clearly indicates that PIcR regulator

is not involved in the regulation of ces gene although it
regulates several other virulence factors (enterotoxins) in
B. cereus and B. thuringiensis (Liicking et al. 2009).

Instead, it is the SpoOA, particularly c* that
regulates and controls the cereulide biosynthesis in emetic
B. cereus (Ehling-Schulz et al. 2015; Liicking et al. 2009).
Spo0A does not directly control the expression of ces gene
as the gene cluster is typically devoid of ‘OA box’. Hence,
SpoOA acts by repressing transcription factor, AbrB
which acts as negative regulator of emetic toxin (Liicking
et al. 2009). In the study conducted by Liicking et al.
(2009), double mutant strain F48DabrBDspoOA (lacking
both abr and spo0A) had higher toxin production than that
of wild-type strain.

These results highlight the involvement of other
regulatory mechanisms in modulating cereulide synthesis
apart from SpoOA-AbrB dependent regulation. For
instance, Frenzel et al. (2012) have showed that ces
genes are repressed in the presence of CodY. Repression
of cereulide synthesis occurs by binding of CodY to the
promoter of ces operon which is enhanced by the presence
of branched-chain amino acids (BCAA) such as leucine
and valine. This finding is, however rather peculiar since
from the chemical structure of cereulide (D-O-Leu-D-Ala-
L-O-Val-L-Val),, BCAAs are apparently used as building
block in the toxin synthesis and therefore is expected to
enhance toxin production.

In accordance to the expectation, Agata et al. (1999)
demonstrated that group A amino acids consisting of valine,
leucine, and threonine are essential for bacterial growth.
Jadskeldinen et al. (2004) too reported similar findings, in
which inoculated rice spiked with L-leucine and L-valine
which resulted in higher toxin titre. The contradicting
results of all these studies highlight how these amino acids
can concomitantly act as cereulide precursor and CodY
activator depending on bacterial growth stage (Ehling-
Schulz et al. 2015; Frenzel et al. 2012).

For instance, transcriptional analysis by Frenzel
et al. (2012) showed that plcR expression (upregulated
by CodY) were high in early growth phases in emetic
B. cereus and ceased in later growth phases. Similarly,
CodY-mediated repression of i/[vE (codes for BCAA
aminotransferase) and inhA 1 (codes for immune-inhibitor
metalloprotease) genes were reported to decline in the
late logarithmic and subsequent growth phases (Frenzel
et al. 2012), indicating the decrease in CodY protein
amount in later bacterial growth stages, in which cereulide
synthesis is reported to commence (Haggblom et al. 2002).
These findings clearly indicate growth phase-dependent



regulation of emetic toxin production by CodY and such
a strict temporal regulation explains the possibility of
how amino acids can act as both cereulide precursor and
repressor.

EXTRINSIC FACTORS CONTROLLING EMETIC TOXIN
PRODUCTION

Extrinsic factors also affect emetic toxin production
and the effects of such factors like temperature, pH,
types of foods, oxygen, and type of incubation on
cereulide production had been investigated by a number
of studies. Finlay et al. (2000) reported that at the lower
temperature limit (12 °C), the quantity of toxin produced
was significantly higher than at any higher incubation
temperatures. In a more recent study, Kranzler et al.
(2016) found higher toxin titre at 37 °C. The discrepancies
between the two findings occur possibly due to differences
in the strain and inoculation media used.

However, both studies presented similar findings in
which no cereulide was detected at temperatures of 46 °C
and above, although certain emetic strains were able to
grow (Apetroaire-Constantin et al. 2008; Carlin et al. 2006;
Finlay et al. 2000; Kranzler et al. 2016). These findings
clearly highlight that foods stored at or above-mentioned
temperature before toxin formation are unlikely to be
vehicle for emetic foodborne illnesses. This demonstrates
the importance of temperatures in Hazard Analysis and
Critical Control Point (HACCP) to ensure food safety. The
effect of temperatures on cereulide synthesis however can
be influenced by culture media.

The study by Apetroaie-Constantin et al. (2008) had
shown that higher cereulide amount (310 to 920 ng/mg)
was produced by F4810/72 strain upon growth on tryptic
soy agar at 20 to 23 °C, contrary to only 70 to 77 ng/mg
cereulide at 37 °C on similar agar. However, on Oatmeal
agar, the same strain exhibited about two-fold increase
in cereulide content at 37 °C. Moreover, no growth and
cereulide production was observed following inoculation
of F4810/72 strain onto Oatmeal agar beyond 39 °C
(Apetroaie-Constantin et al. 2008) though the same strain
had viable count at up to 48 °C on Plate Count (PC) broth
(Carlin et al. 2006) and minimal cereulide content at up to
42 °C on tryptic soy agar (Haggblom et al. 2002). These
findings reinforce that regulatory effects of temperature
on emetic B. cereus growth and subsequent emetic toxin
production are also dependent on composition of culture
media (nutrients).

As nutrients play crucial role in the regulation of
cereulide formation, it is also common for production of
cereulide to vary according to the food matrices (Rouzeau-
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Szynalski et al. 2020). Farinaceous foods such as rice
enable cereulide to be produced in higher quantities as
compared to proteinaceous foods such as milk and eggs
(Agata et al. 2002). The stimulating effect of glucose on
cereulide synthesis as reported by Agata et al. (1999)
and Tian et al. (2019) explains why such a food matrix
is often implicated with emetic B. cereus and cereulide
production. In spite of that, Shaheen et al. (2006) reported
that some infant formulas are very good substrates for
cereulide production and similar findings stating milk
powder as a high-risk product for cereulide synthesis
had been reported by Messelhdusser et al. (2014). Despite
high frequency of B. cereus isolation from milk and dairy
products, only a few food poisoning outbreaks implicating
dairy products have been reported possibly due to visible
symptoms of product spoilage which hinder consumption
and poorer ability of psychrotropic strains to germinate
in intestinal tract (Burgess & Horwood 2006; Svensson
et al. 2007).

Apart from nutrient composition of foods, the pH
and water activity (a ) of foods also determine its ability
to support bacterial growth and toxin production. Carlin
et al. (2006) reported that cereulide formation took place
in the pH range of 4.6 to 7.5 and a_0f 0.929 to 0.996. This
finding was in agreement with that of Jadskeldinen et al.
(2003) who found bakery products with high cereulide
content had nearly neutral pH of about 6.2 and a  0f 0.98. It
is likely that pH and water activity of foods do not directly
affect toxin synthesis, but rather regulate bacterial growth
and other metabolic processes which then either enhance
or suppress toxin production.

The presence of oxygen is necessary for emetic toxin
synthesis as the toxin was produced only under aerobic
and microaerobic conditions (Finlay et al. 2002). Similar
finding was reported by Jaiskeldinen et al. (2004) in which
suppression of cereulide synthesis occurred in the absence
of oxygen. The fact that cereulide is pre-synthesised in
foods rather than in gastrointestinal tract, corroborates the
findings of those studies and emphasises the importance of
oxygen presence for the production of emesis-causing toxin
unlike for bacterial growth, and synthesis of enterotoxins
which may occur independent of oxygen availability
(Finlay et al. 2002; Jaaskeldinen et al. 2004).

Studies have reported that incubation of cultures with
shaking yields higher titre of toxin than in static incubation
(Agata et al. 2002; Finlay et al. 2002; Héggblom et al.
2002). On the contrary, the results presented by Rajkovic
et al. (2006) and Shaheen et al. (2006) found higher
cereulide accumulations in statically incubated samples
than in samples under shaking. Since the role of oxygen
in cereulide production is proven, it is likely that shaking
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cultures might yield higher cereulide titre. However, it
must also be noted that there were differences in terms of
culture media composition and bacterial strains used in
these studies which might have been responsible for the
contradicting results observed.

ENTEROTOXINS OF B. cereus AND ITS REGULATORY
FACTORS ENTEROTOXINS
B. cereus enterotoxins are a group of heat-labile proteins
which cause diarrheal syndromes or toxico-infections
(Carroll etal. 2019; Yu et al. 2020). B. cereus enterotoxins
are only formed in the host’s intestine during its vegetative

growth (Carter et al. 2018). These enterotoxins comprise
haemolysin BL (Hbl), nonhaemolytic enterotoxin (Nhe),
cytotoxin K (CytK), and enterotoxin FM (EntFM) (Yu
et al. 2020). Table 2 shows the description of B. cereus
enterotoxin genes and proteins. Although enterotoxin T
(BceT) was initially reported to be a part of B. cereus
enterotoxins (Agata et al. 1995), it was later found that
this protein was devoid of biological activity required to
cause food poisoning (Choma & Granum 2002). Moreover,
Hansen et al. (2003) confirmed that BeeT enterotoxin does
not exist as initially reported because it is just a chimeric
protein formed during cloning.

TABLE 2. Description of B. cereus enterotoxin genes and proteins

First identification (strain/

Enterotoxin Toxin component (kDa) Genes References
year)
Haemolysin BL B (37.5) hblA B-4ac Beecher & Macmillan (1990)
L1(38.2) hbID (1990) Ryan et al. (1997)
L2 (43.5) hbIC
Non-haemolytic A (41.0) nheA NVH 0075/95 Lund et al. (1996)
enterotoxin B(39.8) nheB (1996) Heilkenbrinker et al. (2013)
C (36.5) nheC
Cytotoxin K CytK (34.0) cytK NVH 391/98 Lund et al. (2000)
(1998)
Enterotoxin FM EntFM (45.0) entFM FM1 Asano et al. (1997)
(1997)

Characterisation of Hbl by Beecher and Macmillan
(1991) showed that it is a tripartite toxin, consisting of a
single binding component (B) and two lytic components
(L, and L,). The components, B, L,, and L, (with molecular
weight in the range of 37-43 kDa), are encoded by /hblA,
hbID, and hbIC genes, respectively, forming an operon
(Ryan et al. 1997). Schoeni and Wong (1999) however
showed that different B. cereus strains could produce
multiple variants for each toxin component with varying
sizes. This finding clearly demonstrated the heterogeneity
of Hbl- associated genes and enteropathogenic B. cereus
strains which might give rise to challenges in identification
of B. cereus and its relevant virulence factors. The
pore-formation upon binding, in the order of B-L-L,

to target cell surface is the virulence mechanism of this
toxin (Jessberger et al. 2019). Maximal cytotoxicity was
observed when the Hbl components are present in the ratio
of B: L: L,=10: 1: 1 or 10: 1: 10 (Jessberger et al. 2019).
Another tripartite enterotoxin, Nhe, was identified
following a diarrheal outbreak in Norway in 1995 (Lund
& Granum 1996). This toxin consists of individual
components, NheA, NheB and Nhe C, encoded by nheABC
(Heilkenbrinker et al. 2013). Similar to Hbl, maximal
cytotoxicity of Nhe is achieved in the presence of all
components but in a certain ratio, which is Nhe A:B:C =
10:10:1 and binds sequentially in the order of Nhe C- Nhe
B-NheA (Lindbéick et al. 2004; Sastalla et al. 2013). Nhe B
serves as a binding component whose recognition by target



cells is aided by Nhe C (Sastalla et al. 2013). The binding
of Nhe A in the third step gives rise to fully functional Nhe
toxin (Heilkenbrinker et al. 2013).

Cytotoxin K is a single component toxin, belonging
to the family of B-barrel pore-forming toxin (Yu et al.
2020) and was identified to be responsible for fatal necrotic
enteritis (Lund et al. 2000). Fagerlund et al. (2004) found
two CytK variants namely CytK-1 and Cytk-2 with
similarity in amino acid sequence of about 89%. Cytk-1
was found to be more cytotoxic to Caco-2 and Vero cells
by five-fold compared to CytK-2 (Fagerlund et al. 2004).
CytK-1 variant is rarely found in B. cereus and had only
been identified in three B. cereus strains which are NVH
391/98, NVH 883/00, and INRA AF2 (Fagerlund et al.
2007). Enterotoxin FM acts as potential cell wall peptidase
which plays a role in bacterial shape, motility, and biofilm
formation apart from virulence (Tran et al. 2010).

INTRINSIC FACTORS CONTROLLING ENTEROTOXIN
PRODUCTION

The regulation of B. cereus enterotoxins largely depends
on the Phospholipase C regulator (PIcR) quorum-sensing
systems in which gene expressions are regulated
according to population densities (Declerck et al. 2007).
Upon reaching a sufficient level due to high densities of
cells, autoinducer peptide, PapR binds to the 34 kDa PIcR
protein (Declerck et al. 2007; Grenha et al. 2013). The
subsequent binding of PIcR-PapR complex to palindromic
sequence (recognition site) present in PlcR-controlled
genes results in the gene transcription, including B. cereus
enterotoxin genes (Gohar et al. 2008). PIcR regulon is
also involved in strengthening bacterial cell wall and
synthesis of antimicrobial compounds which are necessary
for elimination of competing microbes in environments
(Gohar et al. 2008).

Regulations of PIcR system in B. cereus are
dependent on both transition state regulator, SpoOA, and
nutritional state regulator, CodY (Cueppens et al. 2011;
Frenzel et al. 2012). CodY enhances PIcR and PlcR-
controlled virulence genes (Frenzel et al. 2012). For
instance, decreasing levels of haemolytic activity and CytK
and Nhe proteins (Lindbéck et al. 2012) and reduced plcR
transcript levels in codY mutant strain (Frenzel et al. 2012)
showed that CodY is crucial for enteropathogenic traits
of B. cereus. Transition state regulator Spo0OA, which is
required for sporulation however acts by repressing p/cR
transcription (Lereclus et al. 2000).

Two-component signal transduction system, ResDE
mediates B. cereus growth and expression of enterotoxin
genes under anaerobic or highly reducing conditions
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(Duport et al. 2006). The study by Duport et al. (2006)
presented three key findings which were hb/ and nhe
mRNA transcript levels in resDE mutants were much
higher than that of plcR (encoding enterotoxin gene
regulator), Hbl and Nhe formations in resDE mutant
were significantly reduced in spite of higher 4b/ and nhe
transcripts, and there was no significant growth retardation
between mutant and wild-type strain under fermentative
growth. The first two findings indicated that ResDE
regulates enterotoxin formation independent of PIcR and
such a regulation possibly occurs at either translational or
post-translational level. Incongruence between plcR and
enterotoxin gene transcripts were also observed in the study
by JeBberger et al. (2015) which further corroborates that
PlcR only partially regulates enterotoxin gene expression
in B. cereus.

The third finding reinforced that fermentative
growth in the absence of ResDE is complemented by
another redox regulator such as Fumarate-nitrate reduction
(Fnr) regulator. Zigha et al. (2007) showed that finr-lacking
mutant were completely unable to grow under anaerobiosis,
thus showing Fnr as a more significant redox regulator
than ResDE. However, Esbelin et al. (2009) found that
phosphorylation of ResD (ResD~ P) by histidine kinase,
ResE in oxygen-limiting conditions is essential to activate
Fnr which subsequently binds to promoter regions of
enterotoxin genes. Even though ResDE is not of utmost
significance in fermentative growth, it still plays crucial
role in indirect activation of enterotoxin genes via Fnr.

Flagellar proteins regulating motility were also
found to contribute to enteropathogenic potential of B.
cereus. For instance, a two-fold increase in b/ expression
was observed in swarming (hyperflagellated) B. cereus
cells (Salvetti et al. 2011). Apart from exerting control
at transcriptional level, flagellar proteins are also involved
in toxin secretion. Ghelardi et al. (2007) reported two
strains lacking flagella were devoid of Hbl activity on blood
agar though the strains were determined to accumulate
the toxins internally via immunoblotting. The study
also demonstrated that the function of flagella in toxin
secretion occur independent of its role in locomotion as
even flagellated but immotile strains exhibited virulence
phenotype, indicating successful toxin secretion.

Nevertheless, the regulatory effects of flagellar
proteins vary according to each B. cereus enterotoxin.
A particular protein, FIhF positively regulated Hbl
L, formation whereas the contrary was observed for
production of NheB (Mazzantini et al. 2016). This
finding was partially in agreement with that of Fagerlund
et al. (2010) who reported that Nhe secretion requires
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general secretory (Sec) pathway, thus showing that Nhe
secretion does not require flagellar proteins. Discrepancy
was observed when Fagerlund et al. (2010) additionally
reported that Hbl secretion also occurred independent of
flagella, via Sec pathway which is contradictory to the
results of Ghelardi et al. (2007) and Mazzantini et al.
(2016). As a highly versatile organism, it should be of no
surprise that the utilisation of different protein secretion
pathways by B. cereus is possible according to the strains
as well as environmental or test conditions.

EXTRINSIC FACTORS CONTROLLING ENTEROTOXINS
PRODUCTION

Enterotoxin production in B. cereus is also dependent
of various extrinsic factors. Nutrient composition
such as contents of carbohydrates had been shown to
regulate enterotoxin genes’ expression. Moderately
low concentrations of glucose induce production of
enterotoxins whereas at high concentrations, inhibition
of toxin synthesis can be observed (Duport et al. 2004;
Rowan & Anderson 1997). The high glucose content
results in increased expression of catabolite control protein
(CcpA) which subsequently binds to catabolite responsive
elements, cre sequences identified in enterotoxin genes.
This, in turn, leads to repression in enterotoxin gene
expressions (van der Voort et al. 2008).

In B. cereus toxicoinfections, enterotoxins are
produced in host intestine in which glucose availability
is scarce (Jefberger et al. 2015). Hence, it is apparent
that the described repressing effect of glucose probably
mediates B. cereus to adapt to and synthesise enterotoxins
in glucose-deficient environments. Unlike Hbl and Nhe-
associated genes, absence of cre sequences in CytK-
encoding genes indicates that glucose-induced CcpA/
CRE repression is unlikely in CytK formation (van der
Voort et al. 2008).

The fermentation of other sugars by B. cereus such
as fructose, sucrose, and fructose-glucose mixture led to
higher amounts of Hbl and Nhe enterotoxins than that
of glucose (Ouhib-Jacobs et al. 2009). The productions
of Hbl and Nhe were maximal upon fermentation
of sucrose and glucose-fructose, respectively, though
fructose as carbon source resulted in higher transcription
of the enterotoxin genes mentioned (Ouhib-Jacobs et al.
2009). The disparity between the level of gene transcripts
and toxin produced indicates the involvement of post-
translational regulations in the expression of enterotoxin
genes, similar to that of cereulide production as reported
by Kranzler et al. (2016).

Incubation temperatures are an important factor
which controls the level of enterotoxin production
(Cueppens et al. 2011). Park et al. (2008) reported the
detection of diarrheal toxin production in all samples of
cereal grains at 30 °C and none at lower temperatures (20
and 25 °C) even though the bacterial count were in the
range of 8 to 10 log CFU/g. This indicates the regulation
of enterotoxin production is more significantly dependent
on the incubation temperature than the bacterial biomass.
Generally, the optimum temperature for enterotoxin
production is approximately 30 °C though psychrotrophic
strains produce toxins at lower temperatures (Cueppens
etal. 2011).

Interestingly, certain strains have been reported to
be able to synthesise similar levels of toxin at both high
(32 °C) and low (10 °C) temperatures in BHI (Fermanian
et al. 1997). This probably occurs as the nutrients in the
media exert significant control on toxin gene expression,
independent of temperature. Similar temperature-
independent regulations by nutrients were also reported
for emetic toxin (described in Extrinsic factors controlling
emetic toxin production), These results give insights into
a more prominent regulatory role of nutrients on B. cereus
virulence.

Enterotoxin productions are also influenced by
pH of culture medium or environment colonised by B.
cereus. Various optimal pH for enterotoxin production
was reported. For instance, pH 8.0 to 9.0 for Nutrient
broth (Sutherland & Limond 1993), pH 5.8 for Brain Heart
Infusion (BHI) (van Netten et al. 1990) and pH 7.0 for
BHI medium with 1.0% w/v glucose (Garcia-Arribas &
Kramer 1990). These findings showed that the effects of
pH on enterotoxin formation in B. cereus differ according
to nutrient compositions. Despite the variations, acidic or
alkaline test conditions irrespective of culture media (pH
below 5.0 or above 9.0) usually causes suppression of
enterotoxin production (Beattie & Williams 2002; Park et
al. 2008). It is likely that extreme pH may have indirect
control on toxin production by inhibiting bacterial growth.

CONCLUSION

As a versatile bacterium, B. cereus toxicity ranges from
highly pathogenic to non-pathogenic strains that are used
as probiotics. Detection of toxin synthesis is therefore
imperative to differentiate the pathogenic from non-
pathogenic strains, and such detection attempts could
be hampered by the lack of understanding regarding the
toxin biosynthesis mechanisms which are very complex
and often intertwined between various regulatory and



metabolic pathways. The genes and proteins described
hitherto may not be entirely responsible for the regulation
of B. cereus virulence factor biosynthesis as several novel
genes with unknown functions have been and are being
described. Continued research and extensive studies are
necessary for a much better understanding of B. cereus
virulence mechanisms which would pave the way for
appropriate strategies for food preparation and handling
and subsequently ensure food safety.
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