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Summary 

The most prominent members of the Bacillus cereus group are Bacillus cereus sensu stricto 

known as the foodborne pathogen, the zoonotic pathogen Bacillus anthracis notorious for its 

disease anthrax, and Bacillus thuringiensis famous as being the most common biological 

pesticide worldwide. One common feature of these bacteria is their production of toxins 

including enterotoxins such as cereulide, insecticidal crystal toxins (cry toxins), hemolysin BL 

(Hbl), non-hemolytic enterotoxin (Nhe), and anthrax toxin posing a high risk to public health. 

Another common feature among these B. cereus group bacteria is their high genetic similarity. 

In this context, it is important to differentiate, decipher and understand the microorganisms’ 

distinct regulatory mechanisms of toxin and enterotoxin synthesis to accomplish correct 

attribution and develop effective prevention strategies.  

The first and main part of the PhD thesis was to decipher the role of a novel plasmid-encoded 

PagR-like transcriptional regulator in the regulatory network of emetic B. cereus. The cereulide 

synthase gene cluster is located on the plasmid pCER270 in emetic B. cereus sharing its DNA-

backbone with the plasmid pXO1 of B. anthracis, illustrating a central role in toxin synthesis. 

In emetic B. cereus, the transcriptional regulator PagR is a member of the ArsR/SmtB family, 

has a direct influence on the complex process of cereulide toxin synthesis similar to the 

homologous PagR of B. anthracis governing anthrax toxin synthesis.  

The second part of the PhD thesis was the establishment of a novel method for the isolation, 

detection and purification of the emetic toxin cereulide of B. cereus by Reversed Phase 

Chromatography (RPC), a robust tool for microbiological and biochemical research 

laboratories.  

The third part of the PhD thesis was the determination and comparison of enterotoxin 

production of various B. cereus group isolates, especially B. thuringiensis. This analysis 

showed that some biopesticidal B. thuringiensis strains may pose a risk to consumer health. 

Thus, B. thuringiensis is not only a pathogen of insects and a biopesticide but should also be 

considered a potential foodborne pathogen.  

Since bacteria of the B. cereus group including B. anthracis challenge human and animal 

health, further research is needed in the context of the One Health concept to prevent outbreaks 

associated with foodborne as well as zoonotic pathogens.  
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1. Introduction 

1.1 The Bacillus cereus group 

At least 12 species belong to the Bacillus cereus group (sensu lato) of which Bacillus cereus 

(sensu stricto), Bacillus thuringiensis, Bacillus anthracis, Bacillus cytotoxicus, 

Bacillus mycoides, Bacillus pseudomycoides, Bacillus weihenstephanensis, and 

Bacillus toyonensis are the most prominent ones (Guinebretière et al., 2008, 2013; Jiménez et 

al., 2013; Böhm et al., 2015; Liu et al., 2015). Based on the high homology of their 16S rRNA 

genes, the extraordinary relatedness of their core genomes, and their pathogenetic 

characteristics, several proposals recommended that the B. cereus group should be referred to 

one single species, comprising several genomospecies (Helgason et al., 2000; Jensen et al., 

2003; Stenfors Arnesen et al., 2008; Bottone, 2010; Ehling-Schulz et al., 2011, 2019; Okinaka 

and Keim, 2016; Carroll et al., 2022). In particular, B. thuringiensis, B. anthracis, and B. cereus 

exhibit high level of sequence similarity, more than 99 % identity of their 16S rRNA, and can 

not be distinguished from each other, since for e.g. B. thuringiensis and B. mycoides only differ 

from each other and from B. cereus and B. anthracis by only four to nine nucleotides (Ash et 

al., 1991a, 1991b).  

Some Bacillus species in this group gained more prominence as relevant pathogens, such as 

B. anthracis, the causative agent of Anthrax, also known as a potential biological warfare agent 

because of its high toxicity; B. thuringiensis as a pathogen of insects and as a biological 

pesticide, and B. cereus as an opportunistic pathogen causing food poisoning (Drobniewski, 

1993; Helgason et al., 2000; Aronson and Shai, 2001; Turnbull, 2002; Ehling-Schulz et al., 

2004; Messelhäußer and Ehling-Schulz, 2018).  

B. anthracis and B. cereus are closely-related species with members of both species harboring 

plasmid pXO1 or pXO1-like plasmids, which are in other species of the B. cereus sensu lato 

group (Baillie and Read, 2001; Ehling-Schulz et al., 2006a, 2019; Rasko et al., 2007). Emetic 

B. cereus strains carry similar plasmids, such as the megaplasmid pCER270, which shares its 

backbone with plasmid pXO1 of B. anthracis (Baillie and Read, 2001; Ehling-Schulz et al., 

2006b, 2015, 2019; Rasko et al., 2007). Recently, it was shown that there is no extant exchange 

of plasmids between B. anthracis and B. cereus but rather a vertical descent facilitating a better 

understanding of the pathogenomic evolution of B. anthracis and its plasmids (Pena-Gonzalez 

et al., 2018). Only the presence of insecticidal crystal toxins indicates the identification of 
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B. thuringiensis, whereas the absence of those toxins indicates B. cereus, allowing the 

differentiation on the basis of insecticidal crystal toxins located on plasmids (Schnepf et al., 

1998; Ehling-Schulz et al., 2011; Johler et al., 2018). Both microorganisms, B. thuringiensis, 

and B. cereus were previously thought to be the same species due to the fact that a molecular 

and cultural differentiation by 16S rDNA sequencing and routine microbiological detection 

methods is not possible (Helgason et al., 2000; Ehling-Schulz and Messelhäusser, 2013; Johler 

et al., 2018). Furthermore, it was demonstrated that the application of various B. thuringiensis 

strains as biopesticides may not only be a risk to food safety but also a serious public health 

risk due to naturally occurring and commercial use of B. thuringiensis worldwide (EFSA, 2016; 

Chattopadhyay and Banerjee, 2018; Johler et al., 2018).  

Bacillus cereus sensu stricto, an opportunistic human pathogen, is a gram-positive and 

catalase-positive, rod-shaped, motile, facultatively anaerobic, endospore-forming, toxin-

producing microorganism, which has an ubiquitous occurrence in the environment 

(Drobniewski, 1993; Paananen et al., 2002; Bottone, 2010; Messelhäußer and Ehling-Schulz, 

2018; Ehling-Schulz et al., 2019; Dietrich et al., 2021). The bacterium is recognized as a serious 

problem in food industry because of its highly adhesive endospores spread in the environment, 

persist for extended period of time and are resistant to heat, dehydration, starvation, physical 

stresses, aridity, pH-changes (Shinagawa, 1990; Ehling-Schulz et al., 2004, 2019; Rajkovic et 

al., 2008; Stenfors Arnesen et al., 2008; Bottone, 2010; Ehling-Schulz and Messelhäusser, 

2013; Jessberger et al., 2020). 

The major causative agent emetic B. cereus, which is commonly found in food and soil, causes 

diarrhea and emesis, which are part of the gastroenteritis diseases, and also severe extra-

intestinal infections including septicemia, endocarditis, meningitis endophthalmitis, pneumonia 

(Drobniewski, 1993; Hoffmaster et al., 2006; Stevens et al., 2012; Messelhäußer and Ehling-

Schulz, 2018; Ehling-Schulz et al., 2019; Dietrich et al., 2021; Kalbhenn et al., 2022). Based 

on data from animal experiments, it is thought that for the emetic syndrome, ingestion of 8 µg 

to 10 µg per kg of body weight of cereulide is necessary (Shinagawa et al., 1995; Jääskeläinen 

et al., 2003; Stenfors Arnesen et al., 2008). This intoxication then leads to vomiting, nausea, 

and abdominal cramps (Shinagawa et al., 1995; Jääskeläinen et al., 2003; Stenfors Arnesen et 

al., 2008). Thus, an intoxication with cereulide is accompanied by a short incubation time of 

0.5 hours to 6 hours after food ingestion (Shinagawa, 1990; Ehling-Schulz et al., 2004).  



8 

In comparison, diarrheal symptoms are caused by 105 to 108 vegetative B. cereus spores or cells 

in contaminated food and are described with abdominal pain, cramps and diarrhea with a 

prolonged incubation time of about 8 hours to 16 hours – on average 12 hours – after 

consumption (Shinagawa et al., 1995; Jääskeläinen et al., 2003; Stenfors Arnesen et al., 2008). 

Notably, in different emetic B. cereus strains, the toxigenic potential varies from 100-fold up to 

1,000-fold (Häggblom et al., 2002; Ehling-Schulz et al., 2005; Apetroaie et al., 2005; Carlin et 

al., 2006; Jovanovic et al., 2021). 

 

 

1.2 Enterotoxins, the emetic toxin cereulide, and its biosynthesis 

Three proteinaceous enterotoxins in Bacillus cereus named Nhe, Hbl, and cytotoxin K (CytK) 

are associated with diarrheal symptoms, whereas the emetic symptoms are associated with the 

heat-stable toxin cereulide (Beecher and Macmillan, 1991; Agata et al., 1995; Lund and 

Granum, 1996; Lund et al., 2000; Bottone, 2010; EFSA, 2016; Dietrich et al., 2021). In emetic 

B. cereus, most virulence factors are chromosomally encoded such as the diarrhea-causing 

enterotoxins, whereas the ces gene cluster is encoded on the pXO1-like megaplasmid, 

designated pCER270, which is closely related to the plasmid pXO1 of B. anthracis (Ehling-

Schulz et al., 2006a; Rasko et al., 2007).  

The emetic toxin cereulide is a 1.2 kDa small dodecadepsipeptide composed of alternating  

α-amino and α-hydroxy acid monomers (D-O-Leu-D-Ala-L-O-Val-L-Val)3 with a  

36-membered ring containing repeating ester and amide bonds (Agata et al., 1994, 1995). The 

chemical structure of the emetic toxin cereulide is very similar to that of valinomycin, an 

antibiotic which is produced by Streptomyces spp. (Figure 1), (Agata et al., 1994; Magarvey et 

al., 2006).  
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Figure 1: Chemical structure of cereulide and valinomycin. Amino acid differences are indicated in 

green, blue, and purple except for L-Val which is identical (indicated in orange). Picture taken from 

Jovanovic et al., 2021.  

 

Valinomycin and cereulide act as a potassium ionophore leading to cellular damaging effects 

such as mitochondria damage, but cereulide has a much higher toxic potential compared to 

valinomycin (Agata et al., 1995; Shinagawa et al., 1995; Mikkola et al., 1999; Jääskeläinen et 

al., 2003; Ehling-Schulz et al., 2005; Stenfors Arnesen et al., 2008; Gopal et al., 2015). Based 

on its specific structure, cereulide is extremely resistant to pH values such as acid and basic 

conditions, and heat as well as proteolysis (Mikami et al., 1994; Shinagawa et al., 1995; 

Mikkola et al., 1999; Rajkovic et al., 2008; Stenfors Arnesen et al., 2008; Kalbhenn et al., 2021), 

and cannot be inactivated by standard hygienic procedures (Dietrich et al., 2021) in comparison 

to the heat-labile enterotoxins, which can be inactivated by high temperatures (Frenzel, 2012).  

It has been reported that cereulide is able to overcome the blood-brain barrier, as well as leading 

to swelling of mitochondria in human larynx carcinoma cells (HEp-2) and emesis in primates 

(Turnbull et al., 1979; Sakurai et al., 1994; Shinagawa et al., 1995; Bauer et al., 2018; Rouzeau-

Szynalski et al., 2020). Cereulide and its effect on humans is a serious problem in the context 

of the One Health concept to prevent foodborne-related outbreaks.  
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The non-ribosomal peptide synthetase (NRPS), encoded by the polycistronic ces operon, 

synthesizes cereulide (Ehling-Schulz et al., 2005, 2006a; Magarvey et al., 2006; Dommel et al., 

2010). The ces locus with a size of 24 kb consists of seven coding sequences (CDS) divided 

into the polycistronic transcribed cesPTABCD genes with a size of 23 kb and the individually 

transcribed cesH gene (Figure 2), (Ehling-Schulz et al., 2005, 2006a; Magarvey et al., 2006; 

Dommel et al., 2010). Two central promoters located upstream of cesP drive the transcription 

of the polycistronic cluster of the cereulide toxin genes, referred to the ces promoter P1 and P2, 

adding that the activity of promoter P1 was strongly nutrient dependent in real-time monitoring 

experiments measuring the ces promoter activity in various food samples (Dommel et al., 2010).  

The genes follow in order: cesP is responsible for the activation of NRPS and encodes a 4’-

phosphopanthetheinyl transferase (PPTase), (Dommel et al., 2010). The putative type II 

thioesterase (TEII) encoded by cesT has a proofreading function (Dommel et al., 2010). Located 

next to the genes cesA and cesB is the designated ABC transporter cesCD featuring a transport 

function essential for the NRPS multienzyme machinery (Dommel et al., 2010; Gacek-

Matthews et al., 2020). In the experiments, the intracistronic promoters PB and PT were only 

weakly active (Dommel et al., 2010). Lastly, cesH encodes a putative hydrolase in its 5’ region 

and is an additional regulator by acting direct or indirect as a transcriptional repressor in 

cereulide synthesis (Dommel et al., 2010; Lücking et al., 2015).  
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Figure 2: Schematic representation of the genetic organization of the 24 kb ces operon in emetic 

B. cereus. The cesPTABCD with a size of 23 kb is transcribed polycistronically, whereas cesH is 

transcribed individually with its own promoter. Arrows indicate promoters, respectively. The red arrow 

indicates the main ces promoter P1. The hairpin structure indicates the termination of the polycistronic 

ces operon. Illustration taken from Dietrich et al., 2021. 

 

In emetic B. cereus, throughout the exponential phase and stationary phase, the ces transcription 

is regulated tightly and temporally in response to intrinsic and extrinsic factors (Dommel et al., 

2011; Frenzel, 2012; Ehling-Schulz et al., 2015; Kranzler et al., 2016; Rouzeau-Szynalski et 

al., 2020; Jovanovic et al., 2021). Cereulide production depends on the availability of relevant 

factors such as temperature 12 °C to 40 °C, oxygen, carbohydrates, salt (NaCl) concentration, 

water activity, pH affecting the cereulide production and lead e. g. to a higher cereulide 

expression and accumulation in the late stationary growth phase (Agata et al., 2002; Ehling-

Schulz et al., 2004; Dommel et al., 2010, 2011; Ehling-Schulz and Messelhäusser, 2013; 

Kranzler et al., 2016; Rouzeau-Szynalski et al., 2020).  
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1.3 The regulatory network of emetic B. cereus  

The regulatory network of emetic toxin synthesis is a multilayered and complex process that 

depends on intrinsic and extrinsic factors resulting in a plasmid-chromosome crosstalk (Ehling-

Schulz et al., 2015; Lücking et al., 2015). Since the ces gene cluster is located on the pXO1-

like plasmid of emetic B. cereus, however, other transcriptional regulators are located on the 

chromosome and influencing the cereulide synthesis (Ehling-Schulz et al., 2015; Lücking et al., 

2015).  

The chromosome-encoded transcriptional regulators CodY and AbrB play a key role in earlier 

growth phases repressing the cereulide synthesis by binding to the cesP promoter regions 

(Lücking et al., 2009; Frenzel et al., 2012; Kalbhenn et al., 2022). Notably, AbrB is repressed 

by Spo0A, another chromosome-encoded regulator (Lücking et al., 2009; Frenzel et al., 2012), 

connecting the Spo0A-AbrB regulatory circuit and the developmental cell status to the cereulide 

synthesis (Lücking et al., 2009; Ehling-Schulz et al., 2015; Dietrich et al., 2021). The 

transcriptional regulator Spo0A is activated by the housekeeping σA factor having a role during 

the process of sporulation (Lücking et al., 2009; Frenzel et al., 2012; Ehling-Schulz et al., 2015; 

Jovanovic et al., 2021). A spo0A deletion mutant results in a specific phenotype, which is not 

able to produce cereulide (Lücking et al., 2009; Frenzel et al., 2012). 

The global transcriptional regulator of cereulide synthesis CodY acts as an intracellular sensor 

and mediates transcriptional changes in response to the availability of nutrients after activation 

by guanosine triphosphate (GTP) and branched-chain amino acids (BCAAs), (Shivers and 

Sonenshein, 2004; Sonenshein, 2005, 2007; Barbieri et al., 2015; Belitsky et al., 2015; Ehling-

Schulz et al., 2015; Dietrich et al., 2021). The nutrient-responsive master regulator CodY has 

been described to interlink the cereulide toxin synthesis and the enterotoxin synthesis with the 

primary metabolisms (Frenzel et al., 2012; Ehling-Schulz et al., 2015). The Spo0A 

phosphorelay leads to a repression of phospholipase C regulator (PlcR), whereas CodY 

activates the quorum sensing system PlcR/PapR operon and the PapR peptide activates PlcR 

(Declerck et al., 2007; Ehling-Schulz et al., 2015). The pleiotropic virulence factor PlcR is the 

regulator of for e. g. the quorum sensing mechanism and is well characterized in B. cereus, 

B. anthracis and B. thuringiensis (Gohar et al., 2002, 2008; Slamti and Lereclus, 2005; 

Pomerantsev et al., 2009; Sastalla et al., 2010; Slamti et al., 2014). PlcR does not control 
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cereulide at all but plays a major role in the regulatory network of enterotoxigenic B. cereus 

(Slamti and Lereclus, 2002, 2005; Gohar et al., 2008; Lücking et al., 2009; Slamti et al., 2014).  

The tight control of ces expression of emetic B. cereus must be influenced by other factors, 

since the transcriptional regulators CodY and AbrB repress cereulide synthesis only in the 

earlier growth phases (Kalbhenn et al., 2022). It was stated, that the timely control of cereulide 

toxin synthesis in the stationary phase is effected by the putative hydrolase CesH, which is an 

important member of the ces operon on plasmid pCER270 (Ehling-Schulz et al., 2006a; 

Dommel et al., 2010; Lücking et al., 2015; Kalbhenn et al., 2022). The putative repressor CesH, 

which is transcribed by its own promoter, degrades indirectly quorum-sensing molecules or 

metabolites, which are able to influence the cereulide synthesis in the later growth phases 

(Lücking et al., 2015).  

In summary, besides the transcriptional regulators encoded on the chromosome, also regulators 

encoded on the megaplasmid pCER270 participate in the strict control of cereulide toxin 

synthesis (Ehling-Schulz et al., 2015; Lücking et al., 2015). However, mechanisms of the 

regulatory network of emetic B. cereus controlling the cereulide toxin synthesis and more 

importantly the interplay between the chromosome and the plasmid-encoded factors are hitherto 

unknown. Because of this, it is necessary to decipher the regulatory network of emetic B. cereus 

and reveal novel regulators that have a significant impact on cereulide toxin synthesis gaining 

new insights into the pathogenic B. cereus.  

 

 

1.4 The plasmid-encoded transcriptional regulator PagR in B. anthracis  

Bacillus anthracis is a gram-positive, catalase-positive, endospore-forming microorganism and 

the etiological agent of anthrax (Koehler, 2009). Over the last two decades, the virulence 

regulatory pathway in B. anthracis governing the anthrax toxins, have been studied in detail 

(Perego and Hoch, 2008; Fouet, 2010).  

The anthrax toxins are major virulence factors of B. anthracis, located on the plasmid pXO1 

(182 kb) and sharing its backbone with the pXO1-like plasmid designated pCER270 of emetic 

B. cereus (Welkos, 1991; Leppla, 2000; Koehler, 2002; Rasko et al., 2007). The virulence 

plasmid pXO1 harbors the genes pagA (encoding the Protective Antigen PA), lef (encoding the 

Lethal Factor LF), and cya (encoding the Edema Factor EF), as well as the major regulators 
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pagR and atxA, whereas the other genes are located on the second plasmid pXO2 encoding the 

biosynthetic operon capBCADE for the capsule (Makino et al., 1989; Okinaka et al., 1999; 

Koehler, 2002; Candela et al., 2005; Ehling-Schulz et al., 2019).  

The master regulator in B. anthracis is the anthrax toxin activator gene AtxA, which regulates 

the toxin synthesis and capsule synthesis as well as the expression of the transcriptional 

regulator pagR (Uchida et al., 1993; Koehler et al., 1994; Dai et al., 1995; Hoffmaster and 

Koehler, 1999a; Drysdale et al., 2004; Perego and Hoch, 2008). The plasmid-encoded weak 

auto-repressor PagR mediates the expression of multiple virulence factors through a specific 

transduction cascade (Hoffmaster and Koehler, 1999a; Mignot et al., 2003; Kalbhenn et al., 

2022). The transcriptional repressor PagR downregulates the pagA gene, whereas another 

transcriptional regulator designated PagR2 is located on the plasmid pXO2 and is involved in 

regulating the toxin gene expression of plasmid pXO1 in a specific manner (Hoffmaster and 

Koehler, 1999b; Zhao et al., 2010; Liang et al., 2016). The gene pagR can achieve a negative 

autogenous control of the pag operon (Hoffmaster and Koehler, 1999a; Mignot et al., 2003). 

The pagAR operon consists of two different transcripts: a larger mRNA transcript with a size 

of 4.2 kb encompassing pagA and pagR with an intergenic region of 0.9 kb and a smaller 

mRNA transcript with a size of 2.7 kb encompassing the pagA gene (Figure 3), (Hoffmaster 

and Koehler, 1999a; Mignot et al., 2003). Notably, the pagR gene is located 923 bp downstream 

of pagA in the same orientation (Hoffmaster and Koehler, 1999b). The transcription of the 

pagAR operon can be triggered by CO2, as with the other virulence genes for e. g. atxA of 

B. anthracis (Mignot et al., 2003). The transcription of pagAR operon is induced by the major 

CO2-inducible promoter P1 but has no detectable effect on the transcription from the minor 

promoter P2 (Figure 3), (Koehler et al., 1994; Hoffmaster and Koehler, 1999a; Mignot et al., 

2003). For the transcription of the promotor P1, a trans-acting regulatory element located 13 kb 

upstream of pag is mandatory for the CO2-enhanced transcription of pag (Koehler et al., 1994).  
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Figure 3: The genetic organization of the pagAR operon in B. anthracis. Arrows show two transcripts 

with a size of 2.7 kb and 4.2 kb. In between pagA and pagR, an intergenic region (0.9 kb) containing a 

stem-loop structure is indicated. Picture taken from Mignot et al., 2003. 

 

 

The transcriptional regulator PagR binds to the promoter regions of the chromosome-encoded 

surface layer (S-layer) genes, sap (encoding the surface array protein Sap) and eag (encoding 

the extractable antigen 1 (EA1)), repress the transcription in case of sap and activate the 

transcription in case of eag; and fully accounts for an effect of AtxA on sap and eag (Fouet et 

al., 1999; Mignot et al., 2003; Fouet and Mock, 2006; Koehler, 2009). The transcription factors 

AbrB and SigH, located on the chromosome, are able to control the atxA gene, which regulates 

the sap and eag genes by the product of pagA co-transcribed by pagR (Hoffmaster and Koehler, 

1999a; Perego and Hoch, 2008). It was hypothesized that pagR affects the expression of pagA 

in a feedback control loop as a result of pagR mimicking the expression of pagA (Hoffmaster 

and Koehler, 1999a). In addition, it was stated that pagR is able to repress the atxA expression 

by co-transcription with another atxA-activated gene indicating that pagR is the negative 

regulator of atxA (Hoffmaster and Koehler, 1999b).  

The PagR protein is a DNA-binding molecule, whose amino acid sequence is similar to other 

members of the ArsR/SmtB family of metal-binding repressor proteins that act as 

transcriptional repressors (Xu et al., 1996; Busenlehner et al., 2003; Mignot et al., 2004; Zhao 

et al., 2010). Previously, the crystal structure of the transcriptional repressor of PagR of 
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B. anthracis was published, showing that PagR consists of five α-helices and two stranded β-

sheets with a curved architecture and no metal binding sites (Zhao et al., 2010).  

Since the plasmid-encoded transcriptional regulator PagR of B. anthracis has an impact on 

anthrax toxin synthesis and the entire regulatory network, there must be other PagR-like 

transcriptional regulators in emetic B. cereus that have an influence on cereulide toxin synthesis 

due to the close relationship between all members of the B. cereus group, which need to be 

deciphered.  
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2. Research objectives 

Since knowledge and research on plasmid-encoded transcriptional regulators, which may 

influence cereulide toxin synthesis is lacking, the primary goal of this PhD thesis was to 

elucidate the role of plasmid-encoded transcriptional regulators located on the megaplasmid 

pCER270 in the regulatory network of cereulide toxin synthesis in emetic B. cereus strains. An 

in-depth understanding of this regulatory network is not only of scientific interest but could be 

crucial for the development of new effective strategies to prevent cereulide formation.  

To achieve this goal, the work in this PhD thesis focused on the identification and 

characterization of a novel transcription factor named PagR (PagRBc) in emetic B. cereus, 

identified by in silico analysis showing homology to PagR (PagRBa), which is a key virulence 

regulator in B. anthracis. Initially, a deletion mutant designated F48∆pagR was constructed and 

analyzed in detail using quantitative real-time PCR (qRT-PCR), Ultraperformance Liquid 

Chromatography Tandem Mass Spectrometry (UPLC-MS/MS), Electrophoretic Mobility Shift 

Assay (EMSA) and a Bacterial Adenylate Cyclase-based Two-Hybrid System (BACTH).  

Moreover, the Äkta™ pure system with RPC was adapted based on previous research by Tobias 

Bauer. It was used for cereulide detection and isolation from cultures of the isogenic F48∆pagR 

mutant as well as from cultures of emetic or non-emetic representative strains of the B. cereus 

group, and cereulide-deficient isogenic mutants. This established approach provides a novel 

and widely accessible research tool for isolation, detection, quantification, and purification of 

cereulide complementing existing diagnostics.  

Furthermore, an in vitro cytotoxicity assay was employed to investigate the enterotoxic activity 

of the F48∆pagR mutant and other strains of the B. cereus group, including biopesticidal 

B. thuringiensis. The latter experiments were conducted within a cooperative project with the 

University of Zurich.  
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4. Discussion 

The work carried out in this PhD project revealed new insights into the regulation of 

pathogenicity of emetic B. cereus. The main part of the PhD thesis was to elucidate the role of 

the transcriptional regulator PagR in emetic B. cereus highlighting the protein’s significant 

influence of cereulide toxin synthesis. The second part of this PhD thesis was the use of  

Äkta™ pure coupled with RPC as a new diagnostic tool for cereulide detection, purification 

and quantification, and the third part of this PhD thesis revealed the enteropathogenic properties 

of a variety of B. thuringiensis strains with a harmful potential to consumer health.  

 

 

4.1 The transcriptional regulator PagR and its role in the regulatory network 

of emetic B. cereus  

The relationship of B. anthracis to a parental B. cereus subgroup is reflected by the evolution 

of the conserved state of the pXO1-like plasmids and plasmid pXO1 (Keim et al., 1997; 

Helgason et al., 2000; Baillie and Read, 2001; Pannucci et al., 2002). The genetic organization 

of the virulence genes of plasmid pXO1 is similar to the pathogenicity islands located on the 

chromosome of other bacterial pathogens (Okinaka et al., 1999). In previous studies, it was 

stated that B. anthracis can be classified as a part of the B. cereus group due to the potential of 

horizontal gene transfer within the group itself and their virulence (Helgason et al., 2000). 

Moreover, it was demonstrated that B. thuringiensis and B. cereus can exchange their plasmids 

in different food sources (Van der Auwera et al., 2007). A direct exchange among the members 

of the B. cereus group was demonstrated by the occurrence of pXO1 homologous fragments in 

B. anthracis, B. thuringiensis and B. cereus (Hu et al., 2006).  

In B. anthracis, pathogenicity islands of 44.8 kb are surrounded by IS1617 elements in inverted 

orientation containing the lef, cya, pagA, atxA, and pagR genes (Okinaka et al., 1999; Tucker 

and Ballard, 2005). The cereulide toxin gene cluster of emetic B. cereus, a ~46 kb region, is the 

most distinguishing feature of megaplasmid pCER270 (Rasko et al., 2007). The ces gene cluster 

of emetic B. cereus is flanked upstream and downstream with similar regions of 85 % to 95 % 

nucleotide conservation to most of the pXO1-like plasmids with a following 18 kb region 

uniquely present in the megaplasmid pCER270 (Rasko et al., 2007).   
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In silico research for putative plasmid-encoded transcription factors revealed two novel 

transcriptional regulators designated PagR and PagR1 of emetic B. cereus (also named PagRBc 

and PagR1Bc), which are homologues to PagR of B. anthracis (Kalbhenn et al., 2022). The 

amino acid sequence of PagR of emetic B. cereus was compared to PagR of B. anthracis and 

resulted in a high identity of 63.6 % and similarity of 78.8 % (Kalbhenn et al., 2022). Whereas, 

PagR1 of emetic B. cereus reveals 95.9 % identity and 99.0 % similarity to PagR1 of 

B. anthracis on the pXO1 plasmid (Kalbhenn et al., 2022). The ces operon is located on the 

megaplasmid pCER270 with a distance of 22 kb to pagR1Bc and 102.5 kb to pagRBc 

(Kalbhenn et al., 2022). Previous studies showed that further homologous genes were expected 

(Rasko et al., 2007), thus hypothesizing that other PagR-like transcriptional regulators will be 

found on plasmids and chromosomes in both microorganisms B. anthracis and B. cereus. Based 

on this high sequence homology between the PagR homologues, it can be assumed that the 

plasmid-encoded transcriptional regulators PagR of emetic B. cereus and B. anthracis have the 

same functions and regulate the toxin synthesis (Kalbhenn et al., 2022).  

A Basic Local Alignment Search Tool (BLAST) of the sequence of the plasmid-encoded 

transcriptional regulator PagR revealed additional PagR homologues in B. thuringiensis, 

B. mycoides, B. wiedmannii, B. toyonensis, B. paranthracis, and other members of the 

B. cereus sensu lato group indicating that these members of the ArsR/SmtB family are indeed 

homologues. Moreover, similar PagR proteins with a helix-turn-helix motif (HTH) exist not 

only in the B. cereus sensu lato group but also in other microorganisms such as 

Salmonella Typhimurium, in which the master regulator PagR is involved in a complex 

regulatory mechanism of Salmonella pathogenicity island 2 gene expression at low phosphate 

and magnesium levels (Jiang et al., 2020). Another example is PagR of Pantoea agglomerans, 

which has characteristic autoinducer bindings and affects a quorum-sensing system 

(Chalupowicz et al., 2008).  

Based on the significant similarities of B. anthracis plasmid pXO1 to emetic B. cereus pXO1-

like plasmid, this main part of the PhD thesis focused on dissecting the role of the novel PagR-

like transcriptional regulator, termed PagR (PagRBc), in the regulatory network of emetic 

B. cereus (Figure 4), (Kalbhenn et al., 2022). The role of the other PagR-like transcriptional 

regulator, designated PagR1 of emetic B. cereus, need to be dissected in future studies.  
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Figure 4: Schematic representation of the regulation of cereulide toxin synthesis in emetic B. cereus. 

The interplay of chromosome and plasmid-encoded factors control the cereulide toxin synthesis in a 

multilayered process at several levels (Kalbhenn et al., 2022). The novel transcriptional regulator PagR 

is a member of the ArsR/SmtB family and exerts the control of ces transcription as a repressor. The 

function and its influence on cereulide toxin synthesis of the other homologous transcriptional regulator 

PagR1 remains unexplored. Figure modified according to Lücking et al., 2015.  

 

 

The transcriptional master regulator CodY of emetic B. cereus is described as the regulator 

interlinking toxin synthesis and enterotoxin synthesis with the general metabolism (Frenzel et 

al., 2012). CodY of B. anthracis is a direct repressor of the S-layer genes sap and eag and has 

a significant influence on the central metabolism as well as is associated with other 

transcriptional regulators dependent on specific environmental conditions (Chateau et al., 2013; 

Kim et al., 2016). The putative hydrolase CesH of emetic B. cereus is upregulated in the later 

growth phases during ces expression (Ehling-Schulz et al., 2006a; Lücking et al., 2015). 
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Recently, CesH was described as an α/β-fold hydrolase that could be translated into an esterase 

capable of neutralizing the negative effects of cereulide on the ionophore-producing host itself 

(Tian et al., 2019). The chromosome-plasmid crosstalk has a high importance in B. anthracis 

and B. cereus influencing toxin synthesis and virulence (Perego and Hoch, 2008; Lücking et 

al., 2015). Previous studies have described similar cross-regulations in other bacterial species 

too (Riffaud et al., 2020).  

 

The plasmid-encoded transcriptional regulator PagR of B. anthracis negatively controls pagA 

and binds to the pagAR promoter region (Mignot et al., 2003). Furthermore, pagR protects the 

promoter regions of the chromosome-encoded S-layer gene sap in a symmetrically manner and 

of the chromosome-encoded S-layer gene eag in an asymmetrically manner, and is thus 

involved in their regulation (Mignot et al., 2003; Corsi and Koehler, 2022). Based on this, 

further studies should investigate the role of the transcriptional regulator PagR regulating the 

S-layer genes sap and eag of emetic B. cereus to gain a deeper knowledge of the regulatory 

mechanism with the aim to avoid foodborne outbreaks. (Kalbhenn et al., 2022). Supporting this 

notion, the results of the EMSA showed that the plasmid-encoded PagR of emetic B. cereus 

acts as a transcriptional repressor and binds in vitro directly to the ces promoter region in 

comparison to the same binding affinity of PagR of B. anthracis to the ces promoter region 

(Kalbhenn et al., 2022). A comparable binding affinity of both PagR homologous was observed 

for the eag promoter region of emetic B. cereus and B. anthracis (Kalbhenn et al., 2022). Not 

only the structural similarities of PagR of emetic B. cereus and B. anthracis but also the similar 

binding affinities to the ces and eag promoter regions imply that both pagR genes are 

homologous in their function (Kalbhenn et al., 2022). In addition, tetrameric protein-DNA 

complexes are formed by PagR of emetic B. cereus and its homologous to protect the DNA 

from transcription processes in vivo (Kalbhenn et al., 2022).  

The protein structure of PagR in emetic B. cereus has all characteristic features of the 

ArsR/SmtB family members such as the winged HTH-DNA-binding domain, the two β-sheets 

forming the hairpin structure and the homodimer formation (Zhao et al., 2010; Kalbhenn et al., 

2022). Fostering the hypothesis, that both PagR transcriptional regulators are structurally 

similar and share the same functionality (Kalbhenn et al., 2022). Results of the BACTH 

experiments showed that the transcriptional regulator PagR of emetic B. cereus has stronger 
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interactions in vivo with PagR of B. anthracis reflecting the structural homologies (Kalbhenn 

et al., 2022). The transcriptional regulator PagR tightly controls the ces expression leading to 

an enhanced cereulide synthesis in the early growth phases with a constant level of high ces 

transcripts during the different growth phases (Kalbhenn et al., 2022). According to the recent 

results, the transcriptional repressor PagR can form stable dimers mediating strong-protein 

DNA interactions (Kalbhenn et al., 2022). Furthermore, it was shown that the homologue PagR 

of B. anthracis can substitute the function of the indigenous PagR of emetic B. cereus in 

cereulide synthesis (Kalbhenn et al., 2022). The pagR gene of B. anthracis is transcribed 

bicistronically, whereas the pagR homologue of the emetic B. cereus is transcribed 

monocistronically (Hoffmaster and Koehler, 1999a; Corsi and Koehler, 2022; Kalbhenn et al., 

2022).  

 

Recently, a novel PagR-like paralog designated PagR2 located on the plasmid pXO2 of 

B. anthracis was found with 71 % identity of amino acid sequence to PagR of the pagAR operon 

on plasmid pXO1 (Corsi and Koehler, 2022). A new concept of the adaptation of specific 

isolates to different niches states that specific phenotypic differences may be caused by altered 

gene expression of a variety of trans-acting factors rather than loss or increase of specific coding 

regions (Toby et al., 2014; Okinaka and Keim, 2016). Therefore, it is mandatory to decipher 

the multilayered process of different other “trans-acting” PagR homologues and paralogs in 

B. anthracis as well as emetic B. cereus to gain a better understanding of toxin synthesis, 

virulence mechanisms and pathophysiology.  

The pagR2 gene located on the pXO2 plasmid of B. anthracis showed its involvement in the 

virulence mechanisms and contribution to lethal levels of toxin production of B. anthracis 

emphasizing a plasmid-plasmid crosstalk (Liang et al., 2016). Recently published results 

showed that pagR of plasmid pXO1 of B. anthracis is involved in the capsule synthesis, 

whereas the cap genes are located on the plasmid pXO2 (Liang et al., 2016, 2017). A general 

similarity of chromosomal genes of B. cereus and B. anthracis contributing to pathogenicity 

comprising phospholipases, iron acquisition systems and hemolysins were determined (Rasko 

et al., 2007; Read et al., 2003).   
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The master regulator AtxA is responsible for the virulence, toxin gene expression, and control 

of sporulation in B. anthracis (Mignot et al., 2004; Dale et al., 2018; McCall et al., 2019). The 

transcriptional regulator PagR conveys the effect of AtxA on sap and eag, and AtxA binds 

directly to the promoter region of pagA (Mignot et al., 2004; McCall et al., 2019). PagR of 

B. anthracis is described as an intermediate effector of the AtxA signalling cascade in gene 

expression (Mignot et al., 2004). A pagR deletion mutant of B. anthracis showed an increase 

of the atxA expression level leading to the hypothesis that PagR might bind to the promoter 

region of atxA (Hoffmaster and Koehler, 1999a; Zhao et al., 2010). In B. anthracis, it was 

demonstrated that the expression of the virulence genes is triggered by bicarbonate (CO2), 

resulting in an increased transcription of the pag operon as well as higher gene expression of 

e. g. eag (Koehler et al., 1994; Mignot et al., 2003). It was stated, that AtxA might be able to 

activate further signalling cascades involving additional transcription factors to pagR in 

response to a CO2 signal (Hoffmaster and Koehler, 1999b). The influence of bicarbonate (CO2) 

on the virulence mechanisms and cereulide toxin expression in emetic B. cereus should be 

investigated. 

 

Besides the complex regulation of gene expression behind the toxin synthesis, previous results 

showed that temperature has an influence on cereulide synthesis at post-transcriptional level 

(Kranzler et al., 2016). Moreover, temperature, oxygen, bicarbonate, nutrients, the sporulation 

process, and biofilm formation might influence the cereulide synthesis and its entire regulatory 

network too (Wijman et al., 2007; Ehling-Schulz et al., 2015; Rouzeau-Szynalski et al., 2020; 

Dietrich et al., 2021; Huang et al., 2022), which needs to be further characterized in context of 

the transcriptional regulator PagR. Especially the biofilm formation is very crucial since it was 

shown that cereulide is able to attach to biofilm complexes and its cereulide production happens 

in presence of biofilms in emetic B. cereus (Huang et al., 2022). Thus, the entire regulatory 

network of emetic B. cereus is a tightly regulated process consisting of a plasmid-chromosome 

crosstalk, where nutrition, energy, respiration together with intrinsic and extrinsic factors, and 

the developmental cell status play an important role and where PagR has a significant influence 

on cereulide toxin synthesis (Ehling-Schulz et al., 2015; Kalbhenn et al., 2022).  
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4.2 The emetic toxin cereulide and its detection and quantification 

The gold standard for cereulide quantification is liquid chromatography coupled with Mass 

Spectrometry (LC-MS), (Bauer et al., 2010; Biesta-Peters et al., 2010; Stark et al., 2013; 

Marxen et al., 2015). However, the EN-ISO method (EN ISO 1865) based on Stable Isotope 

Dilution Assay (SIDA) LC-MS was established for more complex matrices such as cereulide 

and isocereulides detection in foods, whereas the novel method of Äkta™ pure system coupled 

with RPC can not be used in complex food matrices because of interference (Bauer et al., 2010; 

In’t Veld et al., 2019; Doellinger et al., 2020; Dietrich et al., 2021; Kalbhenn et al., 2021). 

Nevertheless, the Äkta™ pure system coupled with RPC is a robust tool, which is easy to 

establish in laboratories with a focus on biochemistry, microbiology, since the Äkta™ pure 

system is commonly available and used for purification of proteins or peptides in general 

(Kalbhenn et al., 2021). An advantage of this newly method is the reproducible and reliable 

detection, relative quantification, and purification of cereulide by Äkta™ pure system coupled 

with RPC (Kalbhenn et al., 2021).  

Recently published results showed the identification of cereulide producing strains, designated 

emetic strains, and non-emetic strains, by a routine diagnostic method such as MALDI-TOF 

MS based on biomarkers underlying a suitable high-throughput technique for microbiological 

laboratories at universities or industries (Fiedoruk et al., 2016; Ulrich et al., 2019; Doellinger 

et al., 2020; Dietrich et al., 2021). An advantage of LC-MS and MALDI-TOF MS is that the 

cross-reactivity is low and the specification for cereulide quantification is high (Ramarao et al., 

2020). Another new method was published, where an AlamarBlue-Based Assay was coupled 

with UPLC-MS/MS (Kranzler et al., 2021).  

Isocereulides, namely A-G and H-N, are structure homologs of cereulide and have been 

reported in contaminated food samples of B. cereus (Stark et al., 2013; Marxen et al., 2015; 

Walser et al., 2022). Cereulide and isocereulide detection and quantification are very important 

and need to be detected and evaluated in foodborne outbreaks (Walser et al., 2022).  

For complex matrices such as food and soil, another recently published method named Artificial 

Neural Network assisted (ANN) Fourier Transform Infrared (FTIR) Spectroscopy was been 

developed for the detection of B. cereus strains within the B. cereus group, especially for the 

differentiation of strains of the B. cereus group such as Bacillus weihenstephanensis, 

Bacillus cytotoxicus, Bacillus mycoides, Bacillus thuringiensis as well as Bacillus cereus 
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(Bağcıoğlu et al., 2019). Using the Äkta™ pure system coupled with RPC, the differentiation 

between B. anthracis, B. thuringiensis, and various B. cereus isolates (emetic strains, emetic-

like strains, cereulide deficient isogenic mutants) was possible based on the specific detected 

cereulide peak at 55 mL and a differentiation between low, medium and high toxin producer 

could be achieved (Kalbhenn et al., 2021).  

Nevertheless, each method for cereulide detection and quantification has its own advantages 

and disadvantages. This novel tool adapted according to previous research for detection, 

quantification, and purification of cereulide by RPC can become a valuable, robust, beneficial 

tool complementing already existing methods and instruments (Kalbhenn et al., 2021).  

As the number of foodborne outbreaks and problems with contaminated food increases, reliable 

and fast methods are needed. However, differentiation between the various strains of the 

B. cereus group and a suitable method for toxin quantification in various matrices is of utmost 

importance as most B. anthracis, many B. cereus, and some B. thuringiensis pose a major risk 

to public health.  

 

 

4.3 B. thuringiensis, B. cereus and B. anthracis, and their toxins 

The recently published results of this PhD thesis showed that biopesticide strains such as 

B. thuringiensis may be detected on foods after harvesting (Johler et al., 2018) and that 

B. thuringiensis is involved in food poising outbreaks with a potential risk for public health 

(McIntyre et al., 2008; Schwenk et al., 2020; Dietrich et al., 2021).  

Indeed, one B. thuringiensis strain isolated from rosemary showed high levels of cytotoxicity 

as well as enterotoxicity compared to the reference, and 74 % of 39 tested isolates exhibited an 

intermediate level of enterotoxicity, demonstrating the hazardous potential of those strains 

(Johler et al., 2018). In addition, another study revealed that B. thuringiensis biopesticide 

isolates, foods, and human feces were associated with outbreaks, and all outbreak and food 

related isolates genomically matched one of six biopesticide strains, leading to the result that a 

biopesticide product was the origin (Biggel et al., 2022a). It must be emphasized that some 

B. cereus-like strains might also be B. thuringiensis as a differentiation of both strains in various 

food sources is very difficult based on the available methods and techniques leading to 

uncertainties in the obtained results (EFSA, 2016).   
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Based on the close relation between the members of the B. cereus sensu lato group and the lack 

of user-friendly and accessible tools, some toxigenic biopesticide strains and other problematic 

strains of the B. cereus sensu lato group cannot be differentiated by routine diagnostics 

(Helgason et al., 2000; McIntyre et al., 2008; Ehling-Schulz and Messelhäusser, 2012; De Bock 

et al., 2021). For the differentiation of various strains of B. cereus sensu lato group, the  

U.S. Food and Drug Administration (FDA) published the Bacteriological Analytical Manual 

(BAM) protocol including microbiological and biochemical assays some years ago (Tallent et 

al., 2012, 2019; Carroll et al., 2021). A novel method of average nucleotide identity analysis 

(ANI), ribosomal multi-locus sequence typing (rMLST), and high-resolution melting analysis 

(HRM) after PCR amplification was developed for the discrimination between B. thuringiensis 

and B. cereus (Zhou et al., 2022). Another high-throughput method combining genomics and 

MALDI-TOF MS analysis based on ribosomal proteins leads to the differentiation of 

B. thuringiensis and B. cereus (Chen et al., 2022). New low-cost, user-friendly, rapid, and 

sensitive approach was developed for the identification of various B. cereus strains using 

biosensors such as cell and phage based immunosensors and DNA biosensors (Ramarao et al., 

2020).  

Previous studies have shown a low degree of clonality and a high diversity of multi-locus 

genotypes between B. cereus and B. thuringiensis suggesting that an exchange of genetic 

material takes place in their natural environment (Helgason et al., 1998, 2000). A classification 

was made between the highly pathogenic B. cereus group strains and some B. thuringiensis 

biopesticide strains, which are part of another group (De Bock et al., 2021). The pathogenicity 

of B. thuringiensis biopesticide strains cannot be ruled out, whereas the development of specific 

monitoring tools for the traceability and a better understanding of disease outbreaks related to 

B. thuringiensis and B. cereus is needed (McIntyre et al., 2008; Bonis et al., 2021; Biggel et al., 

2022b). The biopesticide strain ABTS-1857 (serotype aizawai) showed a mid-level of 

enterotoxin production, a low level of SMase production and was detected in foodborne 

outbreaks, although this strain has been implicated as the pathogenic agent of a foodborne 

outbreak in Germany in 2012 (EFSA, 2016; Johler et al., 2018).  

Recently, it was suggested that B. thuringiensis should be separated into two genomovars  

designated B. thuringiensis gv. thuringiensis or B. thuringiensis gv. cytolyticus based on 

genomic analysis involving insecticidal genes (Baek et al., 2019). The diverse and large family 
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of insecticidal proteins of e. g. B. thuringiensis var. kurstaki play an important role in insect 

control but is on the other hand the major threat due to possible insect resistance (Bravo et al., 

2011).  

B. cereus may produce emetic toxin cereulide, diarrheal toxins (Hbl, CytK, Nhe), enterotoxin 

T (BcET), enterotoxin FM (EntFM), hemolysins, phosphatidylcholine phospholipase C  

(PC-PLC), or sphingomyelinase (SMase) in contrast to B. anthracis that produces the anthrax 

toxin (Bhunia, 2018). Conversely, B. thuringiensis produces the enterotoxins Hbl, Nhe, and 

CytK, as well as SMase and the insecticidal crystal toxins, but cereulide or its biosynthesis 

genes are not detected (Bhunia, 2018). However, as an example, two psychotolerant 

B. weihenstephanensis strains have been described to produce cereulide at 8 °C and thus may 

pose a health risk in food products (Thorsen et al., 2006). Moreover, the loss and gain of 

cereulide synthetase in different members of the B. cereus sensu lato group can be observed 

(Carroll and Wiedmann, 2020). Lately, B. thuringiensis isolates, some of which have been 

linked to biopesticide strains, are involved in an emetic outbreak harboring gene fragments 

located in the ces gene cluster and leading to an exhibited toxicity (Pheepakpraw et al., 2023). 

Due to the very close genetic relationship of these bacteria and their ability to produce toxins, 

more attention needs to be paid to develop prevention strategies to minimize outbreaks in the 

future. Complicating these efforts, taxonomic changes within the B. cereus group and the 

adaption of risk assessment based on specific pathogenicity characteristics and strain-specific 

virulence, a new paradigm shift was implemented (Biggel et al., 2022b). An summary of the 

past 25 years of the B. cereus group including taxonomic and nomenclatural changes as well as 

genomic and phenotypic advantages and disadvantages has been given in a recent summary 

(Carroll et al., 2021).   
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5. Conclusion and Outlook 

This PhD thesis provides the first insights into the role of the novel plasmid-encoded 

transcriptional regulator PagR influencing the cereulide toxin synthesis in emetic B. cereus. As 

a member of the ArsR/SmtB family, PagR of the emetic B. cereus located on a pXO1-like 

plasmid is a homologue to PagR of B. anthracis. The transcriptional regulator PagR binds to 

the ces promoter region in vitro and forms dimers that mediate strong protein-DNA interactions. 

Based on qRT-PCR and UPLC-MS/MS, it was shown that the ces expression is elevated during 

different growth phases, especially in the early (OD600 of 0.2 to 7) and late growth phases (24 h, 

48 h). Of note, pagR of emetic B. cereus is transcribed monocistronically in contrast to pagR 

of B. anthracis, which is transcribed bicistronically. Future studies should decipher the role of 

other, novel pagR-like transcriptional regulators located on plasmids or the chromosome for a 

better understanding of the regulatory network in B. cereus and B. anthracis adding to our 

understanding related to the One Health concept set forth by the WHO to prevent outbreaks 

related to foodborne as well as zoonotic pathogens.  

Furthermore, a suitable and accessible tool for cereulide detection was adapted using Äkta™ 

pure system coupled with RPC and validated by canonical UPLC-MS/MS. In the future, this 

diagnostic tool could be used for a reliable cereulide detection in different mutant strains, as 

well as be further developed for different matrices for microbiological and biochemical research 

laboratories all over the world.  

A collaboration project with University of Zurich provided important results on the hazardous 

potential of B. thuringiensis in food and foodborne outbreaks. Some members of the B. cereus 

group could not be distinguished by toxin gene profiling, cytotoxicity, FTIR analysis, 

SplitsTree, panC typing, and SMase production due to their high genetic relatedness. Further 

research should decipher the important mechanisms of enteropathogenicity of B. cereus as well 

as B. thuringiensis to improve the individual risk assessment for each microorganism as a 

relevant foodborne pathogen.  
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