Staphylococcus aureus and its Enterotoxin: a Review

2.2 S. aureus genome sequencing

The first genomes of S. aureus Mu50 and N315 were the first to be sequenced by (Kuroda et al., 2001). Since then

a lot of genomic analysis were published about the characterisation of this species (Baba et al., 2008; Baba et al.,
2002; Feng et al., 2008; Malachowa and DelLeo, 2010) (Figure 1).
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Figure 1: From the outside inward: first three circles show distribution of genomic islands (Gls) (yellow=SCCmec; red=islands;
pink=prophages), transposons (light blue=Tn5801; dark blue=Tn554), and insertion sequences (green) in the chromosomes of
Mub0 (first circle), N315 (second circle), and MW?2 (third circle). Red arrowheads indicate the attachment sites for Gl families (*)
and Sa1t (**). Third circle shows location of virulence genes cna (green arrow) and seh (red arrow). Fourth circle shows every
100th open reading frame (orf). Fifth and sixth circles show orfs on plus and minus strand, respectively. Blue=cell envelope and
cellular processes; green=intermediary metabolism; orange=information pathways, yellow=other functions; magenta=similar to
unknown proteins; pink=no similarity. Seventh and eighth circles show taxonomic distribution of BLAST best-hit entries on the
plus and minus strand, respectively. Blue=Bacillus/Clostridium group; green=firmicutes (gram-positive eubacteria); pink=vi-
ruses/insertion sequences/transposons; orange=archaea/eubacteria/eukaryota; white=no hit or ribosomal and transfer RNAs.
Ninth circle shows virulence-associated orfs. Red=toxins; green=adhesins; orange=exoproteins; blue=others. Tenth circle shows
orfs whose BLAST first hit entry is a human pathogen (red=streptococci; orange=Bacillus anthracis and Bacillus cereus;
green=others). Eleventh circle shows GC content at the third codon (GC3) and synonymous codon-usage bias of each orf.
Green=highly expressed orfs; red=putative alien orfs; orange=possible alien orfs based on GC3 skew; blue=other orfs. Size of

the coloured bar=deviation of GC3 value of each orf from the average. Red arrowhead=rRNA and its orientation. Black bars=lo-
cations of tRNAs. Twelfth circle shows nucleotide position in Mb. (Baba et al., 2002)
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Figure 4: Representation of all Staphylococcus aureus genomic island vSap types I to XV, their virulence-associated
genes, and other hypothetical genes located on vSap. For each vSag type, one reference strain is shown. Arrows
show orientation of open reading frames. Asterisks indicate truncated or fragmented genes. Note that vSaB IV is
substantially longer due to the presence of a complete phage. All other sequences are scaled relative to each other
(Klaui et al., 2019).

2.3.4 Plasmids

Plasmids are auto-replicating DNA molecules. Staphylococci typically carry one or more plasmids per cell and these
plasmids have different gene content. Staphylococcal plasmids can be classified into one of the three following
groups: (1) small multicopy plasmids that are cryptic or carry a single resistance determinant; (2) larger (15-30 kb)
low copy (4—6/cell) plasmids, which usually carry several resistance determinants; and (3) conjugative multiresistance
plasmids (Berg et al., 1998). Larger plasmids undergo theta replication (a DNA replication mechanism that resembles
the Greek letter theta), whereas small plasmids usually replicate by the rolling-circle mechanism (Khan, 2005;
Lindsay, 2010). As a consequence of the limited ability of S. aureus to acquire DNA from the environment (low natural
competence) compared to bacteria such as Vibrio cholera or Bacillus subtilis, most of the intercellular transfer of
staphylococcal plasmids occurs by transduction or conjugation (Morikawa et al., 2003). Upon entering the bacterial




host, staphylococcal plasmids remain as free circularized DNA or linearize and integrate into the chromosome
(Malachowa and Deleo, 2010).

Staphylococcal plasmids are known for their genes encoding antibiotic resistance as for example penicillin and more
recently vancomycin, which resistance was acquired from enterococci (Weigel et al., 2003; Zhu et al., 2008).

In addition to genes encoding antibiotic resistance and molecules involved in metabolism, staphylococcal plasmids
encode resistance to a variety of organic and inorganic ions, such as cadmium, mercury, arsenate, etc., which are
highly toxic for living cells (Jensen and Lyon, 2009). Staphylococcal plasmids may also encode toxin genes like
plasmids containing genes encoding enterotoxins. exfoliative toxin B, bacteriocin, and bacteriocin immunity (Jackson
and landolo, 1986).

2.3.5 Staphylococcal cassette chromosome

Staphylococcal cassette chromosomes (SCCs) are relatively large fragments of DNA that always insert into the orfX
gene on the S. aureus chromosome. SCC can encode antibiotic resistance and/or virulence determinants, SCCs can
be classified into staphylococcal cassette chromosome mec (SCCmec) or non-SCCmec groups (Bayles and landolo,
1989; Malachowa and DelLeo, 2010). MRSA strains contain SCCmec encoding the methicillin resistance gene
(mecA), thus conferring resistance to methicillin and all -lactam antibiotics (Malachowa and DelLeo, 2010).

Staphylococcal cassette chromosomes can be complex and are thus not limited to encoding methicillin resistance.
Non-mec SCC and wSCC (without or no functional recombinase) contain virulence or fitness/survival determinants
(Malachowa and DelLeo, 2010). A non-mec SCC is the one containing the adlb gene, which is highly sensitive and
specific for S. aureus GTB (a genotype often involved in mastitis), both at the analytical and the diagnostic level,
enabling the very specific detection of the genotype of interest (Sartori et al., 2017).

2.3.6 Transposon and insertation sequence

Although insertion sequences (IS) can exist independently in the S. aureus genome, they often present as pairs
constituting a composite transposon (Byrne et al., 1989). IS insert into various loci and may cause changes in the
expression of genes in the core chromosome. Transposons and insertation sequences predominantly encode anti-
biotic resistance genes in S. aureus, but they can also encode for staphylococcal enterotoxin (seh) (Ren et al., 1994).
The smaller transposons are usually presented in multiple copies in the staphylococcal genome, either inserted into
the chromosome or into MGEs, such as SCC or plasmids. This group includes Tn554 and Tn552, which encode
resistance to MLSB antibiotics and spectinomycin or penicillinase, respectively (Bagcigil et al., 2007; Ito et al., 2003).

Acquisition of MGE by horizontal gene transfer (HGT) allows S. aureus strains to have advantages for survival at a
wide range of environmental conditions, including interspecies competition within particular ecological niche and
antibiotic selective pressure. Although MGEs constitute only 25% of the staphylococcal genome, they encode many
putative virulence factors and antibiotic determinants and thus play an important role in bacterial adaptability and
survival (Lindsay and Holden, 2004; Malachowa and DelLeo, 2010).




3 Staphylococcal enterotoxins

3.1 Overview

S. aureus is a versatile pathogen that produces a wide range of exoproteins with toxicological effects on humans and
animals, such as hyaluronidase, staphylokinase, nucleases, lipases, proteases, collagenases, hemolysins, exfolia-
tive toxins, and superantigen proteins encompassing the Toxic Shock Syndrome Toxin-1 (TSST-1), Staphylococcal
Enterotoxin-like proteins (SE/s) and staphylococcal enterotoxins (SEs). Among these exotoxins, SEs have been the
most frequently associated with food-borne intoxications collectively referred to as Staphylococcal Foodborne Poi-
soning (SFP) (De Buyser, 2001). Staphylococcal enterotoxin was first described in 1959 (Bergdoll, 1989).

SEs and SE/s are of low molecular weight, single-chain basic globular proteins that specifically attack intestinal cells
leading to gastroenteritis, typically evoking vomiting, diarrhoea and intestinal or gastric inflammation. They have bio-
chemical and structural properties that make them resistant to heat, digestive proteinases, irradiation, denaturing
agents, and stable to a wide pH range (Asao et al., 2003; Fung et al., 1973; Hennekinne et al., 2012).

Staphylococcal enterotoxin genes are also harboured by other Staphylococci, like: Staphylococcus cohnii, Staphylo-
coccus epidermidis, Staphylococcus xylosus and Staphylococcus haemolyticus, Staphylococcus argentus and
Staphylococcus schweitzeri, Staphylococcus carnosus and Staphylococcus warneri (Bautista et al., 1988; Chajecka-
Wierzchowska et al., 2020; da Cunha Mde et al., 2007; Veras et al., 2008; Zell et al., 2008; Zhang et al., 2018).
Recently for these coagulase negative staphylococci, their potential production of enterotoxin was studied and it was
proven that they are not able to produce enterotoxins (Chajecka-Wierzchowska et al., 2020). Nevertheless the au-
thors suggest that due to the high presence of staphylococcal enterotoxin genes coagulase in negative staphylococci
should not be ignored because of their pathogenic potential (Chajecka-Wierzchowska et al., 2020).

3.2 Characteristics of the different staphylococcal enterotoxins

By now 26 different types of Staphylococcal enterotoxin have been described and the number seems constantly on
the rise, due to the wider use of automated characterisation techniques at the molecular and genetic levels (Table
2). Such sophisticated, rapid and sensible techniques are expected to allow identification of new SEs/SE/s or recon-
sideration of the classification of some formerly classified SEs/SE/s (Benkerroum, 2018).

In 2004, the International Nomenclature Committee for Staphylococcal Superantigens (INCSS) proposed a standard
nomenclature for newly discovered toxins. The INCSS naming convention is to emphasize the relevance of the food
poisoning (emetic activity). To name the SE, it is required to demonstrate emetic activity via the oral route in a primate
model. If an SE exhibits no emetic potential in the vomiting model or its emetic activity is not yet examined, the toxin
would be named staphylococcal like enterotoxins (SE/) (Lina et al., 2004).

Table 2: Overview of staphylococcal enterotoxins

Toxin v“c::;;:"[i:m Gene localisation Reference

SEA 271 Prophage (Betley and Mekalanos, 1985)
SEB 28.4 Plasmid/pathogenicity island (Shafer and landolo, 1978)
SEC 27.5 Plasmid/pathogenicity island (Bohach and Schlievert, 1987)
SED 26.9 Plasmid (Bayles and landolo, 1989)
SEE 26.4 Prophage (Couch et al., 1988)

SEG 27 Prophage (egc) (Jarraud et al., 2001)

SEH 251 Transposom (Ren et al., 1994)

SEI 251 Prophage (egc) (Jarraud et al., 2001)

SEN 28.2 Plasmid (Zhang et al., 1998)




Molecular

Toxin weight [kDa] Gene localisation Reference

SE/K 254 Prophage (Orwin et al., 2001)
SEL 247 Plasmid/pathogenicity island (Fitzgerald et al., 2001)
SEM 24.8 Prophage (egc) (Jarraud et al., 2001)
SEN 26.1 Prophage (egc) (Jarraud et al., 2001)
SEO 26.8 Prophage (egc) (Jarraud et al., 2001)
SEP 26.7 Prophage (Omoe, Imanishi, et al., 2005)
SEQ 251 Prophage (Hu et al., 2017)

SER 27 Plasmid (Omoe et al., 2003)
SES 26.2 Plasmid (Ono et al., 2008)

SET 22.6 Plasmid (Ono et al., 2008)
SEU 28.6 Prophage (egc) (Thomas et al., 2006)
SEN 23.2 Prophage (egc) (Thomas et al., 2006)
SE/X 23.3 Chromosome (Langley et al., 2017)
SElY 22.5 - (Ono et al., 2015)
SElZ - - (Spoor et al., 2015)
SE/26 25.08 Prophage (Zhang et al., 2018)
SE27 26.9 Prophage (Zhang et al., 2018)

In the past SEC was often divided into further subgroups like SEC1-3, SECbovine , SECovine and SECcaprine (Bohach and
Schlievert, 1987; Hovde et al., 1994; Marr et al., 1993). Due to the high similarity at amino acid level, this subgrouping
is not anymore made and the enterotoxin is considered as one single type (SEC) (Liu, 2015). In 2020 a new entero-
toxin was discovered named SEO02 (Suzuki et al., 2020). By looking in detail at this enterotoxin it can be observed,
that it has a great similarity at amino acids level to SEA. For this reason it was not taken into consideration in Table
2. As described in Table 2, enterotoxins can be part of different MGE, these are graphically summarized in Figure 5.
A special case are also the enterotoxins located on the enterotoxin gene cluster (egc). These enterotoxins (seg, sei,
sem, sen and seo) were first described in 2001 (Jarraud et al., 2001). Later on, on the same cluster also seu was
described (Letertre, 2003). The egc is described to be located on the vSap, a genomic island of S. aureus (see 2.2)
(Baba et al., 2008). According to literature, there are different variants of egc type and they have been named egc?
to egc4 (Figure 5) (Collery et al., 2009), recently also two more (egch, egc6) were described (Chieffi et al., 2020).
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Figure 5: Staphylococcal enterotoxin (SE) and SE-like toxin genes carried by Staphylococcus aureus pathogenic-
ity islands, uSa genomic islands, prophages, and plasmids (Hu et al., 2018).

The difference between the egc types is that one or more of the enterotoxin genes of the egc have some variants of
it or are deleted. An example is selu: In the egc where selu is not present, two pseudogenes are present instead:
ent1 and ent2 (egc1). In literature selu is described as enterotoxin gene that was formed by a fusion of ent1 and ent2
(egc2). Ege3 was described as cluster having variants of each enterotoxin present (including seu). The last variant
described is egc4 were sem and seu are not present and instead the presence of new enterotoxins seluor selw and
selv was described. For this last egc type selv was described to be a recombination of sem and sei and seluzas a
fusion of ent1 and ent2 (Thomas et al., 2006).

According to more recent literature, 15 different vSap types were discovered, by analysing 103 clinical S. aureus
strains (Klaui et al., 2019). Looking at these vSa, egc1 is described as vSap type |, egc2 as vSap type IV, egc3 as
vSap Il and egc4 was not found in any of the analyzed genomes so no vSap type was given (Klaui et al., 2019).
According to literature there are much more variants of egc than egc? to egc6, as there are vSap types containing
single truncated or fragmented genes (vSap type IV, XI). In consequence it is questionable if egc 1-6 is the correct
way to distinguish the different variants of the enterotoxin gene cluster. In consequence of the fact that seu; (or selw)
is a variant of seu, in Table 2 only seu was considered. Sev seem also not to be relevant, as it was not found in the
strains analyzed by Klaui et al (2019) nor in the ones analyzed by Merda et al. (2020).
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3.3 Molecular structure of staphylococcal enterotoxins

Staphylococcal enterotoxins are globular, single-chain proteins with molecular weights between 19 and 29 kDa and
168-261 amino acids long (Table 2). A significant degree of similarity occurs among the primary peptide sequences
of enterotoxins. Overall, 15% of the residues are entirely conserved throughout the known SEs and SE/s. Most of
these residues are located either centrally or at the C terminus (Dinges et al., 2000). SEs can be divided into four
phylogenetic groups based on their primary amino acid sequences (Thomas et al., 2006) or a phylogenetic tree can
be constructed based on amino acid sequences (Figure 6).
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Figure 6: Maximum likelihood phylogenetic tree of staphylococcal enterotoxins, including SEI26 and
SEI27. The tree was constructed based on amino acid sequences using a Poisson model in MEGA
6.06. Bootstrap values (expressed as percentages of 1000 replications) are shown at the branch
points. (Zhang et al., 2018)

The three-dimensional structures of SE are conform to common protein folding what has been confirmed using crys-
tallographic studies by (Swaminathan et al., 1995). The overall shape of SE molecules is ellipsoid, and they contain
two unequal domains: A and B (Figure 7). The secondary structure is a mixture of a-helix and B-sheet components.
Domain A contains both the amino and carboxyl termini, as well as a $-grasp motif. The amino-terminal residues
drape over the edge of 3-sheet in a loosely attached structure. The interfaces between A and B domains are marked
by a set of a-helices, which form a long groove in the back side of the molecule and a shallow cavity at the top. The
domain B is associated with binding to carbohydrates or nucleic acids. The internal 3-barrel region is richly hydro-
phobic, and the external surface is covered by a number of hydrophilic residues. The characteristic SE disulphide
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bond is located at the end of domain B, opposing the a-helical cap. The resulting loop structure is flexible, although
this seems to vary among the SEs, depending on the length of the loop (Hu and Nakane, 2014).

Doman A Doman B

Figure 7: Three dimensional structure of SEA (Hu and Nakane, 2014).

3.4 Pathogenesis of staphylococcal enterotoxins

Staphylococcal enterotoxins have the ability to induce emetic activity beside super antigenic activity (Figure 8). These
two activities are taking place in two separate domains of the protein (Dinges et al., 2000; Hovde et al., 1994). The
super antigenic activity has the ability to induce excessive activation of T-cells with a subsequent massive release of
cytokine, whereas the emetic activity has the ability to cause enteritis in the intestine among other symptoms
(Benkerroum, 2018).
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Figure 8: The biological multifunctionality of SEs in food poisoning, toxic shock and infection (Hu and Nakane, 2014)
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A summary of the tested super antigenic and emetic activity of the different staphylococcal enterotoxins can be
seen in Table 3. Not for all known SEs emetic activity has been tested.

Table 3: Emetic and super antigenic activity of Staphylococcal enterotoxin and Staphylococcal enterotoxin like. NE
not examined, ED50 = 50% emetic dose (according to Hu et al. 2018)

SEs/SE/

SEA
SEB
SEC
SED
SEE

SEG
SEH
SEI
SEM
SEK
SEL
SEM
SEN
SEO
SEP
SEQ
SER
SES
SET
SE
SEN
SE/X
SElY
SE/Z
SE26
SE/27

Super antigenic ac-
tivity

+
+

+

'Oral administration
2Intraperitoneal administration

Emetic activity [ug/animal]

Monkey!
5 (EDso)
5 (EDso)
5 (EDso)
5 (EDso)
10-20 (EDso)
160-320
30
300-600
NE

100 (2/6)
100 (1/6)
100 (1/7)
100 (1/8)
100 (2/8)
100 (3/6)
100 (2/6)
<100
<100
<100

NE

NE

NE

NE

NE

NE

NE

House Musk Shrew?
0.3

10
1000
40
10

200
1000

NE
NE
NE
NE
NE
NE
50
NE
<1000
20
1000
NE
NE
NE
500
NE
NE
NE
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3.4.1 Superantigen activity

SEs and SEls are representative super antigenic toxins, which selectively activate a vast number of T cells, depend-
ing on VB elements in the 3 chain of a T-cell receptor (TCR), in direct association with the major histocompatibility
complex (MHC) class Il molecules on antigen-presenting cells (APCs) (Lina et al., 2004; Uchiyama et al., 1994).
They subsequently stimulate massive cytokine release and systemic shock (Figure 9).
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MHC Il N ﬁ-— MHC Il
binding site (1) binding site (2)
Doman A Doman B

Figure 9: Diagram of normal antigen (A), superantigen binds to T cell receptor and MHC class Il of APC (B), and
the binding sites of SEA to these cells (C) (Hu and Nakane, 2014).

SEs have evolved in several distinct modes of interaction with MHC class |l molecules. SEA contains two MHC class
Il binding sites (Figure 9). The zinc-dependent site is the major interaction region, and several important residues
(H187, H225, and D227) were identified by mutagenesis. It is presumed that this binds MHC (3 chain (Schad et al.,
1995). This major MHC binding site is located in domain A, near the amino terminus (Schad et al., 1995). The second
(minor) binding site on SEA is F47 located in domain B, which is not zinc dependent. It may be this cooperation
between the two binding sites that is responsible for the high affinity of SEA for MHC class Il molecules. It could
result in a trimer containing the toxin and two bound MHC class Il molecules. Mutational studies were done on SEC3
(Leder et al., 1998), and showed that mutations in the TCR binding site of this toxin were capable of sharply reducing
mitogenicity.

3.4.2 Emetic activity

The first well-documented report that clearly identified SEs as the cause of food poisoning outbreaks, was done by
(Dack et al., 1930). They isolated a pigment-forming Staphylococcus present in large numbers in a Christmas cake
responsible for a food poisoning incident, and sterile culture filtrate of the organism reproduced iliness when ingested
by human volunteers.

The target of SEs responsible for initiating the emetic reflex could be located in the abdominal viscera, where putative
cellular receptors for SEs exist (Sugiyama and Hayama, 1965). Since these receptors have not yet been identified,
there remains much uncertainty regarding the early events in the pathogenesis of food poisoning.
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The symptoms of staphylococcal food poisoning are vomiting, abdominal cramps, nausea, sometimes followed by
diarrhea after a short period of incubation (Hu et al., 2003; Le Loir et al., 2003). In contrast to these well-described
clinical manifestations, the physiopathology of symptoms is only partially understood

However, little is known regarding the mechanisms by which they induce vomiting. Lack of progress in elucidating
the mechanism of the emetic activity of SEs can be partially attributed to the lack of convenient and appropriate
animal models. The susceptible animal species to develop human-like enterotoxigenic disease are non-human pri-
mate models, often, Macaca mulatta (Normann et al., 1969; Stiles, 1971). When introduced intragastrically, SEA and
SEB have been shown to induce emetic responses and gastrointestinal (Gl) inflammatory changes in different
Macaca spp. (Merrill and Sprinz, 1968; Reck et al., 1988). Monkeys have been considered to be the primary animal
model. However, the use of monkeys in investigating SEs is severely restricted by the high cost, the availability of
these animals, and ethical considerations.

The house musk shrew, Suncus murinus, has been described as a small animal model for the study of emetic re-
sponse to various emetic drugs (Chen et al., 1996; Okada et al., 1994). The emetic response of house musk shrew
to peroral and intraperitoneal administration of SEA has been examined (Hu et al., 2001; Hu et al., 1999) (Figure 10
): The emetic activity of SEA in house musk shrews was found to be dose-dependent. Multiple emetic episodes
occurred during 70 to 108 min after peroral administration of SEA. Similar responses occurred during 65 to 102 min
after intraperitoneal injection of SEA (Hu et al., 1999). The animals recovered clinically within 3 h.

Figure 10: The emetic response of house musk shrews against SEA administration. A small emetic animal model,
house musk shrews (A, arrow indicates vomit) (Hu and Nakane, 2014).

SEA passes through the mucosal epithelium in the Gl lumen by an unknown mechanism and then accumulates in
the submucosa (Figure 11). This translocation from the lumen to the submucosa occurs within 30-90 min, a
timeframe that is consistent with the latency time of SEA-induced emesis in house musk shrew (30—120 min) (Hu et
al., 2003; Hu et al., 1999). In the stomach and duodenum of house musk shrew, SEA binds to the submucosal mast
cells or directly to neuron cells. The binding of SEA to an unidentified receptor expressed on the surface of these
cells induces the degranulation, resulting in the release of 5-HT. At present, it is unclear what type of molecule acts
as an SEA receptor on the surface of submucosal mast cells or neuron cells. Superantigens including SEA bind to
MHC class Il molecules expressed on surface of APCs. However, SEA and MHC class Il signals were not co-local-
ized in the Gl tissues of the SEA administered animals, indicating that a receptor on mast cells is not MHC class Il.
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Figure 11: Proposed mechanism of enterotoxin-induced emesis. The enterotoxins transit through mucus-expelling
goblet cells and epithelial cells in the intestinal epithelium to reach the lamina propria. Here, the enterotoxins can
interact with mast cells to induce the release of 5-hydroxytryptamine (5-HT/serotonin precursor), which interacts
with the vagus nerve to cause an emetic response. Additional cellular targets that may have possible roles in the
induction of enterotoxigenic disease include different types of T cells and neutrophils (Fisher et al., 2018)

Moreover, orally administrated SEA shows tendency to bind to mast cells rather than MHC class Il-positive cells in
Gl tract, indicating that unidentified SEA receptor on mast cells is capable of binding SEA more efficiently than MHC
class Il (Ono et al., 2012). Further studies on the identification and molecular cloning of the unidentified SEA receptor
gene are necessary for understanding the exact molecular basis of SEA-induced emesis and elucidation of its down-
stream intracellular signaling.
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3.5 Prevalence of the different enterotoxins in S. aureus strains

Most of S. aureus genome contains one or more enterotoxin genes (Merda et al., 2020). Some of the genes seem
to be more prevalent than the others and this seems to depend on the origin where the strains has been isolated
(Benkerroum, 2018). A literature summary of the prevalence of the different genes harboured by different S. aureus
strains can be seen in Table 4.

Table 4: Distribution of Staphylococcal enterotoxin types for Staphylococcus aureus strains isolated from food-poi-
soning cases and different foods and food-handlers 1 (Chiang et al., 2008), 2 (Merda et al., 2020), 3 (Sato'o et al.,
2014), 4 (Argudin et al., 2012), 5 (Hummerjohann et al., 2014) NA = not analyzed

SFPO Tai- SFPO Europe SFPO Japan Food and - Cheese Swit-

Description  wan (147 (143 iso- (42 iso- handlers Spain zerland (102
isolates)’ lates)? lates)?® (64 isolates)* isolates)’

Se gene incidence [%] in S. aureus isolates

sea 29.20 34.97 70.00 38.70 21.00

seb 19.70 6.29 45.00 12.90 NA

sec 6.80 14.69 7.00 16.10 1.00

sed 2.00 11.89 5.00 22.60 44.00

see - 2.80 - - NA

seg 2.00 34.97 20.00 80.70 14.00

seh 8.20 17.48 55.00 9.70 4.00

sei 29.90 37.76 20.00 8.70 16.00

seij 2.00 13.99 5.00 22.60 42.00

seik 16.30 13.99 55.00 6.50 NA

sel 6.80 13.99 3.00 9.70 NA

sem 11.60 35.66 17.00 80.70 NA

sen 10.90 37.76 17.00 80.70 NA

seo 14.30 37.06 17.00 80.70 NA

sep 27.90 11.89 10.00 9.70 1.00

seq 10.90 14.69 55.00 9.70 NA

ser 5.40 13.99 5.00 16.10 42.00

ses NA 0.70 NA - NA

set NA 0.70 NA - NA

seiu 14.20 2517 NA 48.40 NA

seiv NA 0.00 NA NA NA

seix NA 12.59 NA NA NA

seiy NA 89.51 NA NA NA

seiz NA 9.09 NA NA NA

sei26 NA 0.00 NA NA NA

sei27 NA 0.00 NA NA NA













WGS of microbial pathogens has been introduced into public health surveillance relatively rapidly compared to pre-
vious methodological advancements, with reports of its use from early adopters from 2011 onward (Lienau et al.,
2011; Rall et al., 2012). First it was used in retrospective analysis of foodborne outbreaks. Nowadays it becomes a
powerful tool for prospective analysis and surveillance of bacterial foodborne pathogens (Allard et al., 2018; Ashton
et al., 2016; Jackson et al., 2016; Moura et al., 2016). WGS is being introduced as a replacement technology, i.e. it
will replace most current identification and characterization methods in the microbiology laboratory such as serotyp-
ing, virulence profiling, antimicrobial resistance determination and previous molecular typing methods. In a public
health setting replacing the plethora of traditional microbiological identification and typing methods with a single effi-
cient analytical WGS workflow makes implementation cost-effective as well as more accurate. Actionable data on
public health can be collected faster than previously (Grant et al., 2018).

Analysis of WGS data by either approach is a complex process in which multiple steps are combined to produce final
results, such as SNP or allele matrices and phylogenetic trees (Timme et al., 2017). The large amount of data gen-
erated in WGS brings challenges for its analysis (Deurenberg et al., 2017; Wyres et al., 2014). This has led to multiple
software solutions being developed, mainly through academic endeavors, which in general require specialized
knowledge and expertise to be deployed and operated. More recently commercially developed software have be-
come available, bringing a user-friendly interface, allowing non-bioinformatics experts, with the appropriate training
in both bioinformatics software and final WGS result interpretation, to conduct analyses. The commercial software
may be expensive but since limited bioinformatics expertise is needed, it may nevertheless be a more cost-efficient
solution for many users in food industry. Two main applications to analyze genomic data to determine the relatedness
between strains, namely SNP-based and the gene by gene-based approaches (such as wgMLST and cgMLST) are
available. In the SNP-based approach, sequencing reads are aligned or mapped to a known sequenced reference
genome, and the nucleotide differences in both coding and non-coding regions determined (Davis et al., 2015). For
each isolate, every SNP relative to the reference genome is recorded and then used to quantify the genetic related-
ness between strains. CgMLST and wgMLST are an extension to traditional 7-loci multi-locus sequence typing
(MLST), the genes in either a defined core genome (cgMLST) or the whole genome (wgMLST), which includes more
variable accessory genes, are compared against a reference database of all known gene variants (alleles) for a
particular species. CgMLST provides highly detailed phylogenetically relevant information about the genetic related-
ness of a species. On the other side wgMLST provides even more discrimination than cgMLST and this can be
valuable for cluster investigations to discriminate between closely related isolates. The genetic variation detected by
SNP or gene-by-gene analysis can be used to infer phylogenetic relationships between bacterial isolates usually
displayed in the form of a phylogenetic tree. The tree represents the calculated evolutionary model (obtained using
different possible tree inference algorithms such as parsimony, maximum likelihood, and Bayesian or distance meth-
ods) of the isolates as a series of branches from the root or common ancestor. The isolates clustered together near
the leaves of the tree are more closely related than other isolates elsewhere in the tree (Jagadeesan et al., 2019).

About application of whole genome sequencing in S. aureus can be read in chapter 2.2.

5.5 Immunoassays

Immunoassay is an analytical method that is widely applied in many fields, including pharmaceutical analysis, toxi-
cological analysis, bioanalysis, clinical chemistry, and environmental analysis based on specific recognition between
antigens and antibodies. Immunoassays are extremely sensitive and specific, rapid to operate, and can be used to
detect SEs in complex samples without extensive pre-treatment. Combining antibodies as a recognition component
with an appropriate transducer formed biosensor called immunosensor. In immunosensor, sensing elements play an
important role in the detection process and are basic devices giving an output in the form of measurable energy that
is correlated with the input quantity. According to the applied transduction patterns, these sensors can be classified
into three main types: (1) optical detection techniques, (2) electrochemical detection techniques and (3) mass detec-
tion techniques (Wu et al., 2016).

Colorimetric immunoassays are belonging to the optical detection techniques and are the most common ones. They
determine analytes by comparing or measuring the absorbance of a colorful substance. The transducer moiety is a
key component of colorimetric immunoassays that affects performance with respect to sensitivity, specificity, re-
sponse time, and the signal-to-noise ratio, due to its function of translating the detecting behavior into light absorption




ranging from 390 to 750 nm, characterized by an eye-sensitive color change. Enzyme-linked immunosorbent assay
(ELISA) is a widely used colorimetric method. ELISAs are commonly performed by immobilizing artificial antigens or
capturing antibodies on plastic supports. The antigen captured by the antibody support can be detected either using
an enzyme-labelled antibody that is specific for the same determinant as the capture antibody or by an enzyme-
labelled antibody recognizing a different epitope on the captured, multivalent antigen. Quantification of antigens is
achieved by monitoring the cleavage of the chromogenic substrate (e.g., 3,31,5,51-tetramethylbenzidine (TMB)) by
the enzyme (e.g., horseradish peroxidase (HRP)), which produces a blue metabolite for signal detection. These
methods have many advantages, such as being easy to use, specific, and applicable for high throughput screening.
SEs are routinely assayed immunologically by ELISA (Wu et al., 2016).

By looking in literature different immunological assays were developed in the last year for the non-classical entero-
toxins like for SEG (Nagaraj et al., 2016), SEH (Schubert et al., 2016), SEI (Zhao et al., 2017a), SEK (Aguilar et al.,
2014), SEM (Zhao et al., 2017b) and SEQ (Hu et al., 2017). Unfortunately, they are all not commercially available.




6 New literature from Agroscope about S. aureus
enterotoxins

6.1 Growth of Staphylococcus aureus, staphylococcal enterotoxin formation, and
the effect of scalding temperature during the production of Alpine cheese in a
laboratory cheese-making model

6.1.1 Reference

Schwendimann, L.; Berger, T.; Graber, H.U.; Meier, S.; Hummerjohann, J.; Jakob, E. (2020). Growth of
Staphylococcus aureus, staphylococcal enterotoxin formation, and the effect of scalding temperature during the
production of Alpine cheese in a laboratory cheese-making model. J Food Prot, 83 (10): 1822—1828.

6.1.2 Abstract

To reduce the number of potential S. aureus contaminated cheese reaching consumers, European legislation stipu-
lates that all cheese must be tested for coagulase-positive staphylococci (CPS) at the point in production when
numbers are expected to be highest. If CPS counts exceed 105 CFU/mL, enterotoxin tests must be conducted. In the
case the enterotoxin test shows positive results the cheese must be destroyed. Manufacturers of Swiss Alpine cheese
are exempt from this legislation because enterotoxin formation in hard cheese is expected to be very unlikely, given
the high scalding temperatures the cheese is exposed to during its production. Such temperatures result in inactiva-
tion of CPS in the curd. However, this assumption has not yet been scientifically demonstrated. Therefore, a labora-
tory-scale cheese production experiment was performed, in which the conditions corresponded with certain limita-
tions to practical cheese-making conditions in terms of temperature and time exposure like in Gruyere or Tete de
Moine Swiss type cheese. Raw milk aliquots (200 ml) were inoculated with five different strains of CPS, and scalding
temperatures, ranging from 46-56° C, were applied during cheese production. The temperatures applied after press-
ing the curd aimed at reproducing the temperature curve in the peripheral zone of a real cheese wheel. Contrary to
expectations, enterotoxin formation occurred and changed with the different scalding temperatures (52-56° C).The
differences in enterotoxin formation were more associated with strain type rather than temperature. Based on these
results, the mechanism of enterotoxin formation in cheese requires further study.

6.2 Staphylococcal enterotoxin gene cluster: prediction of enterotoxin (SEG and
SEIl) production and of the source of food poisoning based on vSag typing

6.2.1 Reference

Schwendimann, L.; Mérda, D., Berger, T.; Denayer, S.; Feraudet-Tarisse, C.; Klaui, A.; Messio, S.; Mistou, M.Y;
Nia, Y.; Hennekinne, J.A., Graber, H.U. (2021). Staphylococcal enterotoxin gene cluster: prediction of
enterotoxin (SEG and SEI) production and of the source of food poisoning based on vSap typing. Appl Env Micr.
10.1128/AEM.02662-20.

6.2.2 Abstract

Currently only five (SEA-SEE) out of 26 known staphylococcal enterotoxins can be analyzed using commercially
available kits.Six genes (seg, sei, sem, sen, seo, and seu), encoding putative and undetectable enterotoxins, are
located on the enterotoxin gene cluster (egc) which is part of the Staphylococcus aureus genomic island vSap. These
enterotoxins have been described as likely being involved in staphylococcal food poisoning outbreaks.

The aim of the present study was to determine if whole genome data can be used for the prediction of staphylococcal
egc enterotoxin production, particularly enterotoxin G (SEG) and enterotoxin | (SEI). For this purpose whole genome
sequences of 75 Staphylococcus aureus (S. aureus) strains from different origins (food poisoning outbreaks, human,
and animal) were investigated applying bioinformatics methods (phylogenetic analysis using the core genome and
different alignments). SEG and SEI expression was tested in vitro using a sandwich ELISA method.

Strains could be allocated to 14 different vSap types, each type being associated with a single clonal complex (CC).
In addition the vSap type and CC were associated with the origin of the strain (human or cattle derived). The amount




of SEG and SEI produced also correlated with the vSa3 type and the CC of a strain. The present results show
promising indications that the in vitro production of SEG and SEI can be predicted based on the vSaf type or CC of
a strain. Currently only five (SEA-SEE) out of 26 known staphylococcal enterotoxins can be analyzed using commer-
cially available kits. Six genes (seg, sei, sem, sen, seo, and seu), encoding putative and undetectable enterotoxins,
are located on the enterotoxin gene cluster (egc) which is part of the Staphylococcus aureus genomic island vSag.
These enterotoxins have been described as likely being involved in staphylococcal food poisoning outbreaks.

The aim of the present study was to determine if whole genome data can be used for the prediction of staphylococcal
egc enterotoxin production, particularly enterotoxin G (SEG) and enterotoxin | (SEI). For this purpose whole genome
sequences of 75 Staphylococcus aureus (S. aureus) strains from different origins (food poisoning outbreaks, human,
and animal) were investigated applying bioinformatics methods (phylogenetic analysis using the core genome and
different alignments). SEG and SEI expression was tested in vitro using a sandwich ELISA method.

Strains could be allocated to 14 different vSap types, each type being associated with a single clonal complex (CC).
In addition the vSaf type and CC were associated with the origin of the strain (human or cattle derived). The amount
of SEG and SEI produced also correlated with the vSa3 type and the CC of a strain. The present results show
promising indications that the in vitro production of SEG and SEI can be predicted based on the vSap type or CC of
a strain.

6.3 Behaviour of Staphylococcal Egc enterotoxins during bacterial growth and
under Food Production-like stress conditions

6.3.1 Reference

Schwendimann, L., Berger, T., Denayer, S., Hennekinne, J.A., lvanovic, I., Messio, S., Mistou, M.Y, Nia, Y.,
Graber, H.U. Behaviour of Staphylococcal Egc enterotoxins during bacterial growth and under Food Production-
like stress conditions. Unpublished manuscript.

6.3.2 Abstract

According to the European Food Safety Authority (2019), 77 out of 114 outbreaks caused by staphylococcal entero-
toxin are weak evidence outbreaks. However, only five out of over 25 enterotoxins can be analysed using commer-
cially available kits. The presence of so-called ‘new enterotoxins’ cannot be identified. A group of these new entero-
toxin genes — seg, sei, sem, sei, seo and seu — are located on the same enterotoxin gene cluster (egc) and might to
be involved in staphylococcal food poisoning outbreaks.

The aim of the present study is to improve the understanding of the parameters and conditions under which egc
enterotoxins are produced, which will lead to improved control of their expression during food production and storage.
For this purpose, a selection of eight strains from different origins was chosen based on their genetic diversity (struc-
ture) and origin (human, animal, environment or food). The mRNA expression of seg, sei, sem, sen and seo was
measured using RT-gPCR at three different points during the bacterial growing phase (start, mid-log and end-log).
Based on these results, three strains were selected to study their enterotoxin expression under stress conditions:
NaCl concentrations up to 100 g/L and high temperature (45°C). In addition, each sample was tested for staphylo-
coccal enterotoxins G (SEG) and | (SEI) using an in-house sandwich ELISA method. The results showed that egc
enterotoxins are mostly expressed in the mid-log phase of bacterial growth and switch off at the end of the log phase.
Both SEG and SEI are produced at an early stage of the growing phase. Interestingly, NaCl content up to 20 g/L, a
common condition of food production, did not affect the expression and production of egc enterotoxins. However,
differences between strains were observed. The study gives insights into the production of egc enterotoxins under
stress conditions. This information will enhance the availability of methods for controlling egc enterotoxins in food
production and storage.




7 Discussion

The advances in whole genome sequencing and the decrease of the costs for sequencing in the past years lead to
an increasing number of sequenced strains. To date sequencing data from 80’000 S. aureus strains can be found on
NCBI. In recent years, also the number of strains sequenced coming from foodborne outbreaks are increasing (Chieffi
et al., 2020; Merda et al., 2020). This data availability is an opportunity to generate new tools and methods for im-
proving food safety. Large studies with great numbers of sequenced strains can be performed, making it easy to
proof specific findings, especially if beside the genome also the isolate is available. Under these circumstances also
the prediction of gene expression and protein synthesis, based on genomic data is a field that can be explored.

This is the case for S. aureus and its enterotoxins, as to date a lot of outbreaks are of weak evidence. Reason for
that are multiple. On one side only for five out of 26 enterotoxins there are commercial detection methods available.
In addition, few is known about the so called non-classical enterotoxins. For this reason new tools and methods such
as WGS and new methods for enterotoxin measurements are needed in order to be able to analyse and measure
the S. aureus strains and their enterotoxins and consequently, being able to predict the enterotoxin production based
on genome data. With the present study a contribution can be given in this field since a group of the non-classical
enterotoxins, the egc enterotoxins were studied at genome level (seg, sei, sem, sen, seo, and seu), at mMRNA ex-
pression level (seg, sei, sem, sen, seo), and at protein level (SEG and SEI). By comparing the results from the
different levels, models to predict SEG and SEI production based on genome data were found. They shed light on
new insights into the conditions and limits of enterotoxin production under stress parameters such as NaCl and
temperature.

7.1 The role of egc enterotoxins

Egc enterotoxins are present in about 50% of S. aureus strains. This percentage has been described in literature
(Argudin et al., 2012; Jarraud et al., 2001; Smyth et al., 2005) and was also confirmed again in this study. Very recent
studies also describe egc to be the most frequent virulence factor detected in MRSA and MSSA (Kwapisz et al.,
2020). Beside the high prevalence, these enterotoxins are also quite particular as they are all located on a stretch
forming a gene cluster. We observed that this cluster of enterotoxin genes shows no signs of recombination (un-
published data) and they seem to be on a stretch of paralogous genes. In the beginning of this study it was not clear
if the gene expression of these enterotoxins is regulated together (single promoter at the start of the egc), or if each
gene is regulated separately. With the results achieved in this study we can say that there are some signs indicating
a regulation of the whole cluster, but it may be that also the promoters located just before the single enterotoxins
also play a role. The whole egc is part of the mobile genetic element vSaf, which was recently described to be a
phage (Klaui et al. 2019). VSap was initially a prophage as it is still observed in vSap type IV and can still be mobilized.
At the time around clone formation, the original vSaf underwent multiple genetic changes resulting in the different
vSap types observed today (Klaui et al. 2019).

In addition to the above-mentioned points egc enterotoxins express super antigenic and emetic activity. Emetic ac-
tivity has been demonstrated on monkeys for SEG, SEI, SEM, SEN and SEO (Omoe et al., 2013). As emetic activity
has not yet been demonstrated for SEU, this enterotoxin was not taken into consideration in our study. From a food
safety point of view, literature (Johler, Giannini, et al., 2015) seems to show the involvement of these enterotoxins in
foodborne outbreaks. Recent publications are also describing the super antigenic activity of these enterotoxins and
they seem to have an effect particularly on human skin (Nowrouzian et al., 2017).

In the past studies of Agroscope the focus was on genotype B strains (SEA, SED, SEJ and SER) but with the afore-
mentioned facts about the egc enterotoxins the focus of this study was changed to the egc enterotoxins, since not
much is known about the expression of these enterotoxins and their involvement in SFPOs in Switzerland and France
(Schwendimann et al. 2020).




7.2 vSaP characterisation and subtyping of egc containing S. aureus

As soon as the WGS from the strain collection used in this study was ready, the characterisation of the vSap type
was performed, as it seemed to be a good tool to subtype the strains. In addition, Klaui et al. (2019) showed its
discriminatory power and the correlation between the vSaf type and the clonal complex. In this study (Schwendimann
et al. 2020) beside the vSap type already described in literature, we describe seven new types. As a consequence
we think that, as the diversity of the clonal complex is varying, also the amount of vSaf type will not be limited to 15.
It is supposed that the number of vSaf types will increase with additionally characterised S. aureus genomes and
their vSap. By looking at the egc of the different vSa} types we can see that they differ in the presence/absence of
certain enterotoxins (seu), but sometimes also single genes are truncated or fragmented (sen, seg, sem). Also the
single egc enterotoxin genes (especially sem, seo and seu) seem to have a large variability (sometimes < 90%
similarity at amino acid level, Schwendimann et al. 2020), which was also described by Mérda et al. (2020). Strains
having the same type of vSap have a similarity of 100% at amino acid level between them for all egc enterotoxins
and the whole egc. In the past other subtyping methods for the egc cluster were used and described in literature (egc
type 1-6) (Chieffi et al., 2020). With these methods different types of enterotoxins and their variants were used to
define the egc type. Based on the new findings of this study we consider this method as too complicated (because
of the different variants described) and with insufficient discriminatory power. Consequently, we propose to use the
vSap typing as a tool to distinguish the different egc containing strains, when it considers this part of the genome as
a whole and not the single enterotoxins. Using the here described method would also help to reorganise the pretty
confusing egc nomenclature in use. Instead of using different variants like SE/U1, SE/U2, SE/W simply the type of
vSap could be used. In addition, in some literature the presence of SE/V in the egc was described. This enterotoxin
was not found in any of the genomes analysed in this study (Schwendimann et al. 2020) nor in the 156 genomes
analysed by Mérda et al. (2020), which raises the question of the relevance of this enterotoxin. Overall | think that
staphylococcal enterotoxins nomenclature and classification should be revised and newly organized since every year
more studies are published describing new enterotoxins. In any case it should clearly be defined which of them are
only variants of already described enterotoxins and which are completely new ones. This should be based on phylo-
genetic studies using the new bioinformatic tools developed in the recent years.

7.3 Prediction of enterotoxin production

After having characterized and allocated the strains to the 15 different types of vSap, the question raised if some
clear differences could also be observed in enterotoxin production. At the time of the study an ELISA method for
detection of SEG and SEI was available and by applying this method a subset of the strains (approx. three strains
per vSap type) was analysed for their production of SEG and SEI (Schwendimann et al. 2020). We were surprised
by the clear results as it could be observed and statistically demonstrated that some vSap types produced a “high”
amount of SEG and SEI enterotoxins and others produced a “low” amount of them. These results and the correlation
between clonal complex and vSaf enabled us to create a tool to predict SEG and SEI enterotoxins based on WGS
data. However, the reason for the existence of this correlation is not yet clear. We assumed that differences at the
promoter level are responsible for it, depending on the vSap type. Deeper analysis of the promoter of the enterotoxins
(data not included in this manuscript) showed different knowledge gaps due to the unknown TSS (transcriptional
starting site) of the enterotoxins. Without knowing this site, we concluded that only presumptive promoters can be
allocated and a comparison of presumptive promoters makes a comparison between vSap types difficult. A definition
of TSS can only be done by performing RNA sequencing, what | assume needs to be done in future. Interestingly is
also the fact that the two analysed enterotoxins (SEG and SEI) seem to follow the same expression pattern: when
SEG is produced “high” also SEI is produced “high” and the same pattern for the low production level. The produced
quantities of SEI are much higher than those produced of SEG. Due to this fact and due to the strong link between
vSap and the clonal complex, | assume that there are some global regulation systems for the different egc entero-
toxins in the vSaf or somewhere else on the genome. They are probably correlated to the clonal evolution. Also with
the approach of measuring the protein only, it was not clear if the differences in enterotoxin production are caused
by differences in transcription or translation. In order to obtain more clarity in this question, the expression of the egc
enterotoxins was measured.




7.4 Correlation between egc enterotoxin expression and production

Expression of egc enterotoxins was measured for a subset of strains using RT-gPCR (Schwendimann et al. un-
published manuscript). A method for the measurement of enterotoxin expression was developed for seg, sei, sem,
sen and seo. As described in past studies (e.g. Derzelle et al. 2009), we confirmed that expression of egc enterotoxins
seems to be highest at the mid exponential growing phase. This fact confirms that egc enterotoxins are non-agr
dependent enterotoxins as otherwise they would have been expressed at a later point in the late exponential growing
phase. Also at protein level SEG and SEI were surprisingly already measurable and quantifiable two hours after
inoculation. For the analysis of the expression a subset of strains was chosen based on three criteria: 1) diverse in
the genome, 2) different patterns of enterotoxin production (Schwendimann et al. 2020), and 3) were involved in
foodborne outbreaks. Contrary to our expectations for the selected strains, no differences could be observed at the
expression (MRNA) level between the strains, as the ones producing very low amounts of enterotoxin - G and | - had
the same expression (MRNA) as the one producing high amounts of enterotoxins G and I. With these results I'm
convinced that the egc enterotoxins are all expressed independently of the vSap type, but when it comes to transla-
tion from mRNA to protein a diversity in vSap/CC seems to play a role. In literature, reasons for differences in post-
transcriptional steps are described to rely on translation efficiency. There are multiple causes for differences in trans-
lation efficiency such as differences in mRNA structure, differences in the Shine-Dalgarno sequence or regulation by
some other RNA transcripts (Chiaruttini and Guillier, 2020; Li, 2015; Meyer, 2017). As there are some variations in
the single enterotoxin genes between the different vSap | think that this could lead to some differences in RNA
structure or in the Shine-Dalgarno sequence and therefore, leading to some differences in translation efficiency. Also
the difference between SEG and SEI could be explained as a difference in translation efficiency. From a transcrip-
tional point of view, as there are just minor differences between the single enterotoxins it is not yet clear if enterotoxin
genes are all regulated by the same promoter, some single promoters or a combination of both.

No general conclusions on enterotoxin production can be made for enterotoxins for which a protein measurement
method is not yet available like SEM, SEN and SEQ: also in this case it could be that they are expressed, but maybe
not translated into proteins. From literature we only know that SEM protein could be measured in strains from food-
borne outbreaks (Zhao et al., 2017b).

7.5 Importance of egc enterotoxins for food safety

When starting this study it was not clear if egc enterotoxins play a relevant role in foodborne outbreaks. Only a few
studies showed the possible involvement of these enterotoxins in SFPOs (Johler, Giannini, et al., 2015; Umeda et
al., 2017). In this study (Schwendimann et al. 2020), the strains involved in SFPO showed their ability to produce
SEG and SEIl and even in "high” amounts. But it has to be noted that “high” amounts in this study, especially for SEl,
are still much lower than the ones measured for SEA (Zeaki et al., 2015). Also the emetic activity is much higher
(lower amounts needed) for SEA rather than for SEI (Ono et al., 2017). These facts raise the question if a single egc
enterotoxin can be the cause for a foodborne outbreak or if it is the cumulative effect of different enterotoxins pro-
duced that causes foodborne outbreaks, because they potentially increase the severity of its single effects on human
health. This is supported by the fact that all egc enterotoxins seem to be expressed and potentially also produced
together (Schwendimann et al. unpublished manuscript). In addition and as mentioned in the previous chapter, the
egc enterotoxins seem to be produced very fast (2 hours after inoculation), also under higher temperatures (45 °C)
and high NaCl concentration (up to 100 g/L). These enterotoxins can be produced in a very wide range of conditions
which are normally considered as critical for growing and enterotoxin production. Obviously there is a big impact for
the production of cheese. Finally and not to underestimate is the fact that egc seems to be present in approx. 50%
of the strains. These findings support the fact that egc enterotoxins may play a role in foodborne outbreaks. At the
moment an egc enterotoxin caused SFPO would fall into the category of weak evidence outbreak, as no laboratory
would be able to measure egc enterotoxins from the strains nor in the food. The inability of measuring these and
other staphylococcal enterotoxins is controversy to the fact that according to the Swiss and European law Staphylo-
coccal enterotoxins should not be present in foods. A very disappointing situation that should be solved by further
research and invention.




7.6 ldeas for outbreak investigation with suspected involvement of egc entero-
toxins

Considering the fact that egc enterotoxins seem to be more involved in SFPO than expected also new strategies and
tools should be developed to determine egc enterotoxins caused outbreaks. As already mentioned in the previous
chapter, in my opinion the whole egc should be considered as a unity from an analytical and epidemiological point of
view. This perspective would simplify the analytical procedure and the full investigation of egc enterotoxin caused
outbreaks (Figure 21). Linking together all new insights of this study leads to a suggestion on how an egc caused

outbreaks could better be clarified in the future.
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Figure 21: Characterisation, prediction and source tracking of an egc containing S. aureus strain potentially involved
in a foodborne outbreak

First step is taking an isolated S. aureus from the presumptive food matrix involved in a foodborne outbreak. Then it
has to be decided if the strain is going to be directly sequenced or a series of gPCRs is going to be performed. Taking
the first option has a lot of advantages as all genome information will be available sooner. On the other side the
sequencing of the strain will cost more time and money.

With the sequencing data, the NAuRA tool developed by Mérda et al. (2020) can be used for identifying all entero-
toxins present in the genome. Additionally, also the definition of the CC should be performed (as described in
Schwendimann et al. unpublished manuscript). When knowing the CC of an egc positive strain, it can be compared
to the ones already described in literature. The results of our study shows (Schwendimann et al. 2020) that only a




small number of such CCs are involved in SFPOs in Europe, because most of the strains were allocated to only five
different kinds of vSaf type/CCs (Schwendimann et al. 2020). Consequently, there is a high probability that infor-
mation on the CC found is already known. With this comparison to known CCs additional information will be available
(Schwendimann et al. 2020): 1) Itis possible to know if the strain is a “high” or “low” enterotoxin producer. If it appears
that e.g. the strain is a CC705 (having vSaf IV and being a low producer) it is clear that in this case egc enterotoxins
would not have been involved in the outbreak. In the case of a CC45 the contrary could be assumed. 2) A CC can
give an indication of the possible source of the involved S. aureus strain. Again, assuming it is CC705, even when
SEG and SEI enterotoxins are not involved, with the new insights we can assume that the source of this strain is
cattle. On the other hand, a strain being CC45 is most probably from human origin. By knowing this information, the
possible source of contamination can more easily be found and eliminated.

If the results of the sequencing show a CC where neither enterotoxin production studies nor vSap characterization
studies have been performed, no information on prediction or source can be given. In this case these SEG and SEI
production studies should be performed with the isolated S. aureus strain and vSap should be characterized. Apply-
ing these methods the data base will continuously be enlarged and the cases of unknown CC will become rare. In
addition, if in the future methods for the detection of SEM, SEN and SEO are available, these enterotoxins show
maybe the same pattern and CC dependency as SEG and SEI. For a strong evidence outbreak proof, the enterotox-
ins need to be detected in the food matrix and also evidence that the isolated strain is able to produce these entero-
toxins. With the new information of this study, in future it might be necessary to only analyze one enterotoxin (e.g.
SEl) instead of all of them (SEG, SEI, SEM, SEN, SEO).

If the S. aureus strain is not directly going to be sequenced, qPCR for the detection of enterotoxins needs to be
performed. In such a situation, | suggest to only use one qPCR for the detection of sei. Here again the new insights
of egc should be used: As we know that sei is always present on each vSaf} type, not being truncated and having a
low variability (Schwendimann et al. 2020, Klaui et al. 2019), this enterotoxin gives an indication of the presence or
absence of egc. If egc is present, CC should be identified by PCR and sequencing of the seven housekeeping genes.
Afterwards the procedure is the same as described in the case of sequencing of the strain.




8 Conclusions and outlook

The main goal of this study was to find a model that can predict staphylococcal egc enterotoxin production based on
WGS data. This goal has been reached and as a side effect some more insights on egc enterotoxins and vSaf3 have
been found.

The correlation between clonal complex and vSap type, together with the fact that enterotoxin G and | production is
dependent on the vSap type and can statistically be allocated to “high” and “low” production, made it possible to
predict SEG and SEI production based on whole genome data. In addition, the new insights also show that based
on the CC indication the possible source of contamination can be determined. This new knowledge can be used in
SFPOs cases in order to evaluate the involvement of a specific strain in an outbreak.

Beside the new insights, | nevertheless think the prediction model needs to be further extended due to the diversity
of clonal complexes and by genotypical and phenotypical characterisation of the not already described CCs. This
should be done by analysis of the vSa3 and the test for the production of enterotoxins G and I. In addition, once a
quantitative method for detection of enterotoxin SEM, SEN and SEO is available the strains of the different vSap
types should be analysed for the production of these enterotoxins. If the results also give the same insights as the
one for SEG and SEI, the model could be extended to all egc enterotoxins.

In the beginning the reason for the differences in the correlation of vSaf3 and enterotoxin production were assumed
to be in the diversity of the promoters. Due to the absence of information about the TSS, promoter studies could not
be performed as planned. In consequence, | think that RNAseq would be needed to be able to define the TSS. In
addition, with this method it could also be confirmed if egc enterotoxins are all expressed together or singularly.

From the point of view of food safety also some new insights into production of SEG and SEI under different param-
eters were gained with this study. Under the stress parameters used here, expression (mMRNA) was measured for all
egc enterotoxins. Surprisingly, SEG and SEI production of these enterotoxins could already be measured two hours
after inoculation, with an incubation temperature of 45°C or NaCl concentrations up to 100 g/l. These results show
that SEG and SEI can also be produced under harsh conditions. Therefore, it should be further observed how they
are produced in a food matrix. Especially with foods where a lot of human handling is required (e.g. artisanal cheese
making and similar), challenge tests should be performed in order to find out if these enterotoxins have the ability to
be produced under real life conditions. Nevertheless, statements at the protein level cannot be made for SEM, SEN
and SEO, as we have no knowledge if translation from mRNA to protein happened for these enterotoxins.

The enterotoxin gene cluster is composed of five enterotoxin genes for which emetic activity is demonstrated. In my
opinion this cluster should be considered as one and in the future, when more knowledge will be available about the
single enterotoxins and their behaviour, maybe only one representative enterotoxin out of the five can be used for
demonstrating the implication of an egc positive S. aureus strain in a SFPO. Before reaching this level, a detection
method should be made available for all five enterotoxins in order to be able to study the complete toxin production
pattern and to see if the total amount of enterotoxin produced correlates with the high implication of egc enterotoxins
in SFPOs.
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