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Summary

Shiga toxin-producing Escherichia coli (STEC) is an important human pathogen that can cause
symptoms ranging from asymptomatic carriage and mild disease to bloody diarrhoea and haemolytic
uremic syndrome (HUS). Non-sorbitol-fermenting 0157:H7 (NSF 0157) was the first STEC serotype
detected and is still the most common source of STEC disease and outbreaks worldwide. However
non-0157 STEC serotypes are also known to cause severe disease and outbreaks, and in Norway non-
0157 serotypes are more frequent than 0157 among human STEC cases. There are several known
virulence factors in STEC pathogenesis, among which the Shiga toxins (Stx) and the adherence factor
intimin, encoded by the eae gene on the Locus of Enterocyte Effacement pathogenicity island (LEE),

have long been known to be of key importance.

The main aim of the present study was to identify genetic characteristics which could distinguish

between highly pathogenic STEC bacteria with the potential to cause HUS, and low-virulent STEC.

First, we investigated specific genes associated with regulation of Shiga toxin production in
Norwegian sorbitol-fermenting 0157:H- (SF 0157) strains from the strain collection at the Norwegian
Institute of Public Health, by sequencing of the genomic regions harbouring these particular genes.
Secondly, we described severity of disease in patients with STEC infection and characterized a
collection of STEC strains detected by polymerase chain reaction (PCR) in the years 1996-2011 at St.
Olavs Hospital, Norway. Finally, we whole genome sequenced and compared 95 Norwegian non-
0157 STEC strains from the strain collection at the Norwegian Institute of Public Health and St. Olavs

Hospital isolated from persons with HUS, diarrhoea and asymptomatic carriage.

Sequencing of the anti-terminator g gene and genes upstream of the stx2 genes in three selected SF
0157 strains revealed that the DNA sequences were identical or similar to those observed in the
STEC 0111:H- strain AP010960, but different from the ones observed in the NSF 0157 strain EDL933
(AE005174). In addition different DNA sequences were detected in the sequenced region among the
three SF 0157 strains. A PCR assay for detecting goi11.4+. in SF 0157 was developed, and analysis
showed that all stx2 positive SFO 157 strains harboured this g gene. Further investigations are
needed to elucidate whether the go111.4.gene observed in all Norwegian SF 0157 contributes to the

increased virulence seen in SF 0157 compared to NSF 0157.

In the period 1996 through 2011, STEC was isolated from 138 out of 12,651 (1.09%) patients tested
at St. Olavs Hospital. Eleven of these patients (all <5 years old) suffered from HUS, but in neither case

was the outcome lethal. Twenty (14.5%) of the strains were NSF 0157, 78 (56.5%) belonged to other

vii



common STEC serogroups frequently involved in disease and outbreaks (026, 0103, 0111, 0121,
0145 and SF 0157), and 40 (29.0%) belonged to other serogroups or were non-typeable. All HUS
cases were infected with common STEC serogroups, except NSF 0157. Twenty-four STEC strains were
classified as HUS-associated. Low age (<5 years old) and STEC containing eae and stx2a was
significantly more frequent among HUS-associated cases (p<0.05 for each parameter), while STEC
containing stx1 was associated with non-HUS infection (p<0.05). Other putative virulence genes,
apart from the gene encoding enterohaemolysin (ehxA), were significantly more frequent among
HUS-associated than non-HUS strains (p<0.05 for each gene). However, these genes were also
present in some of the non-HUS STEC strains and could therefore not reliably differentiate between

HUS-associated and non-HUS STEC.

Whole genome sequencing and comparisons were performed across 95 non-0157 STEC strains.
Twenty-three STEC of this collection were classified as HUS-associated, including strains from
patients with HUS (n=19) and persons with an epidemiological link to a HUS-case (n=4). Genomic
comparison and phylogenetic analysis revealed considerable heterogeneity in gene content across
the 95 STEC strains. A clear difference in gene profile was observed between strains with and without
the LEE pathogenicity island. All HUS-associated STEC strains were distributed in two distinct clusters
within phylogroup B1. However, also non-HUS strains were found in these clusters. By genomic
comparisons a number of genes were significantly overrepresented among HUS-associated STEC
strains, but none of them were unique to these strains. The results from the present study indicate
that STEC strains from different phylogenetic backgrounds have independently acquired virulence
genes that determine pathogenic potential, and that the gene content among pathogenic and non-
pathogenic STECs in part might be regarded as overlapping. Thus it was not possible to clearly
distinguish between highly pathogenic STEC having caused HUS and low-virulent STEC having caused

only mild disease or asymptomatic carriage.

In summary this study revealed that STEC causing human disease constitute a genetic and
phylogenetic highly diverse nature. A clear difference in gene profile was observed between LEE
positive and LEE negative STEC. Common characteristics among STEC classified as HUS-associated in
this study were that all were LEE positive and contained the stx2a subtype, with the exception of
strains that had lost the stx genes. In addition, all belonged to common STEC serogroups frequently
involved in STEC disease and outbreaks. Genomic comparison revealed that the gene content in part
was shared between HUS-associated and non-HUS STEC, and consequently it was not possible to

reliably distinguish STEC with the potential to cause HUS and those without this potential.
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Sammendrag
Analyse av genetiske egenskaper i shigatoksinproduserende Escherichia coli (STEC) fra
norske pasienter med og uten hemolytisk-uremisk syndrom i Norge

Bakgrunn: Shigatoksinproduserende Escherichia coli (STEC) er bakterier som kan forarsake alvorlig
sykdom som blodig diaré og hemolytisk-uremisk syndrom (HUS). Viktige sykdomsfremkallende
egenskaper hos STEC er produksjon av shigatoksiner samt evne til 3 feste seg til tarmslimhinnen ved
hjelp av adheranseproteinet intimin. | tillegg kommer ogsa andre potensielle sykdomsfremkallende
faktorer.

Mal: Malet med denne studien var a identifisere genetiske egenskaper som kan benyttes til a skille
STEC-bakterier som gir alvorlig sykdom som HUS fra bakterier som gir mindre alvorlig sykdom.

Materialer og metoder: Vi undersgkte spesifikke gener assosiert med regulering av
shigatoksinproduksjon i sorbitolfermenterende STEC 0157:H- (SF 0157) ved hjelp av sekvensering.
Deretter beskrev vi forekomsten av human STEC diagnostisert ved PCR hos pasienter med
diarésykdom fra 1996-2011 ved St. Olavs hospital. Til slutt ble 95 STEC-stammer assosiert med HUS,
diaré og asymptomatisk bzererskap helgenomsekvensert og sammenlignet.

Resultater: Sekvensering av gener involvert i regulering av shigatoksinproduksjon i SF 0157 viste at
disse var forskjellig fra tilsvarende gener i den beslektede ikke-sorbitolfermenterende STEC 0157:H7,
men lik en fjernere beslektet STEC 0111:H-. Praktisk betydning av dette funnet ma undersgkes i
videre studier. Fra 1996-2011 ble det funnet STEC i prgver fra 138 av 12 650 pasienter med
diarésykdom ved St. Olavs hospital. Elleve pasienter, alle <5 ar, ble diagnostisert med HUS. Alle HUS-
pasientene bar STEC med Stx2a og intimin. Helgenomsekvensering av 95 STEC viste et stort utvalg
ulike gener. Ved analyse av slektskap var det generelt sett store forskjeller mellom de ulike STEC-
stammene, selv om stammer assosiert med HUS plasserte seg i to spesifikke grupper. Sammenligning
av gener i HUS- og ikke-HUS STEC i de to siste studiene viste at enkelte gener hadde sterk assosiasjon
med HUS. Imidlertid var disse genene ogsa tilstede i enkelte stammer ikke assosiert med HUS, og
kunne derfor ikke brukes til sikkert a skille mellom HUS og ikke-HUS STEC.

Konklusjon: Vare analyser viste at alle de undersgkte STEC-stammene i denne studien hadde store
ulikheter med tanke pa slektskap og geninnhold. Det var forskjeller mellom HUS- og ikke-HUS STEC,
men siden geninnholdet i bakteriene til dels var overlappende var det ikke mulig sikkert a skille dem
fra hverandre.

Navn kandidat: Kjersti Haugum

Institutt: Institutt for laboratoriemedisin, barne- og kvinnesykdommer

Veileder(e): Jan Egil Afset (hovedveileder), Kire Bergh og Lin T. Brandal (biveiledere)
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Errata

1. In List of papers, regarding Paper 3, the status has changes from “Manuscript submitted” to
“Manuscript accepted for publication in PLOS One with a tentative publication date October
312014”

2. The word “recognised” is changed to “recognized” in page 14 in the Introduction part.

3. Manuscript of Paper 2 is exchanged with the published version. Minor revisions regarding

phrasing were done during the proofing process.



1 Introduction

1.1 Escherichia coli

Escherichia coli was first described as Bacterium coli commune in 1885 by Theodor Escherich during
studies of the intestinal flora of infants. This name was used until 1919, when Castellani and
Chalmers defined the genus Escherichia and the type species E. coli (1). The genus Escherichia
consists of six species; E. coli, E. hermannii, E. fergusonii, E. vulneris, E. blattae, and E. albertii, which

phenotypically can be differentiated by biochemical reactions (1, 2).

E. coliis a Gram-negative rod, 2.0-6.0 micrometre (um) in length and 1.1-1.5 um in width (Figure 1).
E. coli is usually motile through peritrichous flagella that cover the cell surface but can also be non-
motile. While E. coli is facultative anaerobic, and has both a respiratory and a fermentative

metabolism, anaerobic biotypes do also occur (1).

The serotypes of E. coli are determined according to their O, K
and H antigens. The H antigen is named from the German
word “Hauch”, meaning film or veil, which refers to the veil-
like spreading growth of the bacteria on solid medium. The
“0” in the O antigen originates from “Ohne hauch”, meaning
without film or veil and refers to bacterial growth without
spread. The O antigens are heat-stable lipopolysaccharides

which currently include 181 different types, while there are 53

antigens of the heat-labile flagellar H antigens, providing the

Figure 1. Scanning Probe Microscopy

basis for numerous combinations of the O and H antigens in
Image of E. coli. The size of the cell is about

different E. coli strains. The K antigen, which is named from the 1.9 um long and 1.0 um wide. The width of
the pili is about 20 nm and of flagella about
30 nm (Photo: Mr. Ang Li, National
polysaccharides which covers the surface of E. coli cells (1, 3- University of Singapore, Singapore. SPMage
Prize, http://www.icmm.csic.es/spmage/.
Reprint with permission from publisher).

German word “Kapsule”, is defined by a group of capsular

5).

E. coli has its niche in the lower part of the intestines of mammals and birds where it is part of the
normal flora (1). Attachment to the gastrointestinal surface occurs through type 1 somatic pili which
adhere to the intestinal mucosa (6). E. coli is excreted with faeces and thus occurs in soil, sediments
and water. However, it appears that there is no independent existence in the environment, and E.

coli is therefore used as an indicator of faecal contamination (6).
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1.2 Pathogenic E. coli - history and overview

The gastrointestinal tract of humans is colonized by E. coli shortly after birth, and the human host
and the bacteria normally coexist with no detrimental effects in healthy individuals. However, in
immunocompromised patients, and in individuals where the gastrointestinal barrier is broken, even

commensal E. coli may cause disease (1, 7).

Some variants of E. coli have acquired specific virulence factors making them capable of causing a
wide range of diseases in humans. Pathogenic strains of E. coli containing virulence factors associated
with extra-intestinal infections are usually called EXPEC, including those causing meningitis which are
termed meningitis-associated E. coli (MNEC) and those causing urinary tract disease, termed
uropathogenic E. coli (UPEC) (Figure 2) (7). E. coli isolated from diarrhoeagenic disease is termed
diarrhoeagenic E. coli. Based on pathogenic, phenotypic, clinical and epidemiological factors, there
are currently seven recognized pathotypes of diarrhoeagenic E. coli (Figure 2); enterotoxigenic E. coli
(ETEC), enteroinvasive E. coli (EIEC), enteroaggregative E. coli (EAEC), diffusely adherent E. coli
(DAEC), enteropathogenic E. coli (EPEC), Shiga toxin-producing E. coli (STEC), which may also be
termed Vero cytotoxin-producing E. coli (VTEC) (7, 8), and adherent invasive E. coli (AIEC) which has

recently been recognized as a new diarrhoeagenic E. coli pathotype (9).

Pathogenic E. coli

Extraintestinal Meningitis- Uropathogenic Diarrhoeagenic
pathogenic E. coli associated E. coli E. coli E. coli

Shiga toxin- Enteropathogenic Enterotoxigenic Enteroinvasive Enteroaggregative
producing E. coli E. coli E. coli E. coli E. coli

Diffusely adherent Adherent invasive

E. coli E. coli

Figure 2. Presentation of pathogenic E. coli, displaying the seven pathotypes of diarrhoaegenic E. coli.

ETEC was first described as a cause of diarrhoea in piglets, but has later also been shown to cause
diarrhoea in humans. ETEC is distributed worldwide, and contaminated food and water are the most

common sources of ETEC infection. ETEC is a main cause of infant diarrhoea in less-developed
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countries, as well as of neonatal diarrhoea in domesticated animals. Furthermore, ETEC is associated
with diarrhoea in travellers to less-developed countries (10). Colonization of the intestinal mucosa
and enterotoxin production by ETEC cause watery diarrhoea, which can range from mild to severe
disease. Colonization of the intestinal mucosa is facilitated by surface fimbria, designated
colonization factor antigen (CFA), and over the years there are identified numerous CFA’s. Intestinal
secretion is caused by either one or more of the heat-labile (LT) or heat-stable (ST) enterotoxins

which are produced by ETEC (10).

EIEC is genetically, biochemically and pathogenically very similar to Shigella spp. Like Shigella, EIEC
invades the colonic mucosa, where EIEC infection in most cases causes watery diarrhoea, similar to
disease by ETEC. In the most severe cases, EIEC infection progresses to dysentery, characterized by
bloody diarrhoea, lower abdominal cramps and fever. EIEC is mostly identified in food- and

waterborne outbreaks, however transmission from person to person may also occur (10).

EAEC is characterized by a distinct aggregative adherence, described as “stacked brick-like”, to the
mucosal surface of the host intestines. The bacterium abundantly colonizes the mucosal surface, and
induces significant mucosal damage (11). Colonization is followed by secretion of bacterial cytotoxins
and enterotoxins. Furthermore, there are identified a large number of putative virulence factors that
varies among different EAEC. EAEC is a cause of infant diarrhoea in less-developed as well as
developed countries, traveller’s diarrhoea and persistent diarrhoea in HIV patients. In addition, EAEC

is a common cause of outbreaks of diarrhoea associated with contaminated food and/or water (11).

DAEC is recognized by a diffuse adherence pattern to HEp-2 and Hela cells. This specific adherence
pattern is mediated by both fimbrial and afimbrial adhesins, designated Afa-Dr adhesins. The
bacterium has been associated with diarrhoea in children aged 1-5 years and in recurrent urinary
tract infections in adults, however DAEC has also been identified in healthy persons. Identification
and classification of DAEC has proved to be difficult, and methods for detecting diarrhoeagenic DAEC
are still being developed. Further epidemiologic studies are therefore needed for the designation of

DAEC as a diarrhoeagenic pathotype (9, 12).

Bacteria of the AIEC pathotype adhere to and invade epithelial cells, where the bacteria replicate. In
addition, AIEC replicates in macrophages. These characteristics are utilized in AIEC detection. The
AIEC pathotype has among other agents been implicated in Crohn’s Disease, where it has been

detected in more than 30% of affected patients in clinical studies (9).

EPEC was the first E. coli associated with diarrhoeal disease. Already in the 1940’s, the organism was

recognized as a cause of infant diarrhoea during large outbreaks in the United Kingdom (9). In
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industrialized countries severe disease caused by EPEC has decreased significantly, however in less-
developed countries the organism still is an important cause of infant diarrhoea (10, 12). A
characteristic of EPEC is the ability to form attaching and effacing (A/E) lesions on intestinal epithelial
cells, which has given this pathotype the designation attaching and effacing E. coli (AEEC). The
bacteria attach intimately to the intestinal mucosa, efface the microvilli and induce cytoskeletal
changes where actin from the host cells form pedestals at the attachment site. The attaching and
effacing phenotype is encoded by a 35 kilobase (kb) pathogenicity island called the Locus of
Enterocyte Effacement (LEE) (10, 12). The initial adherence of EPEC to intestinal cells is thought to be
facilitated by bundle-forming pili (BFP). Bundle-forming pili are encoded by the bfp gene, located on
the EPEC adherence factor (EAF) plasmid, and are responsible for EPEC adhering to intestinal cells in
a distinct localized adherence (LA) pattern. In addition, the EAF plasmid harbours the plasmid
encoded regulator (per) locus, encoding proteins that regulate the bfp operon and most of the LEE
genes by the LEE encoded regulator, Ler. EPEC that harbours LEE and lack the EAF plasmid are
traditionally called atypical EPEC (aEPEC), while typical EPEC (tEPEC) harbour both the LEE
pathogenicity island and the EAF plasmid. aEPEC are more frequently isolated from diarrhoeal
disease in industrialized countries than tEPEC, whereas in less-developed countries, outbreaks

caused by tEPEC are more common (10).
1.3  Shiga toxin-producing E. coli (STEC)

1.3.1 Introduction
Shiga toxin-producing E. coli was first recognized as a cause of infection in two independent
observations in 1982, reported by Karmali et al. (13) and Riley et al. (14). In the first report an
association of haemolytic uremic syndrome (HUS) with a faecal cytotoxin and cytotoxin-producing E.
coli in faecal samples from patients was suggested (13). In the second report non-sorbitol-fermenting
E. coli 0157:H7 (NSF 0157) was identified as a cause of bloody diarrhoea (also called haemorrhagic
colitis) due to contamination of undercooked hamburgers in a fast-food restaurant chain (14). In
addition, Johnson et al. reported an outbreak of bloody diarrhoea in a Canadian institution for elderly
patients in November 1982, where E. coli 0157:H7 was isolated from the patients while no other
recognized enteric pathogens were reported (15). Although STEC was not recognized as a pathogen
before these observations in 1982, such bacteria had probably existed and caused serious disease for
some time. It was already known that Shigella dysenteria 1 producing Shiga toxins (Stx) were
associated with HUS. Then in the late 1960’s it had been suggested that also particular strains of E.
coli infected with a bacteriophage caused HUS. These suggestions were based on the fact that E. coli
was identified in many HUS outbreaks, while pathogens known to cause HUS (e.g. Shigella dysenteria
1) were not detected (10). Until now, more than 400 E. coli serotypes producing Shiga toxins have
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been isolated from humans with disease, and STEC is recognized as an important group of human
pathogens (4). In addition, some EAEC strains contain the genes encoding Shiga toxins, where one
particular strain of serotype 0104:H4 was responsible for a large HUS outbreak in Germany in 2011

(9, 16).

The term STEC is used to describe any E. coli producing Shiga toxins or E. coli carrying the stx genes,
whereas the term enterohaemorrhagic E. coli (EHEC) has different definitions; STEC responsible for
bloody diarrhoea and HUS (4, 17), STEC carrying the LEE pathogenicity island (18), and STEC
associated with human disease (4, 17). In the present study we will use the term STEC to describe

both EHEC and all other STEC.

STEC of various serotypes contains a vast repertoire of genes encoding putative virulence factors
with different functional characteristics. Table 1 lists both recognized and potential virulence factors
found in STEC, the most important of which will be discussed in the following sections. It is also clear
that infectious dose and host factors like the immune system, variations in expression of the Shiga
toxin receptor and the intestinal environment might also affect STEC virulence, and therefore the
clinical outcome of STEC disease (19). Young age of the patients is also known to be a risk factor for

severe STEC disease (20, 21).

1.3.2  Pathogenesis (disease mechanisms)
Symptoms of STEC infection in humans range from asymptomatic carriage, mild diarrhoea, and
bloody diarrhoea to HUS. After ingestion of STEC, there is a time interval of two to twelve days
before onset of diarrhoea. In persons infected with NSF 0157, bloody diarrhoea ensues after one to
three days of diarrhoea in approximately 90% of the cases. Progression to HUS is more frequent in
children and elderly, where HUS progression has been observed in about 15% of children diagnosed
with NSF 0157 (22). HUS is defined by acute renal failure, thrombocytopenia and microangiopathic
haemolytic anaemia, and the severity of HUS varies from less severe to fulminant disease (22, 23).
Although NSF 0157 is implicated in most outbreaks causing STEC disease worldwide, other STEC
serotypes have been detected both in sporadic cases of disease as well as in outbreaks. There is a risk
of developing HUS from infection by sorbitol-fermenting 0157:H- (SF 0157) and various non-0157
STEC serotypes like 026:H11, 045:H2, 0103:H2, 0111:H8, 0113:H21, 0121:H19, and 0145:H28 and
their non-motile variants (17). In later years, progression to HUS has been reported in as many as 22-

58% of cases in outbreaks with particular STEC serotypes, e.g. 0103:H25 and 0104:H4 (24, 25).
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1.3.2.1 The Shiga toxins

The key virulence factors in STEC are the Shiga toxins (Table 1) (Figure 3) (4, 10). There are two types
of Shiga toxins, i.e. Shiga toxin 1 and Shiga toxin 2 (Stx1 and Stx2), encoded by the stxI and stx2
genes, respectively. Stx1 is similar to the Shiga toxin

of Shigella dysenteriae, while the amino acid

Brae,
homology between Stx1 and Stx2 is about 55% (4). « % ‘0“} J .
ﬁ&" N/ A-moiety
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phage sequences that are not able to synthesise :Ir?r:‘t: in:::!:;il;::no:r:: z:ibgll:;):i.n (36). Image
intact functional phage particles, intact Shiga toxin

bacteriophages can exist in either the lytic or lysogenic forms. In the lytic form, the phages infect its
bacterial host and produce new phage particles which are released by lysis of the host cell, while in
the lysogenic form the phages integrate into the host genome as prophages where they can remain
in a quiescent state until induced. So far, there has not been described any Shiga toxin-specific
secretion system, and it is therefore assumed that Shiga toxins are released into the gut lumen after
bacterial lysis (19, 26). The Shiga toxin phages are morphologically highly diverse. Genomic
comparison of available Shiga toxin phages has shown that they are of a highly mosaic nature,
however they do display similar genomic structures and organization (26, 28, 29). In almost all Shiga
toxin phages, the stx genes are located in the region of phage late genes, downstream of the phage
late promoter pg and the late terminator tz, which are expressed during the lytic life cycle.
Expression of the stx genes is under control of the anti-terminator Q protein, which acts as a
transcriptional activator at pg- by read-through of t- (Figure 4) (28). Although the stx genes have a
separate promoter, expression of both genes is dependent on the Q protein (30). Different variants
of the g gene are divided into five main groups (groups I-V) based on = 95% amino acid identity (31).

Most studied are the two different g genes identified in NSF 0157, gq33 and g3, of which the ggs3

gene has been associated with higher production of Shiga toxins (32-34).
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Figure 4. Schematic presentation of the stx genes and the upstream g gene. The anti-terminator Q protein acts as a
transcriptional activator at pg by read-through of tz. Adapted from (28).

Both Stx1 and Stx2 are A;Bs toxins in which the B subunit is a pentameric ring structure (Figure 3).
The B subunits of Shiga toxins bind to specific glycosphingolipids, i.e. the globotriaosylceramide
receptors Gb3 and Gb4 on the surface of host cells, preferentially microvascular endothelial cells of
the renal glomeruli and the brain. All Stx1 subtypes bind both Gb3 and Gb4, while most Stx2
subtypes primarily bind Gb3. Stx2e is an exception, primarily binding Gb4 (35). It is not clear how
Shiga toxins cross the intestinal epithelial barrier and gain access to the systemic circulation,
although certain immune cells have been suggested as transporting vehicles. After binding to the
host cell receptor, the toxin enters the host cell by retrograde endocytosis (35, 36). In the cell, the A
subunit is cleaved by the protease furin into an enzymatically active Al-fragment and a carboxyl
terminal A2-fragment, which remain linked by a disulphide bond. The A subunit is an N-glycosidase
which inhibits protein synthesis in a similar manner as ricin, by disrupting the large eukaryotic

ribosomal subunit (4, 22).

The amount and density of Gb3 on host endothelial cells is important for Shiga toxin cytotoxicity. In
addition, the association of Gb3 with glycolipid-cholesterol enriched lipid rafts in the cell membrane
is required. According to current knowledge, only Shiga toxins binding to Gb3 organized in lipid rafts
will be transported backwards from the plasma membrane to the intracellular targets where it
inhibits protein synthesis, while Shiga toxins binding Gb3 organized outside lipid rafts will be
transported to lysosomes for degradation (35, 37). While Gb3 is expressed both in renal glomeruli
and tubular cells, different Gb3 organization into lipid rafts is observed between glomeruli and
tubular membranes, which might explain that Shiga toxins binding to Gb3 in glomeruli is important
for HUS development. Current models suggest that different membrane organization of Gb3 also
might explain the risk for age dependent development of HUS, as more Shiga toxins is binding to Gb3

in paediatric glomeruli than in adult glomeruli (37).

There are three subtypes of Stx1, designated Stx1a, Stxlc and Stx1d, while there are seven Stx2

subtypes, designated Stx2a through Stx2g (38). Stx2 is more highly associated with severe disease
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than Stx1, although eae and stx1 positive, stx2 negative STEC has been isolated from patients with
HUS (39, 40), However, there are to our knowledge no reports of outbreaks of severe disease with
eae and stx1 positive bacteria. Among Stx2 the subtypes Stx2a, Stx2c and Stx2d are more often
associated with serious disease than other serotypes (41-43). In addition, purified Stx2a, Stx2d, and
elastase-cleaved Stx2d are shown to be more potent than other Stx2 subtypes both in vitro and in
vivo (44). Although the Shiga toxins are key virulence factors in STEC disease, the toxin genes are
occasionally missing in STEC found in HUS patients and outbreaks. In such STEC, which are called
EHEC-LST, here termed STEC-LST, it is believed that the bacteriophages harbouring the toxins genes

are lost during the course of infection (45, 46).

1.3.2.2 The LEE pathogenicity island

STEC, like EPEC, has the ability to form attaching and effacing lesions on intestinal epithelial cells,
with intimate attachment of the bacteria to the intestinal mucosa, effacement of the microvilli and
formation of pedestals at the attachment site (Figure 5). The attaching and effacing phenotype is also
in STEC encoded by the genes located in the LEE pathogenicity island (Table 1) (47, 48). LEE harbours
genes encoding a type Ill secretion system (T3SS) and additional associated regulators, translocators,
effector proteins and chaperones. The type Ill secretion system is a protein complex acting like a
“molecular syringe” by injecting bacterial effector proteins
into the host cytoplasm (12, 49). The approximately 41 genes
encoded by LEE are distributed into five genetic units
designated LEE1 to LEES and the pathogenicity island is
integrated into different tRNA genes in different E. coli. LEE1
to LEE4 encode proteins involved in regulation and synthesis

of the type Ill secretion system while LEES encodes the

Translocated intimin receptor (Tir) and intimin. Whereas the

genes encoding the structural components mostly are Figure 5. Electron microscope photo of STEC
mediated pedestals. (Photo: Manfred Rohde,
Helmholtz-Zentrum fir Infektionsforschung).
encoding secreted effector proteins and intimin are more Printed with permission from the publisher.

conserved among various LEE, other genes e.g. the genes

diverse (47-49). While the core LEE of about 35 kb is in
general highly conserved, comparative analysis of LEE and its flanking regions in selected EPEC and
STEC revealed a high degree of variation in the flanking regions due to integration of various genetic

elements like IS elements, prophages, effector genes and virulence genes (49, 50).

A key colonization factor in STEC and EPEC is intimin, encoded by the LEE gene ege. Intimate

attachment to intestinal epithelial cells is caused by intimin binding to Tir on host cells. Tir is first
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translocated into the host cell cytoplasm by the type Ill secretion system, where it is integrated into
the host cell wall and functions as a receptor for intimin (4, 12). The interaction of Tir and intimin
subsequently causes Tir clustering, actin assembly and pedestal formation in the host cell. Actin
assembly is induced by different signalling pathways in STEC and EPEC. In NSF 0157, actin assembly is
dependent on the non-LEE encoded effector Tir-cytoskeleton coupling protein (Tccp/EspFy) signalling
pathway, while SF 0157 can use either the Tccp pathway and/or an alternative Tccp2 pathway. In
some EPEC phylogenetically defined as EPEC 1 lineage, actin assembly is mediated by the
phosphorylation of tyrosine residue 454, with subsequent binding to the host adaptor protein Nck.
Other EPEC (EPEC phylogenetic lineage 2) and most non-0157 STEC can use both the Nck and TccP2

pathways, reviewed in (51, 52).

There are at least 29 known intimin variants, due to variation in the C-terminal amino acid part of the
protein, and the different intimin variants are distributed among both EPEC and STEC (53, 54). There
are also different variants of Tir, of which the alleles Tir-a, Tir-B, Tir-y and Tir-y2/6 have been
identified in STEC. Various combinations of Tir and intimin are found in STEC, e.g. in serotype
0157:H7 the combination eage y1-tir y1 is commonly observed whereas the combination eae B1-tir f1

is observed in 026:H11 (53, 55-58).

While most STEC causing human disease harbours the LEE pathogenicity island, there are a number
of LEE negative STEC associated with human disease (59). One particular example is the STEC
0104:H4 strain responsible for an outbreak causing HUS in 855 patients and 53 deaths in Germany in
2011 (24).

1.3.2.3 Nle effectors

In addition to the effectors encoded by the LEE pathogenicity island, there are several non-LEE
encoded effectors (Nle) that are also translocated by the type Il secretion system. Homology
searches in the NSF 0157 Sakai strain revealed more than 60 candidate effector genes, which at the
protein level clustered into more than 20 families. Forty-nine of the 60 candidates were judged as
potential effectors, of which 39 were confirmed to be translocated through proteomics and
translocation assays (60). Nle effector sequences were found on specific pathogenicity islands called
O islands (Ol), in prophages and on the large EHEC plasmid (60, 61). The contribution of many of the
Nle effectors to disease is not known. However, for some function has been experimentally verified:
NleB, NleC, NleE and NleH have immune modulating activity, NleD and NleH inhibit apoptosis, Cif

contributes to cell cycle arrest and NleG acts as an U-box ubiquitin ligase (Table 1), reviewed by (62).
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In order to distinguish STEC causing severe disease from non-pathogenic STEC, the presence of nle
genes in the genomic O island 122 (OI-122) encoding type Il secreted virulence factors has been
investigated. Karmali et al. (63) observed that a complete set of particular nle genes in OI-122 were
found in the STEC serotypes 0157:H7 and 0157:H-. These are STEC serotypes that have a high
frequency of association with disease, have common involvement in outbreaks and are associated
with bloody diarrhoea and HUS (classified as seropathotype A) (63). However, in other
seropathotypes (seropathotype B through E) which have been less strongly associated with disease
and outbreaks, parts of the OI-122 genes were found less commonly: from 60% of seropathotype B
isolates to 0% of seropathotype E isolates (63). Additional studies have supported that STEC
harbouring an increased number of OI-122 nle genes are more associated with diarrhoea and HUS
than strains with fewer of these genes (63-65). In addition to genes on the 0I-122, genes on OI-71
have been shown to be associated with STEC having increased virulence (66, 67) (Table 1).
Furthermore, the nle effector genes ureD, espV, espK, espN, Z2098 and espM1 have been more
frequently identified in a subgroup of STEC more highly associated with disease and outbreaks
(referred to as EHEC) than other STEC and EPEC, and could potentially be used as genetic markers for

targeted detection of strains having the potential of causing severe disease (17).
1.3.2.4 Adhesins in STEC

Besides intimin, there are a number of other adhesins important for STEC colonization (Table 1). The
long polar fimbriae (Lpf) in NSF 0157 and homologues of the Lpf in non-0157 STEC increase STEC
adhesion in vitro, indicating their role in adherence (68), reviewed in (59). The haemorrhagic coli
pilus (HCP) mediates adherence to human and bovine epithelial cells and invasion of epithelial cells
as well as biofilm formation, and it has furthermore been shown to play a role in the induction of
proinflammatory cytokine secretion in intestinal epithelial cells (69, 70). EHEC factor for adherence
(Efa-1), also known as lymphostatin (LifA) is a multi-functional protein found to be involved in STEC
adhesion to human intestinal cells and has also been shown to mediate intestinal colonization in
calves. Efa-1 has also been shown to be immune suppressive and to be involved in disruption of the
intestinal epithelial barrier, in addition to be involved in regulation of protein expression of LEE
encoded genes (71-73). Furthermore the IrgA homologue adhesin (Iha), the autotransporter Eha,
ToxB and EspP mediate adhesion in STEC (74-77), while the STEC autoagglutinating adhesin (Saa)
mediates STEC adhesion in LEE negative STEC (78, 79). For the Sfp fimbriae, encoded on the pSFO157
plasmid in SF 0157, it has been shown that expression of Sfp fimbriae is correlated with increased

adherence to human intestinal cells in vitro (80, 81).

20



1.3.2.5 The p0157 plasmid

The p0157 plasmid is present in almost all NSF 0157 (82), for review see (83). There are

approximately 100 open reading frames (ORFs) on the 92 kb plasmid, which encodes several

potential virulence factors including enterohaemolysin (EhxA) (84), a zinc metalloprotease (StcE) (85),

a catalase-peroxidase (KatP) (86), a type Il secretion system apparatus (Etp) (87), a serine protease

(EspP) (88) and a putative adhesin (ToxB) (75) (Table 1). The ehxA gene is commonly found among

non-0157 STEC as well as 0157 (4, 10). So far three enterohaemolysins have been detected in E. coli.

Enterohaemolysin and alpha-enterhaemolysin (HlyA) are part of the pore-forming RTX (repeat in

toxin) toxin family casing haemolysis of sheep erythrocytes, while the third enterohaemolysin,

haemolysin E (HIYE) is not part of this toxin family (89). The precise role of enterohaemolysin in STEC

disease is not clear, however patients with HUS develop antibodies against it, and EhxA from a STEC

0128:H12 isolate has been observed to induce production of a proinflammatory cytokine (10, 90).

The function of StcE is mucinase activity towards specific mucin types, which degrades and reduces

the viscosity of the mucus layer. In addition it is believed to contribute to immune evasion (91, 92),

while the catalase-peroxidase KatP scavenges hydrogen peroxide and therefore contributes to

resistance towards hydrogen peroxide in 0157:H7 (93). The 13 ORFs encoding the etp genes show

similarities to genes encoding the type Il secretion system (87). These genes are commonly found

among human STEC serotype 0157 strains, while they seem to be rare among strains from bovine

sources (87). The serine protease EspP is a multifunctional protein involved in cleavage of pepsin A

and human coagulation factor V, has cytopathic effect on Vero cells, and is involved in host

colonization (74, 88, 94). ToxB, which is encoded by a homolog of the efa-1/lifA gene has been shown

to be involved in EHEC adherence to epithelial cells, but does not seem to have lymphostatin activity

(75, 95).

Table 1. Known or potential virulence factors found in STEC

Gene Virulence factor Function Localization Reference
astA Enteroaggregative Toxin Chromosome, (96)
heat stable plasmid
enterotoxin (EAST1)
cdtB Cytolethal Damage to microvascular Chromosome, (97, 98)
distending toxin endothelial cells plasmid,
bacteriophage
cif Cycle inhibiting Toxin: Cell cycle arrest, Prophage (99-102)
factor (Cif) modulates cellular processes
eae Intimin Adhesin LEE pathogenicity (103). For
island review, see (62)
efa-1/lifA EHEC factor for Adhesin, lymphostatin 0I1-122 (71, 95, 104,
adherence (Efa) 105).
ehaA, ehaB  Autotransporter Adhesin, autoaggregation, Chromosome, Ol- (77, 106)
EhaA, EhaB biofilm formation 15
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Gene Virulence factor Function Localization Reference

ent/espl2 EsplL2 Induces actin microfilament 0l-122 (107-109)
aggregation

espB E. coli secreted Multifunctional effector protein  LEE pathogenicity (110). For
protein B (EspB) island review see (62,
111)

espG EspG Multifunctional effector protein  LEE pathogenicity (115). For
island review see (62,
111, 116)

esp) EspJ Inhibits phagocytosis CP-933U (119-121)

espP EspP Serine protease: cleaves pepsin  p0O113 (74, 88, 94)
A and human coagulation factor
V, cytopathic effect on Vero
cells, host colonization

etpD EtpD Type Il secretion system Plasmid (87)

iha IrgA homologue Adhesin Tellurite resistance-  (76)
adhesin and adherence-
conferring island

IpfA Long polar fimbriae Fimbrial adhesin Chromosome (68)

nleA NleA TTSS serine protease: Inhibits 0OI-71 (127-129)
cellular protein secretion, tight
junction disruption

nleC NleC TTSS metalloprotease: Immune  OI-36 (130, 134, 135)
system modulation

nleE NleE Immune system modulation 0l-122 (130-132, 134)

nleG NleG Ubiquitin ligase Non-LEE (130, 137)
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Gene Virulence factor Function Localization Reference
paa Porcine attaching Adhesin OI-57 (140)

and effacing

associated factor

(Paa)

saa STEC Adhesin Plasmid (78)
autoagglutinating
adhesion

sfp Sfp Adhesin pSFO157 (80, 81, 144)

stx1 Shiga toxin 1 Toxin Bacteriophage For review see
(38, 145)

subA Subtilase cytotoxin Toxin pO113 (146)

tccP2 Tir cytoskeleton Actin pedestal formation Prophage Sp4/CP- (147, 150)

coupling protein 2 933 M

toxB ToxB Adhesin p0O157 (75)

1.3.3  Epidemiology
STEC 0157 is historically the most commonly reported serogroup associated with STEC disease
worldwide (4, 10). In the years 2008-2011, STEC 0157 was confirmed as the most common serogroup
in Europe, with approximately half of the cases reported to the European Centre for Disease Control
and Prevention. In addition, 0157 was the serogroup most frequently associated with HUS, especially
in children aged 0-4 years old (21, 153). In the years 2008-2011 the second most common STEC
serogroup was 026, followed by 0103 and 091. However, in 2011 as a single year, STEC 0104:H4
was the second most common serotype with 20% of the cases due to the large HUS outbreak in
Germany (21). In Europe there are variations among the different countries regarding which STEC
serogroup that is most frequently detected. Whereas almost all reported STEC cases were of
serogroup 0157 in the United Kingdom and Ireland, many cases in e.g. Austria and Italy were caused
by the 026 serogroup as well (154). In Norway, STEC of serogroup 0103 was most frequent in 2012,
followed by the serogroups 0157, 0145 and 026 (155).
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The number of reported human cases of STEC infection in the European Union have increased since
2006, and in 2011 the overall notification rate was 2.54 cases per 100,000 population compared to

0.8 cases per 100,000 in 2006 and 1.00 in 2010. The higher number in 2011 was due to the German
HUS outbreak (21, 154). Also in Norway the overall number of reported STEC disease has increased

since 2006, although the number has varied in the last few years. The confirmed rate per 100,000

was 1.48 in 2012 compared to 2.25 in 2009, 1.07 in 2010, and 0.96 in 2011 (155).

Also in the U.S. was 0157 the most frequently detected serogroup associated with human infection,
based on reports from ten FoodNet sites during the years 2000-2010 (156). However, the rate of
0157 STEC infection decreased from 2.17 per 100,000 in 2000 to 0.95 per 100,000 in 2010 in the
U.S., while the rate of non-0157 STEC infections increased from 0.12 per 100,000 in 2000 to 0.95 per
100,000 in 2010 (156). Both in Europe and in the U.S., the high numbers of STEC 0157 cases
diagnosed compared to other STEC serogroups most likely at least in part are due to the use of
laboratory methods designed to detect this specific serogroup. However, more focus on non-0157
STEC and change of laboratory practice now enables more frequent detection of non-0157 STEC than

previously (153, 156).

The main reservoir of STEC is ruminants, but STEC has also been isolated from faeces from other
animals such as pigs and wild boars, birds, cats and dogs (4, 10, 157, 158). In most of the world, cattle
in particular are an important reservoir of STEC. However, sheep do also represent an important
reservoir of STEC in many countries (4). The majority of STEC infections occur in the summer season,
and the infectious dose for STEC disease is estimated to be low. Humans are infected by food or
water contaminated with STEC, by direct transmission from animal to human, or from person to
person (4). A number of sources are reported to be implicated in STEC disease, like beef and ground
beef, municipal water, swimming water, unpasteurised milk and dairy products, fermented sausage,

and sprouts (4, 22, 153).

1.3.4 Diagnosis
In the first years after NSF 0157 was recognized as a cause of human disease, detection of this
particular STEC relied on MacConkey agar containing sorbitol (SMAC agar). As NSF 0157 is not able to
ferment sorbitol these bacteria grow as distinct colour-less colonies on this medium. Later the SMAC
agar was followed by media containing various supplements and now alternative plating media
detecting both 0157 and non-0157 STEC serotypes are available. While the use of selective media
like SMAC agar is a sensitive method for detection of the NSF 0157, a major drawback is that SF
0157 and non-0157 STEC serotypes will usually not be detected by this strategy (10, 159-163).

Therefore, for the diagnosis of all STEC it is recommended to use a combination of non-culture and
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culture methods, where culturing is important for isolation of STEC bacteria, for confirmation of
Shiga toxin production or the presence of the stx genes and other virulence associated genes, for

serotyping and for genetic fingerprinting which is important in outbreak investigation (160, 164).

A widely used approach for many years in STEC isolation was to use DNA fragment probes targeting
various genetic regions. Levine et al. reported the use of a 3.4 kb fragment DNA probe from the EHEC
plasmid to detect STEC (165). This fragment was later shown to contain the ehxA gene encoding
enterohaemolysin (10). Probes detecting the stx1 and stx2 genes as well as the eae gene encoding

intimin have also been used for many years in STEC detection (10).

The Vero cell cytotoxicity assay is a highly specific and sensitive method for detecting Shiga toxins in
human faecal samples, and has been regarded as gold standard for such detection. The method is
based on the cytotoxic effect of Shiga toxins on Vero cell lines. Diluted faecal samples are
centrifuged, and serial dilutions of the supernatant are incubated with Vero cell monolayers. The
cytotoxic effect of the toxins on the Vero cells is confirmed by microscopic examination, with
subsequent characterization of the toxins using specific neutralizing antisera against some of the
toxin types (10, 159). Because the method is slow, labour intensive and specific laboratory facilities

for cell culture is required, it is however not suited for use as a routine diagnostic method.

Methods like immunoassays for antigen detection or PCR are therefore more suited for use in a
diagnostic laboratory. The Shiga toxins are detected by an immunoassay, while the stx genes are
detected in a PCR assay. Both approaches enable detection of all STEC serotypes, regardless of
specific biochemical characteristics of the bacterium, like their capability to ferment sorbitol. Several
immunoassays are available for the detection of Shiga toxins. Some of these differentiate between
Stx1 and Stx2, while others do not differentiate between the two Shiga toxin variants. Since faecal
concentration of Shiga toxin may be low, it is recommended to enrich the sample in broth culture
before testing by immunoassay (160). Immunoassay kits for screening of the 0157 and H7 antigens in
faecal samples are also available. One advantage of this test is that also SF 0157 may be detected,

however non-0157 STEC is not detected by this method (159, 160).

PCR is a sensitive and specific screening method, which is widely used in the detection of stx genes in
STEC. The stx1 and stx2 genes may be detected using a primer pair detecting either type of stx gene
or with primers that differentiate between stx1 and stx2. In the latter case PCR may be performed for
each gene alone or in multiplex, and both conventional and real-time PCR assays can be used for this
purpose (10). In addition to detecting stx genes with PCR, other genes encoding known or potential
virulence genes can be detected by PCR, like the eae gene encoding intimin, the ehxA gene encoding

enterohaemolysin, and the fliC gene encoding the H7 antigen (10). In recent years STEC or EHEC
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strains which easily lose their stx genes have been studied (45). To ensure that STEC that has lost the
stx genes during infection not is missed in the laboratory, it is recommended to use detection
methods that do not solely dependent on the presence of stx (45). One benefit of using PCR for STEC
detection is that non-0157 serotypes are also detected by this method. However, the use of PCR as a
primary test for the diagnosis of STEC also enables detection of strains with low potential for causing
severe disease (10, 159, 160). As a consequence it becomes a challenge to assess the clinical and

public health risk of STEC not commonly found in disease and outbreaks.

Immunomagnetic separation (IMS), using IMS beads labelled with antisera for 026, 0103, 0111,
0145 and 0157 is used for selective concentration of STEC in samples where the amount of bacteria
is low. The method was initially used for concentration of STEC in food samples and bovine faeces.
However, the method may also be used for human faeces in cases where the number of bacteria is

suspected to be low, e.g. in HUS patients or during outbreak investigations (159).

Rapid and accurate identification of STEC is important to ensure proper treatment and improved
patient outcome of infected patients. According to recommendations from Centers for Disease
Control and Prevention (CDC) in the U.S.; “All stool specimens from patients with acute onset of
community-acquired diarrhea and from patients with possible HUS should be tested for STEC” (164).
While the recommendation of testing all faecal specimens from patients with acute onset of
community-acquired diarrhoea and from patients with possible HUS for STEC is the ideal practice,
this is not practical or possible in many laboratories. Therefore different practices for STEC testing
and surveillance have been applied, and the methods for diagnosis of STEC may thus vary between

laboratories and countries (153).

1.3.5 Typing of STEC
There is considerable genetic diversity within the E. coli species. Historically, different methods have
been utilized to characterize the variation between different strains of E. coli. Serotyping was one of
the first methods used to classify E. coli, and like all E. coli, STEC may be phenotypically serotyped
according to their O, H and K antigens (1, 3), where some E. coli serogroups are more frequently
found in relation to STEC disease and outbreaks than others, as discussed previously (4, 17, 61). Also
mentioned above, Karmali et al. introduced the term seropathotype in order to assess the
pathogenic potential of STEC (Table 2) (63). This classification of STEC into seropathotypes was
recently reviewed by the European Food Safety Authority (EFSA), which concluded that the
classification system did not define pathogenic STEC nor provide an exhaustive list of all pathogenic
serotypes (166). The reviewing panel therefore suggested a modification of the seropathotype

classification, in which all STEC with a serotype associated with severe disease like HUS “could be
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categorised as seropathotype group “haemolytic uremic syndrome (HUS)-associated serotype(s)” or
HAS. By this modified approach, in cases when full serotyping has been undertaken, all serotypes

associated with severe disease are automatically categorised in the HAS group” (166).

While serotyping has been useful for phenotypic characterization of STEC, this method is not suited
to characterize the genetic diversity between various strains. Multi-locus enzyme electrophoresis
was used in early molecular studies of E. coli diversity, where electrophoretic analysis of 35 enzymes
in the E. coli standard reference collection ECOR defined the six phylogenetic groups A, B1, B2, C, D
and E (167). While most of the early phylogenetic studies focused on the ECOR collection, a couple of
studies included STEC and other pathogenic E. coli (168, 169). When multi-locus enzyme
electrophoresis was used to determine the genetic relationships of strains of 0157:H7 to strains of
other serotypes and pathotypes implicated in diarrhoeal disease, it was observed that multiple
electrophoretic types were found among each serotype and pathotype (169). Also among the
pathotypes ETEC, EIEC, EPEC and UPEC multiple electrophoretic types were observed, indicating that
each pathotype had arisen by multiple parallel origins (168). In the study by Whittam et al., it was
suggested that the 0157:H7 serotype clone had evolved from an 055:H7 clone (169). This theory was
later supported by a stepwise evolutionary model where 0157:H7 was suggested to have evolved

from an O55:H7 progenitor (170).

When nucleotide sequencing became more available, multi-locus sequence typing (MLST) became
the method of choice to discriminate between bacterial strains, and with MLST E. coli was separated
into the phylogenetic groups A, B1, B2, D and E (C missing) (171). In one study on STEC evolution
where seven housekeeping genes were sequenced, the phylogenetic analysis based on MLST data
produced a phylogenetic tree which could be compared to trees generated by multi-locus enzyme
data (172). The phylogenetic analysis suggested that gain and loss of mobile virulence elements had
occurred several times in a parallel manner in different lineages of pathogenic E. coli, and the strains
in the study were differentiated into the EHEC1, EHEC2, EPEC1 and EPEC2 groups (172). Three
different MLST schemes have been developed for E. coli typing, and a number of studies on E. coli
phylogeny have been published, reviewed in (173). In addition to MLST, multiplex PCR methods have
been developed to distribute E. coli into the E. coli phylogenetic groups (174, 175).

Currently, whole genome sequencing of bacterial genomes has become a highly accessible and
affordable analysis, and as more STEC have been whole genome sequenced the E. coli core and pan
genomes have been estimated. The core genome represents the genes with high homology that are
conserved and shared between E. coli, which encodes proteins required for survival and spread of

the bacteria in the environment. The pan genome however represents the sum of all genes present
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in the species (176-178). Both the E. coli core and pan genomes have been used for whole genome
phylogenetic analyses, and have been shown to correspond well with the established phylogenetic

groups (18, 173, 176).

For epidemiological purposes, various genetic fingerprinting methods have been developed that
discriminate beyond serotype or species level to identify, trace and prevent dissemination of human
pathogens like STEC. Pulsed-field gel electrophoresis (PFGE) is one of the methods which have been
widely used for subtyping of STEC. This method is based on cutting of the bacterial chromosome with
rare-cutting restriction enzymes, followed by separation of the DNA fragments by gel
electrophoresis. PFGE has been shown to be well suited for outbreak investigation, and the method
was regarded as the “gold standard” for STEC subtyping (4, 179). However, PFGE is a labour-intensive
method, and due to the fact that it is an image-based method it is difficult to analyse and compare

the results between laboratories.

Multiple-locus variable number tandem repeats analysis (MLVA) is another method which has been
shown to be useful in subtyping of STEC. This method is based on polymorphic mini-satellites,
referred to as variable number of tandem repeats (VNTRs). PCR is used to amplify the repeats
regions, with subsequent (capillary) gel electrophoresis. The first MLVA method developed for STEC
was an assay for NSF 0157, and this method was shown to be useful in identifying outbreaks as well
as discriminating between sporadic cases of infection (180-182). More recently, a generic E. coli
MLVA assay has been developed for use in discrimination between pathogenic E. coli of non-0157
serotypes (183, 184). Also a third E. coli MLVA was developed to discriminate between
epidemiologically unrelated SF 0157 (185). Benefits of MLVA are that the method is fast, and has

good discriminatory strength and typeability (4, 185).
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Table 2. STEC seropathotypes1

3 . Association
Sero- Relative Involvement in .
L. with HUS and  Serotypes
pathotype incidence  outbreaks HC2

026:H11, 103:H2, 111:NM, 0121:H19,
B Moderate  Uncommon Yes

0145:NM

07:H4, 069:H11, 0103:H25, 0113:H4,
0117:H7, 119:H25, 0132:NM,
0146:H21, 0171:H2, 0172:NM,
0174:H8 and others

D Low Rare No

'Adapted from (4, 63). 2HUS = haemolytic uremic syndrome; HC = haemorrhagic colitis.

1.3.6 The STEC genome
Whole genome sequencing of bacterial genomes provides information on gene content and genetic
organization, and gives an overview of how different organisms are related at the genetic level. The
international prototype E. coli K-12, which is a commensal strain, was the first E. coli to be sequenced
and was followed by the NSF 0157 strains EDL933 and Sakai (186-188). Comparison of these E. coli
genomes revealed that there was a high level of nucleotide sequence conservation in the 4.1
megabase (Mb) core genome shared between the strains. However, there was also considerable
genetic heterogeneity between the genomes, as the core sequences in STEC 0157 were interrupted
by stretches of foreign DNA not present in K-12. About 1.5 Mb of the genome sequences in EDL933
and Sakai were strain specific and mostly made of horizontally transferrable genetic elements that
originated from prophages and prophage-like elements, integrative elements and plasmids encoding
potential virulence factors. These stretches of foreign DNA were referred to as “strain specific loops”
in the Sakai genome and as “O islands” in the EDL933 genome (187, 188). Later, whole genome
sequencing and genomic comparison of 0157 and non-0157 LEE positive STEC with other E. coli and
Shigella spp. showed that non-0157 STEC generally had larger genomes containing prophages,
plasmids and integrative elements encoding potential virulence factors when compared to other E.
coli and Shigella spp. (189). Although the prophages, plasmids and integrative elements in the

different strains encoded the same or highly similar potential virulence factors, the genes showed



different evolutionary background. Furthermore, the gene content in the different STEC did not
always correlate to the phylogenetic relationship between the strains (189). Additional whole
genome comparison and phylogenetic analysis of 114 LEE positive E. coli strains revealed that strains
referred to as EHEC (LEE positive, stx positive E. coli) could be subdivided into the two lineages EHEC1
and EHEC2, while tEPEC (LEE positive, bfp positive) were subdivided into the EPEC1, EPEC2 and EPEC4
lineages (18). Whereas a subset of aEPEC (LEE positive) strains were divided into the same lineages as
tEPEC, many of the aEPEC strains were more similar to other E. coli pathovars and were not classified
into any of the recognized EPEC lineages, demonstrating high diversity among LEE positive E. coli
strains (18). Further analysis of these genomes revealed that although there were only few genomic
features which distinguished the EHEC and EPEC lineages from each other, the number of virulence
factors present in the different lineages varied. Genomic comparison of LEE islands showed that LEE
with high similarity were found within the same EHEC/EPEC lineage, and that effectors encoded by
LEE were detected in nearly all the investigated genomes (18). However, although most LEE islands
followed the evolutionary history of the E. coli genomes, various LEE islands encoded different eae
subtypes and the eae phylogeny did not always follow the phylogeny of the strains (18, 189).
Comparison of different LEE positive E. coli genomes showed that the prevalence and level of
similarity among T3SS effectors were associated with the E. coli phylogenetic lineage. In general,
more nle genes were found in STEC than in EPEC (18, 189, 190). Furthermore, more nle genes were
found among LEE positive E. coli that belong to the 0157 EHEC1 lineage than among LEE positive E.
coli of the EHEC2 lineage.

Also STEC bacteria that do not contain the LEE pathogenicity island have been shown to be
genetically diverse (190). Genomic comparison of LEE negative STEC revealed that potential virulence
factors frequently reported to be present in LEE negative STEC, were only partly present among the
STEC investigated (189, 190). Further genomic comparisons between LEE negative and LEE positive
STEC revealed that in addition to the absence of the LEE pathogenicity island, many other phage
encoded effectors, including non-LEE encoded effectors, were absent in the LEE negative STEC.
Phylogenetic analysis revealed that LEE negative STEC did not form a tight phylogenetic cluster, but
was however distributed among LEE positive STEC in the E. coli phylogeny (190). As such there is
clearly considerable genetic variety both within LEE positive and LEE negative STEC, as well as

between these groups.
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2 Aims of the studies
The main aim of the study was to identify genetic characteristics which could distinguish between

highly pathogenic STEC with the potential to cause HUS, and STEC with a lower pathogenic potential.
Specific aims included

v" To study genetic factors in the stx2 encoding phage that might be associated with regulation
and expression of stx2 in Norwegian SF 0157.

v" To study potential differences between HUS and HUS-associated STEC compared to non-HUS
STEC diagnosed by PCR from patients faecal specimens in the period 1996-2011 at St. Olavs
Hospital, Norway, based on analysis of selected potential virulence genes.

v" To distinguish between highly pathogenic STEC with the potential to cause HUS and less

virulent STEC by performing whole genome comparison of 95 Norwegian non-0157 STEC.
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3 Materials and Methods

3.1 Bacterial strains

Paper 1. Seventeen STEC strains harbouring the stx2 gene were selected among 35 human clinical
isolates of SF 0157 recovered in Norway from 2005 through 2011. Because the aim of the study was
to examine genetic characteristics in the phage encoding stx2, only strains that were stx2 positive
were included. In cases where multiple strains were present from a single patient, only one stx2
positive strain from each patient was included. All isolates were from the strain collection at the

Norwegian Institute of Public Health in Oslo, Norway.

Paper 2. All STEC isolates included in the study were isolated from patient stool specimens in the
years 1996 through 2011 at the Department of Medical Microbiology, St. Olavs Hospital, Trondheim,
Norway. Based on data from the laboratory information system, STEC was detected in 150 patients
during the study period. Among these, 20 were excluded from the study because the laboratory did
not succeed in obtaining STEC in pure culture, whereas for the remaining 130 patients STEC was
identified in pure culture. Another eight stx negative (eae positive) E. coli isolates were included in
the study because they were isolated from patients with HUS or bloody diarrhoea, or were
epidemiologically linked to a HUS case and were of the same MLVA genotype as the STEC isolate

from that case. In total 138 strains were included in the study.

Paper 3. In this study, 94 non-0157 STEC strains from the strain collection at the Norwegian Institute
of Public Health, Oslo, Norway and three STEC (St. Olav104, St. Olav143 and St. Olav172) from the
strain collection at St. Olavs Hospital, Trondheim, Norway were selected for whole genome
sequencing. The strains included in the study were primarily selected to represent different MLVA
genotypes (183, 184), a diversity of non-0157 STEC serotypes and patients with different severity of
disease. All available non-0157 STEC strains isolated from patients with HUS (n=20) in Norway were
included, apart from one strain (FHI10) which after whole genome sequencing was found to be
contaminated. Thus, a total of 96 strains were included in the study. Some of the STEC strains from
patients with HUS were from outbreaks and therefore had identical MLVA-genotypes or belonged to
the same MLVA-genotype clusters. Four of the STEC strains included were furthermore classified as
HUS-associated because they were epidemiologically linked and had identical MLVA-genotype as or
belonged to the same MLVA-genotype cluster as a HUS case. Six strains of serotype 0103:H25 did not
have stx genes. The latter were included in the study because they were isolated from patients with
HUS in an outbreak (five strains), or was isolated from fermented sausage linked to this outbreak

(one strain). Five of the STEC strains were from non-human sources and were isolated during various
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outbreak investigations related to STEC disease, of which one was designated as HUS-associated. Of
the total 96 STEC strains included in the study, 95 strains were included for genomic comparison
throughout the whole study whereas one strain (St. Olav104) was included for parts of the study
only. In addition, 14 E. coli were included as reference strains for classification of the STEC strains

into the E. coli phylogroups A, B1, B2, D, E, and F.

Both in Paper 2 and Paper 3, we included strains classified by us as STEC-LST. Although in general
only stx positive strains are regarded as STEC, it is well known that STEC may lose its stx encoding
prophage, either in the course of an infection or upon handling in the laboratory (40, 191, 192). The
strains were classified as STEC-LST because they were isolated from patients with HUS or bloody
diarrhoea, or were epidemiologically linked to a HUS case and were of the same MLVA genotype as

the STEC isolate from that case.

3.2 C(Clinical data and ethical considerations

Patient information was collected from referral forms and from the Norwegian Surveillance System
for Communicable Diseases (MSIS). We collected data on clinical symptoms (HUS, bloody diarrhoea,
diarrhoea or no symptoms), age and sex, and correlated these data with laboratory results (Paper 2-

3).

The study was approved by the Regional Committee for Medical and Health Research Ethics, REC
South-East (REC number 2011/2314) (Paper 2 and Paper 3).

3.3 Identification of STEC

3.3.1 Detection and identification of STEC at St. Olavs Hospital
The primary detection of stx1, stx2 and eae at St. Olavs Hospital was done by a two-step procedure
where PCR for the stx1, stx2 and eae genes first was done in mixed culture from a stool specimen.
PCR was thereafter repeated on subcultures of discrete colonies from positive specimens with the
aim to identify STEC in pure culture. During the period 1996-2004, screening for stx1 and stx2 was
performed using primers and amplification conditions as described by Brian et al. (193). In 2004
conventional PCR for stx1 and stx2 was replaced by multiplex real-time PCR (for primers see Table 3).
DNA isolation methods, amplification conditions, PCR reagents and PCR instruments varied during

the study period (Paper 2 and Paper 3).

PCR for eae was done using the AE13 and AE14 primers, and amplification conditions were as

described by Gannon et al. (194) from 2000-2004, and as described by Nielsen and Andersen (58)
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from 2004-2008. Thereafter detection of eae was done by real-time PCR with primers described in

Table 3 (Paper 2 and Paper 3).

STEC culturing was done by standard methods including SMAC agar, and identification of E. coli was
done by standard biochemical tests (API 10S/20E, BioMerieux, Marcy I'Etoile, France) (Paper 2 and
Paper 3).

To verify the primary PCR results we repeated PCR for stx1, stx2 and eae for all strains included in the
study, by real-time PCR using the primers described in Table 3 and the PerfeCTa Multiplex qPCR
Supermix, UNG (Quanta Biosciences, Gaithersburg, USA) as described by the manufacturer. Real-time
PCR was performed in a CFX instrument (BioRad, Hercules, USA), in a 20 pl volume with cycling
conditions as follows for stx1 and stx2; 95°C for 3 minutes, then 40 cycles with denaturation at 95°C
for 10 seconds and annealing at 58°C for 10 seconds before elongation at 72°C for 10 seconds. PCR
for eae was done using the following cycling conditions; 95°C for 3 minutes, then 40 cycles with
denaturation at 95°C for 10 seconds and annealing at 50°C for 10 seconds before elongation at 72°C

for 10 seconds (Paper 2).

Confirmation of stx1, stx2 and eae was also done at the National Reference Laboratory for

Enteropathogenic Bacteria at the Norwegian Institute of Public Health (195, 196) (Paper 1-3).

Table 3. PCR primers used for detection of STEC in Paper 2.

Primer Sequence (5'-3' direction) Target Amplicon size Reference
gene (base pairs)

SLTI Rnew CCATTCTGG CAACTCGCG ATGCA Unpublished

SLTIIFnew CAG TCG TCA CTC ACT GGT TTC ATC stx2 283 bp Unpublished
SLTIl TagMan HEX-CTG TCA CGG CAG AAG CCT TAC GCT TCA Unpublished
GGC-BHQ1

eae-Rny GCT CAT GCG GAA ATA GCC Unpublished

efal-F ATC AGA AGC CCG ACT ACG efa-1/lifA 193 bp Unpublished
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3.3.2  Phenotypic characterization
Identification of STEC strains by culture and biochemical tests at St. Olavs Hospital was done
according to standard microbial methods. Initial serogrouping was performed with O antisera using
polyspecific Anti-coli I, Il and Ill, and monospecific O-antisera for the O serogroups 026, 0103, 0111,
0145 and 0157, as described by the manufacturer (Sifin, Germany) (Paper 2 and Paper 3). Later
more extensive serotyping was done at the National Reference Laboratory for Enteropathogenic
Bacteria at the Norwegian Institute of Public Health using monospesific O:K and H antisera covering
altogether 44 O-serogroups, including 026, 0103, 0111, 0121, 0145, 0157; and 8 H-antigens (in-
house antisera and antisera from Sifin and SSI, Denmark). Additional molecular serotyping by
multiplex PCR was performed on selected STEC strains after 2009 (Lindstedt et al., unpublished)

(Paper 1-3).

3.4 Statistical analyses

Fisher’s exact test was used for statistical analyses (Paper 2 and Paper 3). In Paper 2, a p-value <0.05
was regarded as statistically significant. In Paper 3, Fisher’s exact test was used to analyse if specific
stx subtypes were differently distributed in LEE positive and LEE negative STEC. A p-value <0.05 was
regarded as statistically significant. Fisher’s exact test was also used to test if specific genes in the
accessory genome were overrepresented, and for overrepresentation of gene variants in the core
genome, in subgroups of the 95 STEC strains. Classification of the strains into subgroups was based
on clinical and outbreak investigation information, phylogenetic analysis, and Principal Component
Analysis and Partial Least Squares regression. For corrections of false discovery rate (FDR) in multiple
testing the Benjamini-Hochberg method was used, with FDR<0.01 regarded as statically significant.
Whenever no significant association was identified after FDR correction, results for uncorrected
analysis are given. The statistical analyses were performed using the R software package version 3.03

(R: A Language and Environment for Statistical Computing, http://www.R-project.org).

3.5 Genotypic identification and characterization of STEC

PCR

Paper 1. PCR was used for molecular detection of SF 0157, as well as for detection of potential
virulence genes. In addition, PCR was used to identify the anti-terminator g gene and to investigate
the SF 0157 strains with the stx8 primer set which is used to distinguish 0157 lineage | from lineage
11 (197). PCR was used to amplify DNA for sequencing of the promoter region of the stx2 genes, while

inverse PCR was used to amplify DNA for sequencing of the stx2 promoter and anti-terminator g
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gene region in the SF-0157 strains. PCR was also used to amplify DNA for MLVA analysis of SF 0157

and for subtyping of the stx2 genes (see below).

Paper 2. As described in section 3.3.1, PCR was used for identification and verification of the stx and
eae genes to identify STEC in mixed culture and for confirmation of STEC in pure culture.
Furthermore, PCR was used for confirmation of stx1, stx2 and eae at the Norwegian Institute of
Public Health. PCR was also used to amplify bacterial DNA for MLVA analysis of all STEC serotypes
and for stx2 subtyping as described in Paper 1. In addition, PCR was used to identify potential

virulence genes.

Paper 3. PCR was used for STEC detection at St. Olavs Hospital and for confirmation at the Norwegian
Institute of Public Health as described in section 3.3.1. PCR was in addition used for amplification of

DNA for MLVA analysis of the non-0157 STEC strains selected for the study as described above.
Subtyping of stx2 by molecular methods

The stx2 subtype was determined at the Norwegian Institute of Public Health using modifications of
previously published methods for PCR-restriction fragment length polymorphism (RFLP) and
sequencing (43, 198, 199), and by PCR (38) (Paper 1 and Paper 2).

MLVA

MLVA was chosen for genotyping of STEC strains. Selected VNTR loci were amplified by PCR, and the
fluorescently dyed DNA fragments were subsequently analysed by capillary electrophoresis. MLVA
analysis of SF 0157:H- and 0157:H7 was performed with MLVA methods developed for the 0157
serogroup (Paper 1 and Paper 2) (180, 181, 185). Generic MLVA methods developed for all E. coli

serotypes were used for typing of all other STEC serotypes (183, 184) (Paper 2 and Paper 3).
DNA Sequencing with the Sanger method

PCR products were purified using the QlAquick PCR Purification Kit (Qiagen Gmbh, Hilden, Germany)
and thereafter cycle sequencing was performed using the BigDye® Terminator v3.1 Cycle Sequencing
Kit (Applied Biosystems by Life Technologies, Carlsbad, CA) as described by the manufacturer to
determine stx2 subtypes (Paper 1 and Paper 2), the stx2 promoter region and the anti-terminator g
gene in the SF 0157 strains (Paper 1). After cycle sequencing, extension products were purified using

the DyeEx 2.0 Spin Kit (Qiagen) before the DNA was separated by capillary electrophoresis.
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Capillary electrophoresis

PCR-products. PCR-products labelled with a fluorochrome were run by capillary electrophoresis on an
ABI-3100 or ABI-3130xI automated sequencer (Applied Biosystems by Life Technologies), where the

PCR-products were separated according to size, charge, and colour (Paper 1).

MLVA. To determine the sizes of each VNTR locus, amplified VNTR loci labelled with a fluorochrome
were run by capillary electrophoresis on an ABI-3100 or ABI-3130x| automated sequencer (Applied
Biosystems by Life Technologies). Each locus was separated according to the size, charge, and colour

of the loci (Paper 1-3).

DNA sequencing. Purified and amplified genomic DNA was run by capillary electrophoresis on an ABI-
3100 or ABI-3130xl automated sequencer (Applied Biosystems by Life Technologies), which separates
the amplified DNA with a resolution of one base pair. Specific fluorescence peaks for each nucleotide
are analysed to determine the DNA sequence. The raw-data files were exported to the SEQMAN Pro
sequencing analysis software (DNASTAR Lasergene 9 Core Suite, Madison, WI) for inspection and

assembly (Paper 1 and 2).
PCR-restriction fragment length polymorphism (PCR-RFLP)

DNA from stx2 variants amplified by PCR was digested with restriction enzymes, before the
restriction fragments were separated by capillary electrophoresis on an Agilent BioAnalyzer 2100
(Agilent Technologies). The fragments were separated according to the lengths of the fragments.

Specific combinations of fragment sizes corresponded with specific stx2 subtypes (Paper 1 and 2).
3.6 Whole genome sequencing

STEC strains were whole genome sequenced with either lllumina or Pacific Biosciences (PacBio)

Technology (Paper 3).
DNA isolation

Strains were grown overnight on MacConkey agar. Genomic DNA was isolated for each strain using
the Qiagen MagAttract® DNA Mini M48 Kit and the Qiagen BioRobot M48 (Qiagen, Hilden Germany)

as described by the manufacturer.
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Sequencing

Ninety-six of the STEC strains were sequenced with the lllumina Technology, while one strain (St.

Olav104) was sequenced with PacBio Technology.

For strains to be sequenced by Illumina technology a standard read library from the DNA was
prepared, with an average fragment length of 370 bp. The DNA was sequenced by LGC Genomics
(Berlin, Germany) on the Illumina HiSeq2000 platform (lllumina, San Diego, CA, USA) with 100 bp
paired-end reads. Assembly of processed and error corrected paired-end reads was done using

Velvet 1.2.04 (200).

Forty-eight of the 96 strains were selected for additional mate pair sequencing. For this purpose a 2
kb lllumina Mate Pair library was prepared and the DNA was sequenced by LGC Genomics (Berlin,
Germany) on the Illumina HiSeq2000 platform with 100 bp paired-end reads. Assembly and
scaffolding of processed and error corrected paired-end reads was performed using Allpaths-LG
release 45553 (201). Gap closure of assembly scaffolds was done using SOAP GapCloser version 1.12

(202), while refinement of gap-closed scaffolds was done using SEQuel version 1.0.2 (203).

Genome sequencing on the PacBio platform was performed at the Norwegian Sequencing Centre
(Oslo, Norway). A library was prepared using the Pacific Biosciences 10 kb library preparation
protocol, and size selection of the final library was performed using Ampure beads. The library was
sequenced on a Pacific Biosciences RS Il instrument (Pacific Bioscience, Menlo Park, CA, USA) using

P4-C2 chemistry and three SMRT cells. Processed reads were assembled using HGAP v2 (204).
Bioinformatics analyses
Gene annotation

Identification of open reading frames was performed using the Prodigal Microbial Gene Prediction

Software (205). Functional gene annotation was done using myRAST (206).
Comparative analyses

The CMG-biotools (Comparative Microbial Genomics) package was used for genome comparison
(207). Blastmatrix in CMG-biotools was used to identify proteins shared between genomes, while
pancoreplot was used to identify the pan- and core- genome of the sequenced strains. In this
context, genes were considered to be equal homologous having a minimum of 60% alignment length
and 90% sequence identity. The accessory genome was defined by subtracting all core genes from

the pan genome. Genome analysis and comparison was performed across 95 of the sequenced STEC.
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A separate genomic comparison was done between the strain St. Olav104 and two HUS-strains

(FHI58 and FHI63).
Core genome phylogeny

E. coli phylotypes were determined in silico based on a core gene tree. This was created as described
by Kaas, et al. (176) using 1,861 core genes present in all the 95 STEC genomes and additional 14 E.
coli reference genomes representing the E. coli phylotypes A, B1, B2, D, E and F (18, 171, 176, 208,
209).

Core gene analysis

Core gene nucleotide sequences (n=1,861) from the 95 STEC and the 14 reference E. coli were
aligned separately and a consensus sequence was estimated for each gene using EMBOSS 6.3.1
(210). A python implementation of the edit distance method (211) was used to quantify the
difference between the consensus sequence and the corresponding sequence of each core gene for
all 109 strains included in the analysis. This resulted in various edit distances, representing different
gene variants for each of the core genes. Edit distance values for all strains were normalized and

transformed into a binary matrix for core gene comparisons.

To examine if any gene variant from the same core gene family showed different Pfam domains, we

used pfam_scan.pl with the HMMERS3 library of Pfam domains.
Principal component analysis and Partial least squares regression

For Principal component analysis (PCA) and Partial least squares (PLS) regression the Laydi software
(http://www.laydi.org) (unpublished) was used. For PLS regression, dependent variables (for the Y-
matrix) were the clinical diagnosis HUS or classification as HUS-associated, and the presence of stx1

and/or stx2. HUS and HUS-associated STEC-LST were classified as stx2 positive for these analyses.
Functional annotation and Gene Ontology enrichment analysis

Blast2GO was used for functional annotation based on gene ontology (GO) and for GO enrichment

analysis. In Blast2GO, Fisher’s exact test was used for GO enrichment analysis (212, 213).
Subtyping of Stx1 and Stx2

There are three known subtypes of Stx1; Stxla, Stxlc and Stx1d, and seven known subtypes of Stx2;
designated Stx2a through Stx2g. Reference protein sequences were downloaded for each Stx

subtype and Stx type variant from GenBank (38). Amino acid sequences of the A and B subunits were
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concatenated and aligned separately for Stx1 and Stx2 using Clustal O in Jalview (214, 215). For
cluster analysis and tree calculations the Neighbour Joining algorithm in Jalview using % identity was
used. Clustering of the Shiga toxin protein sequences of the sequenced strains with reference

sequences was used to classify the former into Stx1 and Stx2 subtypes.
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4 Results

4.1 Paper1l

In this study we investigated the nucleotide sequence of the anti-terminator g gene and the region
upstream of the stx2 gene involved in regulation of stx2a expression in 17 Norwegian SF 0157 STEC
strains. Sequencing of three selected SF 0157 strains revealed that the anti-terminator g gene and
genes upstream of stx2a were identical or similar to the ones observed in the STEC 0111:H- strain
AP010960, but different from the ones observed in the 0157:H7 strain EDL933 (AE005174). The
results suggested divergent stx2a encoding bacteriophages between NSF 0157 and the three SF
0157 strains (FR874039-41). Furthermore, stretches of different DNA sequences were detected in
the stx2 phages of the SF 0157 strains, suggesting diversity among bacteriophages also within the SF
0157 group. An assay for detecting go111.4- Was developed, and all stx2 positive Norwegian SF 0157
strains (n=17) harboured this specific g gene. Further investigations are needed to elucidate whether
the go111.4-gene observed in all our SF 0157 contributes to the increased virulence seen in SF 0157

compared to NSF 0157.

4.2 Paper 2

In this work we studied STEC and STEC-LST strains which were detected by PCR for the stx1, stx2 and
eae genes in clinical faecal specimens in the years 1996 through 2011 at the Department of Medical
Microbiology, St. Olavs Hospital, Norway. In this period stx genes were detected in faecal samples
from 150 patients, while STEC was isolated in pure culture from 138 (1.09%) of 12,651 patients
tested. The majority of patients with STEC infection were children <5 years old, and 11 of these
suffered from HUS. None of the cases were fatal. Twenty (14.5%) of the strains were NSF 0157, 78
(56.5%) belonged to common STEC serogroups frequently involved in disease and outbreaks (026,
0103, 0111, 0121, 0145 and SF 0157), and 40 (29.0%) belonged to other serogroups or were non-
typeable. All HUS cases were infected with common STEC serogroups, except NSF 0157. Twenty-four
STEC strains were classified as HUS-associated. Age of the patient <5 years and the genes eae and
stx2a were significantly associated with HUS-associated STEC (p<0.05 for each parameter), while stx1
was associated with non-HUS STEC (p<0.05). Other putative virulence genes, apart from ehxA, were
significantly more frequent among HUS-associated strains (p<0.05 for each gene). However, these
genes were also present in some non-HUS STEC strains and could therefore not reliably differentiate

between HUS-associated and non-HUS STEC.
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4.3 Paper3

In this study, we compared the genetic content across 95 Norwegian non-0157 STEC strains. The LEE
pathogenicity island was present in 54 of the genomes, while 41 strains were LEE negative. stx2a was
significantly more frequent among the LEE positive STEC, while stxIc and stx2b were significantly
more frequent in LEE negative strains (p<0.05 for each gene). All the HUS-associated STEC included
for analysis in this study (n=23) harboured the LEE. Apart from six STEC-LST strains of serotype
0103:H25 from an outbreak all harboured the stx2a subtype. Furthermore, all HUS-associated STEC

belonged to E. coli O serogroups known to be associated with STEC disease.

The phylogenetic analysis of the core genome distributed the 95 STEC strains into all the E. coli
phylogroups A, B1, B2, D and E, except group F. In general, clusters of LEE negative STEC strains were
distributed between clusters of LEE positive strains. Most of the strains belonged to the B1
phylogroup, and a majority of the LEE positive strains were also found within this group. All HUS-
associated strains were found in phylogroup B1, in two clusters which we designated HUS-group 1

and HUS-group 2 (Figure 6), but also non-HUS strains were found in these clusters.

Genomic comparison revealed considerable variation in gene content across the 95 STEC strains. A
total of 26,073 genes were identified, of which 1,954 were core genes. Thus the accessory genome
consisted of approximately 24,000 genes. PCA of the accessory genome separated LEE positive
(n=54) and LEE negative (n=41) STEC strains in two distinct groups. PCA and PLS regression of LEE
positive strains (n=54) as well as of LEE positive/stx2 positive strains (n=33) could not further
separate these strains into subgroups. By comparison of all 54 LEE positive STEC strains, we identified
eleven genes which were more frequent in the HUS-associated (n=23) than in non-HUS strains
(p<0.01, FDR). None of these genes however, were present exclusively in HUS-associated strains.
When STEC strains in HUS-group 1 (n=18) were compared with all other LEE positive strains (n=36),
357 genes were more frequent in HUS-group 1 strains (p<0.01, FDR), and one of these genes
encoding a hypothetical protein was exclusive to HUS-group 1 in this analysis. When STEC strains in
HUS-group 2 (n=23) were compared with all other LEE positive STEC (n=31), 576 genes were
overrepresented in the former group (p<0.01, FDR). Four genes were present in all strains in HUS-

group 2 while absent in the other strains.

Analysis of the core genome identified in total approximately 13,000 gene variants. Different Pfam
domains, and therefore different protein sequences, were observed in 13 of these gene variants.

Comparison of core gene variants among LEE positive STEC (n=54) identified 281 gene variants that
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were overrepresented in the HUS-associated (n=23) compared to non-HUS strains (n=31) (p<0.01,

FDR). None of these gene variants were found only among HUS-associated strains.

Comparative analysis on gene content was furthermore performed on specific HUS and non-HUS
STEC that were epidemiologically linked and belonged to the same MLVA outbreak cluster. In HUS-
strain FHI4 we identified 179 genes which were absent in the non-HUS strain FHI3 from the same
outbreak. The majority of the genes were related to various mobile genetic elements integrated in
the bacterial chromosome, Nle effectors or plasmid pO26_1 (AP010954). A closer search revealed
additional plasmid genes on other contigs in the FHI4 draft genome, indicating the presence of a
complete pO26_1 plasmid in this strain, while the corresponding genes were not found in strain FHI3.
In HUS-strain FHI48 we identified 153 genes that were absent in the non-HUS strains FHI43 and FHI62
from the same outbreak cluster. Again, most of the genes were related to mobile genetic elements.
In the two HUS strains FHI58 and FHI63 from another outbreak, we identified 54 genes exclusive to
these two strains, while another 506 genes were present only in the non-HUS strain St. Olav104. The
genes in the two HUS strains were related to various functions, while in the non-HUS strain, the

majority of the genes were related to mobile genetic elements and several Nle effectors.

GO enrichment analysis of the genes significantly more present in the 23 HUS-associated STEC and
the STEC in HUS-group 1 revealed that GO terms involved in degradation of L-idonate were enriched.
Furthermore, in HUS-group 1 we identified enriched GO terms involved in protein secretion by the
type Il secretion system. Twenty-six GO terms which were involved in flagellar motility and

siderophore biosynthesis were enriched in HUS-group 2.

In summary, we were not able to clearly distinguish between HUS-associated and non-HUS STEC by
extensive genome comparisons in this study. Our results indicate that STECs from different

phylogenetic backgrounds have independently acquired virulence genes that determine pathogenic
potential, and that the content of such genes is overlapping between HUS-associated and non-HUS

strains.
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Figure 6. Core gene tree of 95 non-0157 STEC sequenced in this study, and 14 E. coli reference genomes. The E. coli
phylogroups are marked with the colours blue (A), green (B1), orange (B2), yellow (D), ochre (F) and indigo (E). LEE positive

STEC are marked with a e-sign, while all HUS and HUS-associated STEC included in the study are marked with red letters.
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5 Discussion

Despite extensive studies on STEC and HUS in the international research community, we are still
unable to reliably differentiate between STEC that have the potential to cause severe infection with
HUS from those that only cause mild or no disease. As long as one cannot differentiate between high
and low risk STEC, in Norway, infection control measures are applied to most STEC cases, although
very few of these will develop into HUS. Improved classification of STEC as HUS related or not HUS
related would be of great importance for interpretation of results in diagnostic laboratories, for
infection control measures, for assessment of prognosis in patients with STEC infection, and could

save expenses if infection control measures could be avoided or minimized in low risk cases.

In this study we investigated STEC from persons in Norway with asymptomatic carriage or
symptomatic infections ranging from mild to bloody diarrhoea and HUS, in order to identify genetic
characteristics useful for differentiating between bacteria with the potential to cause HUS and those
that do not have such potential. In summary this study revealed that STEC causing human disease
constitute a genetic and phylogenetic highly diverse nature. A clear difference in gene profile was
observed between LEE positive and LEE negative STEC. Common characteristics among STEC
classified as HUS-associated in this study were that all were LEE positive and contained the stx2a
subtype, apart from the STEC that had lost the stx genes. In addition, all belonged to common STEC
serogroups frequently reported as cause of STEC disease and outbreaks elsewhere. Genomic
comparison revealed that the gene content in part was shared between HUS-associated and non-
HUS STEC, and consequently it was not possible to reliably distinguish STEC with the potential to

cause HUS from those without this potential.
5.1 Detection of STEC using PCR

One major advantage of PCR in the diagnosis of STEC infection is that it improves the detection of
both non-0157 as well as SF 0157 STEC compared to culture based methods. However, it may also
lead to detection of a range of STEC with a low potential for causing severe disease in humans. In our
study (Paper 2) only 20 (14.5%) of the 138 STEC strains were NSF 0157:H7, the leading STEC serotype
detected worldwide, while 78 (56.5%) STEC strains belonged to common non-0157 STEC serogroups,
and SF 0157, frequently implicated in severe disease and outbreaks in both Norway and other
countries (153, 155, 156). On the other hand, uncommon STEC serogroups or STEC not typeable with
the available antisera were detected in 40 (28%) of patients. Consequently, use of PCR resulted in
detection of a high number of 0157 and non-157 STEC of common STEC serogroups that based on
current knowledge may be viewed as high-risk strains (Croxen, Law et al. 2013), but also strains of

non-STEC serogroups that most likely do not represent a high risk for HUS development. This

45



illustrates the importance of identifying microbiological characteristics that can be used to

differentiate high risk from low risk STEC.

Although PCR is a sensitive and specific screening method in STEC detection, various PCR protocols
might potentially have had an impact on which STEC strains that were detected in Paper 2. In the first
part of the study period, only the stx1 and stx2 genes were analysed, whereas eae was included from
year 2000 and onwards. These factors might have affected the sensitivity of STEC detection in the
early phase of the study. In addition, different primers, reagents and equipment were used for PCR
analysis through the study period, including a switch from conventional to real-time PCR, which
might further have an impact on the sensitivity of STEC detection. Although different primers were
used for detection of stx1 and stx2, these primers were designed to detect all variants of the stx
genes, except stx2f. However, despite the variation of PCR protocols used throughout the study
period, the strain collection represented an unselected group of STEC diagnosed by PCR analysis of

the stx and eae genes in a hospital laboratory through a period of 16 years.

5.2 STEC epidemiology in central Norway

In Paper 2 we characterized STEC diagnosed in our laboratory at St. Olavs Hospital during a 16 years
period by use of PCR for stx1, stx2 and eae. While stx genes were detected in faecal samples from
150 patients during this time period, STEC or STEC-LST strains were isolated in pure culture from 138
(1.09%) of the 12,651 patients tested. The age group <2 years old was most common among the
patients isolated with STEC. This may partly be explained by the laboratory routine, which was to
analyse all stool specimens from children <2 years old for STEC, whereas samples from older age
groups only was examined for STEC if there was a clinical suspicion of HUS, bloody diarrhoea or if an
STEC outbreak investigation was performed. However, a high number of STEC was detected also in
children 2-4 years old. These findings support the notion that STEC infection in general is most
common in low age groups (20, 21). All HUS cases at St. Olavs Hospital were from children <5 years
old. In comparison, at the national level, this age group was found to account for 79% of all HUS-

cases in the years 1999-2008, while 21% of the HUS patients were older than five years old (216).

As mentioned above, only 20 (14.5%) of the 138 STEC strains in the study at St. Olavs Hospital were
NSF 0157:H7 and none of these were from HUS cases (Paper 2). During the same time period NSF
0157 was isolated from four cases of HUS in other parts of Norway (data from the Norwegian
Surveillance System for Communicable Diseases, MSIS). At St. Olavs Hospital six (54.5%) of the 11
HUS cases were caused by non-0157 STEC, while five (45.5%) were caused by SF 0157. Five of nine
(55%) of the patients infected with SF 0157:H- STEC developed HUS, and this serotype was the most

common serotype isolated from HUS patients in the study (Paper 2). Besides, 11 of 16 children (68%)
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infected with SF 0157 in a national outbreak in Norway in 2009-2011 developed HUS (Paper 1).
These results are in accordance with reports from other countries that SF 0157 more often
progresses to HUS compared to NSF 0157 (217-221). In addition, STEC 0103:H25 was another
particularly aggressive STEC serotype causing HUS in this study (Paper 2 and Paper 3). In a national
outbreak in 2006, ten out of 17 (58%) patients developed HUS (25). However, although all HUS cases
in this study were caused by STEC serogroups known to be associated with severe STEC disease, the
German HUS outbreak in 2011 (16) reminds us that new STEC serogroups might emerge and cause
severe disease in a large number of people. Consequently, STEC detection should not be too

dependent on identification of serotypes previously known to cause STEC disease and outbreaks.

While an ideal practice for diagnosis of STEC would be to test all stool specimens from patients with
diarrhoea and possible HUS for this pathogen (164), this is not always practical or possible. Based on
our findings that STEC was most frequently diagnosed in children <5 years old, prioritization of this
age group for testing for STEC seems reasonable. In fact, the national recommendations for microbial
diagnosis of STEC was updated in Norway in 2011 to test all stool specimens from children <5 years
old for this pathogen. A higher number of STEC was detected in central Norway where St. Olavs
Hospital is located compared to other regions of Norway in this period. Although less than a tenth of
the population live in central Norway, more than one-fourth of STEC cases reported nationally were
diagnosed in this region, by our laboratory (data from the Norwegian Surveillance System for
Communicable Diseases, MSIS). Because our laboratory was one of the first in Norway to introduce
PCR for the diagnosis of human STEC infection, the higher detection rate of STEC compared to other
parts of Norway could to some extent be attributed to the diagnostic method used. However, the
fact that during this same time period 11 out of 53 HUS cases (20.8%, data from Norwegian
Surveillance System for Communicable Diseases, MSIS) in Norway also were from our region
indicates that there may be epidemiological differences in risk of STEC infection and disease between
different regions of Norway. In addition, there are differences in STEC epidemiology between
European countries (21). Our findings might therefore not necessarily be representative for other

regions of Norway and other countries.

The laboratory routine in the study presented in Paper 2 was to test samples for STEC dependent on
age of the patients (Paper 2). However, this routine was not always strictly practised. Thirty-nine
patients diagnosed with STEC in the study were older than 2 years of age and had diagnoses other
than HUS and bloody diarrhoea and were not part of an outbreak investigation. Furthermore,
information regarding bloody diarrhoea may have been incomplete, since bloody diarrhoea was

recorded for only nine of the patients, while there was no information of bloody stools in 68 other
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patients with diarrhoea. For these cases it might be that the information given by the referring
physician was incomplete, or that such data was not always recorded or updated in the patient

information database. These aspects might therefore represent limitations of the study.

5.3 Characterisation of STEC virulence factors

Stx2a and intimin are important virulence factors in STEC that have been associated with severe
disease (9). Throughout this study all HUS-associated STEC strains carried stx2a, with the exception
of STEC-LST strains, and all harboured eae (Paper 1-3). Analysis of the presence or absence of these
virulence genes in Paper 2 revealed that eae and stx2a were significantly more frequent in HUS-
associated than in non-HUS strains (p<0.05), whereas STEC containing stx1 was exclusively associated
with non-HUS infection (p<0.05) (Paper 2). In Paper 3, stx2a was more frequent among LEE positive
strains (p<0.05) while stx2b and stx1c were more frequent among LEE negative strains (p<0.05)
(Paper 3). Thus, our results are in line with results from previous studies where Stx2a has been
shown to possess higher potency than Stx1 and certain other Stx2 subtypes (44), and that LEE
positive and stx2a positive STEC strains are most often associated with severe disease (17, 38, 39, 43,

44).

While eae and stx1 positive, stx2 negative STEC has been isolated from patients with HUS (39, 222),
there are to our knowledge no reports of outbreaks of severe disease with such bacteria.
Furthermore, in line with reports from other regions in Norway (Brandal et al., manuscript in
preparation) and other countries (156, 223-225), our results support the notion that infection with
STEC that do not belong to common STEC serogroups, lack eae and/or stx2a even if stx1 is present,
represent a low risk for HUS development. As such it seems safe to suggest a classification of stx1

positive, stx2 negative STEC as low risk for HUS development.

Whereas stx2a and LEE were present among all the HUS-associated STEC, these characteristics were
not unique for such STEC and thus not sufficient to clearly differentiate this group from non-HUS
STEC. We therefore aimed to investigate other genetic factors in STEC in an attempt to differentiate

between HUS-associated and non-HUS strains.

5.3.1 The anti-terminator q gene in SF 0157
Although the stx2 genes have their own promoter, the expression of Stx2 is dependent on the anti-
terminator activity of the Q protein which regulates the bacteriophage late genes (26, 28). From
previous studies in NSF 0157 STEC it is known that two different g genes, gg¢33 and g,;, are involved in
the regulation of stx2 expression, and that increased production of Shiga toxins and enhanced

virulence are observed in strains harbouring the gq3; gene compared to the ones carrying the g,;

48



gene (32-34). However, similar information has not been available for SF 0157. By sequencing of the
region harbouring the g and stx genes in SF 0157 STEC strains (Paper 1), we surprisingly found that
none of the three SF 0157 strains investigated harboured any of the two g genes found in NSF 0157
STEC. Instead the strains displayed identical sequences in the region including the g and stx2 genes
similar to that of the bacteriophage of 0111:H- strain 11128 (AP010960) (189). Furthermore, PCR
screening with primers designed for Paper 1 confirmed the presence of this specific g gene, go111:4-,
among all stx2 positive SF 0157 strains (n=17) from the strain collection at the Norwegian Institute of

Public Health.

Comparative genomics studies of stx encoding lambdoid bacteriophages have shown that although
the bacteriophages possess an overall similarity in genetic organization, they constitute a
heterogeneous group with high genetic and morphologic diversity due to various recombination
events (26, 28, 29, 226). We did not sequence the complete bacteriophages in this work, and
therefore do not know whether the rest of the bacteriophage DNA is similar to the phage sequence
of the O111:H- strain. Nonetheless, our results demonstrate that SF 0157 harbour a different stx2a
bacteriophage compared to NSF 0157 STEC. We also observed some degree of genetic diversity
among stx2a encoding bacteriophages within the SF 0157 group, as different DNA sequences were

seen within the tRNA genes in one of the three sequenced strains.

It has been shown that the phylogenetic background of various stx bacteriophages mostly is
concordant with their bacterial host (29, 226). Furthermore, recent bioinformatics investigations of
stx and g genes have shown that different variants of the g gene exist, and that the g and stx genes
combine into various g-stx genotypes (31). As phylogenetic analyses of SF 0157 and NSF 0157 strains
show that these have diverged early in the evolution of E. coli 0157 (221, 227), the finding of a stx
phage with an alternative combination of the g-stx2a genes in SF 0157 as compared to classic NSF

0157 strains should not be surprising.

While higher levels of colonization, and thereby enhanced Stx2 exposure has been suggested to be
partly responsible for the increased pathogenic potential of SF 0157 STEC strains, there is no
evidence of increased stx2a expression in vitro in SF 0157 STEC as compared to NSF 0157 STEC (220).
However, stx2 expression was not measured in our study and additional investigations are therefore
needed to elucidate the activity of the Qp11.4- protein in the Norwegian SF 0157 strains. In addition,
there might be other, yet unknown factors in SF 0157 that have an impact on virulence. Although the
findings in this study showed that all stx2a positive Norwegian SF 0157 harboured the same anti-
terminator g gene, which was different compared to the ones seen in NSF 0157 STEC, our strain

collection constituted only the 17 Norwegian strains. Further investigations of these aspects in STEC
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SF 0157 strains from other countries would therefore gain knowledge on stx2 regulation in this

particular virulent STEC serotype.

5.3.2  Analysis of selected virulence genes in STEC
In Paper 2 we analysed the presence or absence of the virulence genes ehxA, nleB, nleE, ent, efa-
1/lifA, nleA, nleF, nleH1-2 and espK in the 138 STEC strains. The genes nleB, nleE, ent and efa-1/lifA
encoded on the O islands OI-122, and nleA, nleF and nleH1-2 encoded on OI-71, are all previously
shown to be associated with STEC with increased virulence (63-67). In addition ehxA is frequently
found both in 0157 and non-0157 STEC (4), whereas espK has been reported to be strongly
associated with severe STEC disease (17). We therefore selected this collection of genes to see if
some of them could be useful for distinguishing between strains associated with severe disease and
strains not associated with such disease in our collection of STEC strains. The results showed that all
the potential virulence genes analysed, except ehxA, were significantly more frequent among HUS-
associated than in non-HUS strains (p<0.05 for each gene). While the ehxA gene has been regarded
as an important virulence marker in STEC and has been reported to be a marker of “typical EHEC”
(67), it was the only potential virulence gene analysed that was not significantly more frequent in
HUS-associated than non-HUS strains in this study. ehxA was also the sole potential virulence gene
present among the subset of eae negative STEC strains. By cluster analysis of the selected potential
virulence genes eae positive and eae negative STEC were separated in two main clusters, in which
eae positive harboured more virulence genes than eae negative strains. In this respect, our results

correspond with previous reports (60, 63, 64),

Although all the HUS and HUS-associated strains in the study in Paper 2 were of STEC serogroups that
frequently are reported to be involved in severe STEC disease and harboured most of the virulence
genes investigated, several of the non-HUS STEC strains showed identical serogroups and contained
the same virulence gene profile as the HUS-associated strains (Paper 2). Especially non-HUS STEC
strains of the serogroups 0145, 0103, 0157 (NSF and SF), 026, 0121, and 0111 contained a high
number of the potential virulence genes, in line with previous reports (228, 229). It was therefore not
possible to reliably assess the risk profile of the STEC strains based on serotype and virulence gene
profile, at least not from the gene set tested in this study. It may be that STEC harbouring such
virulence genes actually are virulent and therefore should be interpreted as STEC with a high risk for
HUS development. Alternatively, there may be other bacterial characteristics not analysed in these

strains that might be of importance for the virulence potential of STEC.

The practice to analyse all stool specimens for STEC from children <2 years and from older children

and adults only when clinical suspicion of STEC infection, might have led to identification of less
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virulent STEC strains not related to clinical disease in the younger age group. However, comparison of
the virulence profile of STEC strains isolated from children <2 years of age compared to those
isolated from older children and adults did not support this idea (Paper 2). Strains from the younger
age group contained at least as many virulence genes as those isolated from older children and

adults.

Although we through the characterization of a limited set of virulence genes in the STEC strains in
Paper 2 did not disclose new knowledge regarding STEC virulence, our results confirm what has been

reported from previous studies (64, 66, 67, 230).

5.4 Whole genome comparison

Whole genome sequencing and comparison revealed that there was considerable heterogeneity in
genetic content across the 95 non-0157 STEC strains included in the study (Paper 3). Analysis of the
genomic content identified 26,073 genes in total. While the 1,954 core genes were shared by all the
sequenced STEC genomes, the diversity was generated by the approximately 24,000 genes in the
accessory genome. Much of the accessory genome contained various mobile genetic elements,
which have also previously been shown to contribute to heterogeneity and pathogenic evolution in E.
coli (178, 187-189, 231). By PCA, a clear difference in gene profile was observed between LEE positive
and LEE negative STEC, which is in line with results from Paper 2 and several previous reports (17, 18,
60, 63, 64, 67, 190, 223, 230). However, although the accessory genome was not identical within the
group of LEE positive STEC strains, further PCA analysis of LEE positive strains showed no distinct
subgroups due to scattering of the strains but, indicating that the accessory genes were

heterogeneously distributed within this group.

Core genome phylogeny revealed that the 95 non-0157 STEC strains were distributed in all the E. coli
phylogroups apart from phylogroup F (Paper 3). This confirms that the strains included in this study
were a heterogeneous collection. However, the majority of strains belonged to phylogroup B1
(Figure 6), and most of the LEE positive strains and all the HUS-associated strains in this study also
clustered in this phylogroup, in accordance with previous studies (18, 39, 172, 176, 232). In addition,
LEE negative STEC associated with HUS often belong to this phylogroup (176, 190), including the
0104:H4 strain (FHI102) related to the 2011 German HUS outbreak, which did however not cluster
with any of the HUS and HUS-associated STEC strains included in this study (Figure 6). LEE negative
and LEE positive STEC did not form separate phylogenetic clusters, but were mixed in small clusters
within several phylogroups as previously reported (190). This indicates that the LEE pathogenicity
island has been independently taken up by different STEC lineages at different time points. Because

HUS-associated 0103, 0121 and 0145 strains were distributed in three related clusters in the
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phylogenetic analysis, both in rooted and un-rooted trees, these STEC strains were classified as HUS-
group 1, although they did not belong to one well-defined cluster. The other HUS-associated strains
were located in another cluster which we termed HUS-group 2. This clustering of HUS-associated
strains based on variation in core genes as observed in this study, indicates that the phylogenetic
backgrounds of the bacteria at least to some extent determine the pathogenic potential of the

organism.

Analysis of the accessory genome revealed that certain genes were overrepresented among HUS-
associated STEC, suggesting that this gene profile may be associated with the virulence potential of
these strains. Regardless, none of the genes were exclusive for the HUS-associated strains as a group,
which suggest that the gene content in HUS-associated STEC at least in part is shared with non-HUS
STEC strains. Furthermore, in an attempt to search for unique genes in HUS-group 1 and 2, we
identified several hundred genes that were significantly overrepresented in each of these groups by
analysing the accessory genome, suggesting that different sets of genes may contribute to the
pathogenic potential in different phylogenetic STEC lineages. However, few of these genes were
found to be unique to any of the groups which further suggest that the accessory genome is shared
both between and within the different clusters defined by the core genome phylogeny. The majority
of strains in HUS-group 2 were of serotype 026. The fact that HUS-associated 026 strains clustered
with non-HUS strains of the same serogroup, suggests that accessory factors rather than core genes
defines pathogenic potential within this group. It is also possible that other than bacterial factors, like
host factors or infectious dose, may be at least in part be responsible for the difference in severity of
disease between persons infected with STEC of the same sero- and genotype. Regardless, it was not
possible to identify any genes in the accessory genome which distinguished HUS-associated from

non-HUS strains of the same serogroup in HUS-group 2.

Approximately 13,000 different variants of the core genes were found among the strains. However,
despite the high number of gene variants, differences in protein sequences were identified for only
13 of these variants. Comparison of the core gene variants revealed that although 281 gene variants
were overrepresented in HUS-associated STEC, several of these were also present in strains not
associated with HUS. The observation that none of the identified core gene variants were unique to
the HUS-associated strains is supported by the fact that HUS-associated STEC clustered in more than

one group in the core gene phylogeny.

By comparing the genomes of the STEC strains which were epidemiologically linked and belonged to
the same MLVA outbreak cluster in Paper 3, we identified a number of genes that were different

across HUS and non-HUS strains. The fact that different genes were present in strains from the same
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outbreak might indicate that the infecting source consisted of a mixture of similar but not identical
STEC strains which could have evolved from the same clone. This implicates that depending on the
growth conditions and environment, STEC even within the time frame of an outbreak might gain and
loose genetic elements which could further affect their pathogenic potential. Regardless, based on
these results we could not identify any genes that clearly distinguished between the HUS and non-

HUS associated strains of these outbreak clusters.

GO enrichment analyses are used to enable functional interpretation of genes and gene products. In
this study (Paper 3), GO terms related to L-idonate degradation were found to be enriched both
among all 23 HUS-associated STEC collectively and the STEC in HUS-group 1. E. coli is able to utilize L-
idonate as a sole carbohydrate source through the Entner-Doudoroff metabolic pathway, which has
been shown to be important for the ability of E. coli to colonize mammalian intestines (233). In
addition, we identified enriched GO terms for protein secretion by the type Il secretion system in
HUS-group 1. The type Il secretion system in Gram negative bacteria promotes protein transport
across the outer membrane, and the majority of proteins exported by this system contribute to
bacterial adaptation and colonization by generating nutrients available for uptake (234).
Furthermore, certain exported lipoproteins have been shown to be involved in biofilm formation in
EPEC (235). Genes responsible for the enriched GO terms may therefore contribute to enhanced
bacterial colonization and adaptation, which might have an impact on bacterial virulence in these
specific strains, however further investigations are needed to confirm this. Of the 26 GO terms that
were enriched in HUS group 2, a few were related to flagellar motility, which in general are
recognized as virulence factors in bacteria (236). In addition, enriched GO terms were related to
siderophore biosynthesis. Siderophores, being iron chelating compounds, are important for iron
acquisition in bacteria (237, 238). The specific siderophore identified among strains in HUS-group 2
was encoded on a high-pathogenicity island (HPI) found in distinct clonal lineages of STEC, including
serogroup 026 (239, 240). These results indicate that both motility and iron acquisition might be
important factors for bacterial virulence of STEC in HUS-group 2. However, it was not possible to
further assess these aspects in the study, and the precise role of these genes therefore needs to be
explored in further studies. In addition, although GO annotations were available for many of the
genes analysed, this information was not available for all the genes examined and further

information is therefore needed.

The strains included for whole genome sequencing in the study were primarily selected to represent
different MLVA genotypes (183, 184), a diversity of non-0157 STEC serotypes and patients with
different severity of disease, and all non-0157 STEC strains from HUS-cases (Paper 3). These inclusion

criteria would potentially give a comprehensive overview of genetic content in a diverse collection of
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non-0157 STEC. However, the strains collection contained only a limited number of STEC strains from
each phylogenetic lineage or serotype. Furthermore, few of the HUS and non-HUS STEC strains in the
study were epidemiologically linked, making genomic comparison difficult within each serotype or
phylogenetic lineage with respect to disease severity. For future studies, if more STEC strains
associated with HUS were included in the genomic comparisons this would give more strength both

to phylogenetic analyses and statistical analyses on gene content.

5.5 Clinical classification

As previously mentioned, there are various risk factors for severe STEC disease, and different STEC
strains do not have the same potential of causing severe disease. In Norway STEC infection is a
notifiable disease, where clinical information on the patients and results from laboratory analyses of
the bacterial strains are stored. In this study (Paper 2 and Paper 3) we collected data from the
Norwegian Surveillance System for Communicable Diseases, MSIS on clinical symptoms (HUS, bloody
diarrhoea, diarrhoea or no disease), age and sex of the patients, and correlated these data with
laboratory results. Based on such information, all STEC strains from HUS patients and strains
epidemiologically linked to a HUS case and with the same MLVA genotype as the STEC isolate from
that case, were classified as HUS-associated. This was done to group strains with proven potential to
cause severe disease, and compare these with non-HUS STEC. However, it might be difficult based on
available information to classify correctly all STEC strains with respect to virulence potential. Some
strains which have the potential to cause severe disease based on gene content, may not have
caused severe disease in the persons infected due to host factors like high age, a low infectious dose
or other unknown factors. Consequently such strains may not have been classified as HUS-associated
in our study. This could explain the results seen especially in Paper 2, where non-HUS STEC strains of
the classical STEC serogroups contained a high number of the potential virulence genes, without
being associated with severe disease. It may be that such strains are actually virulent and should be
interpreted as STEC with a high risk for HUS development. Thus, these aspects might potentially
disturb the search for genes which could be associated with STEC virulence. In Paper 3 we therefore
performed PCA of the sequenced strains as an alternative analysis without the use of clinical
classification. In this analysis STEC strains would cluster based solely on gene content, and the
analysis would therefore not be biased due to potential misclassification based on clinical data.
Although the results from PCA of the accessory genome separated LEE positive from LEE negative
strains, further PCA of LEE positive strains showed scattering of the strains without any distinct
cluster which could represent highly virulent strains. Thus, the results indicate that the accessory
genes of LEE positive STEC are heterogeneously distributed within this group, and it is likely that

different sets of genes may contribute to the pathogenic potential in different STEC.
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6 Main conclusions

STEC infection was most common in children <5 years old and all HUS cases were among
children <5 years old.

All STEC strains from HUS patients were, apart from the STEC-LST strains, positive for the
stx2a subtype as well as the LEE pathogenicity island. In addition they belonged to E. coli
serogroups frequently associated with STEC disease.

In SF 0157, the anti-terminator g gene involved in regulation of stx2 expression, as well as
other genes upstream of stx2a, were different compared to the ones seen in NSF 0157 STEC.
These findings suggest divergent stx2 encoding bacteriophages between SF and NSF 0157
STEC.

STEC causing human disease constituted a genetic and phylogenetic highly diverse nature.

A clear difference in gene content was observed between LEE positive and LEE negative STEC.
Genomic comparison revealed that the gene content in part was shared between HUS-
associated and non-HUS STEC, and consequently it was not possible to reliably distinguish

STEC with potential to cause HUS from those without such potential.
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7 Future aspects

In this study the main aim was to identify genetic characteristics which could distinguish between
highly pathogenic STEC with the potential to cause HUS, and STEC with a lower pathogenic potential.
While the results showed that several potential virulence genes in LEE positive STEC were
significantly associated with severe STEC disease, none of the genes were unique for the group of
HUS-associated STEC. These genes could therefore not reliably differentiate between STEC with and
without potential for causing severe disease. However, factors other than gene composition might
cause different phenotype and virulence properties of bacteria. In an ongoing postdoctoral project in
our group, the aim is to perform RNA sequencing to compare whether there are differences in
transcribed genes in a selected material of HUS and non-HUS non-0157 STEC strains. Furthermore in
this project, transcription factors are investigated. As a next step in an attempt to elucidate virulence
factors in STEC, it is essential to characterize other factors which might be implicated in STEC gene
expression and regulation, and which might have an impact on STEC pathogenicity, e.g. small
regulatory RNAs. In addition, it will be of importance to study the differences between HUS and non-
HUS STEC at the proteomic and phenotypic level. By implementing a combination of genomics,
transcriptomics and proteomics analyses, it may be possible to get a comprehensive overview of
factors that might differentiate between STEC with the potential to cause HUS, and STEC with a lower

pathogenic potential.
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Introduction

Abstract

Sorbitol-fermenting Escherichia coli O157:NM (SF O157) is an emerging patho-
gen suggested to be more virulent than nonsorbitol-fermenting Escherichia coli
0157:H7 (NSF O157). Important virulence factors are the Shiga toxins (stx),
encoded by stxI and/or stx2 located within prophages integrated in the bacte-
rial genome. The stx genes are expressed from py- as a late protein, and anti-
terminator activity from the Q protein is necessary for read through of the late
terminator g and activation of pr. We investigated the regulation of stx2ppres3
expression at the genomic level in 17 Norwegian SF O157. Sequencing of three
selected SF O157 strains revealed that the anti-terminator g gene and genes
upstream of stx2gp;g3; were identical or similar to the ones observed in the
E. coli O111:H— strain AP010960, but different from the ones observed in the
NSE 0157 strain EDL933 (AE005174). This suggested divergent stx2gpross-
encoding bacteriophages between NSF 0157 and the SF O157 strains
(FR874039-41). Furthermore, different DNA structures were detected in the
SF Q157 strains, suggesting diversity among bacteriophages also within the
SE 0157 group. Further investigations are needed to elucidate whether
the qoii1.n— gene observed in all our SF O157 contributes to the increased
virulence seen in SF O157 compared to NSF O157. An assay for detecting
qor11.1— was developed.

source of infection was not found (Norwegian Institute of
Public Health, 2010). The same outbreak strain was also
isolated from a cluster of three children with HUS in

Sorbitol-fermenting Escherichia coli O157:NM (SF O157)
was first identified in an outbreak in Bavaria in Germany
in 1988 (Karch & Bielaszewska, 2001). Since then, these
highly pathogenic bacteria have been isolated in many
European countries (Allerberger et al., 2000; Karch & Bie-
laszewska, 2001; Allison, 2002; Editorial Team, 2006; Ekl-
und et al., 2006; Jakubczak et al, 2008; Alpers et al.,
2009; Buvens et al., 2009), including Norway (Norwegian
Institute of Public Health, 2010). The first isolate of SF
0157 in Norway was recovered from a patient in 2005,
and until 2009, only eight sporadic cases of SF O157
infection were detected. In 2009, we had an outbreak with
SF O157 affecting 13 children, of whom nine developed
haemolytic uraemic syndrome (HUS) and one died. The

© 2012 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

2010 (Norwegian Institute of Public Health, 2011), and in
May 2011, another child, without HUS, was diagnosed
with this specific strain (The Norwegian Surveillance Sys-
tem for Communicable Diseases (MSIS)). Outside Eur-
ope, SF O157 has been isolated in Australia and Brazil
(Bettelheim et al., 2002; Moreira et al., 2003).

There are reports suggesting that SF O157 more often
progresses to HUS compared to nonsorbitol-fermenting
Escherichia coli O157:H7 (NSF O157), and epidemiologi-
cal and phenotypical characteristics as well as the pres-
ence of specific virulence genes differ between SF O157
and NSF O157 (Karch & Bielaszewska, 2001; Rosser et al.,
2008). Additionally, phylogenetic analyses show that SF

FEMS Microbiol Lett 329 (2012) 102-110
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0157 and NSF O157 most probably have diverged early
in the evolution of E. coli O157 and belong to different
clones (Karch & Bielaszewska, 2001; Feng et al., 2007).

Important virulence factors in enterohaemorrhagic
E. coli (EHEC) are the Shiga toxins (stx]1 and stx2),
encoded by the stxI and stx2 genes, both of which may
be divided into subtypes. In NSF O157, stxl, stx2gpross
and stx2c have been detected, either alone or in combina-
tions, whereas stx2ppyos; is the only stx subtype found so
far in SF O157 (Karch & Bielaszewska, 2001). In some SF
0157, two identical copies of the stx2pprg53 gene have
been reported, resulting in increased production of stx.
However, an association between increased stx production
and enhanced virulence as compared to strains with only
one stx2ppros3 copy was not observed (Bielaszewska et al.,
2006). Furthermore, loss of the stx2 phage in SF O157
followed by regain of the phage in the same SF O157
strain has been reported, thus giving SF O157 the ability
to recycle stx2 (Mellmann et al., 2008).

The stx genes are encoded in the late region of lambd-
oid prophages, where they are located downstream of the
late promoter py and late terminator fz. The stx genes
are expressed from pg as a late protein, and the anti-ter-
minator activity from the Q protein is necessary for read
through of the late terminator, fz: and activation of pg:
(Schmidt, 2001). Although the stx genes have their own
functional promoters (Calderwood et al., 1987; Schmidt,
2001), induction of the prophage and transcription from
pre is important for the expression of the stx genes as well
as for the release of stx from the bacteria (Wagner et al.,
2001). Two different g genes, qo3; and q,;, have been
identified in NSF O157, giving evidence of higher pro-
duction of stx2 in strains positive for the go3; gene (Le]e-
une et al., 2004; Koitabashi et al., 2006; Matsumoto et al.,
2008). Additionally, mutations in the stx2 promoter
region have been observed in strains containing the g,
gene, which further affects the expression of stx2 nega-
tively (Matsumoto et al., 2008).

Dowd and Williams compared expression of stx2
between two genetically diverse lineages of E. coli O157:
H7 and observed that lineage I produced significantly
more toxin than lineage II (Dowd & Williams, 2008).
Furthermore, when using the stxg primer set, all the line-
age | strains were positive, whereas all lineage II strains
were negative (Dowd & Williams, 2008). They, therefore,
predicted that the stxg primers were useful to differentiate
lineage I and lineage II (Dowd & Williams, 2008).

Draft genome sequences of two SF O157 strains are
published (Rump et al, 2011), but to our knowledge, lit-
tle is known about the genomic regulation of stx2ppr9s3
expression in such strains. Thus, in the present study, we
aimed to examine factors at the genomic level that might
influence the expression of s&x2 in SF O157.
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Materials and methods

Bacterial strains

Among the 35 human clinical isolates of SF O157 recov-
ered in Norway, 17 harboured the stx2 gene and were
included in the present study (Table 1). Only one stx2
positive strain from each patient belonging to the 2009-
2011 outbreak cluster was included. All isolates were from
the strain collection at the Norwegian Institute of Public
Health and were recovered from 2005 through 2011.

Extraction of DNA

For PCR analyses and sequencing, suspensions of bacterial
cells were boiled for 15 min, and the supernatant was used
directly in the PCR after centrifugation at 15 871 g. for one
minute. For inverse PCR, DNA was isolated using the Bio-
Robot EZ1 as described by the manufacturer (Qiagen
Gmbh, Hilden, Germany).

Genetic characterization of SF 0157, screening
of 10 virulence genes, stx2 subtyping, and
MLVA genotyping

Molecular identification of SF O157 was carried out by a
multiplex-PCR  (M-PCR) detecting the genes rbfo;s;
(Maurer et al, 1999), fliCy, (Lindstedt et al., unpub-
lished), terE (Taylor et al., 2002) and the Shigella resis-
tance locus (SRL) (Janka et al, 2005). The dinB gene
(Lindstedt et al., unpublished) was used as an internal
amplification control. All strains were screened for the
stxl, stx2 and eae genes (modification of Brandal et al.,
2007) as well as the ehxA, nleB, stcE, stcEp;ps, cdt, subA
and saa genes (Brandal et al., manuscript in preparation).
The stx2 subtype was determined using PCR-restriction
fragment length polymorphism (RFLP) and sequencing
(modifications of Jelacic et al, 2003; Russmann et al.,
1994; and Persson et al., 2007a). All strains were geno-
typed with MLVA for SF O157 (Lindstedt, 2011).

Sequencing of PCR products

PCR products for sequencing were purified using the
QIAquick PCR Purification Kit (Qiagen). All sequencing
were performed with the BigDye™ Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems by Life Technologies,
Carlsbad, CA) as described by the manufacturer. The
extension products were purified using the DyeEx 2.0
Spin Kit (Qiagen). The samples were run on an
ABI-3100 or ABI-3130x/ automated sequencer (Applied
Biosystems), and the raw-data files were exported to the
SEQMAN Pro sequencing analysis software (DNASTAR

© 2012 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved
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Table 1. Genetic characterization, genotyping, virulence gene status and g gene status of the SF 0157 strains in relation to HUS status

MLVA

Isolate number*  rfbo;s;  fliCy;  SRL  dinB  profile  stx eae  stx2 subtype ehxA nleB  stcE  cdt stxs  Qorrrw-  HUS
1105-3298 + + v+ A S+ StXeioss ¥ + + Ly N N
1106-4002 + + + + B + + StX2epLo33 + + + - — + +
1108-2781 + + + + C + + Stx2epro33 + + + — + +

1109-0113 + + + + D + + StX2epLo33 + + + + + +
1109-0435 + + + + D + + StX2epro33 + + + + - + +
1109-0500 + + + + D + + StX2ep1933 + + + + - +

1109-0621 + + + + D + + StX2epLo33 + + + + — + +
1109-0634 + + + + D + + StX2epLo33 + + + + — + +
1109-0823-5 + + + + D + + StX2epro33 + + + — — + +
1109-0923 + + + + D + + StX2epro33 + + + + - + +
1109-1280 + + + + D + + StX2ep1a33 + + + + - + _
1109-2176 + + + + D + + StX2epLo33 + + + + — + +
1109-3001 + + + + D + + Stx2epLo33 + + + + — + +
1110-2506 + + + + D + + StX2epLo33 - + + + - + +
1110-2531 + + + + D + o+ Stx2epro33 - + + + - + +
1110-2621 + + + + D + + StX2epro33 + + + + — + +
1111-0887 + + + + D + + StX2ep1a33 + + + + - + _

HUS, haemolytic ureamic syndrome; +, HUS; —, no HUS.
*All strains were negative for the terE, stcEo;o3, SUbA, saa, Goz3 and q»; genes.

Lasergene 9 Core Suite, Madison, WI) for inspection and  tion and sequencing of the promoter region of the stx2
assembly. genes. The PCR was run as described earlier, with an
annealing temperature of 60 °C. The PCR products were

Scraaning with the stxg primer set, sequenced using the primers slt2s-2 and 595 (Table S1).

identification of the anti-terminator q gene
and sequencing of the promoter region of the Inverse PCR

stx2 genes Three SF O157 strains from different years, with different

A M-PCR including the stxg primer set (Dowd & Wil- ~ MLVA profiles, different outbreak and clinical status, as
liams, 2008), the q933 forward primer, the q21 forward  well as different results from the stxg screening, were
primer and the 595 reverse primer (Unkmeir & Schmidt, selected for inverse PCR (Table 2). Strain EDL933 (FH-
2000; LeJeune et al., 2004) was designed (Supporting  Ba 667) was included as positive control for NSF O157.
Information, Table S1). Each forward primer was labelled =~ DNA digestion was performed as described earlier (Zhang
with a fluorochrome, and PCR was performed using the et al., 2010) and checked on a BioAnalyzer (Agilent Tech-
Qiagen Multiplex PCR kit (Qiagen), as described by the  nologies, Santa Clara, CA) using the Agilent DNA 7500
manufacturer. The PCR was run in a GeneAmp 9700  Kit (Agilent Technologies) as recommended by the manu-
machine (Applied Biosystems) with the temperature pro- facturer. Digested DNA was purified with the QIAquick
file as described for the Qiagen Multiplex PCR kit (Qia- PCR Purification Kit (Qiagen) and ligated as described by
gen) and an annealing temperature of 60 °C. The PCR  Zhang (Zhang et al., 2010). Ligated DNA was purified
products were identified by capillary electrophoresis on  with the QIAquick PCR Purification Kit (Qiagen) and
an ABI PRISM 3130x/ Genetic analyzer (Applied Biosys-  used as template for inverse PCR. The primers PS7-rev
tems) as follows: 0.5 pL PCR product was mixed with and PS8-rev [reverse complement of PS7 and PS8
0.5 pL GeneScan 1200 LIZ size standard (Applied Biosys- (Persson et al., 2007b; Table S1)] and the Advantage 2
tems) and 9 uL HiDi formamide (Applied Biosystems). ~ PCR Kit (Clontech, Mountain View, CA) were used for
After denaturation, the capillary electrophoresis was run ~ PCR amplification as described by the manufacturer.
for 2 h at 60 °C, using POP7 polymer (Applied Biosys-  The PCR was run as described earlier (Zhang et al,
tems) with an injection voltage of 1.8 kV for 11 s and  2010). Positive amplification was checked on a BioAna-
running voltage of 6.5 kV. For data analysis, GENEmAPPER  lyzer using the Agilent DNA 7500 Kit (Agilent Technolo-
Software 4.0 (Applied Biosystems) was used. The primers  gies), and the PCR products were sequenced as described
slt2s-2 (Matsumoto et al,, 2008) and 595 (Unkmeir & earlier, using primers listed in Table S1. The primers
Schmidt, 2000; Table S1) were used for PCR amplifica-  designed in this study for sequencing of the inverse PCR
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Table 2. Sorbitol-fermenting O157 strains used for sequencing of the g gene and downstream of the stx2 gene

Strain Year MLVA

number isolated  profile  Outbreak Clinical outcome  PCR stxg

1106-4002 2006 B Single case HUS Negative

1108-2781 2008 C Strain 1108-2781 (stx2+) was isolated from an asymptomatic brother of a HUS ~ None Positive
patient (strain stx2—) during a family outbreak

1109-0113 2009 D Index patient of the 2009 outbreak with 13 children, 9 HUS HUS, patient died  Negative

product were designed by the Primer Walk function in
SEQMAN Pro sequencing analysis software (DNASTAR
Lasergene 9 Core Suite).

Confirmation of the anti-terminator q gene
and promoter region of SF 0157 with PCR and
sequencing

Inspection and assembly of the sequences were performed
using the the SeQMaN Pro sequencing analysis software
(DNASTAR Lasergene 9 Core Suite). BLAST search of the
sequences revealed that the g gene, the promoter region
of stx2 and the stx2 gene of the SF O157 strains 1106-
4002 and 1109-0113 were identical to the sequence of the
GenBank accession number AP010960 (E. coli O111:H—,
strain 11128), whereas strain 1108-2781 nearly was identi-
cal to this specific sequence (AP010960). Therefore, the
sequence of AP010960 was used as template for primer
design for the confirmation of the anti-terminator q gene
and stx2 promoter region of the three strains. For strain
1108-2781, GenBank accession number AE005174 (E. coli
0157:H7 EDL933) was used as template for primer
design downstream of the stx2 gene, whereas AP010960
was used for the other two strains. The primers were
designed using PriMErSELECT (DNASTAR Lasergene 9
Core Suite; Table S1). The PCR was run as described ear-
lier with annealing temperatures of 55 °C for primer sets
SF2 and SF7-SF10, 58 °C for primer sets SF1, SF5, SF6,
SF11, and 60 °C for primer sets nySF3, nySF4, stxg and
SF11-2. Sequencing was performed as described earlier,
with primers listed in Table S1.

Screening of the qo777.1_ gene in all SF 0157

All 17 SF O157 were screened for the go;;;.4— gene by
using the SF1-F and SFI-R primer set (Table S1). The
PCR was run as described earlier with an annealing tem-
perature of 58 °C. Strain EDL933 (FH-Ba 667) was
included as a negative control. All PCR products were
run on a BioAnalyzer, using the Agilent DNA 1000 Kit
(Agilent Technologies) as described by the manufacturer
to check for positive amplification.

FEMS Microbiol Lett 329 (2012) 102-110

Results

Genetic characterization of SF 0157, screening
of 10 virulence genes, stx2 subtyping, and
MLVA genotyping

All 17 SF 0157 isolates were positive for rfbo;ss fliCy,
SRL and dinB, as well as stx2 and eae. Stx2ppros; was
the only stx2 subtype detected. Additionally, the strains
harboured nleB and stcE. Fifteen of 17 isolates (88%)
were positive for the ehxA gene, and 14/17 strains (82%)
carried cdt (Table 1). terE, stcEp;g3 saa and subA were
not present in any of the strains examined (Table 1).
The SF O157 isolates recovered from Norwegian patients
before 2009 showed distinct MLVA profiles, indicating
that the cases concerned did not belong to common-
source outbreaks. However, all isolates obtained from
2009 through May 2011 grouped into one MLVA geno-
type (Table 1).

Screening with the stxg primer set,
identification of the anti-terminator q gene
and sequencing of the promoter region of the
stx2 gene in SF 0157

Screening with the stxg primer set showed that only two
SF 0157 were positive for these primers, whereas 15 were
negative (Table 1). All isolates failed to amplify the q933
and q21 genes. PCR and sequencing of the stx2 promoter
region with the primers slt2s-2 and 595 showed that 15
of the SF 0157 (all stxg negative) were identical and dif-
fered from the NSF O157 strain EDL933 sequence
(AE005174) by five nucleotides (Fig 1). The sequence dif-
ferences were seen between the tRNA genes argN and
argO located proximately to the stx2 promoter region,
and in the argO gene, between the —35 and the —10
region within the stx2 promoter. However, these isolates
showed identical sequence to the O111:H— strain 11128
(AP010960) in this region (Fig 1). The two last SF O157
(both stxg positive) differed from the EDL933 sequence
(AE005174) in one nucleotide only, located in the tRNA
gene argN (Fig 1).
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AE005174, EDL933
FR874041, 1108-2781, stxg+
FR874039,1106-4002, stxg-
AP010960, 0111:H-,11128

AE005174, EDL933
FR874041, 1108-2781, stxg+
FR874039,1106-4002, stxg_
AP010960, O111:H-,11128

argN argO

> —
GCGGGGTTCGAGTCCTCGATGGCGGTCCATTATCTGCATTATGCG
GCGGGGTTCGGGTCCTCGATGGCGGTCCATTATCTGCATTATGCG
GCGGGGTTCGAGTCCTCGATGGCGGTCCATTATCGGTATTCAGCG
GCGGGGTTCGAGTCCTCGATGGCGGTCCATTATCGGTATTCAGCG

argO continued

TTGTTAGCT CAGCCGGACAGAGCAATTGCCTTCTGAGCAATCGGT
TTGTTAGCT CAGCCGGACAGAGCAATTGCCTTCTGAGCAATCGGT
TTGTTAGCT CAGCCGGACAGAGCAATTGCCTTCTAAGCAATCGGT
TTGTTAGCT CAGCCGGACAGAGCAATTGCCTTCTAAGCAATCGGT

K. Haugum et al.

Fig. 1. Alignment of parts of the argN and
the argO genes in AEO05174, FR874041,
FR874039, and AP010960. Bases differing
from the sequence of AE005174 are shown in
red. The start of the stx2 promoter (*CAG)
are given in bold with an asterisk. The —35
and —10 regions of the stx2 promoter are

-35

PCR and sequencing of the anti-terminator
q gene, the stx2 gene and downstream of the
stx2 gene in SF 0157

We determined the nucleotide sequences of the g gene,
the region between the g gene and the stx2 gene, the stx2
gene and the 500-bp region downstream of the stx2 gene
in the SF O157 strains 1106-4002 (EMBL/GenBank
accession number FR874039), 1109-0113 (outbreak strain
from 2009, EMBL/GenBank accession number FR874040)
and 1108-2781 (EMBL/GenBank accession number
FR874041). Strains 1106-4002 and 1109-0113 showed
identical sequences in reversed complement to the E. coli
O111:H— strain 11128 (AP010960) in all the examined
regions, except for a single nucleotide polymorphism
(SNP) in position 371 in the stx2A subunit (Fig 2). Strain
1108-2781 had an identical g gene to the O111:H— strain
(AP010960), but differed from this strain in 14 nucleo-
tides in the region between the g gene and the stx2 gene
as well as in the stx2 gene (Fig 2). Additionally, down-

A TGCATTAT G G C A

AE005174 E. coli 0157:H7 EDL933 —199_-168t0-175 130 72 93 201 371
= . I

-10 underlined.

stream of the stx2 gene, 1108-2781 was different from the
O111:H— strain and showed identical sequence to the
NSF 0157 strain EDL933 (AE005174) (Fig 2).

Screening of the qo777.4_ gene in SF 0157

The qoi11.n— gene was detected in all SF O157 included
in the present study (Table 1).

Discussion

Infection with SF O157 has been reported to be more
aggressive than infection with NSF 0157, as SF O157
more often progresses to HUS compared to NSF O157
(Karch & Bielaszewska, 2001; Rosser et al., 2008). It is
well known that stx2 play a key role in the development
of HUS (Gyles, 2007). In NSF 0157, two different g
genes, o33 and ¢,;, have been identified, giving evidence
of higher production of stx2 in strains positive for qos;3
(LeJeune et al., 2004; Koitabashi et al., 2006; Matsumoto

A T
G 561 G 867 ¢ cC

765 971 1009

f " 1218 481342257167 "1

'90—

G
A 561

C
T 867 T

Fig. 2. Comparison of the structure of the stx
genes and upstream genes in the E. coli

strains O157:H7 EDL933 (AE005174), O111:

H-11128 (AP010960), O157:NM strains 1106-
4002 (FR874039), 1109-0113 (FR874040), and
1108-2781 (FR874041). Additionally,
approximately 500 bp downstream of the stx
genes are shown. The numericals are

indicating base positions or gene start
positions (translational start for stx2A; +1).

A GGTATTCA A T T
“AP010960 E. coli O111:H— ~199_16810-173 130 72 93201 37" . 765 971 1009
==+
Tosse 1790 1441 Taa2 057 167 1 s
B S o] [ hoEor S
1106-4002 (FR874039)/1109-0113 (FR874040) G
E. coli O157:NM, stxg— 371
t
Tosse 1790 1441 342 257167 "1
B [ o) (o o) T |
A
1108-2781 (FR874041) G TGCATTAT G 561 G c ¢
E. coli O157:NM, stxg* o0 a0 475 30 72 63 201 a1 785 o7t 1000
— AY ~ I L L
To3s6 1790 —1441 342 257167 1
T .
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*Reversed complement of AP010960.
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et al., 2008). Additionally, mutations in the stx2 promoter
region have been observed in strains carrying the g,
gene, which probably also contribute to the reduced
expression of stx2 (Matsumoto et al., 2008). However, the
knowledge about the genomic regulation of stx2 expres-
sion in SF O157 is sparse.

In the present study, the sequence upstream (including
the g gene) and approximately 500-bp downstream of the
stx2 gene in three Norwegian SF 0157 isolates were
sequenced, and a distinct q gene and different genes
upstream of the stx2ppr9s5; gene, as compared to the NSF
0O157:H7 strain EDL933 (AE005174), were detected. The
q gene and the genes upstream of stx2gpro33 in SF O157
had identical or similar sequence to the O111:H— strain
11128 (AP010960), a strain isolated from a patient with
bloody diarrhoea in Japan in 2001 (Ogura et al., 2007).
stx-encoding lamboid bacteriophages show similarities in
DNA sequences, yet they might be heterogeneous as evi-
denced by divergent gene organization and chromosomal
location, as well as harbouring high degree of mosaic
DNA structures (Unkmeir & Schmidt, 2000; Allison,
2007; Ogura et al., 2009). Based on these observations,
our results indicate that the sequenced SF O157 isolates
harboured different stx2ppyo33-encoding phages than the
NSF 0157 strain EDL933 (Allison, 2007; Ogura et al.,
2009). Furthermore, mosaic DNA structure was seen
within the bacteriophage of strain 1108-2781 (FR874041),
but not within the other two sequenced SF O157 strains,
demonstrating that considerable diversity also exists
among  stx2gpres;-encoding bacteriophages within the
group of SF O157.

Two of 17 SEF OI157 strains were positive for the
stxg primer set Strain 1108-2781 (stxgt) had identical
sequence with the NSF O157:H7 strain EDL933 in this
region, whereas strains 1106-4002 (FR874039) and 1109-
0113 (FR874040) (both stxg—) showed identical sequence
to the O111:H— strain 11128, thus explaining the PCR
results. The stxg primer set was suggested to differentiate
NSF 0157 into lineage I and II, where lineage I strains,
positive for stxg, were shown to express more stx proteins
and to have a higher pathogenic potential than the line-
age II strains (stxg negative) (Dowd & Williams, 2008).
We did not investigate the expression of stx. However,
one of the two stxgt SF O157 isolates was obtained from
a HUS patient, whereas as many as 80% (12/15) of the
patients with SF O157 negative for stxg developed HUS.
This implies that stxg screening was not an appropriate
tool to differentiate SF O157 into lineage I and II, and
probably a separate lineage exists for the SF O157, differ-
ent from both lineages I and II, as suggested by Laing
et al. (2009).

It has been suggested that higher levels of colonization
and thereby enhanced stx2 exposure might be responsible,
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at least partly, for the increased pathogenic potential seen
in SF O157 compared to NSF O157 (Rosser et al., 2008).
Although no evidence of in vitro increased stx2gpross
expression in SF O157 compared to NSF O157 has been
observed, so far only two SF O157 have been examined
(Rosser et al., 2008), and to our knowledge, the in vivo
level has never been investigated. It cannot be excluded
that the qoj;.n— gene identified in all Norwegian SF
0157 isolates, as opposed to q933 and q21 previously
found in NSF O157 (LeJeune et al., 2004; Koitabashi
et al., 2006; Matsumoto et al., 2008), may contribute to
the increased virulence observed in SF 0157, by virtue of
increased stx2 level and/or enhanced resistance of the
bacteria concerned (Ferens & Hovde, 2011). Additional
investigations are needed to elucidate the activity of the
Qo111:1-— protein in SF O157 strains.

Lambdoid phages are introducing tRNA genes into the
bacteria, which may be required for efficient expression
of foreign genes encoded by the phages, as for instance
the stx genes (Plunkett et al., 1999; Hayashi et al., 2001;
Schmidt, 2001). The tRNA genes ileZ-argN-argO located
close to the stx genes, in both SF 0157 and NSF O157 as
well as in other EHEC, might thus serve as a supplement
to the host tRNA pool and lead to a more efficient trans-
lation of foreign genes (Plunkett et al, 1999). In strains
1106-4002 (FR874039) and 1109-0113 (FR874040), the
tRNA genes ileZ-argN-argO showed identical sequences to
the ones in the O111:H— strain 11128 (AP010960). How-
ever, strain 1108-2781 (FR874041) exhibited an ileZ-
argN-argO sequence identical to that found in NSF O157
EDL933 (AE005174), except for a single nucleotide poly-
morphism in the argN gene observed neither in the
O111:H— strain 11128, the O157:H7 strain EDL933 nor
the SF O157 strains 1106-4002 and 1109-0113. These
observations might suggest different origin of the bacte-
riophages and/or rearrangements within the phage DNA
in SF O157 (Allison, 2007). Whether the observed base
substitutions seen within the tRNA ileZ-argN-argO
sequence contribute to enhanced virulence in the SF
0157, compared to NSF O157, needs to be further
explored.

Phenotypic characteristics as well as the presence of
specific virulence genes are in part different between SF
0157 and NSF 0157 (Karch & Bielaszewska, 2001; Rosser
et al., 2008). Genetic characterization of SF 0157 showed
that our results were in concordance with previous
reports (they all carried rfbois;, fliChy, SRL and dinB)
(Karch & Bielaszewska, 2001; Taylor et al., 2002; Janka
et al., 2005; Orth et al., 2007). Additionally, all SF O157
harboured the eae and stx2gprg35 genes. Eighty-eight per
cent of the strains carried ehxA, and cdt was present in
82% of our SF O157 isolates, which is in agreement with
earlier studies (Karch & Bielaszewska, 2001; Janka et al.,
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2003). The nleB gene, which was seen in all our SF 0157,
has recently been reported to be highly associated with
virulent EHEC and EPEC seropathotypes (Bugarel et al.,
2011). Additionally, all SF O157 carried the stcE gene
encoding a metalloprotease shown to promote the inti-
mate adherence and inhibit the inflammatory system
(Szabady et al., 2009). However, both nleB and stcE are
also common in NSF O157 (Szabady et al., 2009; Bugarel
et al., 2011).

MLVA genotyping and data from MSIS indicate that
the cases of SF O157 infection recorded in Norway before
2009 were sporadic. However, in the period 2009 through
May 2011, SF O157 was isolated from 16 children, of
whom 11 developed HUS. The isolates fell into one dis-
tinct MLVA cluster (cluster D), indicating a common
source of infection. However, like unsuccessful attempts
to identify the source and the reservoir of SF O157 in
other countries (Allerberger et al., 2000; Karch &
Bielaszewska, 2001; Allison, 2002; Editorial Team, 2006;
Eklund et al., 2006; Jakubczak et al., 2008; Buvens et al.,
2009), the source in the Norwegian cases could not be
determined despite a considerable amount of work
invested (Norwegian Institute of Public Health, 2010).

In conclusion, all the Norwegian SF O157 showed a
distinct q gene, as well as different genes upstream of the
stx2gpreoss gene compared to the NSF O157:H7 strain
EDL933 (AE005174). This indicated that Norwegian SF
0157 harboured divergent stx2gpro33-encoding bacterio-
phages compared to the NSF O157 strain EDL933
(AE005174). The SF O157 carried a g gene identical to
the g gene in O111:H— strain 11128 (AP010960). Inter-
estingly, different DNA sequences were observed within
the region sequenced in the three SF 0157 strains
(FR874039-41), suggesting that considerable diversity
exists among stx2ppres;-encoding bacteriophages also
within the SF O157 group. It is possible that the qo;;7.p7—
gene identified in SF O157 contributes to the increased
virulence seen in SF O157 compared to NSF O157. How-
ever, further investigations are needed to elucidate the
activity of the Qqoy;1.;5— protein in SF O157.

We have developed an assay for detecting the qo;;;.n—
gene in SF O157, and this might be a useful supplement
to differentiate SF O157 from NSF O157.
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S1. Primers used for PCR and sequencing.

Primer | Sequence Application Reference

name

q933 VIC- PCR Unkmeir et al.,
CGGAGGGGATTGTTGAAGGC 2000

q21 NED- PCR LeJeune et al.,
GAAATCCTCAATGCCTCGTTG 2004

slt2s-2 | GTTATTATCCTACGCTCGGCC | PCR and sequencing Matsumoto et
CTT al., 2008

595 CCGAAGAAAAACCCAGTAAC | PCR and sequencing (of Unkmeir et al.,
AG inverse PCR product) 2000

PS8-rev | GAGTGACGACTGATTTGCATT | Inverse PCR and Persson et al.,
CcC sequencing 2007

PS7-rev | TGTCAGATAACTGGCGACAGG | Inverse PCR and Persson et al.,
C sequencing 2007

slt2s- AAGGGCCGAGCGTAGGATAA | Sequencing of inverse PCR | Matsumoto et

2rev TAAC product al., 2008

q933- GCCTTCAACAATCCCCTCCG Sequencing of inverse PCR | Unkmeir et al.,

rev product EDL933 2000

qSF-1 | AAGCAATCAGCGGAGCCATC | Sequencing of inverse PCR | This study'
AC product SF O157

qSF-2 | ATGGGCCTGAGGTTTGCTTGT | Sequencing of inverse PCR | This study'
G product SF 0157

qSF-3 | TACCCCCAGCACAGACAAACA | Sequencing of inverse PCR | This study'
TCC product SF 0157

stxg-F | AGCGCTGGAACGTTCCGGAAT | PCR and sequencing Dowd and
GCAAATCAGTCGT Williams, 2008

stxs-R | CGGCCTGGTACCACCGAACCC | PCR and sequencing Dowd and
GTGTCGATAATGAAT Williams, 2008

SF1-F | ATACCGTGGCATTTGAAGAGA | PCR and sequencing This study”
AGT

SF1-R | TTTTTAGCAGCCAGTCGTCCA | PCR and sequencing This study”




TC

SF2-F | TGCGAATATCAAAAAGACAG | PCR and sequencing This study”
A

SF2-R | CCAGACCCGCCATAACA PCR and sequencing This study”

nySF3- | CACGTTAACCGGAAAAGGGA | PCR and sequencing This study”

F AAAA

nySF3- | GCTCTGTGGCGGGGAAATACG | PCR and sequencing This study”

R

nySF3- | GCAAAAGCGGTATGAGC Sequencing This study”

sekvF

nySF3- | ATTCCAGGCAGTCGGCGTTGA | Sequencing This study”

sekvR | TT

nySF4- | CCAGTGGACGGGTGATGAGG | PCR and sequencing This study”

F ATT

nySF4- | CGGTTTTTCGCACGGATGTTT | PCR and sequencing This study”

R C

nySF4- | CGAAAGATGCCGGGTATGAG | Sequencing This study”

sekvF | G

nySF4- | GGCATCCACTATCTGTTTT Sequencing This study”

sekvR

SF5-F | CGTATTTCCCCGCCACAGAG PCR and sequencing This study”

SF5-R | CACCGGTTTATGCGTCCACAC | PCR and sequencing This study”

SF6-F | CCCGGGTGGCAGAAGAG PCR and sequencing This study”

SF6-R | CGATGAGCTAATGGCGGTATG | PCR and sequencing This study”
TGA

SF7-F | GAGCAGACGGTCAGGGAAGT | PCR and sequencing This study”

SF7-R | TTGTTGAGTCGAAAAGTCTAT | PCR and sequencing This study”

SF8-F | TCAGCCAAAAGGAACACC PCR and sequencing This study”

SF8-R | ATTAACGCCAGATATGATGAA | PCR and sequencing This study”

A




SF9-F | TTAATACGGCAACAAATACTT | PCR and sequencing This study”

SF9-R | ACGCGCCCCCTGATGATGG PCR and sequencing This study”

SF10-F | CTTACGCTTCAGGCAGATAC PCR and sequencing This study”

SF10-R | GTTACCCACATACCACGAA PCR and sequencing This study”

SF11-F | AGTGAAGGTTGACGGGAAAG | PCR and sequencing This study”
AATA

SF11-R | ACACCAACCCGGACAGGCGT | PCR and sequencing This study”
AATA

SF11- | AGGCTCCGGATTTGCTGAAGT | PCR and sequencing This study’

2F GC

SF11- | CCGGCCGGGATAATATTGTGA | PCR and sequencing This study’

2R GTA

"Primers were designed by primer walking

*Primer sequences were based on NCBI accession number AP010960
O111:H- (Ogura et al., 2009)

3Primer sequenced were based on NCBI accession number AE005174
O157:H7 (Perna et al., 2001)
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PCR-Based Detection and Molecular Characterization of Shiga Toxin-
Producing Escherichia coli Strains in a Routine Microbiology
Laboratory over 16 years

K. Haugum,? L. T. Brandal,® B.-A. Lindstedt,® A. L. Wester,? K. Bergh,®9 J. E. Afset®

Department of Laboratory Medicine, Children’s and Women's Health, Faculty of Medicine, Norwegian University of Science and Technology, Trondheim, Norway?;
Department of Foodborne Infections, Norwegian Institute of Public Health, Oslo, Norway®; Gene Technology Section, Akershus University Hospital, Lerenskog,
Norway<; Department of Medical Microbiology, St. Olavs University Hospital, Trondheim, Norway®

Shiga toxin-producing Escherichia coli (STEC) is a heterogeneous group of bacteria causing disease ranging from asymptomatic
carriage and mild infection to hemolytic uremic syndrome (HUS). Here, we describe patients with STEC infection and character-
ize the STEC strains detected in our laboratory by use of PCR for stx,, stx,, and eae from 1996 through 2011. Patient information
was collected from referral forms and from the Norwegian Surveillance System for Communicable Diseases. STEC isolates were
characterized with respect to serogroup or serotype, selected potential virulence genes, and multilocus variable-number tandem-
repeat analysis (MLVA) genotype. STEC strains were isolated from 138 (1.09%) of 12,651 patients tested. STEC strains of sero-
groups 026, 0103, 0121, 0145, and 0157 were the most frequent. These serogroups, except non-sorbitol-fermenting 0157,
were also the most frequent among the 11 patients (all =5 years old) who developed HUS. Twenty-four STEC strains were classi-
fied as being HUS associated based on an epidemiological link to a HUS case, including an MLVA genotype identical to that of
the STEC strain. The age of the patient (=5 years) and the genes eae and stx,, were significantly associated with HUS-associated
STEC (P < 0.05 for each parameter), while stx, was associated with non-HUS-associated STEC (P < 0.05). All of the potential
virulence genes analyzed, except ehxA, were significantly more frequent among HUS-associated than non-HUS-associated
strains (P < 0.05 for each gene). However, these genes were also present in some non-HUS-associated STEC strains and could
therefore not reliably differentiate between HUS-associated and non-HUS-associated STEC strains.

higa toxin-producing Escherichia coli (STEC) was recognized  in only 0 to 15% of strains of serotypes not associated with severe

as a cause of bloody diarrhea and hemolytic uremic syndrome  disease or outbreaks (11). In addition, the presence of non-LEE-
(HUS) for the first time in two independent studies in 1982 (1,2).  encoded (nle) genes from the genomic O islands OI-71 and OI-57
Later this pathogen was found to be the main cause of diarrhea-  has been associated with STEC virulence (12-14). Pathogenic
associated HUS with a high number of cases worldwide. Non-  STEC also harbors a large virulence plasmid (frequently termed
sorbitol-fermenting STEC (NSF) O157:H7 was the first STEC se-  p0157) encoding factors involved in STEC virulence (3, 15).
rotype that was isolated in association with HUS and has been the Since STEC was first recognized as a cause of diarrhea-associ-
most frequently reported cause of diarrhea-associated HUS (3).  ated HUS, the microbial detection of this pathogen has in most
However, STEC strains of other serogroups like 026, 0103, 0111,  laboratories until recently relied on culturing on sorbitol-Mac-
0121, and O145 have also been recognized to cause severe disease  Conkey agar (SMAC), which is a selective medium for NSF
and outbreaks (4, 5). 0157:H7 (16), with subsequent agglutination with anti-O157 an-

Shiga toxins 1 and 2 (Stx1 and Stx2) are essential virulence  tiserum. While a selective medium for NSF 0157:H7 STEC is a
factors of STEC. The term STEC is used to describe any E. coli-  gensitive method for detection of this specific STEC serotype, a
producing Shiga toxin, whereas the term enterohemorrhagic  major drawback is that other STEC serotypes and sorbitol-fer-
Escherichia coli (EHEC) is often used to describe the subset of menting (SF) O157:H- not will be detected. Therefore, a more
STEC strains responsible for causing hemorrhagic colitisand HUS  gyjgaple strategy for the diagnosis of STEC infection is to combine
(3). Shiga toxins are encoded by the stx, and stx, genes located in  ytyre and nonculture methods detecting both 0157 and non-

lambdoid bacteriophages integrated into the bacterial host ge- (3157 STEC serotypes (17, 18). In recent years, many diagnostic
nome. The toxins exist as various subtypes, in which the Stx2

subtypes Stx2a, Stx2c, and Stx2d are more often associated with

HUS than are the other Stx subtypes (6_9)' In addition to the Received 14 February 2014 Returned for modification 2 April 2014

Shiga toxins, most STEC strains possess the locus of enterocyte Accepted 6 June 2014
effacement (LEE) pathogenicity island in which the virulence gene Published ahead of print 11 June 2014
eae encoding the adherence factor intimin is located (3, 10). Editor: B. A. Forbes
In addition to stx,, stx,, and eae, the presence and absence of Address correspondence to J. E. Afset, jan.afset@ntnu.no.
various other genes have been investigated as potential virulence Supplemental material for this article may be found at http://dx.doi.org/10.1128
markers for HUS and outbreaks. Karmali et al. reported that sev- /JCM.00453-14.
eral genes located on the genomic O island OI-122 were present in Copyright © 2014, American Society for Microbiology. All Rights Reserved.

60 to 100% of STEC strains of serotypes highly associated with doi:10.1128/JCM.00453-14
severe disease and outbreaks, while the same genes were detected
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Characteristics of STEC Strains Detected by PCR

TABLE 1 Characteristics of stx-negative strains, isolated at St. Olavs Hospital, Trondheim, Norway, during the 1996-2011 period, classified as

STEC-lost Shiga toxin in this study

Strain stx, subtype eae Serotype Reason the strain was included in the study
St. Olav49 STEC-LST* + 0103:H25 HUS"

St. Olav59 STEC-LST + 0103:H25 HUS

St. Olav75 2a° + SF O157:H- Outbreak investigation

St. Olav77 STEC-LST + SFO157:H- HUS

St. Olav84 STEC-LST + SF O157:H- Outbreak investigation

St. Olav97 STEC-LST + 0145:H2" Outbreak investigation

St. Olavl31 STEC-LST + 0103:H25 BD*

St. Olav154 2b - o Previously positive for stx,,
St. Olav156 STEC-LST + o BD

St. Olav165 STEC-LST + 0O145:H28 BD

“ eae-positive E. coli isolate classified as STEC that may have lost its stx genes (STEC-lost Shiga toxin [LST]).

¥ HUS, hemolytic uremic syndrome.

¢ Strain previously positive for stx,, which after storage was found to be stx, negative.
4 Hz, motile but unknown H-type.

“BD, bloody diarrhea.

/Serotype 0, the strains did not belong to any of the serogroups tested for in the study.

laboratories have switched to PCR for detection of stx, and stx,
and other putative virulence genes (e.g., eae and ehxA) in STEC
strains. Although the use of PCR improves the detection of non-
0157 STEC serotypes which may be the cause of HUS, it may also
lead to detection of a range of STEC strains with a probable low
potential for causing severe disease in humans (10, 17, 19). In
many cases, we therefore still do not know how to differentiate
between high- and low-risk STEC strains, and it is a challenge to
make a reliable assessment of the clinical and public health risk
related to the diagnosis of non-O157 STEC infections.

The aim of this study was to present the results of PCR-based
diagnosis of STEC infection from patient stool specimens during the
period 1996-2011 and to search for differences between HUS and
HUS-associated compared to non-HUS-associated STEC isolates
based on serotypes and analysis of selected potential virulence genes.

MATERIALS AND METHODS

Bacterial strains and clinical information. All STEC isolates included in
the present study were retrieved from patient stool specimens in the years
1996 through 2011 at the Department of Medical Microbiology, St. Olavs
Hospital, Trondheim, Norway. From 1996 to 2011 the laboratory routine
was to analyze stool specimens from children <2 years old for stx, and stx,
(and eae from 2000) irrespective of clinical information by PCR and to
analyze stool specimens from patients in age groups >2 years old if there
was information on HUS or bloody diarrhea. In addition, specimens from
persons epidemiologically associated with a HUS case or a STEC outbreak
were analyzed for STEC. Based on data from the laboratory information
system, stx, and/or stx, was detected in mixed stool cultures from 150
patients during the study period. Among these, 20 patients were excluded
from the study because the laboratory did not succeed in obtaining STEC
isolates in pure cultures, whereas for the remaining 130 patients, STEC
isolates were identified in pure cultures. Another eight stx-negative (eae-
positive) E. coli isolates were included in the study because they were
isolated from patients with HUS or bloody diarrhea or were epidemiolog-
ically linked to a HUS case and were of the same MLVA genotype as the
STEC isolate from that case (Table 1). STEC strains that have lost stx genes
are often termed EHEC/STEC-lost Shiga toxin (LST) (20). In total, 138
strains were included in the study.

In Norway, STEC infection is notifiable to the Norwegian Surveillance
System for Communicable Diseases (MSIS) at the Norwegian Institute of
Public Health (NIPH), where clinical information on the patients and
results from laboratory analyses of the bacterial strains are stored. We
collected data from the MSIS on clinical symptoms (HUS, bloody diar-

September 2014 Volume 52 Number 9

rhea, diarrhea, or no symptoms), age, and sex and correlated these data
with laboratory results.

The study was approved by the Regional Committee for Medical and
Health Research Ethics, REC South-East (REC number 2011/2314).

Primary detection and identification of STEC. stx,, stx,, and eae
(from the year 2000) were detected by a two-step procedure where PCRs
for the stx,, stx,, and eae genes first were done in mixed cultures from a
stool specimen and thereafter repeated on subcultures of discrete colonies
from positive specimens with the aim of identifying STEC strains in pure
cultures. STEC isolate culturing was done by standard methods, including
SMAC agar, and E. coli was identified by standard biochemical tests (API
10S/20E; bioMérieux, Marcy I'Etoile, France). During the period 1996-
2004, screening for stx, and stx, was performed using primers and ampli-
fication conditions as described by Brian et al. (21). In 2004, conventional
PCRs for stx; and stx, were replaced by multiplex real-time PCRs (for
primers, see Table S1 in the supplemental material). DNA isolation meth-
ods, amplification conditions, PCR reagents, and PCR instruments varied
in the years 2004-2011.

PCR for eae was done using the AE13 and AE14 primers, and ampli-
fication conditions were as described by Gannon et al. (22) from 2000 to
2004 and as described by Nielsen and Andersen (23) from 2004 to 2008.
Thereafter detection of eae was done by real-time PCR with the primers
described in Table S1 in the supplemental material. Confirmation of stx,,
stx,, and eae was done at the National Reference Laboratory for Entero-
pathogenic Bacteria (NRL) at the NIPH (24, 25).

Serotyping. Initial serogrouping was performed with O antisera using
polyspecific anti-coli I, II, and III and monospecific O antisera for the O
serogroups 026, 0103, 0111, 0145, and O157, as described by the man-
ufacturer (Sifin, Germany). Later, more extensive serotyping was done at
the NRL, NIPH, using monospecific O:K and H antisera covering alto-
gether 44 O serogroups, including 026, 0103, O111, O121, 0145, and
0157 and 8 H antigens (in-house antisera and antisera from Sifin and SSI,
Denmark).

stx, subtyping and MLVA genotyping. The stx, subtype was deter-
mined at the NRL, NIPH, using modifications of previously published
methods for PCR-restriction fragment length polymorphism (RFLP) and
sequencing (8, 26, 27) and by PCR (9).

Two MLVA protocols, one for the O157 serogroup and one for all E.
coli isolates, were used for MLVA typing (28-30) at the NRL, NIPH.

Verification of stx, stx,, and eae and detection of potential virulence
genes. To verify the primary PCR results, we repeated PCRs for stx,, stx,,
and eae for all strains included in the study. For PCR analyses, bacterial
strains were grown overnight on MacConkey agar. One colony of bacterial
cells was suspended in 100 pl lysis buffer (50 mM KCl, 10 mM Tris-HCl
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TABLE 2 Age distribution and other characteristics of patients with STEC infections diagnosed at St. Olavs Hospital during the 1996-2011 period

No. (%) of patients: Sex (no.) Clinical presentation in patients with STEC (no.):
Age group (yr) With STEC Tested Positive rate Female Male HUS* BD’ Diarrhea Asymptomatic ND?
<2 50 (36.3) 6,860 (54.2) 0.73 25 25 6 5 25 5 9
2-4 32(23.2) 1,301 (10.3) 2.46 17 15 4 0 15 6 7
5-9 9 (6.5) 344 (2.7) 2.62 2 7 1 1 1 2 4
=10 47 (34.0) 4,146 (32.8) 1.13 25 22 0 3 27 7 10
Total 138 (100.0) 12,651 (100.0) 1.09 69 69 11 9 68 20 30

“HUS, hemolytic uremic syndrome.

¥ BD, bloody diarrhea.

“Some of the strains were from persons tested in outbreak investigations.

4 ND, no clinical information. Some of these strains were from outbreak investigations.

[pH 8.3], 2.5 mM MgCl,, 0.1 mg/ml gelatin, 0.45% NP-40, and 0.45%
Tween 20) and 100 pl Tris-EDTA (TE) buffer solution (pH 7.4) and
boiled for 15 min at 95°C. After centrifugation at 13,000 rpm for 1 min,
the supernatant was used directly for PCR analysis.

Real-time PCRs for stx;, stx,, and eae were done using the primers
described in Table S1 in the supplemental material and PerfeCTa Multi-
plex qPCR Supermix, UNG (Quanta Biosciences, Gaithersburg, MD,
USA) as described by the manufacturer. Real-time PCR was performed in
a CFX instrument (Bio-Rad, Hercules, CA, USA), in a 20-pl volume with
cycling conditions for stx, and stx, as follows: 95°C for 3 min and then 40
cycles with denaturation at 95°C for 10 s and annealing at 58°C for 10 s
before elongation at 72°C for 10 s. The PCR for eae was done using the
following cycling conditions: 95°C for 3 min and then 40 cycles with
denaturation at 95°C for 10 s and annealing at 50°C for 10 s before elon-
gation at 72°C for 10 s.

Analyses for the ehxA, ent/espL2, nleB, nleE, nleF, nleH1-2, and nleA
genes were done using the primers described by Bugarel et al. (31). In
addition, PCR for the espK gene was done using the primers described by
Bugarel etal. (12), and the efa-1/lifA gene was analyzed with the 88AT and
88TN primers from Nicholls et al. (32). A subset of strains was also tested
for efa-1/lifA using an alternative efa-1 primer pair (see Table S1 in the
supplemental material). The PCRs were done in singleplex in a 20-ul
volume using the SsoFast EvaGreen Supermix (Bio-Rad), as described by
the manufacturer. The cycling conditions for the nleB and nleE genes were
98°C for 2 min and then 40 cycles with 95°C for 5 s and 60°C for 5 s, and
the cycling conditions for ehxA, ent/espL2, nleF, nleH1-2, nleA, espK,
and efa-1/1ifA were 95°C for 3 min and then 40 cycles with 95°C for 10 s
and 57°C for 30 s.

HUS-associated strains. A STEC strain was classified as HUS associ-
ated if it either was isolated from a patient with HUS or was epidemiolog-
ically linked to a HUS case and was of the same MLVA genotype as the
STEC isolate from that case.

Statistical methods. Fisher’s exact test was used for statistical calcula-
tions. A P value of =0.05 was considered statistical significant.

Cluster analysis of virulence genes with construction of dendrograms
was performed by BioNumerics version 6.6 (Applied Maths NV, Sint-
Martens-Latem, Belgium) using the Dice correlation and the unweighted-
pair group method using average linkages (UPGMA).

RESULTS

The present study included 138 patients among a total of 12,651
patients tested in whom STEC infection had been diagnosed by
PCR, and STEC strains had successfully been isolated in pure cul-
tures (positive rate, 1.09%) in the period 1996-2011 at the Depart-
ment of Medical Microbiology, St. Olavs Hospital, Trondheim,
Norway. Stool specimens from children <2 years old were most
frequently tested for STEC, and this age group was also the most
common among the 138 patients diagnosed with STEC infection

3158 jcm.asm.org

(36.3%) (Table 2). Sixty-nine of the patients with STEC infections
were female and 69 were male. Eleven patients had HUS, while
bloody diarrhea was recorded for 9 patients, and nonbloody diar-
rhea was recorded for 68 patients. All HUS patients were =5 years
old (P = 0.007) (Table 2). Six of the HUS patients were female and
5 were male (Table 3).

The STEC strains included in the present study had the follow-
ing distribution of serogroups: 0157, n = 29 (21.0%); other com-
mon STEC serogroups, n = 69 (50.0%), including 0145 (n = 28),
0103 (n = 21), and 026 (n = 11); and less common STEC sero-
groups, n = 17 (12.3%). Twenty-three (16.7%) strains, one of
which was Orough, did not belong to any of the serogroups tested
(Table 4).

A total of 128 strains contained the stx, and/or stx, gene, and
108 strains contained eae (Table 5). A combination of stx, and stx,
was found in 21 (15.2%) strains, while stx, only was found in 57
(41.3%) strains and stx, only in 50 (36.2%) strains. The stx, sub-
types most frequently detected were stx,, (n = 36) and stx,. (n =
18) (Table 5). Two strains which had previously been con-
firmed to be stx, positive were negative for stx after frozen storage
(Table 1).

PCRs for ehxA, nleB, nleE, ent, efa-1/lifA, nleA, nleF, nleH1-2,

TABLE 3 Characteristics of STEC strains from patients with hemolytic
uremic syndrome and information from the patients with STEC
infections diagnosed at St. Olavs Hospital during the 1996-2011 period

Age stx,
Strain yr Sex” (yr) Serotype subtype
St. Olav26 2002 F 4 026:H- 2a
St. Olav49 2006 F 1 0103:H25 -
St. Olav56 2006 M 2 SF O157:H- 2a
St. Olav59 2006 M 1 0103:H25 —
St. Olav77 2008 F 1 SF O157:H- —
St. Olav80 2009 F 3 SFO157:H- 2a
St. Olav81 2009 M 5 SFO157:H- 2a
St. Olav91l 2009 F 1 OI121:H19 2a
St. Olav100 2009 M 1 O145:H?* 2a
St. Olav164 2011 F 2 0O145:H? 2a
St. Olav166 2011 M 0 SFO157:H- 2a

“F, female; M, male.

b Strains were negative for stx,,. The 0103:H25 strains (St. Olav49 and St. Olav59) were
part of a national outbreak in 2006 where stx,, was identified in some of the other
strains included in the same MLVA genotype cluster (50). St. Olav77 was part of a small
family outbreak with St. Olav75 (see Table 1).

“H?; motile but unknown H-type.
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TABLE 4 Serogroups of 138 HUS-associated and non-HUS-associated
STEC strains isolated by PCR and culture at St. Olavs Hospital,
Trondheim, Norway, during the 1996-2011 period

No. (%) of STEC strains

Serogroup HUS associated Non-HUS associated Total
0145 7(29.1) 21(18.4) 28 (20.3)
0103 2(8.4) 19 (16.6) 21 (15.3)
0157 0(0) 20 (17.5) 20 (14.5)
026 1(4.2) 10 (8.8) 11(7.9)
SF 0157 9(37.5) 0(0) 9(6.5)
0121 5(20.8) 4(3.5) 9(6.5)
Other” 0(0) 40 (35.1) 40 (28.9)
Total 24 (100) 114 (100) 138 (100)

“ Other serogroups: 02 (n = 1), 076 (n = 1), 091 (n = 1), 0104 (n = 3), O111 (n =
1), 0113 (n = 3),0117 (n = 1), O118 (n = 1), 0119 (n = 1), 0128 (n = 3), 0177
(n = 1), and unknown O serogroups (1n = 23), of which one strain was Orough.

and espK revealed that ehxA was the most frequent (n = 123,
89.1%), whereas nleA was the least frequent (n = 87, 63.0%) in the
138 STEC strains examined (Table 5). All of the potential viru-
lence genes were found among strains of serogroups 0145, 0103,
0157,026,0121, SFO157,and O111 (see Table S2 in the supple-
mental material), whereas 11 strains with other serogroups con-
tained none of the genes analyzed in the study.

The STEC strains isolated from patients with HUS belonged to
the serotypes SF O157:H-, O145:H? (H unknown), O103:H25,

Characteristics of STEC Strains Detected by PCR

026:H-, and O121:H19 (Table 3). Another 13 STEC strains were
epidemiologically linked to an HUS case and of the same MLVA
genotype as the STEC strain isolated from that case. Altogether 24
strains were therefore classified as HUS associated. Among these
strains SF O157:H- and O145:H? were the most common (Table
4). The age of the patient (=5 years old) was significantly associ-
ated with HUS-associated STEC infection, as 20 of the 24 HUS-
associated strains were isolated from children within this age
group (P = 0.035). The eae gene was present in all of the HUS-
associated strains compared with its presence in 84/114 (73.7%)
non-HUS-associated strains (P = 0.002) (Table 5). stx, was sig-
nificantly more frequent among HUS-associated than non-HUS-
associated strains (P = 0.013) (Table 5), especially the stx,, sub-
type, which was present in 18/24 HUS-associated strains
compared with 22/114 non-HUS-associated strains (P < 0.0001)
(Table 5). In contrast, stx, was not detected in any of the HUS-
associated strains, but was present in 78 of the non-HUS-associ-
ated strains (P < 0.0001) (Table 5). The genes ehxA, nleB, nleE,
ent, efa-1/lifA, nleA, nleF, and nleHI-2 were present in all HUS-
associated strains, whereas espK was present in all but one of these
strains. All of the potential virulence genes analyzed, except ehxA,
were significantly more frequent among HUS-associated than
non-HUS-associated strains (P < 0.05 for each gene) (Table 5).
By cluster analysis of potential virulence genes, eae-positive and
eae-negative STEC strains were separated into two main clusters (Fig.
1;see also Fig. S1 in the supplemental material). One exception was an

TABLE 5 Virulence genes identified by PCR analysis and stx, subtypes of 138 HUS-associated and non-HUS-associated STEC strains isolated at St.

Olavs Hospital, Trondheim, Norway, during the 1996-2011 period

No. ([%]) of genes in:

HUS-associated STEC

Non-HUS associated STEC

Virulence gene (n=24) (n=114) Total P
stx, 0(0) 57 (50) 57 (41.3) <0.0001
stx, + stx, 0(0) 21(18.4) 21 (15.2) 0.02
Stx, 18 (75)¢ 32 (28)" 50 (36.2) <0.0001
eae 24 (100) 84 (74) 108 (78.3) 0.002
ehxA 24 (100) 99 (87) 123 (89.1) 0.073
nleB 24 (100) 82 (72) 106 (76.8) 0.001
nleE 24 (100) 81 (71) 105 (76.1) 0.001
ent 24 (100) 82(72) 106 (76.8) 0.001
efa-1/1ifA 24 (100) 73 (64) 97 (70.3) 0.0001
nleA 24 (100) 63 (55) 87 (63) <0.0001
nleF 24 (100) 84 (74) 108 (78.3) 0.002
nleH1-2 24 (100) 85 (75) 109 (79) 0.004
espK 23 (96) 83 (73) 106 (76.8) 0.002
Total 24 (100) 114 (100) 138 (100)
stx, subtype
sty 18 (75)" 18 (15.8) 36 (50.7) P < 0.0001
Stx,, st 0(0) 4(3.5) 4 (5.6) ND*
Sty 0(0) 9(7.9)" 9 (12.7) ND
St 0(0) 18 (15.8) 18 (25.4) ND
sty 0(0) 2(1.8) 2(2.8) ND
StXpq 0(0) 1(0.9) 1(1.4) ND
ND 0(0) 1(0.9)¢ 1(1.4) ND
Total 18 (75) 53 (47) 71 100

“ This number does not include one SF O157:H- strain (St. Olav75; see Table 1) previously found to be positive for stx,,.
¥ This number does not include one strain of unknown serotype (St. Olav154; see Table 1) previously found to be positive for stxy,.

“ND, not determined.

@ The stx, phage was lost in the STEC strain at arrival at the Norwegian Institute of Public Health and therefore was not stx, subtyped.
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FIG 1 Cluster analysis of potential virulence genes in STEC strains. eae-negative and eae-positive STEC strains were mainly separated into two clusters. One
exception was one eae-negative strain that clustered among the eae-positive strains due to the presence of some of the potential virulence genes. All HUS-
associated strains clustered among the eae-positive strains and harbored all of the potential virulence genes investigated in the study. For further details (serotype,

stx, subtype, etc.), see Fig. S1 in the supplemental material.

eae-negative, stx,-positive strain (St. Olav12) that clustered with the
group of eae-positive strains due to the presence of some of the po-
tential virulence genes in this strain. In the cluster of 29 eae-negative
STEC strains, ehxA was the only potential virulence gene present (17
strains) (Fig. 1; see also Fig. S1). All eae-positive strains harbored
more than three of the potential virulence genes investigated (Fig. 1;
see also Fig. S1). Although all the HUS-associated strains clustered
among strains which were eae and stx, positive but stx; negative, non-
HUS-associated strains were also found in the same cluster (Fig. 1; see
also Fig. S1).

The 109 non-0157 STEC strains were distributed in 48 distinct
MLVA genotypes (see Fig. S2 in the supplemental material). Thir-
ty-one of these MLVA genotypes were represented by only one
strain each, including one O26:H- strain from an HUS patient.
The other 17 MLVA genotypes, with 78 non-O157 strains, were
found in 2 to 15 strains, respectively. Some of these MLVA geno-
types included STEC strains from local or national outbreaks.
Among the 29 0157 and SF 0157 STEC strains, 17 distinct MLVA
genotypes were observed (see Fig. S3 in the supplemental mate-
rial). Twelve of these MLVA genotypes were present in single
strains, including two SF O157:H- strains from HUS patients,
while five genotypes included two to five strains. For the two
MLVA methods, some of the HUS-associated strains showed the
same MLVA genotype as non-HUS-associated strains.

DISCUSSION

In this study, we present the results of STEC infection diagnosis in
our laboratory based on PCRs for the stx,, stx,, and eae genes in
cultures from stool samples in the years 1996-2011. During this
period stx genes were detected in stool samples from 150 patients,

3160 jcm.asm.org

and STEC or STEC-LST strains were isolated in pure cultures
from 138 patients (Table 2). Similar to what has been reported
elsewhere, the highest number of STEC infections was diagnosed
in children <5 years old (4, 33). In our study, this may partly be
explained by the routine of the laboratory to analyze all stool spec-
imens from children <2 years old for STEC, while samples from
older age groups were analyzed only if there was a clinical suspi-
cion of HUS or bloody diarrhea or the samples were part ofa STEC
outbreak investigation. However, the fact that a high number of
STEC infections were also detected in children 2 to 4 years old
(Table 2) in whom tests for STEC were done only because of a
specific suspicion, supports the notion that STEC infection is most
common in young age groups.

As shown in Table 4, the STEC serogroups isolated most often
in this study, including strains associated with HUS, belonged to
the STEC serogroups frequently implicated in severe disease and
outbreaks described elsewhere (5, 34). However, only 20 (14.5%)
of the 138 STEC strains belonged to serotype NSF O157:H7, the
only STEC serotype that is selected for by SMAC agar. Seventy-
eight (56.5%) STEC strains belonged to other common STEC se-
rogroups, including SF O157, that would easily have been missed
on SMAC agar since they could not be differentiated from the
majority of commensal E. coli, and 40 strains belonged to sero-
groups not common for STEC or unknown serogroups. Conse-
quently, use of PCRs resulted in detection of a high number of
non-0157 STEC strains, both of STEC serogroups that based on
current knowledge may be viewed as high-risk strains (35), and of
non-0157 STEC serogroups that most likely do not represent a
high risk for HUS development.
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More than half (55%) of the patients infected with SF O157:H-
STEC developed HUS, and this serotype was the most common
serotype isolated from HUS patients in this study (Table 3). These
results are in line with previous reports suggesting that there is a
high risk for development of HUS with SF O157 infection (36, 37).
Six (54.5%) of the 11 HUS cases were caused by non-O157 STEC
serotypes, while NSF O157, which is the most common STEC
serotype causing HUS worldwide (3-5), was not the cause of any
of the HUS cases in this study. During the same time period, this
serotype was isolated from four cases of HUS in other parts of
Norway (MSIS).

In this study, HUS-associated STEC strains contained the fol-
lowing characteristics: (i) all of them, except STEC-LST strains,
carried stx, (stx,,), (ii) all harbored eae, (iii) all but one contained
the other nine potential virulence genes tested, and (iv) all be-
longed to STEC serogroups frequently associated with severe dis-
ease, many of them non-O157. Stx2a and intimin are important
virulence factors in STEC strains that have been associated with
severe disease (3, 38). Analysis of the presence or absence of viru-
lence genes in this study revealed that eae and stx,, were signifi-
cantly more frequent in HUS-associated than non-HUS-associ-
ated strains, whereas STEC strains containing stx, were exclusively
associated with non-HUS infection (Table 5). While the ehxA
gene has been regarded as an important virulence marker in STEC
infection and has been reported to be a marker of “typical EHEC”
(14), it was the only potential virulence gene analyzed that was not
significantly more frequent in HUS-associated than non-HUS-
associated strains in this study. ehxA was also the sole potential
virulence gene present among the subset of eae-negative STEC
strains (Fig. 1; see also Fig. S1 in the supplemental material). How-
ever, although most of the potential virulence genes were signifi-
cantly more present among HUS-associated than non-HUS-asso-
ciated strains, several of the non-HUS-associated STEC strains
contained a virulence gene profile similar to that for the group of
HUS-associated strains. In particular, non-HUS-associated STEC
strains of the serogroups 0145, 0103, 0157 (NSF and SF), 026,
0121, and O111 contained a high number of the potential viru-
lence genes, which is in line with previous reports (39, 40). This
made reliable differentiation between HUS-associated and non-
HUS-associated STEC strains based on serotype and potential vir-
ulence genes impossible in this strain collection.

Two of the STEC strains were negative for stx after frozen stor-
age. Although in general only stx-positive strains are regarded as
STEC, it is well known that STEC may lose its stx encoding pro-
phage, either in the course of an infection or upon handling in the
laboratory (20, 41, 42).

Although eae- and stx,-positive, stx,-negative STEC strains
have been isolated from patients with HUS (43, 44), there are to
our knowledge no reports of outbreaks of severe disease with such
bacteria. Furthermore, in line with reports from other regions in
Norway (L. T. Brandal, A. L. Wester, H. Lange, I. Labersli, B.-A.
Lindstedt, G. Kapperud, and L. Vold, unpublished data) and other
countries (5,45-47), our results support the notion that infections
with STEC strains that do not belong to common STEC sero-
groups and lack eae and/or stx,, even if stx, is present represent a
low risk for HUS development. Therefore, based on the results
from the present study, it seems safe to suggest a classification of
stx;-positive, stx,-negative STEC strains with a low risk for HUS
development.

In the current study, it was difficult to assess the risk profile of
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STEC strains with a serotype and virulence profile similar to that
of HUS-associated strains. It may be that such strains are actually
virulent and should be interpreted as STEC with a high risk for
HUS development. Alternatively, there may be other bacterial
characteristics not analyzed in these strains that may be of impor-
tance for the virulence potential of STEC. In addition to bacterial
virulence, young age (48) of the infected person is a risk factor for
HUS development. This is also evident in this study where all HUS
cases were in children =<5 years old. Most likely, development of
HUS may be influenced by other host factors as well.

As expected MLVA genotyping revealed that STEC isolates of
some MLVA genotypes clustered with isolates from other parts of
the country, in relation to local or national outbreaks. The largest
local outbreak occurred in a kindergarten in 2009 where 15 iso-
lates of STEC serotype O145:H28 were of the same MLVA geno-
type. Although the index child presented with bloody diarrhea,
none of the children affected in that outbreak developed HUS
(49).

Our laboratory was one of the first in Norway to introduce
PCR for detection of human STEC infection. During the period
from 1996 through 2011, a higher number of STEC infections
were detected in our laboratory than in other regions of Norway,
as more than one-fourth of the cases of STEC infections on the
national level were detected here (MSIS), although less than one-
tenth of the population live in this region. The high detection rate
of STEC infections in our laboratory compared to rates in other
parts of Norway most likely was, at least to some extent, due to
early introduction of PCR in our laboratory. However, the fact
that during this period, a higher proportion than expected of HUS
cases (11 of 53 [20.8%], data from MSIS) also were from central
Norway where our hospital is located may indicate that there may
be epidemiological differences in the risks of STEC infection and
disease between different regions in Norway.

Starting with PCR for STEC detection in 1996, the routine in
our laboratory was to analyze all stool specimens from children
<2 years for STEC irrespective of the clinical diagnosis and only
those from older children and adults on clinical suspicion. One
might expect that this practice could have led to identification of
less virulent STEC strains not related to clinical disease in the
younger age group. However, a comparison of the virulence pro-
file of STEC strains isolated from children <2 years of age com-
pared with that of STEC strains isolated from older children and
adults does not support this idea. Strains from the younger age
group contained at least as many virulence genes as those isolated
from older children and adults (see Table S3 in the supplemental
material).

A limitation of this study was that the laboratory routine to use
different indications for testing of samples for STEC dependent on
the age of the patient was not always followed. This was reflected in
that the 39 patients diagnosed with STEC infections in the present
study who were >2 years of age had diagnoses other than HUS
and bloody diarrhea and were not part of an outbreak investiga-
tion. Furthermore, information regarding bloody diarrhea may
have been incomplete since bloody diarrhea was recorded for only
9 of the patients, while there was no information on bloody stools
in 68 other patients with diarrhea. For these cases, the information
given by the referring physician might have been incomplete, or
such data were not always recorded or updated in the patient
information database. Another weakness was that in the first part
of the study period, only the stx, and stx, genes were analyzed,
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whereas eae was included from year 2000 onward. In addition,
different primers, reagents, and equipment were used for PCR
analysis through the study period, including a switch from con-
ventional to real-time PCR. Although different primers were used
for detection of stx; and stx2, the primers used were designed to
detect all variants of the stx genes, except stx, The use of different
PCR methods for STEC detection might potentially have had an
impact on which STEC strains were detected. However, despite
the variations in the PCR protocols used throughout the study
period, the strain collection represents an unselected group of
STEC infections diagnosed by PCR analysis of the stx and eae
genes in a hospital laboratory throughout a period of 16 years. In
this study, we tested the STEC strains for a limited number of
virulence genes. Although through this virulence characterization
of the STEC strains, we did not disclose new knowledge, we were
able to confirm results from previous studies regarding STEC vir-
ulence in a unselected collection of STEC isolates from hospital
routine diagnosis based on PCR (1214, 31).

In summary, STEC infection was diagnosed by PCR and STEC
strains were isolated from stool samples from 138 (1.09%) of
12,651 patients tested at St. Olavs Hospital, Norway, during the
period 1996-2011. More than half of the patients diagnosed with
STEC infections were <5 years old. Eleven patients (all =5 years
old) had HUS, but no one died. All HUS patients were infected
with STEC strains of serogroups frequently involved in severe dis-
ease and outbreaks elsewhere. Six of the 11 HUS patients were
infected with non-O157 serogroups. Twenty-four STEC strains
were classified as HUS associated. Young age (=5 years old) and
STEC strains containing eae and stx,, were significantly associated
with HUS (P < 0.05 for each parameter), while STEC strains con-
taining stx, were associated with non-HUS-associated STEC in-
fections (P < 0.05). Also, the other potential virulence genes an-
alyzed, except for ehxA, were significantly associated with HUS
(P < 0.05 for each gene). However, as they were also present in
some of the non-HUS-associated STEC strains, these genes could
not reliably differentiate between HUS-associated and non-HUS-
associated STEC strains.
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Table S1. PCR primers used in the study.

Primer Sequence (5'-3' direction) Target Amplicon  Reference
gene size

SLTI1 AAATCG CCATTCGTT GACTACTTCT stx1 368 bp Brian et al. 1992

SLTI Rnew CCATTCTGG CAA CTCGCG ATG CA This study

SLTITagMan  FAM-AAC CTC ACT GAC GCA GTC TGT GGC AAG This study
AGC-BHQ1

SLTIIFnew CAG TCG TCA CTC ACT GGT TTC ATC stx2 283 bp This study

SLTIIRnew GGA TAT TCT CCC CACTCT GACAC This study

SLTIl TagMan HEX-CTG TCA CGG CAG AAG CCT TAC GCT TCA This study
GGC-BHQ1

eae-Fny TTC ATT GAT CAG GAT TTT TCT GG eae 105 bp This study

eae-Rny GCT CAT GCG GAA ATA GCC This study

eae-P FAM-ATA GTC TCG CCA GTA TTC GCC ACC AAT Nielsen et al.
ACC-6-TAMRA 2003

efal-F ATC AGA AGC CCG ACT ACG efa-1/lifA 193 bp This study

efal-R AAC ATT TGC CAG ACCAAG G This study




8€T s 144 90T 60T 80T L8 L6 90T Sot 90T €C¢T 80T - TL 8L |lelol
(T=u)
8z ‘(z=v)
pz ‘(T=)
oz ‘(oT=u) az
‘(€=u) oz+e
6€ 6€ 0 8 0T 0T L S L 9 L vz 01 ‘(8=u) eT ST 124 sidYI0
T T 0 T T T T T T T T T T 0 0 T T110
6 0 6 6 6 6 6 6 6 6 6 6 6 et 9 0 LSTO 4S
6 14 S 8 6 6 6 6 6 6 6 6 6 ec 6 0 TZ10
T (0] T T 11 T 1T T 11 11 1T 1 11 et € 8 920
(£1=U) 22
‘(T=u) oz+eT
0 0z 0 0z 0t 6T 0t ST 0C (014 (014 0z 0¢ ‘(z=u) e (074 6 LSTO
T¢ 6T 4 T¢ T¢ T¢ 14 ¢ Tt T¢ T¢ ¢ 0¢ 0 0 8T €010
8¢ T¢ L 8¢ 8¢ 8¢ 9¢ 9¢ 8¢ 8¢ 8¢ 8¢ 8¢ et 8 8T Sv10
SNH  paienosse vAl/T
lelol -uou -SNH ydsa g-THaju 43U wau -0fo jua 3au gau yxya avwa adlhqgnsgxis gzxis rx3s dnoaSosas

"T107-966T polad ayl Sulinp Aemiop ‘wisypuod] ‘|lexdsoH sae|Q "3S 1e pasoudelp S

suleJ1s D31S SNH-UOU pue paiedosse-SNH SET 40 sisAjeue ¥Ydd Ag sadA104as D 1S SNOLIBA Ul PIIIUDP] SDUSS 2JUSJNUIA JO JBqWINN "ZS 3gel ¥



Table S3. Comparison of potential virulence genes in 138 STEC strains diagnosed in patients where
STEC was analyzed irrespective of symptoms (patients <2 years old) and on specific suspicion of STEC

disease (patients 22 years old) at St. Olavs Hospital, Trondheim, Norway during the period 1996-

2011.
Age <2 years n=50 Age 22 years n=88
Gene P
No. of strains (%) No. of strains (%)
stx2 20 (40) 51° (58) 0.05
stx2a 9 (18) 28 (31.8) 0.1
stx1 27 (54) 51 (58) 0.7
eae 44 (88) 64 (72.7) 0.05
ehxA 47 (94) 76 (86.4) 0.3
nleB 44 (88) 62 (70.5) 0.02
nleE 43 (86) 62 (70.5) 0.06
ent 44 (88) 62 (70.5) 0.02
efa-1/lifA 39 (78) 58 (65.9) 0.2
nleA 34 (68) 53 (60.2) 0.5
nleF 45 (90) 63 (71.6) 0.02
nleH1-2 45 (90) 64 (72.7) 0.02
espK 42 (84) 64 (72.7) 0.1

This number does not include one SF 0157:H- strain (St. Olav75, see Table 1) previously found to be
positive for stx2a and one strain of unknown serotype (St. Olav154, see Table 1) previously found to

be positive for stx2b.
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Figure legends

Figure S1. Cluster analysis of potential virulence genes in STEC. eae negative and eae positive STEC
were mainly separated in two clusters. One exception was one eae negative strain that clustered
among the eae positive strains due to the presence of some of the potential virulence genes. All HUS-
associated strains clustered among eae positive strains and harbored all the potential virulence
genes investigated in the study. Strains with serotype 0 did not belong to any of the serotypes tested

for in the study.

Figure S2. MLVA dendrograms of the 109 non-0157 STEC strains, using seven repeat loci. The strains
were distributed in 48 distinct MLVA genotypes. The virulence gene profile of each strain is

displayed.

Figure S3. MLVA dendrograms of 0157 and SF 0157 with the virulence gene profile displayed. The
strains were distributed in 17 distinct MLVA genotypes. The virulence gene profile of each strain is

displayed.



[r— Virulence genes.

Figure S1.

Key
St Olaviss

St Otavize

zzmzmzzzzonzz

I

mmmzzemmmmzzmazamzaamzana

zzz

Mz

Ciinic

Gastroentriis
Gastrosntriis
Gastroenteris

D
Gastrosntriis

Asymptomatc
Gastroentriis

&0
D

Gastroenteris
Gastrosntriis
Gastroenteris

Gastroentris

Gastroenteris
Gastroentrtis
Gastroentaris

Asymptomatc
Asymptomatic
Asymptomatc
Gastroenteriis
B0
Gastroentris
Hus

Hus
Gastroentris

Asymptomatc
Gastroenteris

Gastroentris

Gastroentriis

Hus
Hus
Asymptomatc

Gastroentriis
Asymptomaic

Gastroenteris

e
Hus
Hus
Gastroenterts

Gastrosntertis

Asymotomatic

Gastroentriis
Gastrosntriis

Gastroentertis

N
Gastroenteris

Gastroenteris
Gastroentrtis
D
e
Gastrosntriis

Gastroenteris
Gastrosntriis

Gastroentris
Gastroentris
Gastroenteris

Gastroenteris

D
Asymptomatc

Asymptomatic

Asymptomatc
Asymptomac
Annet

D
D

Gastrosntriis
Gastroenteris
Gastrosntriis
Gastroenteris

Gastroentriis

N
Gastrosntriis

Asymptomatc

ozt
ons
o4
orve

0
ontzs
o9tH2MHE
o

0

0

onspz)
ousiz

0
s

0
o113
0

o
0

SFotSTH
o7
ot
o7
o7
o7
SFOtSTH.
SFotSTH

o2

otes 2]
ous
ovem-

0

o
0

o

stz subtype

2

Classification

HUS-associated
HuS-associated
HUS-associated
HUS-assoctated
HuS-sssociatec
Non-HUS
Non-HUS
HUS-assodtated
HUS-associated
Non-HUS
Non-HUs
HuS-sssociated

HuS-associated
HuS-sssociated
HUS-assodiated
HuS-sssociatec
HUS-assaciated
HuS-sssociated
Non-HUS

HUS-associated

eae-

eage+



MLVAEC

LI

L)

Figure S2.

Virulence genes

k12

St Olaviag
St Olave2
St Olaviss
St Olavag
St Olava0
St Olavs
St Olavi52
St Olavies
St Olavas
St Olavg
St Olavis
St Olav21
St Olava1
St Olavia
St Olavi2s
St Olavi2e
St Olav78
St Olav7g
St Olavi3s
St Olavio
St Olavs?
St Olave0
St Olav26
St Olavgs
St Olave6
St Olava?
St Olava3
St Olavst
St Olave3
St Olavis?
St Olavi?
St Olavat
St Olavag
St Olavia2
St Olavies
St Olavit
St Olavi2
St Olavig
St Olavas
St Olava?
St Olavs0
St Olavi2s
St Olavia?
St Olav73
St Olavas
St Olavido
St Olaves
St Olaviaa
St Olavias
St Olavi03
St Olavi3g
St Olavi36
St Olaviss
St Olava
St Olavas
St Olavi32
St Olavaz
St Olavt
St Olavé1
St Olavi41
St Olavs
St Olavs
St Olavise
St Olavia7
St Olavi29
St Olavs3
St Olavia
St Olav2s
st Olav2
St Olavis9
St Olava3
St Olava4
St Olavis
St Olavie
St Olave6
St Olavss
St Olaves
St Olavi30
St Olavi33
St Olava?
St Olavi1s
St Olavi08
St Olavi11
St Olavi12
St Olavi13
St Olavita
St Olavi16
St Olavi17
St Olavi1g
St Olavi19
St Olavi20
St Olavi21
St Olavi22
St Olavi2s
St Olavdg
St Olavse
St Olavi2s
St Olavi31
St Olava?
St Olavas
St Olav7a
St Olavis3
St Olavi00
St Olavi01
St Olavi02
St Olaviod
St Olavi07
St Olavies
St Olava?

mmMTmTmZzZzTmEZTMZZIZEZITMNEZINEZIZIZIZINNMNENEZEZN NN NZIANMNZEZNNEIENENETIEETNENZIZINZIZINZNEENE NN MNEZETE T AN ANMNEZI AN MEZE N NMENEENENEETNEZ N NZIMZIZ AN NNNNE Z R

Gastroenteritis
ND

ND
Gastroenteritis
ND
Gastroenteritis
8D

8D
Gastroenteritis
ND

ND
Gastroenteritis
Gastroenteritis
Gastroenteritis
Gastroenteritis
Asymptomatic
8D
Asymptomatic
ND
Gastroenteritis
Gastroenteritis
Gastroenteritis
HUS
Gastroenterits
Asymptomatic
Asymptomatic:
Gastroenterits
Asymptomatic
Gastroenterilis
Gastroenteritis
Gastroenteritis
HUS
Gastroenteritis
8D

8D

ND

ND

ND
Gastroenteritis
Gastroenteritis
Gastroenteritis
Asymptomatic
Gastroenteritis
Gastroenterits
Gastroenteris
Gastroenteritis
Gastroenteritis
8D
Gastroenteritis
Gastroenteritis
Gastroenteritis
ND
Gastroenteritis
Gastroenteritis
Gastroenteritis
Annet
Gastroenteritis
Gastroenteritis
ND

8D

ND
Gastroenterits
8D

ND

Annet
Gastroenteritis
ND

ND
Gastroenteritis
ND
Gastroenteritis
Gastroenteris
Gastroenteris
Gastroenteritis
Gastroenteritis
Gastroenteritis
Gastroenteritis
ND

ND
Gastroenteritis
ND
Gastroenteritis
Gastroenteritis
ND
Gastroenteritis
ND
Asymptomatic
Asymptomatic
Asymptomatic
Asymptomatic
Asymptomatic
ND
Asymptomatic
Asymptomatic
HUS

HUS
Asymptomatic
BD
Gastroenterits
Gastroenteritis
Gastroenteritis
Gastroenteritis
HUS
Asymptomatic
Asymptomatic
Asymptomatic
Gastroenterits
HUS
Gastroenteritis

0103:H2
07H28

0

0
091:H21/H8
o145

0

0

01032
0103:H2
o104
0104:H-
O177H-
07H8

0121{H19]
o121:H19
O121:H19
o121:H19
0
0145:H28

0103{H2]
0103:H2
0103{H2]
0103{H2]
0103:H2
0103:H2
0103

0

o128

0
ONTHT
O119H-
O113:H21
o145
O145H28]
0113:H4
O113:H4
0

0
026{H11]

0145:[H28]
0145:H28
O145:H28
O145:H28
O145:H28
O145:H28
0145:H28
O145:H28
0145:H28
0145:H28
0145:H28
O145:H28
O145:H28
O145:H28
0103:H25
0103:H25
0
0103:{H25]

I I N L R T

Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
HUS-associated
HUS-associated
HUS-associated
HUS-associated
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
HUS-associated
HUS-associated
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
HUS-associated
HUS-associated
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
HUS-associated
HUS-associated
HUS-associated
HUS-associated
HUS-associated
HUS-associated
HUS-associated



MLVA 0157 Virulence genes

nleB
nleE
ent
efa-lifA
nleA
nlef
espK

o
E-1

:
£

Figure S3.

%

Key

St. Olav24
St. Olav35
St. Olave4
St. Olav72
St. Olav23
St. Olav28
St. Olav29
St. Olav30
St. Olav32
St. Olav31
St. Olav20
St. Olave5
St. Olave
St. Olav7
St. Olav151
St. Olav166
St. Olavs6
St. Olav75
St. Olav77
St. Olav80
St. Olava1
St. Olav82
St. Olav83
St. Olavg4
St. Olav88
St. Olav89
St. Olav90
St. Olavo3
St. Olav44

Year
2002
2003
2007
2007
2002
2002
2003
2003
2003
2003
2001
2007
1999
1999
2011
2011
2006
2008
2008
2009
2009
2009
2009
2009
2009
2009
2009
2009
2005

73
o
X

MMM T E T T I AT E TN EEEE T TS ST

Clinic
Gastroenteritis
Gastroenteritis
Gastroenteritis
ND
Gastroenteritis
Gastroenteritis
Gastroenteritis
ND

ND

ND
Gastroenteritis
Gastroenteritis
Gastroenteritis
Gastroenteritis
BD

HUS

HUS
Gastroenteritis
HUS

HUS

HUS
Asymptomatic
ND
Gastroenteritis
Gastroenteritis
Gastroenteritis
Asymptomatic
Asymptomatic
Gastroenteritis

Serotype
0O157:H-
0157:H-
0O157:H7
0157:H-
0O157:H-
0157:H-
0O157:H-
0157:H-
0O157:H-
0O157:H-
0O157:H-
0O157:H7
0157:H7
0157:H7
O157:H7

SF O157:H-
SF O157:H-
SF O157:H-
SF O157:H-
SF O157:H-
SF O157:H-
SF O157:H-
SF O157:H-
SF O157:H-

O157:H7
O157:H-
O157:H-
O157:H-
O157:H7

stx2 subtype Age

2c
2c
2c
2c
2c
2c
2c
2c
2c
2c
2c
2a+2c
2a
2a
2c
2a
2a
2a

2a
2a
2a
2a

2c
2c
2c
2c
2c

30
42

Classification
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS
HUS-associated
HUS-associated
HUS-associated
HUS-associated
HUS-associated
HUS-associated
HUS-associated
HUS-associated
HUS-associated
Non-HUS
Non-HUS
Non-HUS
Non-HUS
Non-HUS



Paper 111






10

11

12

13

14

15

16

17

18

19

20

Comparative Genomics to Delineate Pathogenic Potential in Non-0157
Shiga Toxin-producing Escherichia coli (STEC) from Patients with and

without Haemolytic Uremic Syndrome (HUS) in Norway

Haugum, K.'#, Johansen, J.2, Gabrielsen, C.}, Brandal, L.T3,, Bergh, K% Ussery, D.W.* Drablgs, F.2,

Afset, J.E.®

1Department of Laboratory Medicine, Children’s and Women’s Health, Faculty of Medicine,

Norwegian University of Science and Technology, Trondheim, Norway

’Department of Cancer Research and Molecular Medicine, Faculty of Medicine, Norwegian University

of Science and Technology, Trondheim, Norway
3Department of Foodborne Infections, Norwegian Institute of Public Health, Oslo, Norway
“Biosciences Division, Oak Ridge National Labs, Oak Ridge, Tennessee, USA

>Department of Medical Microbiology, St. Olavs University Hospital, Trondheim, Norway

# Corresponding Author: Kjersti Haugum, Department of Laboratory Medicine, Children’s and
Women'’s Health, Faculty of Medicine, Norwegian University of Science and Technology, Trondheim,

Norway. E-mail; kjersti.haugum@stolav.no

Running title: Genomic Comparison of Non-0157 Shiga Toxin-producing Escherichia coli



21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

Abstract

Shiga toxin-producing Escherichia coli (STEC) cause infections in humans ranging from asymptomatic
carriage to bloody diarrhoea and haemolytic uremic syndrome (HUS). Here we present whole
genome comparison of Norwegian non-0157 STEC strains with the aim to distinguish between

strains with the potential to cause HUS and less virulent strains.

Whole genome sequencing and comparisons were performed across 95 non-0157 STEC strains.
Twenty-three of these were classified as HUS-associated, including strains from patients with HUS
(n=19) and persons with an epidemiological link to a HUS-case (n=4). Genomic comparison revealed
considerable heterogeneity in gene content across the 95 STEC strains. A clear difference in gene
profile was observed between strains with and without the Locus of Enterocyte Effacement (LEE)
pathogenicity island. Phylogenetic analysis of the core genome showed high degree of diversity
among the STEC strains, but all HUS-associated STEC strains were distributed in two distinct clusters
within phylogroup B1. However, also non-HUS strains were found in these clusters. A number of
accessory genes were found to be significantly overrepresented among HUS-associated STEC, but
none of them were unique to this group of strains, suggesting that different sets of genes may

contribute to the pathogenic potential in different phylogenetic STEC lineages.

In this study we were not able to clearly distinguish between HUS-associated and non-HUS non-0157
STEC by extensive genome comparisons. Our results indicate that STECs from different phylogenetic
backgrounds have independently acquired virulence genes that determine pathogenic potential, and

that the content of such genes is overlapping between HUS-associated and non-HUS strains.
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Author summary

Shiga toxin-producing Escherichia coli (STEC) are recognized as important disease-causing pathogens
worldwide. Non-0157 serotypes dominate among human STEC cases in Norway, where such
serotypes have caused several cases of haemolytic uremic syndrome (HUS). We have whole genome
sequenced and compared 95 Norwegian non-0157 STEC strains, from HUS-patients and non-HUS
patients, to search for potential genetic differences suitable for distinguishing between highly
pathogenic STEC with the potential to cause HUS and low-virulent STEC without this potential.
Comparative genomics revealed that the genomic content in our strain collection was highly
heterogeneous. Our analyses indicate that STEC from different phylogenetic backgrounds have
independently acquired virulence genes that determine pathogenic potential, and that different sets
of genes may contribute to the pathogenic potential in different phylogenetic lineages. Furthermore,
it appears that both highly pathogenic and low-virulent STEC share a lot of this genetic material, and
we were therefore not able to identify any unique genes which could clearly distinguish between
HUS-associated and non-HUS STEC in this study. Despite this, our results provide insight into the

genetic background of an important group of human pathogens.
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Introduction

Shiga toxin producing E. coli (STEC) are important human pathogens known to cause infections
ranging from diarrhoea and haemorrhagic colitis to haemorrhagic uremic syndrome (HUS) [1]. Since
the first reports of disease caused by 0157:H7 in 1982 [2,3], this serotype has been the most
frequently reported cause of severe STEC disease and outbreaks worldwide [1]. However, several
non-0157 STEC serogroups (e.g. 026, 045, 0103, 0111, 0121 and 0145) have also been recognized

to be responsible for severe disease and outbreaks [4,5].

The STEC pathotype is defined by the presence of Shiga toxins Stx1 and Stx2 encoded by the stx1 and
stx2 genes, which are acquired through horizontal gene transfer of a heterogeneous group of
lambdoid bacteriophages [6-9]. There are several subtypes of Shiga toxins, of which the Stx2
subtypes Stx2a, Stx2c and Stx2d are more often associated with HUS than other Stx subtypes [10-13].
In addition, the adherence factor intimin, encoded by the eae gene located in the Locus of Enterocyte
Effacement (LEE) pathogenicity island, is important for STEC pathogenicity. STEC causing severe
disease and outbreaks do usually harbour LEE [1,14,15], although also LEE negative STEC are
sometimes found in patients with severe disease [15-21]. LEE encodes several genes responsible for
the attaching and effacing nature of STEC, a feature these bacteria share with the closely related
enteropathogenic E. coli (EPEC). In addition, the LEE encodes additional associated regulators,

translocators, effector proteins and chaperones [22,23].

Whole genome sequencing of bacterial genomes has become an accessible and affordable analysis.
Comparison of whole genome sequences provides information on gene content and organization,
and gives an overview of how organisms are related. Whole genome sequences available of STEC and
other E. coli have demonstrated high diversity among different E. coli genomes, due to horizontal
gene transfer, gene loss and other genomic alterations [20,24-34]. Genomic comparisons of 0157

and non-0157 LEE positive STEC genomes with other E. coli and Shigella have also revealed that LEE
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positive STEC in general have larger genomes, mostly due to horizontally transferred DNA such as

prophage DNA, plasmids and integrative elements encoding potential virulence factors [24-26].

In Norway non-0157 STEC are more frequently isolated from patients with STEC disease than 0157,
and are also more common than 0157 STEC in patients suffering from HUS [35]. Although whole
genome sequence comparisons of 0157 and non-0157 STEC are available [20,25,28], it is still unclear
whether it is possible to differentiate between STEC strains based on their potential to cause HUS. In
this study our main aim was to compare whole genome sequences from 95 non-0157 human STEC
strains to investigate potential genetic differences suitable for distinguishing between highly
pathogenic STEC having caused HUS and low-virulent STEC having caused only mild disease or
asymptomatic carriage. We were not able to clearly distinguish between HUS-associated and non-
HUS non-0157 STEC by extensive genome comparisons in this study. Our results indicate that STEC
from different phylogenetic backgrounds have independently acquired virulence genes that
determine pathogenic potential, and that the content of such genes is overlapping between HUS-
associated and non-HUS strains. Despite this, to our knowledge this is the largest collection of non-
0157 STEC strains that has been sequenced to date, thus providing valuable data on the less

characterized STEC serotypes.



98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

Results

Sequencing and whole genome comparison of the 95 non-0157 STEC strains included in this study
revealed high degree of variation in gene content as well as diversity in whole genome phylogeny. A
total of 1,954 genes represented the core genome among the 95 strains, while 26,073 genes
represented the pan genome. The LEE pathogenicity island was identified in 54 (57%) of the
genomes, whereas 41 (43%) of the sequenced STEC strains were LEE negative (Table 1). Stx genes
were detected in 84 (88%) genomes; stx1 in 35 (37%), stx2 in 37 (39%) and a combination of stx1 and
stx2in 12 (13%) of the genomes (Table 1). Eleven (12%) of the sequenced genomes which did not
harbour stx genes, were classified as STEC-LST (Table 1). The stx2 subtypes were differently
distributed: stx2a was significantly more frequent among LEE positive STEC, while stx2b was more
frequent among LEE negative strains (p<0.05 for both analyses) (Table 1). Of the stx1 subtypes, stx1c

was significantly associated with LEE negative STEC.

In the present study, all 19 STEC strains from patients with HUS were from children <5 years old
(Table S1). An additional four strains were linked to a HUS-case, and consequently 23 strains were
classified as HUS-associated (Table S1). All the HUS-associated STEC strains harboured the LEE
pathogenicity island, and except for six STEC-LST of serotype 0103:H25 from the same outbreak, all
contained the stx2a subtype. Only one STEC from a HUS patient (FHI6) harboured stx1 (subtype

stx1a), in addition to stx2a (Table S1).

Phylogenetic analysis of the core genome

A core gene tree was constructed from alignment of the 1,861 core genes present in all the 95 STEC
and 14 E. coli reference genomes representing the E. coli phylogroups (109 genomes in total). In this
phylogenetic tree, the 95 strains were distributed in the E. coli phylogroups A, B1, B2, D and E (Figure
1). In general, clusters of LEE negative STEC strains were distributed between clusters of LEE positive
strains. Most of the strains belonged to the B1 phylogroup, and a majority of the LEE positive STEC

strains were also found within this group. All HUS-associated strains were found in phylogroup B1, in
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two clusters which we designated HUS-group 1 and 2 (Figure 1). The STEC strains in HUS-group 1
were distributed in three related clusters, consisting of mainly HUS and HUS-associated strains of
serotypes 0103:H25, 0145:H[unknown], and 0121:H- (n=18) (Figure 1, Figure S1). HUS-group 2
consisted of one distinct cluster of strains (n=23), in which all HUS and HUS-associated STEC strains of
serogroups 026, 086 and 0111 were located. Sixteen of the strains in HUS-group 2, of which 13
strains were of serogroup 026, were not associated with HUS (Figure 1, Figure S1). This group

therefore appeared to be more heterogeneous than HUS-group 1 with respect to pathogenicity.

Comparative analysis of the accessory genome

The accessory genome consisted of approximately 24,000 genes. PCA of the accessory genome
separated LEE positive (n=54, S1) and LEE negative (n=41) STEC strains in two distinct groups (data
not shown). PCA and PLS regression of LEE positive strains (n=54) as well as of LEE positive/stx2

positive strains (n=33, Table S1) could not further separate the strains into subgroups.

By comparison of all 54 LEE positive STEC strains, we identified eleven genes which were more
frequent in the HUS-associated strains (n=23) and four genes which were more frequent in non-HUS
STEC strains (n=31) (p<0.01, FDR) (Table 2, Table S2). None of these genes were however present
exclusively in one of these two groups. Among the 33 LEE positive STEC strains containing stx2 (Table
S1), we identified 69 genes which were overrepresented in HUS-associated strains (n=23) and 44
genes which were more frequent in non-HUS STEC strains (n=10) (p<0.01, data uncorrected) (Table 2,

Table S3).

When STEC strains in HUS-group 1 (n=18, Figure 1) were compared with all other LEE positive strains
(n=36), 357 genes were more frequent in HUS-group 1 strains (p<0.01, FDR) (Table 2, Table S4). One
gene encoding a hypothetical protein (Table S4) was present in all strains in HUS-group 1 but absent
in other LEE positive STEC. This gene was however present in one LEE negative strain. When STEC
strains in HUS-group 2 (n=23) were compared with all other LEE positive STEC strains (n=31), 576

genes were overrepresented in the former group (p<0.01, FDR) (Table 2, Table S5). Four genes were
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present in all strains in HUS-group 2 while absent in the other strains (Table 2, Table S5). Seventeen
genes were overrepresented in HUS-associated serogroup 026 strains in HUS-group 2 (n=5), whereas
13 genes were more frequent in the non-HUS strains of the same serogroup (n=13) (p<0.01,

uncorrected) (Table 2, Table S6).

Comparative analysis of the core genome: Analysis of the core genome identified in total
approximately 13,000 gene variants. Different Pfam domains, and therefore different protein
sequences, were observed in 13 of these gene variants (Table S7). Comparison of core gene variants
among LEE positive STEC (n=54, Table S1) identified 281 gene variants that were overrepresented in
the HUS-associated (n=23) compared to non-HUS strains (n=31) (p<0.01, FDR) (Table 2, Table S8).

None of the gene variants were however found only among HUS-associated strains.

PLS regression of the core gene variants in serogroup 026 strains in HUS-group 2 discriminated stx2
positive 026 (n=8) from stx1 positive 026 strains (n=10) (data not shown). Eighty-seven gene variants
were more frequent in stx2 positive 026 strains compared to stx1 positive strains of the same
serogroup (p<0.01, data uncorrected) (Table 2, Table S9), but none of these gene variants were
exclusive for the group of stx2 positive strains. Eighty-four gene variants were more common in the
026 strains which were HUS or HUS-associated (n=5) compared to the 026 non-HUS strains (n=13)
(p<0.1, data uncorrected) (Table 2, Table S10), but also in this case none of the variants were

exclusive to either group.

Comparison of HUS and non-HUS STEC from specific outbreaks

Comparative analysis on gene content was furthermore performed on specific HUS and non-HUS
STEC that were epidemiologically linked and belonged to the same MLVA outbreak cluster (Table S1).
In HUS-strain FHI4 (Table S11) we identified 179 genes (Table S12) which were absent in the non-HUS
strain FHI3 (Table S11) from the same outbreak. The majority of the genes were related to various
mobile genetic elements integrated in the bacterial chromosome, Nle effectors (Table S12) or

plasmid pO26_1 (AP010954) (Table 12). A closer search revealed additional plasmid genes on other
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contigs in the FHI4 draft genome, indicating the presence of a complete p0O26_1 plasmid in this
strain, while the corresponding genes were not found in strain FHI3. In HUS-strain FHI48 we
identified 153 genes (Table S13) that were absent in the non-HUS strains FHI43 and FHI62 from the
same outbreak cluster. Again, most of the genes were related to mobile genetic elements (Table
$13). In the two HUS strains FHI58 and FHI63 from another outbreak, we identified 54 genes
exclusive to these two strains (Table S14), while another 506 genes were present only in the non-HUS
strain St. Olav104. The genes in the two HUS strains were related to various functions, while in the
non-HUS strain, the majority of the genes were related to mobile genetic elements and several Nle

effectors (Table S14).

Gene ontology enrichment analysis

GO analysis of genes significantly overrepresented in the 23 HUS-associated STEC strains (Table S2)
revealed that nine GO terms in biological processes were enriched in these strains. The enriched
terms specified metabolic and catabolic processes related to degradation of L-idonate (GO:0046183)

(Table S15).

Among the 357 genes more frequent in HUS-group 1 (Table S4), we identified six enriched GO terms,
in biological processes (n=4), molecular functions (n=1) and cellular components (n=1) (Table S16).
Also in this case we identified enrichment in GO terms related to degradation of L-idonate
(GO:0046183, GO:0003939, GO0019523). In biological processes and cellular components, we
furthermore identified enriched GO terms related to protein secretion by the type Il secretion system

(GO:0015628, GO:0015627) (Table S16).

Twenty-six GO terms were enriched in HUS-group 2 (Table S5); in biological processes (n=11),
molecular function (n=4) and cellular components (n=11) (Table S17). In biological processes,
enriched terms were for siderophore biosynthetic process (G0:0019290) and ciliary or bacterial-type
flagellar motility (GO:0001539) (Table S17). For molecular function we identified enrichment in terms

for motor activity (G0O:0003774), isochorismate synthase activity (GO:0008909) and oxo-acid-lyase

9
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activity (G0:0016833), while for cellular components we found enrichment in terms for bacterial-
type flagellum basal body and rod (G0O:0030694) (Table S17). None of the enriched GO terms were

however unique for the HUS-associated STEC strains.
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Discussion

In this study we have performed comparative genomic analyses on what is to our knowledge is the
largest collection so far of genome-sequenced non-0157 STEC strains, in order to investigate if there
were genetic differences suitable for distinguishing between highly pathogenic STEC having caused
HUS and low-virulent STEC having caused only mild disease or asymptomatic carriage. Whole
genome sequencing and comparison revealed that there was considerable heterogeneity in genetic
content across the 95 non-0157 STEC strains included in the study. The approximately 24,000 genes
constituting the accessory genome contribute to this heterogeneity, while 1,954 core genes were
shared by all the sequenced strains. Much of the accessory genome contained various mobile genetic
elements, which have also previously been shown to contribute to heterogeneity and pathogenic
evolution in E. coli [24-26,30,36]. The results from principal component analysis of the accessory
genome where LEE positive strains were separated from LEE negative strains, is in line with several
previous reports [14,20,28,37-42]. Although the accessory genome was not identical within LEE
positive STEC strains, further PCA analysis of LEE positive strains showed scattering of the strains
without any distinct subgroups, indicating that variable accessory gene content was heterogeneously

distributed within this group.

The various stx1 and stx2 subtypes were differentially distributed between LEE positive and LEE
negative STEC strains, i.e. stx2b and stx1c were more frequent among LEE negative strains (p<0.05)
while stx2a was more frequent among LEE positive strains (p<0.05) (Table 1). All HUS associated STEC
in this study were LEE positive and contained stx2a, except for the STEC-LST strains. Thus our results
are in line with previous studies where Stx2a has been shown to possess higher potency than Stx1
and other Stx2 subtypes [43], and that LEE positive and stx2a positive STEC strains are more often
associated with severe disease [12-15,43]. Furthermore, all the HUS-associated STEC belonged to E.
coli O serogroups known to be associated with STEC disease (Table S1) [1]. However, although stx2a
and LEE were typical for the HUS-associated STEC, these characteristics are not unique for such STEC,

and thus not sufficient to clearly distinguish HUS-associated from non-HUS STEC. We therefore aimed
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to compare the accessory genomes of stx2a/LEE positive STEC in an attempt to differentiate between
HUS-associated and non-HUS strains. This analysis revealed that certain genes were overrepresented
among HUS-associated STEC (Table 2, Table S2, S3), suggesting that strains with this gene profile
have a high pathogenic potential. Regardless, none of the genes were exclusive for these strains,
which further suggest that the gene content in HUS-associated STEC at least in part is shared with

non-HUS STEC strains, or that different HUS strains have different gene content.

Core genome phylogeny revealed that the 95 non-0157 STEC strains were distributed in all the E. coli
phylogroups except phylogroup F, confirming that the strains included in this study were
heterogeneous. The majority of strains belonged to phylogroup B1 (Figure 1). Most of the LEE
positive and all the HUS-associated strains in this study also clustered in this phylogroup, similarly to
what has been reported in previous studies [15,28,31,33,44]. In addition, LEE negative STEC
associated with HUS often belong to this phylogroup [20,33], including the 104:H4 strain (FHI102)
related to the 2011 German outbreak, which did however not cluster with any of the HUS and HUS-
associated STEC strains included in this study (Figure 1). LEE negative and LEE positive STEC did not
form separate phylogenetic clusters, but were mixed in small clusters within several phylogroups as
previously reported [20]. This indicates that the LEE pathogenicity island has been independently
taken up by different STEC lineages at different time points. Because HUS-associated 0103, 0121 and
0145 strains were distributed in three related clusters in the phylogenetic analysis, these STEC
strains were classified as HUS-group 1, although they did not belong to one defined cluster. The
remaining HUS-associated strains were located in one cluster which we termed HUS-group 2. This
clustering of HUS-associated strains based on variation in core genes as observed in this study
indicates that the phylogenetic backgrounds of the bacteria at least to some extent determine the
pathogenic potential of the organism. In an attempt to search for unique genes in these groups, we
analysed the accessory genome and identified several hundred genes that were significantly
overrepresented in both groups, suggesting that different sets of genes may contribute to the
pathogenic potential in different phylogenetic STEC lineages. However, few of these genes were
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found to be unique to any of the groups (Table 2, Table S4, S5), which further suggest that the
accessory genome is shared both between and within the different clusters defined by the core

genome phylogeny.

The majority of strains in HUS-group 2 were of serotype 026, of which HUS-associated strains
clustered with non-HUS strains, suggesting that accessory factors rather than core genes defines
pathogenic potential within this group. Regardless, it was not possible to identify any genes in the
accessory genome which could reliably distinguish HUS-associated from non-HUS strains of the same

serogroup in HUS-group 2 (Table 2).

In the core genome of the 95 STEC strain included in this study, we identified approximately 13,000
different gene variants by edit distance analysis. However, despite the high number of gene variants,
differences in protein sequences were identified for only 13 of these variants. Comparison of the
core gene variants revealed that although 281 gene variants were overrepresented in HUS-
associated STEC, several of these were also present in strains not associated with HUS (Table 2, Table
S8). The observation that none of the identified gene variants were unique to HUS-associated STEC is
supported by the fact that HUS-associated strains clustered in more than one group in the core gene
phylogeny. Also for the 026 strains, although PLS regression revealed that serogroup 026 strains in
HUS group 2 containing stx2 were separated from strains that contained stx1, no core gene variants
were found to be significantly over- or underrepresented in either of these two groups (Table 2,

Table S9).

By comparing the genomes of the STEC strains which were epidemiologically linked and belonged to
the same MLVA outbreak cluster (Table S1), we identified a number of genes that were different
across HUS and non-HUS strains (Table S11). The fact that different genes were present in strains
from the same outbreak might indicate that the infecting source consisted of a mixture of similar but

not identical STEC which could have evolved from the same clone. Regardless, we could not identify
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any genes that clearly distinguished between the HUS and non-HUS associated strains within each of

these outbreak clusters.

GO terms related to L-idonate degradation were found to be enriched both among all 23 HUS-
associated STEC strains collectively and the strains in HUS-group 1. E. coli is able to utilize L-idonate
as a sole carbohydrate source through the Entner-Doudoroff metabolic pathway, which has been
shown to be important for the ability of E. coli to colonize mammalian intestines [45]. In addition, we
identified enriched GO terms for protein secretion by the type Il secretion system in HUS-group 1.
The type Il secretion system in Gram negative bacteria promotes protein transport across the outer
membrane, and the majority of proteins exported by this system contribute to bacterial adaptation
and colonization by generating nutrients available for uptake [46]. Furthermore, certain exported
lipoproteins have been shown to be involved in biofilm formation in EPEC [47]. Genes responsible for
the enriched GO terms could therefore contribute to enhanced bacterial colonization and
adaptation, which might have an impact on bacterial virulence in these specific strains. This however
needs to be confirmed in further investigations. Of the 26 GO terms that were enriched in HUS group
2, a few were related to flagellar motility, which in general are recognized as virulence factors in
bacteria [48]. In addition, enriched GO terms were related to siderophore biosynthesis.
Siderophores, being iron chelating compounds, are important for iron acquisition in bacteria [49,50].
The specific siderophore identified among strains in HUS-group 2 was encoded on a high-
pathogenicity island (HPI) found in a distinct clonal lineages of STEC, which includes serogroup 026
[51,52]. These results indicate that both motility and iron acquisition might be important factors for
bacterial virulence of STEC in HUS-group 2. However, the precise role of these genes for STEC

pathogenesis needs to be explored in further studies.

In addition to bacterial factors, it is clear that infection dose and host factors like the immune system,
expression of the Shiga toxin receptor and intestinal environment might also affect STEC virulence,

and thus severity of STEC disease [53]. In this study, all patients with HUS were <5 years old, which is
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known to be a risk factor for severe STEC disease [54,55]. Therefore, it is possible that host factors
play an important part in explaining why highly similar strains lead to such different clinical outcomes

in different patients.

In our study we included all non-0157 STEC strains from HUS-patients in Norway. However, these
represent only a limited number of STEC strains from each phylogenetic lineage or serotype.
Furthermore, few epidemiologically linked HUS and non-HUS STEC strains were included in the study.
For future studies, if more STEC strains associated with HUS were included in the genomic
comparisons this would give more strength both to phylogenetic and to statistical analyses. In
addition, even if highly virulent STEC strains share overlapping genetic content with less pathogenic
strains, further investigations regarding factors regulating transcription and translation as well as
transcriptomics and proteomics analyses could shed further light into STEC virulence and

pathogenicity.
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Conclusion

In this study whole genome sequencing and comparisons of 95 non-0157 STEC strains revealed that
there were considerable genetic and phylogenetic heterogeneity between the strains. Although all
HUS-associated STEC strains belonged to the B1 phylogroup, all non-0157 STEC from HUS patients
did not cluster together, but were found in two separate clusters within this phylogenetic group. A
clear difference in gene profile was observed between LEE positive and LEE negative STEC. A number
of accessory genes were found to be significantly overrepresented among HUS-associated STEC, but
none of them were unique to this group of strains. Our results indicate that STEC from different
phylogenetic backgrounds independently have acquired virulence genes that determine pathogenic
potential, and that specific genes overrepresented among HUS strains are not necessarily shared by
all such strains, but that different sets of genes may contribute to the pathogenic potential in

different phylogenetic STEC lineages.
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Materials and Methods

Bacterial strains and clinical information

We selected 94 non-0157 STEC strains from the strain collection at the Norwegian Institute of Public
Health (Oslo, Norway) isolated in 2000-2012 for sequencing in this study (Table S1). In addition, three
STEC strains (St. Olav104, St. Olav143 and St. Olav172, Table S1) were selected from the strain
collection at St. Olavs Hospital (Trondheim, Norway). The strains included in the study were primarily
selected to represent different MLVA genotypes [56,57], a diversity of non-0157 STEC serotypes and
patients with different severity of disease (Table S1). All available non-0157 STEC strains isolated
from patients with HUS (n = 20) in Norway were included, except one strain (FHI10) which after
whole genome sequencing was shown to be contaminated (Table S1). Thus, a total of 96 strains were

included in the study (Table S1).

Some of the STEC strains from patients with HUS were from outbreaks and therefore had identical
MLVA-genotypes or belonged to the same MLVA-genotype clusters (Table S1). Four of the STEC
strains included were furthermore classified as HUS-associated because they had identical MLVA-
genotype as or belonged to the same MLVA-genotype cluster as a HUS case (Table S1). Five of the
STEC strains were from non-human sources and were isolated during various outbreak investigations
related to STEC disease (Table S1). One of these was designated as HUS-associated (FHI16, Table S1).
Of the total 96 STEC strains included in the study, 95 strains were included for genomic comparison
throughout the whole study whereas one strain (St. Olav104) was included for parts of the study
only. In addition, 14 E. coli were included as reference strains for classification of the STEC strains

into the E. coli phylogroups A, B1, B2, D, E, and F (Table S1).

Primary characterization of STEC at the Norwegian Institute of Public Health and St. Olavs Hospital
had been based on PCR for the stx1, stx2 and eae genes [58-60]. Ninety-one strains then had
contained the stx1 and/or stx2 genes, while six strains of serotype 0103:H25 did not have stx genes.

The latter were included in the study because they were isolated from patients with HUS in an
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outbreak (five strains), or was isolated from fermented sausage linked to this outbreak (one strain)
[61] (Table S1). In this particular outbreak, stx2a was detected in only two of the isolated strains, and
the strains without stx genes were regarded as STEC that had lost their stx genes, often termed
EHEC/STEC-LST [62]. Fifty-five of the STEC strains were positive for the LEE pathogenicity island, as

detected by the presence of the eae gene.

Serotyping was performed at the National Reference Laboratory for Enteropathogenic Bacteria at the
Norwegian Institute of Public Health, using monospesific O:K and H antisera by a combination of in-
house antisera before 2002, and by antisera from Sifin (Germany) and SSI (Denmark) after 2002,
covering altogether 44 O-serogroups including 026, 0103, 0111, 0121, 0145, 0157; and 8 H-
antigens. Twenty-four of the strains included in the study did not belong to any of the serogroups

tested for (Table S1).

Ethics Statement

This experimental study was approved by the Regional Committee for Medical and Health Research
Ethics, REC South-East (REC number 2011/2314). Clinical data (including age and gender) required for
classification of patients into the groups HUS, bloody diarrhoea, diarrhoea and no disease were
obtained from Norwegian Surveillance System for Communicable Diseases (MSIS) at the Norwegian
Institute of Public Health (Table S1). Dispensation from professional secrecy requirements was given

by the REC. As data were analysed anonymously informed consent was not obtained.

DNA isolation

Strains were grown overnight on MacConkey agar. Genomic DNA was isolated for each strain using
the Qiagen MagAttract® DNA Mini M48 Kit and the Qiagen BioRobot M48 (Qiagen, Hilden Germany)

as described by the manufacturer.
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Whole genome sequencing

Ninety-six of the STEC strains were sequenced with the Illumina Technology, while one strain (St.

Olav104) was sequenced with Pacific Biosciences (PacBio) Technology (Table S1).

For the strains to be sequenced by lllumina technology a standard read library of bacterial genomic
DNA was prepared, with an average fragment length of 370 base pairs (bp). The DNA was sequenced
by LGC Genomics (Berlin, Germany) on the lllumina HiSeq2000 platform (Illumina, San Diego, CA,
USA) with 100 bp paired-end reads. Assembly and scaffolding of processed and error corrected
paired-end reads was done using Velvet 1.2.04 [63]. Information on the resulting draft genome for

each strain is given in Table S1.

Fourty-eight of the 96 strains were selected for additional mate pair sequencing (Table S1). For this
purpose a 2 kb lllumina Mate Pair library was prepared and the DNA was sequenced by LGC
Genomics (Berlin, Germany) on the lllumina HiSeq2000 platform with 100 bp paired-end reads.
Assembly and scaffolding of processed and error corrected paired-end reads was performed using
Allpaths-LG release 45553 [64]. Gap closure of assembly scaffolds was done using SOAP GapCloser
version 1.12 [65], while refinement of gap-closed scaffolds was done using SEQuel version 1.0.2 [66].

Information on the resulting draft genome for each strain is given in Table S1.

Genome sequencing on the PacBio platform was performed at the Norwegian Sequencing Centre
(Oslo, Norway). A library was prepared using the Pacific Biosciences 10 kb library preparation
protocol, and size selection of the final library was performed using Ampure beads. The library was
sequenced on a Pacific Biosciences RS Il instrument (Pacific Bioscience, Menlo Park, CA, USA) using
P4-C2 chemistry and three SMRT cells. Processed reads were assembled using HGAP v2 [67].

Information on the resulting draft genome is given in Table S1.
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Gene annotation

Identification of open reading frames was performed using the Prodigal Microbial Gene Prediction

Software [68], and functional gene annotation was done using myRAST [69].

Comparative analyses

The CMG-biotools (Comparative Microbial Genomics) package was used for genome comparison
[70]. Blastmatrix in CMG-biotools was used to identify proteins shared between genomes, while
pancoreplot was used to identify the pan- and core- genome of the sequenced strains. In this
context, genes were considered to be equal homologous having a minimum of 60% alignment length
and 90% sequence identity. The accessory genome was defined by subtracting all core genes from
the pan genome. Genome analysis and comparison was performed across all sequenced STECs (Table
S1) except strain St. Olav104 which was only used for comparison with two HUS-strains (FHI58 and

FHIB3).

Core genome phylogeny

E. coli phylotypes were determined in silico based on a core gene tree. This was created as described
by Kaas et al. [33] using 1,861 core genes present in all the 95 STEC genomes and additional 14 E. coli
reference genomes (109 genomes in total) representing the E. coli phylotypes A, B1, B2, D, E and F

(Table S1) [28,33,71-73].

Core gene analysis

Core gene nucleotide sequences (n=1,861) from the 95 STEC and 14 reference E. coli (Table S1) were
aligned separately and a consensus sequence was estimated for each of the 1,861 genes using

EMBOSS 6.3.1 [74]. A python implementation of the edit distance method [75] was used to quantify
the difference between the consensus sequence and the corresponding sequence of each core gene

for all 109 strains included in the analysis. This resulted in various edit distances, representing
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different gene variants for each of the core genes. Edit distance values for all strains were normalized

and transformed into a binary matrix for core gene comparisons.

To examine if any gene variant from the same core gene family showed different Pfam domains, we

used pfam_scan.pl with the HMMERS3 library of Pfam domains.

Principal component analysis and Partial least squares regression

For Principal component analysis (PCA) and Partial least squares (PLS) regression the Laydi software
(http://www.laydi.org) (unpublished) was used. For PLS regression, dependent variables (for the Y-
matrix) were the clinical diagnosis HUS or classification as HUS-associated, and the presence of stx1

and/or stx2. HUS and HUS-associated STEC-LST were classified as stx2 positive for these analyses.

Functional annotation and Gene Ontology enrichment analysis

Blast2GO was used for functional annotation based on gene ontology (GO) and for GO enrichment

analysis [76,77].

Subtyping of Stx1 and Stx2

There are three known subtypes of Stx1 and seven known subtypes of Stx2, designated Stx1a, Stx1c
and Stx1d, and Stx2a through Stx2g, respectively. Reference protein sequences were downloaded for
each Stx subtype and Stx type variant from GenBank [13]. Amino acid sequences of the Aand B
subunits were concatenated and aligned separately for Stx1 and Stx2 using Clustal O in Jalview
[78,79]. For cluster analysis and tree calculations the Neighbour Joining algorithm in Jalview using %
identity was used. Clustering of the Stx protein sequences of the sequenced strains with reference

sequences was used to classify the former into Stx1 and Stx2 subtypes.

Statistical analysis

Fisher’s exact test was used to analyse if specific stx subtypes were differently distributed in LEE
positive and LEE negative STEC, with a p-value <0.05 regarded as statistically significant. Fisher’s
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exact test was also used to test if specific genes in the accessory genome were overrepresented, and
for overrepresentation of gene variants in the core genome, in subgroups of the 95 STEC strains.
Classification of the strains into subgroups was based on clinical and outbreak investigation
information, phylogenetic analysis, and PCA and PLS regression (Table 2). For corrections of false
discovery rate (FDR) in multiple testing the Benjamini-Hochberg method was used, with FDR<0.01
regarded as statically significant. Whenever no significant association was identified after FDR
correction, results for uncorrected analysis are given. The statistical analyses were performed using
the R software package version 3.03 (R: A Language and Environment for Statistical Computing,

http://www.R-project.org). In addition, in Blast2GO, Fisher’s exact test was used for GO enrichment

analysis.
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Figure legends
Figure 1. Core gene phylogeny of the 95 sequenced non-0157 STEC and 14 E. coli reference genomes.

The tree was rooted in Figtree (http://tree.bio.ed.ac.uk/software/figtree/) by midpoint rooting. For

an unrooted version of the phylogenetic tree, see Figure S1. The E. coli phylogroups are marked with
the colours blue (A), green (B1), orange (B2), yellow (D), ochre (F) and indigo (E). Bootstrap values
were scaled from 0-1, and blue circles indicate a bootstrap value of 20.8. LEE positive STEC were
marked with e, while all HUS and HUS-associated STEC included in the study were indicated with red

letters.

Figure S1: Unrooted core gene phylogeny. Unrooted core gene tree of the 95 sequenced non-0157
STEC and 14 E. coli reference genomes. The E. coli phylogroups are marked with the colours blue (A),
green (B1), orange (B2), yellow (D), ochre (F) and indigo (E). LEE positive STEC were marked with a #-
sign, while all HUS and HUS-associated STEC included in the study were coloured with red letters.
HUS-group 1 consisted of 18 STEC strains in three related clusters, mainly strains of serotypes
0103:H25, 0145:H[unknown], and 0121:H-. HUS-group 2 consisted of 23 STEC strains in one cluster,

mainly strains of serogroups 026, 086 and 0111.
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Tables
Table 1. Distribution of stx1, stx2 and their subtypes in 95 Norwegian non-0157 LEE positive and LEE

negative STEC strains.

LEE positive n=54 LEE negative n=41 Total n=95
Gene n (%) n (%) n (%) p-value
stx1 21 38.9 14 34.1 35 36.8 ND
stx2 22 40.7 15 36.6 37 38.9 ND
stx1+stx2 4 7.4 8 19.5 12 12.6 ND
STEC-LST* 7? 13.0 4 9.8 11 11.6 ND
stx1 subtype
stxla 24 44.4 10 24.4 34 35.8 >0.05
stxlc 1 1.9 11 26.8 12 12.6 0.0003
stx1d 0 0.0 1 2.4 1 1.1 >0.05
stx2 subtype
stx2a 24 44.4 5 12.2 29 30.5 0.00073
stx2b 0 0.0 14 34.1 14 14.7 0.0000017
stx2c 2 3.7 1 2.4 3 3.2 >0.05
stx2d 0 0.0 2 4.9 2 2.1 >0.05
stx2e 0 0.0 1 2.4 1 1.1 >0.05

1STEC-LST: STEC that has lost Shiga toxin.

%Six of these strains, which were stx2 negative E. coli when initially tested at the Norwegian Public
Health Institute, had been isolated from a patient with HUS or had a MLVA profile identical to an
outbreak STEC strain and was epidemiologically related to that HUS case. The last strain had been

stx2 positive when initially tested, but had lost the stx-gene at a later stage.

3When initially tested, three of these strains contained stx1 and one strain contained stx2.
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694  Table 2. Overview of the different subgroups of STEC that were compared in this study. In the upper
695  half of the table, different groups were compared with respect to gene content in the accessory
696  genome. In the lower half, the groups were compared with respect to gene variants in the core

697  genome.

Clinical and
epidemiological
LEE+/stx2+ HUS* n=23

information
LEE+/stx2+ non-HUS n=10

Core gene HUS-group 2 (LEE+) n=23

phylogeny | Other LEE+ n=31

Clinical and | LEE+/stx2+ HUS' n=23

epidemiological
Other LEE+ n=31
information

Core gene
phylogeny | 026 HUS' n=5

026 non-HUS n=13
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698 'HUS: HUS-associated STEC.

699  “The gene was not exclusive to this group as it was also found in one LEE negative STEC.

700
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Figures

Figure 1.
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Table S11. An overview of unique genes in strains from the same outbreaks
Strain Unique genes Serotype Clinic

FHI4 179 026 HUS
FHI3 377 026 Unknown
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Table S17. Gene ontology enrichment analysis of the genes significantly overrepresented in HUS-group 2 (Table S5)

GO-ID Term Category FDR P-Value
G0:0009288 bacterial-type flagellum c' 9,73E-12 1,92E-15
G0:0042995 cell projection C 1,84E-08 7,24E-12
G0:0044463 cell projection part C 2,10E-08 1,65E-11
G0:0044461 bacterial-type flagellum part C 2,10E-08 1,65E-11
G0:0001539 ciliary or bacterial-type flagellar motility p? 8,07E-08 7,96E-11
G0:0051674 localization of cell P 9,00E-08 1,24E-10
G0:0048870 cell motility P 9,00E-08 1,24E-10
G0:0003774 motor activity P 1,84E-07 2,91E-10
G0:0006928 cellular component movement P 4,41E-07 7,83E-10
G0:0009425 bacterial-type flagellum basal body C 3,76E-05 7,42E-08
G0:0040011 locomotion P 5,79E-05 1,26E-07
G0:0019290 siderophore biosynthetic process P 3,73E-03 9,57E-06
G0:0009237 siderophore metabolic process P 3,73E-03 9,57E-06
G0:0044550 secondary metabolite biosynthetic process P 6,49E-03 1,79E-05
GO0:0050486 intramolecular transferase activity, transferring hydroxy groups F 8,57E-03 2,71E-05
G0:0008909 isochorismate synthase activity F 8,57E-03 2,71E-05
G0:0019184 nonribosomal peptide biosynthetic process P 1,11E-02 3,73E-05
G0:0043043 peptide biosynthetic process P 1,67E-02 5,94E-05
GO0:0030694 bacterial-type flagellum basal body, rod C 1,73E-02 6,47E-05
GO0:0044422 organelle part C 3,14E-02 1,34E-04
G0:0043229 intracellular organelle C 3,14E-02 1,42E-04
G0:0043226 organelle C 3,14E-02 1,42E-04
G0:0043232 intracellular non-membrane-bounded organelle C 3,42E-02 1,69E-04
G0:0043228 non-membrane-bounded organelle C 3,42E-02 1,69E-04
G0:0016833 oxo-acid-lyase activity F 3,49E-02 1,79E-04
G0:0019748 secondary metabolic process P 3,73E-02 2,06E-04

'Gene ontology category cellular component.

Gene ontology category biological process.

3Gene ontology category molecular function.





