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ABSTRACT
Diarrheagenic Escherichia coli (DEC) strains cause diarrheal diseases and related
sequelae in humans. They are important foodborne pathogens that cause
significant public health problems worldwide, especially in developing countries,
due to poor hygiene and inadequate health care. DEC can be divided into five
pathogroups based on their distinctive virulence factors: Shigatoxigenic E. coli
(STEC), enteropathogenic E. coli (EPEC), enterotoxigenic E. coli (ETEC),
enteroinvasive E. coli (EIEC) and enteroaggregative E. coli (EAEC). The virulence
traits of different DEC pathogroups are responsible for diverse intestinal infection
symptoms ranging from mild diarrhea to more severe disease such as hemorrhagic
colitis and hemolytic uremic syndrome. STEC is considered to be the most
dangerous pathogroup because of the severe disease it may cause. E. coli are able
to acquire virulence genes through horizontal gene transfer. This originally
established the different pathogroups. However, it can also lead to the emergence
of novel hybrid strains that possess a mixture of the pathogroup-specific virulence
factors.
The aim of this thesis was to study the variety of virulence genes of DEC and hybrids
of STEC and other DEC. The occurrence and characteristics of hybrid pathogroups of
STEC and other DEC were studied in Finland in human and non-human (animal,
food, environmental) STEC strain collections. Burkina Faso in West Africa was
observed as a model country for DEC occurrence in the developing world. Raw
meats sold at local markets in Burkina Faso were screened for the presence of
virulence markers for DEC. STEC strains and hybrid strains in raw meats were
subsequently isolated, characterized, and compared with the strains appearing in
other countries. Genetic background and the virulence combination of hybrid DEC
strains was further investigated using whole genome sequencing (WGS) and
comparative genomics. Furthermore, the usefulness of WGS as a novel tool for
STEC typing was evaluated.
Hybrids of STEC and ETEC pathogroups were found both in Finland and Burkina
Faso from two climatically and socioeconomically distant countries. Among Finnish
human patients and food production animals, STEC/ETEC hybrids were present. In
Burkina Faso, STEC/ETEC hybrids were found in raw meat products. In addition,
Burkinabe retail meats were found to be heavily contaminated with STEC and other
DEC, reflecting poor food hygiene and the common occurrence of potential human
pathogens in Burkina Faso. STEC isolated in Burkina Faso were diverse according to
their virulence characteristics and serotypes, with similar being associated with
human disease. Genomic comparison of the Finnish and Burkinabe STEC/ETEC
hybrid strains indicated several virulence genes and that the strains originate from
different phylogenetic lineages among E. coli, suggesting their independent

emergence. The study indicated that WGS can be used to replace the phenotypebased and gene-based typing methods in STEC typing.
The multiple virulence factors, especially the ability to produce several cytotoxins
and to adhere to intestinal epithelial cells, may increase the virulence of hybrid E.
coli for humans. This may result in more severe disease in a patient and increased
spreading potential. Hybrid E. coli should be considered as emerging pathogens,
which may have serious consequences for public health. Hybrids of STEC and other
DEC should be taken into account in surveillance, and suitable diagnostic methods
for their detection and typing should be developed. By applying modern food
protection practices, such as the cold chain and decent meat processing hygiene,
the common occurrence of DEC may be decreased in retail meats in Burkina Faso as
it has been in Finland and other industrialized countries.

Keywords: Diarrheagenic Escherichia coli, STEC, ETEC, EPEC, EIEC, EAEC, hybrid
pathogroup, multi-plex PCR, whole genome sequencing, comparative genomics

TIIVISTELMÄ
Suolistopatogeeniset Escherichia coli -bakteerit eli ripulikolit aiheuttavat ihmiselle
suolistoinfektioita ja niihin liittyviä jälkitauteja. Ripulikolit ovat tärkeitä
elintarvikevälitteisiä taudinaiheuttajia, jotka aiheuttavat maailman laajuisen
kansanterveysongelman, jonka seuraukset ovat vakavimmat kehitysmaissa heikon
hygienian ja riittämättömän terveydenhuollon takia. Ripulikolit voidaan jakaa
viiteen
eri
patogeenisuusryhmään
erilaisten
taudinaiheuttamiseli
virulenssiominaisuuksien perusteella: Shigatoksiinia tuottava E. coli (STEC, josta
Suomessa puhutaan myös nimellä enterohemorraaginen E. coli eli EHEC),
enteropatogeeninen E. coli (EPEC), enterotoksigeeninen E. coli (ETEC),
enteroinvasiivinen E. coli (EIEC) ja enteroaggregatiivinen E. coli (EAEC). Eri ryhmät
aiheuttavat erilaisia oireita aina lievästä ripulista vakavampiin taudinkuviin kuten
veriripuliin ja hemolyyttis-ureemiseen oireyhtymään. STEC-ryhmää pidetään
vaarallisimpana, koska se aiheuttaa vakavimpia oireita. E. coli -bakteerit voivat
saada uusia virulenssiin vaikuttavia geenejä horisontaalisen geenien siirtymisen
avulla. Tämä prosessi on alunperin johtanut toisistaan poikkeavien
patogeenisuusryhmien kehittymiseen. Se voi kuitenkin synnyttää myös
uudentyyppisiä hybridikantoja, joilla on samalla kertaa useampien eri ryhmien
virulenssitekijöitä.
Tämän tutkimuksen tarkoitus oli selvittää ripulikolien virulenssigeenien
moninaisuutta ja hybridikantojen esiintymistä. STEC-ryhmän ja muiden
ripulikoliryhmien hybridien esiintymistä ja ominaisuuksia tutkittiin Suomessa
hyödyntäen potilaskantojen ja eläin-, elintarvike- ja ympäristökantojen kokoelmia.
Länsi-Afrikassa sijaitseva Burkina Faso oli mallimaana ripulikolien esiintymisen
tutkimisessa kehitysmaissa. Ripulikolien esiintymistä tutkittiin toreilla myytävissä
lihatuotteissa Burkina Fasossa. Lihatuotteissa olevia STEC-kantoja ja hybridikantoja
eristettin ja niiden ominaisuuksia verrattiin muualla esiintyviin kantoihin.
Kokogenomisekvensointia (WGS) ja vertailevaa genomiikkaa hyödyntämällä
tutkittiin tarkemmin hybridikantojen geneettistä taustaa ja virulenssitekijöiden
yhdistelmiä. Lisäksi tutkimuksessa arvoitiin WGS:n käyttöä STEC-tyypityksen
uutena menetelmänä.
STEC- ja ETEC-ryhmän ominaisuuksilla varustettuja hybridikantoja löytyi sekä
Suomesta että Burkina Fasosta eli kahdesta ilmastoltaan ja sosio-ekonomisilta
tekijöiltään erilaisesta maasta. Suomessa potilailla ja tuotantoeläimillä todettiin
STEC/ETEC-hybridikantoja. Burkina Fasossa STEC/ETEC-kantoja oli raaoissa
lihatuotteissa. Lisäksi burkinalaisissa lihatuotteissa havaittiin suuri määrä STECbakteereja ja muita ripulikoleja, mikä viittaa heikkoon elintarvikehygienian tasoon
ja potentiaalisten taudinaiheuttajien yleiseen esiintymiseen Burkina Fasossa.
Lihoista eristetyillä STEC-kannoilla oli monenlaisia virulenssigeeniyhdistelmiä ja ne
olivat montaa eri serotyyppiä. Samankaltaisia kantoja on aikaisemmin eristetty

sairastuneilta potilailta. Genomiikkatutkimukset paljastivat monenlaisia virulenssigeeniyhdistelmiä ja sen, että hybridikannat ovat mahdollisesti kehittyneet
itsenäisesti eivätkä muodosta yhtä fylogeneettistä linjaa E. coli -bakteerien
sukupuussa. Tutkimus osoitti, että WGS-menetelmällä voidaan korvata nykyisiä
ilmiasuun ja geenintunnistukseen perustuvia STEC-bakteerin tyypitysmenetelmiä.
Yhdistelmä eri virulenssitekijöitä, etenkin kyky tuottaa useita toksiineja ja tarttua
suoliston epiteelisoluihin, saattaa lisätä kannan kykyä aiheuttaa tautia ihmiselle.
Taudinkuva saattaa myös olla vaikeampi ja kannoilla voi olla tehokkaampi kyky
levitä väestössä. Hybridimuotoisten kantojen ilmaantuminen voi aiheuttaa
kansanterveydellisiä uhkia. Ripulikolien seurannasssa pitäisikin kehittää
uudentyyppisiä menetelmiä hybridikantojen havaitsemiseen ja tyypittämiseen.
Ruokaturvallisuutta edistävät modernit toimintatavat, kuten kylmäketju ja
kunnollinen elintarvikehygienia lihan prosessoinnissa, yleistyessään voisivat
pienentää ripulikolien määrää elintarvikkeissa Burkina Fasossa kuten käytännöt
Suomessa ja muissa teollisuusmaissa osoittavat.

Avainsanat: Suolistopatogeeninen Escherichia coli, ripulikoli, STEC, EHEC, EPEC,
ETEC, EIEC, EAEC, multi-plex PCR, kokogenomisekvensointi, vertaileva genomiikka
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1 INTRODUCTION
Shigatoxigenic Escherichia coli (STEC) and other diarrheagenic E. coli (DEC)
pathogroups (enteropathogenic E. coli EPEC, enterotoxigenic E. coli ETEC,
enteroinvasive E. coli EIEC, and enteroaggregative E. coli EAEC) are important
human pathogens that cause diarrheal diseases and sequelae (Nataro and Kaper,
1998). STEC is considered to be the most dangerous DEC pathogroup because of
the severe diseases, hemorrhagic colitis (HC) and hemolytic uremic syndrome
(HUS), it may cause. Since the main source of STEC infections is cattle and other
ruminants, risk foods include undercooked meat and meat products of bovine
origin, especially minced meat. Other DEC can also spread through contaminated
food and water or person-to-person.
Diarrhea poses a significant public health problem especially in the developing
world. Annually around 500 000 deaths among children in Africa are due to
diarrhea (Bryce et al., 2005). DEC and rotavirus are the most predominant
pathogens associated with acute diarrhea in children in Burkina Faso (Bonkoungou
et al., 2013). In Finland, STEC is the most important DEC with up to 100 annual
cases (Rimhanen-Finne et al., 2014, Huusko et al., 2015), while other DEC
pathogroups cause outbreaks only rarely. However, some are important causes of
travelers’ diarrhea (Lääveri et al., 2014, Lääveri et al., 2016).
The five DEC pathogroups are defined on the basis of the different virulence factors
they possess. However, DEC are able to acquire virulence genes by horizontal gene
transfer. This can lead to the emergence of novel pathogenic strains possessing a
mixture of virulence factors (Muller et al., 2007, Mellmann et al., 2011). These
strains are designated as hybrid strains. Because of multiple virulence factors, these
strains may cause more severe disease in the patient than other strains. The hybrid
strains may also have an increased spreading potential. An extensive outbreak
caused by a strain possessing virulence factors of both STEC and EAEC pathogroups
appeared in Germany in 2011, affecting nearly 4000 patients (Karch et al., 2012).
The purpose of this thesis was to study the variety of virulence genes of DEC and
hybrids of STEC and other DEC. The occurrence and characteristics of hybrid DEC
were studied in Finland. In addition, the occurrence of STEC and other DEC was
studied in raw meats sold at open markets in Burkina Faso, West Africa. The
detected STEC and hybrid DEC were isolated and characterized. The study material
was obtained from the STEC culture collections of the National Institute for Health
and Welfare (THL) and the Finnish Food Safety Authority Evira and collected from
Burkina Faso during the study. Genetic background and the virulence gene
combination of hybrid DEC strains was further investigated using whole genome
sequencing (WGS) and comparative genomics. Furthermore, the usefulness of WGS
as a novel tool for STEC typing was evaluated.
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2 REVIEW OF THE LITERATURE
2.1 DIARRHEAGENIC ESCHERICHIA COLI (DEC)
Escherichia coli is one of the most studied organisms in the world. The bacteria are
Gram-negative, facultatively anaerobic, and rod-shaped and they colonize the large
intestine of warm-blooded animals and birds (Meng et al., 2007). As part of the
normal flora, E. coli colonize the gut, promoting a healthy immune response,
digesting nutrients, and producing vitamin K. In addition, several pathogenic types
of the bacteria have been described as causing a broad spectrum of disease:
meningitis, urinary tract infections, and intestinal infections (Nataro and Kaper,
1998). E. coli causing intestinal diseases, e.g. diarrhea and subsequent sequelae, are
called diarrheagenic E. coli (DEC).
To become diarrheagenic, E. coli have acquired specific virulence properties that
allow them to adapt to new ecological niches and eventually cause disease in the
host (Nataro and Kaper, 1998, Kaper et al., 2004). These virulence attributes are
frequently located in genetic elements, such as plasmids, phages, transposons, and
pathogenicity islands, which can be transferred from one strain to another to
create novel combinations of virulence factors (Kaper et al., 2004). Some genetic
elements might once have been mobile, but have since evolved to become
permanent in the genome. The most successful combinations of virulence factors
have persisted to become specific DEC pathogroups.
DEC can be classified into pathogroups based on their distinctive virulence traits.
The five major DEC pathogroups are Shigatoxigenic E. coli (STEC), enteropathogenic
E. coli (EPEC), enterotoxigenic E. coli (ETEC), enteroinvasive E. coli (EIEC), and
enteroaggregative E. coli (EAEC) (Figure 1) (Nataro and Kaper, 1998, Kaper et al.,
2004). In addition, other DEC pathogroups have been described, such as diffusely
adherent E. coli, cell-detaching E. coli, and cytolethal distending toxin-producing E.
coli (Nataro and Kaper, 1998, Kaper et al., 2004). The classification of DEC
pathogroups has a great value in E. coli diagnostics.
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Figure 1. Virulence traits of DEC pathogroups.
Figure modified from Nataro and Kaper, 1998.

2.1.1

SHIGATOXIGENIC E. COLI (STEC)

Shigatoxigenic (called also Shiga toxin-producing) E. coli (STEC) causes diarrhea,
which can be bloody or non-bloody (Kaper et al., 2004, Melton-Celsa et al., 2012).
Bloody diarrhea is called hemorrhagic colitis (HC). In severe forms of infection, the
sequela hemolytic uremic syndrome (HUS) may develop depending on the
properties of the strain causing the infection and host risk factors (Melton-Celsa et
al., 2012, Rivas et al., 2014). HUS is a disease that involves acute kidney failure,
which may result in death or end-stage renal disease (Rivas et al., 2014). A synonym
for STEC is verocytotoxin-producing E. coli (VTEC), which originates from the
cytotoxicity of STEC’s Shiga toxin (Stx) to Vero cells (Kaper and O'Brien, 2014).
Enterohemorrhagic E. coli (EHEC) is referred to as a subset of STEC that causes
severe human disease, such as HC and HUS (Mellmann et al., 2011, Cooper et al.,
2014).
The history of STEC dates back to the early 1980s. In 1982, a massive HC outbreak
associated with poorly cooked minced meat was caused by an E. coli strain of a rare

14

serotype O157:H7 in the USA (Riley et al., 1983). Subsequently, it was discovered
that post-diarrheal HUS could be caused by the E. coli O157:H7 strain (Karmali et
al., 1983). In 1983, it was reported for the first time that Stx was produced by the E.
coli O157:H7 strain that had caused the outbreak of HC a year before (O'Brien et al.,
1983).
STEC produces one or two types of Stx (Stx1 and Stx2), encoded by the genes stx1
and stx2, that reside in bacteriophages integrated into the chromosomal DNA
(Kaper et al., 2004, Melton-Celsa et al., 2012). Stx1 of STEC is almost identical to Stx
of Shigella dysenteriae serotype 1, only differing by a single amino acid, and it is
55% homologous to Stx2 of STEC (O'Brien et al., 1992). Current nomenclature of stx
genes consists of three stx1 subtypes (stx1a, stx1c, and stx1d) and seven stx2 subtypes
(stx2a, stx2b, stx2c, stx2d, stx2e, stx2f, and stx2g) (Scheutz et al., 2012). Despite their
similar amino acid sequences, Stx1 and Stx2 of STEC cause different types of tissue
damage. Higher pathogenicity and association with HUS and HC of STEC strains
producing Stx2 have been reported (Melton-Celsa et al., 2012). The toxin subtypes
Stx2a and Stx2c have especially been associated with HUS (Manning et al., 2008).
STEC produce Stx in the large intestine (Kaper et al., 2004). HUS is developed when
Stx enters the blood stream and is transported eventually to the kidneys, where it
attaches to toxin-specific receptors (Paton and Paton, 1998). Similar receptors have
been located in brains and the pancreas, and they can also be the target for Stx.
Around 15% of children with STEC infection develop HUS (Tarr et al., 2005). The
mortality rate in STEC serotype O157:H7 infection is 1% (Meng et al., 2007). The
infectious dose of STEC is very low: 10-100 cells (Kaper et al., 2004). No antibiotics
are used to treat STEC infections because while the bacterial cells are ruptured, Stx
may be released extensively and the symptoms may worsen (Grif et al., 1998).
There are also other STEC-associated virulence factors. STEC can harbor a
chromosomal pathogenicity island called the Locus of Enterocyte Effacement (LEE),
which encodes a type III secretion system, multiple secreted proteins, and an
adhesion protein intimin (Nataro and Kaper, 1998, Kaper et al., 2004, Schmidt,
2010). The intimin encoded by the gene eae is responsible for the attachment of
the bacterium to the intestinal epithelial cells. STEC remains extracellular and
attaching and effacing (A/E) lesions produced by intimin protein allow the Stx to
enter the bloodstream (Paton and Paton, 1998). The ability to produce A/E lesions
has been associated with HUS (Kaper et al., 2004). However, several LEE-negative
STEC strains have been isolated from patients with HUS (Mellmann et al., 2008,
Galli et al., 2010). This indicates that these STEC strains have other virulence factors
to attach and damage the intestinal epithelial cells. STEC autoagglutinating adhesin
encoded by the gene saa is one of the virulence factors contributing to adhesion in
LEE-negative STEC (Paton et al., 2001). Many STEC strains harbor virulence plasmid
pO157, which carries the gene EHEC-hlyA encoding enterohemolysin, which forms
pores in eukaryotic cell membranes (Paton and Paton, 1998). Recent evidence
suggests a role by EHEC-hlyA in causing damage to intestinal epithelial and
microvascular endothelial cells during STEC infection (Bielaszewska et al., 2014).
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Sab is an autotransporter in LEE-negative STEC that contributes to adhesion and
biofilm formation (Herold et al., 2009). Another adhesin Iha promotes the
adherence of STEC O157:H7 to HeLa cells and it is widely distributed in both LEEpositive and LEE-negative strains (Tarr et al., 2000, Herold et al., 2009). Subtilase
cytotoxin produced by some non-O157 STEC has the ability to produce a HUS-like
pathology in animal models (Paton and Paton, 2010).
STEC of the serogroup O157 with or without H7 antigen (serotype O157:H7/H-) is
the most frequently found STEC in severe human infections (Paton and Paton,
1998, Eklund et al., 2005, Jalava et al., 2011). Of the non-O157 serogroups, O5, O8,
O26, O91, 0103, O104, 0111, O113, O128, and O145 are most commonly associated
with human disease (Bettelheim, 2007, Caprioli et al., 2014). The diagnostics has
been developed intensively for O157 (Beutin and Fach, 2014). However, since other
non-O157 STEC are increasingly recognized as a cause for human infection,
diagnostic has gradually been developed also for them (Bettelheim and Beutin,
2003, Beutin and Fach, 2014).
Since ruminants, especially cattle, serve as the main reservoir for STEC,
undercooked meat products and unpasteurized dairy products are the risk foods
(Kaper et al., 2004, EFSA, 2011). Moreover, vegetables and fruit, most likely through
contamination from irrigation water, have increasingly been reported as sources of
STEC infections.

2.1.2

ENTEROPATHOGENIC E. COLI (EPEC)

Enteropathogenic E. coli (EPEC) has been associated with infantile diarrhea
especially in developing countries and less frequently in developed countries
(Nataro and Kaper, 1998). EPEC produces A/E lesions in intestinal cells in an
identical manner as LEE-positive STEC (Schmidt, 2010). At first the bacterium
attaches to the surface of the enterocyte and then it effaces the microvillus. Also
cytoskeletal changes, including accumulation of polymerized actin, are seen
beneath the adherent bacterium, which gives the appearance that the bacterium is
sitting upon a pedestal-like structure. The diarrhea is mainly due to A/E lesions,
which cause increased intestinal permeability, increased ion secretion,
inflammation, and loss of absorptive surface area in the microvillus (Kaper et al.,
2004). All strains in EPEC pathogroup possess LEE. In addition, EPEC strains may
harbor other virulence factors. EPEC is further divided into two subtypes, typical
(tEPEC) and atypical (aEPEC), depending on the presence or absence, respectively,
of the EPEC adherence factor (EAF) plasmid. EAF carries the bfp gene that encodes
the bundle forming pilus (BFP), which helps the bacterial cells to attach both to
each other and to the epithelial cells (Nataro and Kaper, 1998, Schmidt, 2010).
Some aEPEC strains carry the EHEC-hlyA gene, too (Bielaszewska et al., 2014, Askari
Badouei et al., 2016).
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The aEPEC is genetically a very heterogenic group of strains, some of which have a
stronger association with diarrhea than others (Afset et al., 2008). Some aEPEC
strains are genetically closer to the STEC pathogroup than to tEPEC (Moreira et al.,
2008, Toth et al., 2009). The EPEC O-serogroups strongly associated with diarrhea
are O26, O103, O145, and O157 (Bielaszewska et al., 2008). STEC with the same Oserogroups have often been associated with human disease. Stx-negative EPEC
serotype O26:H11 has been associated with HUS (Aldick et al., 2007).
The occurrence of aEPEC has been associated with developed countries, whereas
tEPEC is the leading cause of infantile diarrhea in developing countries (Trabulsi et
al., 2002, Afset et al., 2003). However, the importance of aEPEC has also been
recognized in developing countries (Bonkoungou et al., 2012). EPEC can spread
from person-to-person in pediatric wards through contaminated items (Nataro and
Kaper, 1998). The reservoir for tEPEC is usually humans, whereas the reservoir for
aEPEC is both humans and animals, especially ruminants (Trabulsi et al., 2002,
Hernandes et al., 2009, Moura et al., 2009).

2.1.3

ENTEROTOXIGENIC E. COLI (ETEC)

Enterotoxigenic E. coli (ETEC) have been associated with travelers’ diarrhea and
childhood diarrhea in developing countries (Wolf, 1997, Nataro and Kaper, 1998).
The diarrhea is typically watery but non-bloody. The source for the ETEC infection is
usually contaminated food or water. ETEC strains can produce heat stable (ST)
and/or heat-labile (LT) enterotoxin (Nataro and Kaper, 1998, Kaper et al., 2004).
There are two forms of ST, ST-I (STa) and ST-II (STb). ST-I has been associated with
human infections and ST-II has been associated with diarrhea in piglets. There are
two variants of the human associated ST-I: STIa (STIp, porcine variant) and STIb
(STIh, human variant). The porcine and human variants were originally detected in
ETEC strains of porcine and human origin, respectively. However, both ST-I variants
are able to cause disease in humans (Nataro and Kaper, 1998, Sjoling et al., 2007).
The other ETEC enterotoxin LT is closely related in structure and function to cholera
enterotoxin produced by Vibrio cholerae (Sixma et al., 1993). Two groups of LT have
been described, LT-I and LT-II, of which only LT-I is associated with human and
animal disease (Nataro and Kaper, 1998). The genes encoding STIp (estIa), STIh
(estIb), and LT-I (elt) reside on plasmids (Nataro and Kaper, 1998, Kaper et al.,
2004). There is some evidence that ST-I encoding genes can also be carried by
transposons (Nataro and Kaper, 1998, Kaper et al., 2004).
ETEC colonize the small intestine by means of various classical adhesins called
colonization factors (Wolf, 1997, Meng et al., 2007, Del Canto et al., 2011).
However, some ETEC strains are negative for colonization factors (Del Canto et al.,
2011). Thus, these strains may have other virulence factors, such as non-classic
adhesins Tia, Tib, and EtpA that may mediate the adhesion on epithelial cells (Del
Canto et al., 2011).
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2.1.4

ENTEROINVASIVE E. COLI (EIEC)

Enteroinvasive E. coli (EIEC) cause watery diarrhea, which can be bloody (Kaper et
al., 2004). EIEC resemble Shigella spp. based on biochemical, genetic, and
pathogenic features (Nataro and Kaper, 1998, Lan et al., 2004, Nataro et al., 2007).
For instance, they are both non-motile and do not ferment lactose. Sequence-based
studies suggest that both E. coli and Shigella spp. are members of the same species
(Pupo et al., 2000). Sequencing of housekeeping genes and plasmids suggests that
both EIEC and Shigella form a pathogroup of E. coli (Lan et al., 2004). For practical
reasons, a Shigella species classification with S. sonnei, S. flexneri, S. boydii, and S.
dysenteriae is maintained (Lan and Reeves, 2002).
Other DEC pathogroups are extracellular pathogens but EIEC can invade and
replicate within the intestinal epithelial cells (Kaper et al., 2004). EIEC harbors
virulence plasmid pINV, which contains many genes essential for invasion (Nataro
and Kaper, 1998, Lan et al., 2004). Non-motile EIEC can also move within the cell by
utilizing the actin filaments, which allows the bacteria to move within the
cytoplasm and into adjacent epithelial cells (Kaper et al., 2004). EIEC produce
enterotoxins, which may contribute to the watery diarrhea (Nataro and Kaper,
1998).
Humans are the main source for both EIEC and Shigella infections (Meng et al.,
2007). The infection is usually contracted through consuming contaminated food or
water or from person-to-person contact (Nataro and Kaper, 1998).

2.1.5

ENTEROAGGREGATIVE E. COLI (EAEC)

Enteroaggregative E. coli (EAEC) has been associated with prolonged infantile
diarrhea in developing countries and with diarrhea among HIV-positive patients and
travelers, and they have caused foodborne outbreaks in the industrialized countries
(Nataro and Kaper, 1998, Harrington et al., 2006). EAEC are defined based on the
specific autoaggregative pattern by which they adhere to HEp-2 cells (Kaper et al.,
2004, Harrington et al., 2006). EAEC harbor virulence plasmid pAA, which contains
the genes encoding for Aggregative-Adherence fimbria (AAF). AAF helps the
bacterial cells to attach to each other and to the epithelial cells. It is likely that the
EAEC pathogroup consists of pathogenic but also of non-pathogenic strains because
only AAF is not enough to cause disease in a host (Nataro and Kaper, 1998, Kaper et
al., 2004, Harrington et al., 2006). There seems to be no specific virulence genes
that alone would define EAEC. Most EAEC strains harbor transcriptional activator
AggR, which regulates several EAEC-associated genes (Harrington et al., 2006).
However, some EAEC strains lack the AggR regulon (Kaper et al., 2004, Uber et al.,
2006). In addition, not all EAEC strains adhere by AAF and these are referred to as
atypical EAEC. At least a subset of EAEC is pathogenic to humans. They may have

18

other virulence factors, such as enterotoxins and cytotoxins, that cause diarrhea
(Kaper et al., 2004, Harrington et al., 2006, Boisen et al., 2009).
Many EAEC strains harbor virulence factors that belong to the group of Serine
Protease Autotransporters of Enterobacteriaceae (SPATE) (Boisen et al., 2009).
SPATE is a family of extracellular proteases produced by the species belonging to
Enterobacteriaceae and they have an impact on mucosal damage and colonization.
The hybrid strain EAEC/STEC O104:H4 in the German outbreak in 2011 harbored a
combination of several SPATEs, which may have contributed to its heightened
virulence (Rasko et al., 2011). However, other DEC and Shigella spp. can harbor
genes encoding SPATE, too. Many EAEC strains produce EAEC heat-stable
enterotoxin (EAST-1), which is a homolog to ST of ETEC (Nataro and Kaper, 1998).
EAST-1 can be harbored by strains of all the five pathogroups (Paiva de Sousa and
Dubreuil, 2001). However, non-pathogenic E. coli and Salmonella can also possess
the gene astA encoding EAST-1. Therefore, the importance of EAST-1 for diarrhea is
not clear.
The source for EAEC infection can be contaminated food and water. There is
evidence that human pathogenic EAEC is not carried by animals (Uber et al., 2006)
and humans may be the reservoir for human pathogenic EAEC (Carlos et al., 2011).
In some studies, EAEC have been equally common in diarrheal and non-diarrheal
patients (Keskimäki et al., 2000, Keskimäki et al., 2001). However, the latest
information suggests that EAEC is an important causative agent for travelers’
diarrhea, even more common than ETEC (Lääveri et al., 2014, Lääveri et al., 2016).

2.2 EVOLUTION OF DEC
2.2.1

EVOLUTION OF CLASSICAL PATHOGROUPS

E. coli is genetically a very heterogenic species. DEC pathogroups possess a wide
variety of virulence genes that can be transferred from one strain to another via
pathogenicity islands, plasmids, transposons, or phages by horizontal genetic
transfer, which differs from vertical (passing of genetic material by descent),
transfer (Kaper et al., 2004, Maiden et al., 2013). The plasticity of the E. coli genome
accelerates the adaptation of the species into various environments (Touchon et
al., 2009). This provides numerous opportunities for new types to emerge via the
gains and losses of genes.
A certain genetic background is required for the acquisition of virulence factors
located on plasmids and pathogenicity islands (Escobar-Paramo et al., 2004).
Although the evolution of pathogenicity in E. coli is mostly the result of the arrival
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of virulence genes in the population, the retention and expression of these genes
depends on the interaction between the bacterial genetic background and the
newly arriving genes. According to Escobar-Paramo et al. (2004), virulence genes
can be classified into three categories according to their interaction with the
bacterial genomic background: (1) genes that arrive and are expressed in different
genetic backgrounds (such as EPEC and EAEC genes associated with mild chronic
diarrheas), (2) genes that arrive into different genetic backgrounds but that are
preferentially found and associated with a specific pathology in only one particular
background (such as virulence genes in extraintestinal pathogenic E. coli associated
with extraintestinal diseases), and (3) genes that require a particular genetic
background for the arrival and expression of their virulence potential (such as those
associated with STEC, ETEC, and Shigella/EIEC strains).
E. coli strains may develop into STEC by gaining mobile genetic elements carrying
STEC virulence genes, for example phages, insertion sequences, and plasmids
(Ogura et al., 2009). Virulence genes in these mobile elements have similar
functions. However, they exhibit remarkably divergent genomic structures. This
indicates their complex and independent evolutionary pathways. STEC and EPEC
pathogroups share several virulence factors (Cookson et al., 2007, Ogura et al.,
2009). One of these is LEE. STEC O157:H7 has most likely developed from the EPEC
O55:H7 progenitor by gaining Stx phages and virulence plasmids via horizontal gene
transfer and recombination (Whittam et al., 1993, Wick et al., 2005). There is
evidence that some LEE-positive STEC strains may have lost their stx genes hence
becoming like aEPEC (Bielaszewska et al., 2008, Haugum et al., 2014). STEC may
lose the Stx phage during infection, and stx-negative strains can be lysogenized by
the Stx phage, hence becoming STEC (Mellmann et al., 2008). Free Stx phages have
been detected in up to 70% of the urban sewage waters and in 94% of wastewater
samples contaminated with animal feces (Imamovic et al., 2010). The phylogeny of
LEE-negative STEC has demonstrated that they do not form a tight phylogenic
grouping, suggesting that they have both evolved and acquired Stx phages multiple
times (Steyert et al., 2012, Haugum et al., 2014). Independent acquisition of the
mobile genetic elements has also driven the evolution of the LEE-positive STEC of
serogroups O26, O103, and O111 (Ogura et al., 2009).
Stx phages are an important driver of the emergence and evolution of STEC (Franz
et al., 2014). Comparative genomics of the mobile genetic elements, and in
particular prophage profiling of Stx phages and host integration sites, may reveal
evolutionary pathways, as well as help to classify strains and to provide insights into
differences in the mobile genetic element-borne virulence gene supply (Mellmann
et al., 2008, Steyert et al., 2012, Franz et al., 2014). The genomes of Stx phages
have a mosaic structure. The recombination events between the genome of the
bacterial host and phage genome or its remnants drive the evolution of Stx phage
variants and the subsequent dissemination of Shigatoxigenic potential (Smith et al.,
2012).
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ETEC is a genetically diverse pathogroup and there is some discrepancy about its
genetic background. ETEC isolates have been found to be present in all
phylogenetic lineages of E. coli (Turner et al., 2006). This finding suggests that the
acquisition of the toxin genes may be all it takes to form ETEC and that there are no
specific chromosomal factors required for the enterotoxigenicity. However, there is
evidence that ETEC genomes contain more genomic content conserved with each
other than with other E. coli genomes (Sahl et al., 2011). The presence of the
shared genomic core among ETEC isolates suggests common evolutionary history.
Recent evidence based on the sequence analysis of 362 ETEC isolates, shows that
persistent plasmid-chromosomal background combinations exist in certain
phylogenetic lineages among ETEC (von Mentzer et al., 2014).
It has been shown that in the E. coli genome, recombination rates are much higher
than the mutation rates (Touchon et al., 2009). However, this has not obscured the
phylogenetic signal, and the horizontal gene exchange does not affect the core
genome phylogeny among E. coli. Phylogenetic analyses of STEC non-O157 strains
have revealed that H-antigens would be better markers for shared evolutionary
paths compared to O-serogroups, which may appear in multiple phylogenetic
lineages (Ju et al., 2012).

2.2.2

EMERGENCE OF NOVEL HYBRID STRAINS

The plasticity of the E. coli genome and the ability to transfer genes horizontally
may lead to the emergence of novel hybrid E. coli strains. These strains
characteristically possess virulence genes associated with at least two pathogroups.
In the literature, several designations have been used, such as an intermediate
pathogroup (Muller et al., 2007) or blended virulence profiles and virulence
combination (Bielaszewska et al., 2011).
In the year 2011, the hybrid E. coli strain EAEC/STEC O104:H4 was recognized as a
cause of the sprout-borne outbreak. Nearly 4000 persons were infected mainly in
Germany, resulting in more than 900 cases of HUS and in 54 deaths (Karch et al.,
2012). The EAEC/STEC O104:H4 possessed the genes stx2a and aggR and other
adhesin genes, such as iha and long polar fimbriae, which might explain the high
frequency of patients developing HUS.
Already before the German outbreak, hybrid E. coli strains had been reported.
Hybrids possessing both STEC- and ETEC-associated virulence genes have been
described in strains having a human, animal, and environmental origin (Muller et
al., 2007, Vu-Khac et al., 2007, Fratamico et al., 2008, Bandyopadhyay et al., 2011,
Lienemann et al., 2011, Prager et al., 2011). EAEC/STEC O111:H2 have previously
caused a small outbreak with HUS in France (Morabito et al., 1998). A combination
of EPEC- and EAEC-associated virulence genes has also been reported in diarrheal
patients (Liebchen et al., 2011). Since 2011, more studies have been published
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describing the genomics of hybrid E. coli other than EAEC/STEC O104:H4, such as
STEC/ETEC with several serotypes and virulence gene combinations (Shepard et al.,
2012, Steyert et al., 2012).
Furthermore, there are some studies describing Shigella spp. with STEC Stx. Just
recently, a Shigella sonnei carrying stx2a was isolated from a Finnish patient
returning from a trip to Morocco (Nyholm et al., 2015). Earlier, an S. sonnei isolate
carrying stx1 was isolated from a patient after visiting the Ukraine (Beutin et al.,
1999). In a survey of Shigella isolates collected from French travelers returning from
the Caribbean, 21% of Shigella, to be precise the serotypes S. flexneri 2a, S. flexneri
Y, and S. dysenteriae 4, carried the stx gene (Gray et al., 2015). However, it is
unclear if stx would enhance the virulence of Shigella spp.

2.3 OCCURRENCE OF DEC
2.3.1

OCCURRENCE IN FINLAND AND INDUSTRIALIZED COUNTRIES

In Finland, surveillance of human infections caused by STEC started in 1995.
Between 1997 and 2006, 247 cases of microbiologically confirmed STEC infections
were reported to the National Infectious Disease Register in Finland (Jalava et al.,
2011). The annual incidence rate was 0.19-1.2 (average 0.48) per 100 000
inhabitants, and 10-62 cases were identified annually. In recent years, the incidence
rate has increased to 0.6-1.8 per 100 000 inhabitants and the number of annual
cases to 30-98 from 2012 to 2014 (Rimhanen-Finne et al., 2014, Huusko et al.,
2015). From 1997 to 2006, of the 131 domestically acquired STEC, 56% were of
serogroup O157 and 44% were of non-O157 serogroups, and one case had dual
infections of both serogroups (Jalava et al., 2011). The most common non-O157
serogroups were O26, O103, and O145 (Jalava et al., 2011).
In the USA the average annual incidence rate for STEC infections was 2.4 per
100 000 inhabitants from 2005 to 2010 (Stigi et al., 2012). The average annual
incidence of STEC O157 was 0.84 per 100 000 inhabitants from 1996 to 2011 (Sodha
et al., 2015). Among the EU countries, the incidence of STEC O157 varies from 2.2
per 100 000 inhabitants in Germany to as high as 85 per 100 000 inhabitants in
Denmark (EFSA, 2013). In the USA, the most common non-O157 serogroups are
O26, O103, O121, and O111 (Stigi et al., 2012). In the EU, the most common nonO157 serogroups are O26, O91, O103, and O145 (EFSA 2013).
In Finland, human STEC infection has been classified as a generally hazardous
communicable disease in the Communicable Diseases Decree (No. 786/1986,
Ministry of Social Affairs and Health, Finland), based on the Communicable Diseases
Act (No. 583/1986, Ministry of Social Affairs and Health, Finland). The doctor writes
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the referral for an examination for STEC infection based on a patient’s symptoms or
if there is any possibility of a STEC infection. In food primary production, screening
for STEC O157 carrying stx and eae is controlled by a national monitoring program
(Leimi et al., 2014). If the patient with STEC has contact with a farm, sampling is
focused on that specific farm and screening is focused only on the specific type of
STEC isolated from the patient. Other DEC pathogroups than STEC are usually
screened during outbreaks (Jalava et al., 2014).
Outbreaks caused by other DEC than STEC are rare and they probably go
unreported in industrialized countries. EPEC O111 caused a large outbreak in
Finland affecting 611 children or teenagers and 39 adults at a school complex in
1987 (Viljanen et al., 1990). The source for the infection remained unknown. An
outbreak caused by ETEC occurred in Norway in 2012 and was associated with
imported chives consumed without heating (MacDonald et al., 2015). The causative
agent was finally identified after all other more typical agents for gastroenteritis
were excluded.
The prevalence of DEC has been assessed among children and patients with and
without diarrhea. A study among Norwegian diarrheal children revealed that aEPEC
is the most common causative agent for diarrhea in children aged less than two
years old (Afset et al., 2003). Among Finnish diarrheal patients, EPEC has been
identified as the most common DEC, and EAEC has been detected equally in
patients with and without diarrhea (Keskimäki et al., 2001). Studies assessing the
prevalence of DEC among travelers returning from developing countries have
shown that EPEC, ETEC, and EAEC are important causes for travelers’ diarrhea
(Keskimäki et al., 2000, Antikainen et al., 2009, Okeke, 2009, Lääveri et al., 2014,
Lääveri et al., 2016). However, EPEC infections have been detected among both
travelers and patients in Finland without a history of travel (Antikainen et al., 2009).
Also EIEC/Shigella and STEC have been detected among diarrheal Finnish travelers
returning home from Benin, West Africa (Lääveri et al., 2014).

2.3.2

OCCURRENCE IN BURKINA FASO AND AFRICA

Diarrhea is one of the leading causes of childhood mortality and morbidity in
developing countries (Okeke, 2009). There are several reports where an association
of different DEC pathogroups with children’s diarrhea has been assessed in casecontrol studies in African countries, such as in Nigeria and Burkina Faso (Okeke et
al., 2000, Okeke, 2009, Bonkoungou et al., 2012). However, not all DEC pathogroups
have been statistically significantly associated with diarrhea. In many African
countries, EPEC strains have been associated with infantile diarrhea (Okeke, 2009).
In Nigeria, ETEC producing ST had the strongest association with diarrhea among
children (Okeke et al., 2000). A large case-control study conducted in sub-Saharan
Africa and south Asia found a strong association of ST ETEC and tEPEC with diarrhea
and risk of death among infants (Kotloff et al., 2013). In Burkina Faso, aEPEC and
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ETEC have been linked to childhood diarrhea and EAEC has been detected in both
diarrheal children and healthy controls (Bonkoungou et al. 2012). However, EAEC
has been associated with diarrhea among HIV-positive people (Gassama et al.,
2001). The lack of association with diarrhea of some DEC pathogroups may be due
to the high incidence of DEC carriage in the human population (Okeke, 2009).
Nonhuman sources for DEC infections have not been studied widely in Africa. The
exception is STEC. As in industrialized countries, STEC is often associated with
bovine and other ruminant origins. STEC of the serogroups O157, O26, O91, O103,
O111, O128, and O145 have been detected in meats and feces of food-producing
animals in Nigeria (Ojo et al., 2010). Altogether 7.3% of the samples were
contaminated with these STEC serogroups. However, STEC is a rare finding among
patients with diarrhea in Africa in both case-control and case studies (Okeke et al.,
2000, Rappelli et al., 2005, Mandomando et al., 2007, Bonkoungou et al., 2012). In
Uganda, STEC was isolated from 9% of the chidren with diarrhea and from 7% of
the bovine feces samples (Majalija et al., 2008). Some of the human and bovine
isolates were genetically close to each other, indicating the bovine population as a
possible reservoir for human STEC infections. STEC outbreaks have been reported in
several African countries (Okeke, 2009). One of the largest outbreaks caused by
STEC O157 with thousands of patients was reported in South Africa and Swaziland
(Isaacson et al., 1993). The outbreak originated from surface waters contaminated
with cattle feces and carcasses. There is very limited information on the sources of
DEC pathogroups other than STEC. Chicken may be a source for EPEC infections, as
indicated by a study carried out in Cameroon (Nzouankeu et al., 2010).
Before the project “Epidemiology of water- and food borne bacterial infections in
Burkina Faso (West Africa) - strategies for sustainable national public health
management” funded by the Academy of Finland (grant no. 122600), there was no
knowledge of DEC occurrence in Burkina Faso. The joint project between the
National Institute for Health and Welfare (THL) in Finland and the University of
Ouagadougou in Burkina Faso studied the sources of food and waterborne bacteria,
e.g. DEC, in Burkina Faso. This thesis is partly based on the project. Burkina Faso is
located in West Africa below the Sahara Desert (Figure 2). The capital city is
Ouagadougou. The country is deprived and people are in general educated at a low
level. There is a shortage of clean water, while hygienic and sanitation facilities are
inadequate. People live in close association with animals in both urban and rural
areas. Retail meats and other foodstuff are mainly sold at open markets. There is no
cold chain transportation of meat products and animal carcasses from
slaughterhouses to markets (Kagambega et al., 2011). The food sold at markets is
kept at ambient temperature without any protection from dust and flies (Figure 34). In Ouagadougou, cattle and sheep are slaughtered at a local slaughterhouse
(Figure 5) and chicken are slaughtered at open markets (Figure 6). E. coli was shown
to be prevalent in 100% of the studied retail meats sold at open markets in
Ouagadougou (Kagambega et al., 2011). The same study showed that the meat
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sellers had poor knowledge of foodborne pathogens and safe food handling
practices.

Figure 2. Map of Africa and location of Burkina Faso.
Figure modified from a figure deposited in Wikimedia Commons, the free media
repository (https://commons.wikimedia.org).
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Figure 3. Sheep carcass on
a market in Ouagadougou.
Photo by Outi Nyholm

Figure 4. Meat cutting facilities on a market
in Ouagadougou.
Photo by Outi Nyholm

Figure 5. Bovine carcasses in a
slaughterhouse in Ouagadougou.
Photo by Outi Nyholm

Figure 6. Chickens are plucked
on a market in Ouagadougou.
Photo by Outi Nyholm
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2.4 DETECTION, ISOLATION, AND TYPING OF DEC
It is not straightforward to isolate DEC from stool specimens or from food samples.
They are difficult to differentiate from commensal E. coli. The DEC colonies may
appear exactly as commensal E. coli on culture plates and the biochemical reactions
are in the main identical. However, isolation is crucial for strain typing, and typing
provides information about strain relatedness. This information is necessary, for
example, for outbreak investigations, monitoring of emerging clones, and
epidemiological surveillance.

2.4.1

DETECTION AND ISOLATION

Since STEC is the most searched after DEC pathogroup, phenotype-based methods
have mainly been developed for STEC detection and isolation. However, the
genotype-based methods can be applied to other pathogroups as well. All the
methods for detection and isolation are fairly laborious.
Obtaining a bacterial culture is usually the first step in detection and isolation.
Several culture-based methods are available for detecting and simultaneously
isolating DEC. However, care must be taken not to lose a pathogenic strain if too
selective a media is used. Since many STEC O157 strains are not able to ferment
sorbitol, in contrast to commensal E. coli and other DEC, this trait has been
exploited to separate non-sorbitol fermenting colonies from those colonies that are
able to ferment it. Sorbitol-MacConkey and cefixime-tellurite Sorbitol-MacConkey
agar plates are widely used to preliminary detect non-sorbitol fermenting STEC
(Verweyen et al., 2000). Chromogenic agar plates such as CHROMagar STEC are
useful to detect STEC serogroups O26, O111, O121, O145, and non-sorbitol
fermenting O157, and even some EPEC, EAEC, ETEC can be detected (Hirvonen et
al., 2012).
Immunomagnetic separation has been developed to enrich STEC O-groups O26,
O103, O111, and O145 in a sample (Bettelheim, 2007, Beutin and Fach, 2014). The
bead surface is coated with an antibody against a serogroup by which the bead
binds to the bacterial cell. Other material can be discharged and the beads and the
attached bacteria are collected.
Methods based on genotype are easy to apply to any pathogroup since only the
virulence genes are targeted. Polymerase chain reaction (PCR) methods can be
used to identify the presence of DEC in a mixed bacterial culture. A 16-plex PCR has
been developed to identify the presence of STEC, EPEC, ETEC, EIEC, and EAEC
simultaneously directly in a stool sample (Antikainen et al., 2009). By direct PCR
detection, it is possible to avoid the risk of losing the bacteria during culturing. The
method can also be performed on a mixed bacterial culture. The 16-plex PCR is
based on the detection of 15 different pathogroup-specific virulence genes (Table
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1). In addition, one E. coli specific gene, uidA, is included. The method is useful if a
large number of samples have to be screened for the presence of DEC in a relatively
short time. The major disadvantage of the method is the failure to detect the
presence of LEE-positive STEC and aEPEC simultaneously. After detection, PCR
methods can be used to screen separate colonies or pools of colonies with the aim
of obtaining a pure culture. Also colony hybridization utilizing DNA:DNA hybridizing
probes may be useful to detect DEC colonies in a mixed bacterial culture (Wang et
al., 2011).

Table 1. The virulence genes in the 16-plex PCR.
Pathogroup Gene
Locus
Action

Reference
(Paton and Paton,
1998)
(Paton and Paton,
1998)
(Paton and Paton,
1998, Askari Badouei
et al., 2016)

STEC

stx1

Phage

Shiga toxin 1

STEC

stx2

Phage

Shiga toxin 2

STEC, some
EPEC

EHEChlyA

Virulence
plasmid pO157

STEC, EPEC

eae

Enterohemolysin
Intimin, a protein
LEE pathogenicity causing
island in the
attaching/effacing
chromosome
lesions

escV

A conserved area in LEE
LEE pathogenicity pathogenicity island,
(Kyaw et al., 2003,
island in the
type III secretion system Spears et al., 2006,
chromosome
structure protein
Muller et al., 2007)

STEC, EPEC

STEC, EPEC

ent

tEPEC

bfpB

OI-122
pathogenicity
island in the
chromosome
EPEC adherence
factor (EAF)
plasmid

ETEC

elt

Plasmid

ETEC

estIa

Plasmid or
transposon

ETEC

estIb

EIEC

invE

Plasmid or
transposon
Virulence
plasmid pINV

Enterotoxin or
enterohemolysin, a
homolog to ShET2
enterotoxin of Shigella
flexnerii

(Nataro and Kaper,
1998)

(Muller et al., 2007,
Afset et al., 2008)
(Nataro and Kaper,
Subunit of Bundle
1998, Muller et al.,
forming pilus (BFP)
2007)
(Nataro and Kaper,
Heat-labile enterotoxin 1998, Kaper et al.,
LT-I
2004)
(Nataro and Kaper,
Heat-stable enterotoxin 1998, Kaper et al.,
STIa (STIp, porcine)
2004)
(Nataro and Kaper,
Heat-stable enterotoxin 1998, Kaper et al.,
STIb (STIh, human)
2004)
Transcription regulator, (Hale, 1991, Muller et
regulates the ipa genes al., 2007)
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ipaH

Virulence
plasmid pINV and Invasion plasmid
the chromosome antigen

EAEC

aggR

Chromosomal
island, plasmid
pAA

AggR regulon,
transcription activator,
regulates the genes of
fimbrial biogenesis

EAEC

pic

Chromosome

Serine protease

(Cerna et al., 2003,
Kaper et al., 2004,
Harrington et al., 2006)
(Henderson et al.,
1999, Muller et al.,
2007)

Plasmid

EAEC heat-stable
enterotoxin (EAST-1)

(Nataro and Kaper,
1998, Paiva de Sousa
and Dubreuil, 2001)

β-glucuronidase

(Blanco et al., 1982,
Muller et al., 2007)

EIEC

STEC, EPEC,
ETEC, EIEC,
EAEC, E. coli
STEC, EPEC,
ETEC, EIEC,
EAEC, E. coli

astA

uidA

2.4.2

Chromosome

(Hale, 1991, Hsu et al.,
2010)

TYPING

The characteristics of pathogenic bacterial strains help to answer many
epidemiological surveillance questions: what are the trends in the population,
which virulence determinants prevail, which clones or variants are emerging, and
what was the source for the outbreak. The methods used for DEC typing are based
on both the phenotypical and genotypical properties of the strain. These properties
can be viewed as clonal markers for strain relatedness. Several methods are used
for typing because they provide information at different levels. The choice of a
method or methods depends on the study question.
Typical biochemical characterization tests performed on DEC are fermentation of
sorbitol and the production of β-glucuronidase (PGUA). The sorbitol test is
important especially for STEC O157, since most of these strains are not able to
ferment sorbitol. However, sorbitol-positive O157 strains are increasingly
recognized as causing human infections (Eklund et al., 2006, Mellmann et al., 2008,
Jalava et al., 2011). The sorbitol result is important when a patient with a STEC
infection has had contact with a farm and screening for the causative agent in the
farm environment can be focused based on the ability of the patient isolate to
ferment sorbitol. The PGUA test can be performed to differentiate E. coli from
other bacterial species, since 97% of the E. coli produce PGUA (Kilian and Bulow,
1976). Usually STEC O157:H7 does not produce PGUA, and the test can also be
utilized to differentiate it from other STEC and DEC strains (Meng et al., 2007).
Serotyping of O- and H-antigens is an old but reliable method to characterize DEC.
Serotyping can be performed by antiserum agglutination (Scheutz et al., 2004), by
PCR (Perelle et al., 2004), or by oligonucleotide microarray (Ballmer et al., 2007,
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Geue et al., 2014). O-antigen typing is based on the identification of the bacterial
outer membrane lipopolysaccharide, and H-typing is based on the identification of
the flagellar antigen (Kaper et al., 2004). Furthermore, a phage-typing schema of 16
lytic phages has been established to differentiate E. coli serogroup O157 strains
(Ahmed et al., 1987). O-serogroup of a STEC strain is of importance when a patient
with a STEC infection has had contact with a farm and screening can be focused
only on the specific O-serogroup.
Antimicrobial susceptibility testing can be used for epidemiological typing and for
surveillance of resistance among pathogenic bacteria. Standardized protocols for
antimicrobial susceptibility testing have been developed by the European
Committee
on
Antimicrobial
Susceptibility
Testing,
EUCAST
(http://www.eucast.org/).
The production of several toxins can be tested using in vitro bioassays. The
production of STEC Stx can be tested on a Vero cell assay or by means of reversepassive latex agglutination (Paton and Paton, 1998). The production of ETEC ST and
LT can be tested using a ganglioside-GM1 enzyme-linked immunosorbent assay
(Sjoling et al., 2007). The production of enterohemolysin of STEC and some EPEC
strains can be tested using washed sheep red blood cell agar that is supplemented
with Ca2+ (Paton and Paton, 1998). The ability to produce the toxin in vitro may
suggest the production of the toxin in the patient.
PCR-based methods can be used to detect a variety of DEC virulence genes (Paton
and Paton, 2002, Antikainen et al., 2009). The stx gene subtyping can be performed
to differentiate three stx1 subtypes (stx1a, stx1c, and stx1d) and seven stx2 subtypes
(stx2a, stx2b, stx2c, stx2d, stx2e, stx2f, and stx2g) (Scheutz et al., 2012).
High discriminatory power methods are used for epidemiological surveillance and
outbreak detection to differentiate closely related strains (Sabat et al., 2013).
Pulsed-field gel electrophoresis (PFGE), multi-locus sequence typing (MLST), and
multi-locus variable-number tandem repeat analysis (MLVA) can be applied to DEC
and they are widely used in national reference laboratories. The methods have
been harmonized internationally and a portable nomenclature can be achieved
(Sabat et al., 2013).

2.5 WHOLE GENOME SEQUENCING (WGS) AS A NOVEL TOOL TO
STUDY THE GENOMICS OF DEC
Whole genome sequencing (WGS) is a novel tool that can be applied in E. coli typing
and epidemiological investigations. Furthermore, WGS can be applied on any
bacterial species in clinical microbiology investigations (Didelot et al., 2012). WGS is
gradually replacing the previously used genotyping and some of the phenotyping
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procedures performed on several bacterial species in reference laboratories in the
EU and the USA (Didelot et al., 2012, GMI, 2014, ECDC, 2015, GMI, 2015). Also in
developing countries, WGS provides a possibility for the rapid development of a
national and multi-national surveillance system for pathogenic bacteria (Wain et al.,
2013, GMI 2015). In the global world, individual countries, both developing and
industrialized, should be involved in the development and adaptation of WGS for
microbiology, public health, and the one health initiative (GMI, 2014, GMI, 2015).

2.5.1

WGS TECHNOLOGIES

In WGS, novel next-generation sequencing (NGS) technologies are applied to costefficiently yield massive parallel sequencing information (Glenn, 2011, Didelot et
al., 2012). There are plenty of NGS platforms available, and they all have their
advantages and disadvantages related to, for example, error rate and cost per
megabyte (Glenn, 2011).
In the genome assembly, two different approaches can be used, depending on the
aim of the study. In the de novo genome assembly, multiple short sequence reads
are assembled based on overlapping regions, which is like placing puzzle pieces
together without a model picture (Sabat et al., 2013). In resequencing (reference
sequencing), the sequencing reads are compared with previously sequenced
genome(s) of the target organism to determine where they fit (Didelot et al., 2012).
In resequencing, any element that is absent from the reference will not be
assembled. However, assembling genomes de novo allows for detecting yet
unknown regions of the genome or regions that vary a lot (Didelot et al., 2012). For
E. coli, de novo assembly is the usual option to follow because of the high genomic
variability within the species. If strains within a single serogroup, for example O157,
are investigated, resequencing can be applied (Dallman et al., 2015). However, this
approach will allow only for the detection of the genetic distance of the isolates,
and not for any bigger differences in their gene contents, since only the existing
allelic variants can be detected using resequencing.
There are two NGS technologies in relation to the read length: short and long.
Platforms such as MiSeq (Illumina) and Ion Torrent (Thermo Fisher Scientific) yield
short reads of approximately 200–600 bp (Franz et al., 2014). In contrast, PacBio
(Pacific Biosciences) yields reads of approximately 4600–8500 bp. The necessary
read length depends on the study questions. Short-read technology is suitable for
variant discovery as used in outbreak investigations and in surveillance and in the
detection of known virulence genes. Long-read technology is needed to complete
(de novo) genome assembly and to detect, for example, new virulence genes, to
find evidence of horizontal gene transfer, and for evolutionary studies.
In reality, the term “whole genome” refers only to approximately 90% of the entire
genome (Sabat et al., 2013). The gaps in the genome assembly are mainly caused by
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the presence of repetitive elements, which are not resolved very well using the
current NGS technologies. In the US Food and Drug Administration, some STEC
genomes are sequenced using both short- and long-read technologies (MiSeq and
PacBio) and combined to yield closed whole genomes (Steve Musser, US Food and
Drug Administration, personal communication). The closed genomes are used as
references for resequencing if no suitable reference is available in public
repositories.
There are many challenges in the adaptation of WGS in national reference
laboratories. One of these is harmonization of data storage and interpretation
(Franz et al., 2014). The large amount of data to be transferred and stored as well
as the development of internationally harmonized analytical methods are currently
under careful evaluation. Another priority is the need for a systematic and
standardized nomenclature for bacterial genotypes (Maiden et al., 2013).

2.5.2

CHARACTERIZATION USING WGS

STEC is one of the first foodborne pathogens for which WGS has been adopted as a
typing method. WGS can be utilized to acquire the same typing information that
the genotyping and phenotyping methods provide: O:H-serotype (Joensen et al.,
2015, Chattaway et al., 2016), antimicrobial resistance genes (Zankari et al., 2012),
virulence genes and their subtypes (Joensen et al., 2014, Chattaway et al., 2016),
and MLST (Joensen et al., 2014). However, predicting phenotype from genotype is
not straightforward, since there is no information on whether the genes are active
or silent. Exact same data that the PFGE and MLVA offer cannot be extracted from
the WGS data. MLVA loci are in repetitive elements, which are sequenced and
assembled poorly (Eija Trees, Centers for Disease Control and Prevention, personal
communication). PFGE profiles cannot be obtained without a closed genome, and in
silico restriction of a genome does not take account of the possible methylation of
restriction sites (Sabat et al., 2013).

2.5.3

COMPARATIVE GENOMICS

Comparative genomics is a research method in which the genomic features of
different organisms are compared. This is an alternative to high-discriminatory
power methods, such as PFGE and MLVA, in strain comparison.
The number of genes that are highly conserved in E. coli is approximately 20002200 (Rasko et al., 2008, Touchon et al., 2009). This forms the “core genome”. The
function of these genes is mainly related to metabolic processes (Rasko et al.,
2008). The core genome is supplemented in each strain with an “accessory
genome” (Franz et al., 2014, Haugum et al., 2014). All possible accessory genomes
and the core genome form a “pangenome” (Maiden et al., 2013). The pangenome
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of E. coli contains a reservoir of more than 13 000-18 000 genes (Rasko et al., 2008,
Touchon et al., 2009). The pangenome is considered as open, which means that the
more genomes are sequenced, the more genes are added to the pangenome. An
open pangenome also indicates that the species is evolving constantly by gene
acquisition and diversification.
Hierarchical gene-by-gene typing can be used to obtain high-resolution typing
information (Maiden et al., 2013). Gene-by-gene typing is analogous to the
traditional seven-gene-MLST. However, it may contain for example 2000 loci
instead of seven loci. Several levels of increasing resolution, i.e. the number of loci,
can be applied in gene-by-gene typing: seven-gene-MLST < core genome MLST
(cgMLST) < whole genome MLST < pangenome MLST. Gene-by-gene typing can lead
to a portable nomenclature if the typing schema and the data bank for allelic
variant information have been established.
Both the core genome and pangenome can be used for epidemiological purposes to
differentiate between closely related strains. However, the pangenome offers more
resolution, since it is based on the presence/absence of a larger set of genes
instead of a fixed set of core genome genes that should be shared between all the
isolates of a given species (Kaas et al., 2012). Recent studies have demonstrated
that WGS and gene-by-gene comparison provide greater resolution than PFGE for
outbreak detection and for microbial strain tracking and traceback for a wide range
of bacterial pathogens (Leekitcharoenphon et al., 2014, Schmid et al., 2014). WGS
provides the highest strain-level resolution for outbreak investigation (Dallman et
al., 2015). Another method to construct phylogenies and to perform high-resolution
comparisons is single nucleotide polymorphism (SNP). SNPs are single nucleotide
differences among the genomes to be compared (Maiden et al., 2013, Franz et al.,
2014). With SNP analysis, even higher resolution can be achieved compared to
gene-by-gene analysis. However, SNP comparison is limited by the need for a
reference sequence. WGS provides the highest discrimination power, and when
used in tandem with classical outbreak epidemiology, it provides a fast and reliable
tool to trace the source of the outbreak.

2.5.4

WHOLE GENOME MAPPING

Whole genome mapping (WGM) is another technique that may have the potential
to become a novel tool for epidemiological comparison (Sabat et al., 2013). The
map does not contain any sequence information. It is an ordered restriction pattern
for a genome in which the length of every fragment has been measured in a singlenucleotide definition. It can be thought of as similar to a PFGE pattern. However,
the resolution is higher and only the chromosomal DNA is used to build a map. A
comparison of the whole genome map of a strain with the in silico restricted maps
of closely related genomes may reveal major genomic structural variations, such as
deletions, inversions, translocations, duplications, and gross rearrangements (Zhou
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et al., 2004). WGM can also be utilized in validating WGS assembly and closing the
gaps between separate sequence contigs (Sabat et al., 2013) and in comparative
genomics and outbreak investigations (Mellmann et al., 2011).
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3 AIMS OF THE STUDY
The aims of this study were:

1.

To study the occurrence of STEC and other DEC in retail meats in
Burkina Faso, and to characterize the isolated STEC strains.

2.

To determine the presence of the STEC strains carrying multiple DECassociated virulence genes among the Finnish human and non-human
STEC.

3.

To characterize a set of known virulence factors in selected hybrid
STEC/ETEC strains using WGS, and to perform comparative genomics
to determine the phylogenetic position of the hybrid strains.

4.

To estimate the usefulness of WGS in STEC typing.
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4 MATERIAL AND METHODS
The material and methods used in this study are described in detail in the original
publications I-IV, and they are summarized in Tables 2-4.

4.1 SAMPLES, CULTURES, AND ISOLATED STRAINS
Table 2. Samples, bacterial cultures, and bacterial strains used in this thesis. Roman
numerals refer to the publication in which they were used.
Material
Raw meat samples
Beef
Beef intestine
Mutton
Chicken
stx-positive mixed bacterial cultures
Human feces cultures1
Raw meat cultures
stx-positive and colony hybridization negative mixed bacterial cultures
Human feces cultures1
Raw meat cultures
STEC strains isolated in Burkina Faso
Human STEC
Non-human (raw meat) STEC
STEC strains isolated in Finland
Human STEC
Non-human (animal, food, feed,
environmental) STEC
STEC/ETEC hybrids
Human STEC/ETEC
Bovine STEC/ETEC
1

Number

Publication

total 120
36
36
24
24
total 41
8
33

I
I
I
I
I
II
II
II

total 20
7
13
total 22
1
21
total 450
291

unpublished
unpublished
unpublished
II, unpublished
II
II, unpublished
III
III

159
total 3
2
1

III
IV
IV
IV

Human feces samples from children with (471 samples) or without diarrhea (187 samples) were

collected in Burkina Faso during the period 2009-2010 as described by Bonkoungou et al. (2012). The
samples were cultured on sorbitol-MacConkey agar to obtain mixed bacterial cultures. The mixed
cultures were subjected to 16-plex PCR to detect DEC virulence genes. STEC-positive samples (8)
were used for STEC isolation in this thesis.
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4.2 CONTROL STRAINS
Table 3. Control strains used in this thesis in publications I-III.
Pathogroup Strain1 Origin2
Genes in 16-plex PCR
E2348/69 (Baldini et al.,
RHE4283 1983)
248750 1989, Ann-Mari
Svennerholm,
RHE3533 Gothenburg, Sweden
RHE4266 ATCC 35401

EPEC

ETEC
ETEC
STEC
EIEC

RHE4270 ATCC 43895
RHE6647 SSI 145-46-215
Patient isolate, THL
IHE56822 (Keskimäki et al., 2001)
RHE6715 ATCC 25922

EAEC
E. coli
1
2

eae, escV, ent

elt, estIb, astA
elt, estIb, estIa, astA
stx1, stx2, eae, escV, ent,
EHEC-hlyA
invE, ipaH
pic, aggR, astA
uidA

RHE = Reference of Helsinki E. coli. IHE = Isolate of Helsinki E. coli.
ATCC = American Type Culture Collection. SSI = Statens Serum Institute, Copenhagen,

Denmark.

4.3 GENOTYPIC, PHENOTYPIC, AND IN SILICO METHODS
Table 4. Methods for isolation and typing used in this thesis. Roman numerals refer
to the publication in which the methods were used.
Target (number of
items subjected to
Method
the method)
Publication
Methods based on genotype
Mixed bacterial culture,
STEC (570)
Mixed bacterial culture
(41)

16-plex PCR
Colony hybridization of stx1 and stx2
saa PCR (5-plex PCR)
stx1 and stx2 subtyping PCR
Pulsed-field gel electrophoresis (PFGE)
Whole genome sequencing (WGS)
Whole genome mapping (WGM)
Methods based on phenotype
1

CHROMagar
Phage typing2
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I, II, III

STEC, STEC/ETEC (47)
STEC, STEC/ETEC (46)
STEC, STEC/ETEC (33)
STEC/ETEC (3)
STEC/ETEC (3)

II
II, III,
unpublished
II, III
II, III
IV
IV

Mixed bacterial culture
(20)
STEC O157 (1)

unpublished
unpublished

Production of enterohemolysin
VTEC Reverse passive latex agglutination
Antimicrobial susceptibility testing with disc
diffusion method

STEC (21)
STEC Stx (1)

II
II

STEC, STEC/ETEC (46)

Fermentation of sorbitol
Production of beta-glucuronidase

STEC, STEC/ETEC (47)
STEC, STEC/ETEC (46)

O:H-serotyping
Vero cell assay
ST ganglioside-GM1 enzyme-linked immunosorbent
assay
In silico methods3
Genome assembly
Genome annotation with PROKKA

STEC, STEC/ETEC (47)
STEC Stx (3)

II, III
II, III,
unpublished
II, III
II, III,
unpublished
IV

ETEC ST (3)

IV

STEC/ETEC (3)
STEC/ETEC (3)
STEC, other DEC, E. coli,
Shigella (37)
STEC/ETEC (3)

IV
IV

STEC/ETEC (3)
STEC/ETEC (3)
STEC/ETEC, STEC, other
DEC, E. coli, Shigella (76)
STEC/ETEC, STEC, other
DEC, E. coli, Shigella (76)
STEC/ETEC (3)
STEC/ETEC (3)
STEC/ETEC (3)
STEC/ETEC (3)
STEC/ETEC, STEC, other
DEC, E. coli, Shigella (76)

IV
IV

Whole genome mapping (WGM) in silico
Virulence gene detection with Ridom SeqSphere+
ETEC colonisation factor detection with in silico
primers
stx1 and stx2 subtyping with in silico primers
MLST with Ridom SeqSphere+
Phylogrouping with in silico primers
O:H-serotyping with in silico primers and probes
Identification of prophages with PHAST
Identification of Stx phage integration sites
Identification of plasmids with PlasmidFinder
Core genome MLST and sequence alignment
1

IV
IV

IV
IV
IV
IV
IV
IV
IV

CHROMagar STEC medium (CHROMagar Microbiology, Paris, France) was used to isolate STEC from

20 stx-positive meat and human stool cultures, which were negative for colony hybridization. The
method is described in detail in a published paper (Hirvonen et al., 2012). Briefly, the mixed bacterial
culture was streaked on CHROMagar STEC plate and incubated at 37°C for 20 h. Growth and color
formation was examined. Fluorescence of the colonies was observed under UV light. The colonies of
mauve color whether they were fluorescent or not were selected for 16-plex PCR to verify the
presence of stx genes. On CHROMagar STEC plate, the detection of STEC is based on the formation
of a mauve color. In addition, most O157 colonies are non-fluorescent and most non-O157 colonies
are fluorescent.
2

The established phage typing schema of 16 lytic phages (Ahmed et al., 1987) was used to subtype

the O157:H7 strain isolated in Burkina Faso using CHROMagar. Phage solutions were purchased from
Health Protection Agency, Laboratory of Gastrointestinal Pathogens, Colindale, London, England.
3

The term in silico refers to the methods performed on sequence data by computer.
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5 RESULTS
5.1 DEC IN RETAIL MEATS IN BURKINA FASO (I)
DEC virulence genes were found in 43% of the 120 meat samples studied
(Publication I, Table 3). The most contaminated meats were beef intestines, then
beef, mutton, and chicken. In all the meats together, STEC strains were detected at
the higher rate (28%) compared to EPEC (12%), ETEC (8%), and EAEC (4%) strains.
No EIEC strains were detected.
In all, 11 co-infections of two different DEC strains were detected among the
samples: STEC+ETEC, STEC+EAEC, and EPEC+ETEC (Publication I, Table 3).
Determination of the co-presence of STEC and aEPEC was not possible because
STEC strains may contain all the virulence genes present in aEPEC.
Of the 33 STEC positive meat samples, 12 were positive for stx1, stx2, eae, and
EHEC-hlyA, 11 for stx1 and stx2, 8 only for stx1, and two only for stx2. One chicken
sample was positive for the genes eae, escV, ent, and bfpB indicating tEPEC. Other
EPEC strains detected were aEPEC and possessed eae, escV and/or ent. Two EPECs
from mutton samples contained also EHEC-hlyA. The detected ETEC contained
estIa, estIb and/or elt. The five detected EAEC strains were positive for aggR and
negative for pic.

5.2 STEC FINDINGS USING COLONY HYBRIDIZATION AND
CHROMAGAR (II, UNPUBLISHED)
Altogether, 21 STEC strains were isolated from the 41 stx-positive (33 from meats
and eight from human feces samples) mixed bacterial cultures from beef, mutton
and bovine intestines (20 strains) and human feces samples (one strain from a child
with diarrhea) using colony hybridization targeting of the stx1 or stx2 gene. Of the
41 mixed cultures, 20 were negative in the colony hybridization. These 20 mixed
cultures were subjected to CHROMagar STEC medium, and a single STEC strain was
isolated (unpublished). The mixed cultures positive in the colony hybridization were
not tested on CHROMagar.
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5.3 CHARACTERISTICS OF STEC ISOLATED IN BURKINA FASO (II,
UNPUBLISHED)
Together, the 22 Burkinabe STEC strains isolated using colony hybridization or
CHROMagar were characterized by phenotyping and genotyping. Of the STEC
strains, 20 were characterized as classical STEC and two as STEC/ETEC hybrid
strains.

5.3.1

CLASSICAL STEC STRAINS

The STEC strains belonged to 15 different serotypes, of which O43:H2 was the most
common (Publication II, Table 1; Table 5). A single STEC strain was of the serotype
O157:H7 and it possessed the virulence gene profile stx2-eae-escV-ent-EHEC-hlyA as
determined by 16-plex PCR (unpublished). The bovine, mutton, and human strains
did not share the same serotypes. Of the 20 STEC strains, 10 carried both stx1 and
stx2, nine only stx1, and one only stx2. STEC isolated from meats possessed stx
subtypes stx1a, stx1c, stx1d, stx2a, stx2b, stx2c, and stx2d. The human STEC possessed
the subtype stx1c. Both the genes saa and EHEC-hlyA were carried by seven strains,
and seven strains carried EHEC-hlyA without saa. The STEC O157:H7 strain was
isolated from beef using CHROMagar, on which it was of mauve color and nonfluorescent (unpublished). The strain was of the phage type PT32 and it did not
ferment sorbitol.

5.3.2

STEC/ETEC HYBRID STRAINS

Among the Burkinabe STEC strains, two STEC/ETEC hybrids carrying both stx1 and
estIa genes were identified (Publication II, Table 1; Table 5). Both strains belonged
to the same serotype O2:H2, and they shared the same virulence gene profile stx1aEHEC-hlyA-estIa, same phenotypical characteristics, and they were isolated from
cultures of beef and bovine intestine samples. However, the two strains were not
genetically identical in PFGE (Publication II, Figure 1).
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Table 5. Characteristics of the classical STEC strains in Burkina Faso and the
STEC/ETEC hybrid strains in Finland and Burkina Faso.1,2
Strain
FE95160
FE95562
IH57218

stx1stx2EHECPubliOrigin
Serotype subtype subtype(s) eae hlyA saa cation
BF/bovine intestine
O2:H2
stx1a
+
II, IV
BF/beef
O2:H2
stx1a
+
II
THL/diarrhea, age 7 y O2:H27
stx2a
+
III, IV
3

THL/asymptomatic,
FE96344 age 46 y
FE102798 EVIRA/bovine feces

O2:H27
O2:H27

-

stx2a
stx2a

-

+
+

FE102800
FE102810
FE102829
FE102837
FE102839
FE102867

EVIRA/bovine feces
EVIRA/bovine feces
EVIRA/bovine feces
EVIRA/bovine feces
EVIRA/bovine feces
EVIRA/bovine feces

O2:H27
O2:H27
O2:H27
O2:H27
O2:H27
O2:H27

-

stx2a, stx2d
stx2a, stx2d
stx2a, stx2d
stx2a, stx2d
stx2a, stx2d
stx2a, stx2d

-

+
+
+
+
+
+

FE103622
FE102804
FE103145
FE94914
FE102865
FE102873

EVIRA/bovine feces
EVIRA/bovine feces
EVIRA/bovine feces
BF/beef
EVIRA/bovine feces
EVIRA/bovine feces

O2:H27
O2:H27
O2:H27
O8:HO15:H16
O15:H16

stx1a
-

stx2a
stx2a, stx2d
stx2a
stx2d
stx2g
stx2g

-

+
+
+
+
+
+

FE95928
FE99165
FE95385
FE95061
FE95614
FE95260

BF/bovine intestine
BF/diarrhea, age < 5 y
BF/bovine intestine
BF/beef
BF/beef
BF/beef

O20:H16
O22:H19
O38:H26
O43:H2
O43:H2
O43:H2

stx1d
stx1c
stx1c
stx1c
stx1c
stx1c

stx2b
stx2b
stx2b
-

-

FE102868
FE95381
FE95433
FE96003
FE94898
FE95201

EVIRA/bovine feces
BF/bovine intestine
BF/mutton
BF/bovine intestine
BF/bovine intestine
BF/beef

O74:H28
O74:H42
O76:HO77:H27
O82:H8
O82:H8

stx1a
stx1c
stx1d
stx1a
stx1a

stx2g
stx2a, stx2c
stx2b
stx2c
stx2c

IH53473
FE102891
FE95612
FE102863
FE102841
FE102838

THL/HUS, age 2 y
EVIRA/bovine feces
BF/mutton
EVIRA/bovine feces
EVIRA/bovine feces
EVIRA/bovine feces

O101:HO116:H28
O126:H8
O128:H8
O136:H12
O136:H12

stx1c
stx1c
stx1c

FE103613
FE95105
FE95104
FE102813

EVIRA/bovine feces
BF/beef
BF/bovine intestine
EVIRA/moose feces

O136:H12
O139:H25
O139:H25
O141:H8

stx1a
stx1d
stx1d
-
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-

III
III
III
III
III
III
III
III

-

III
III
III
II
III
III

+
+
+

-

II
II
II
II
II
II

-

+
+
+
+
+

+
+
+

III
II
II
II
II
II

stx2a
stx2a, stx2g
stx2g
stx2a
stx2a

+
-

+
+
+
+
+

stx2g

-

+
+

+

-

-

-

III, IV
III
II
III
III
III
III
II
II
III

FE102301 BF/beef

O157:H7

-

stx2
(subtype not
determined)

FE103623
FE94765
FE95383
FE103612
FE103621
FE95258

EVIRA/bovine feces
BF/mutton
BF/bovine intestine
EVIRA/bovine feces
EVIRA/bovine feces
BF/bovine intestine

O168:H8
O174:H8
O179:HO182:H16
O182:HO183:H18

stx1c
stx1a
stx1a
stx1a

stx2g
stx2a
stx2g
-

-

+
+
+
+
+

FE95610

BF/beef

O183:H18

stx1a

stx2a

-

+

1

+

+

-

-

unpublished

+

III
II
II
III
III
II

+

II

+

-

STEC/ETEC hybrids positive for the genes stx1 and/or stx2 and estIa are marked with grey color

and human strains are bolded.
2

Classical STEC strains in the Finnish human and non-human strain collections are not included

in the table.
3

BF = Burkina Faso; EVIRA = Finnish Food Safety Authority Evira.

5.4 STEC/ETEC HYBRID STRAINS IN FINLAND (III)
One per cent (3/291) of the human STEC and 14% (22/159) of the non-human STEC
strains had the ETEC-associated gene estIa. No other DEC virulence gene
combinations were identified among the 450 STEC strains studied. The three
human STEC/ETEC strains were isolated from two patients, one with HUS and one
with diarrhea, and from an asymptomatic carrier. The non-human STEC/ETEC
strains were isolated from the feces of cattle and moose.
The STEC/ETEC strains belonged to 11 serotypes, and all of them were non-O157
(Publication III, Table 1; Table 5). The serotype O2:H27 was the most common
serotype in both the human (two strains) and the animal strains (10 strains).
Most of the STEC/ETEC hybrid strains harbored the stx2 gene without stx1
(Publication III, Table 1; Table 5). The identified stx subtypes were stx1a, stx1c, stx2a,
stx2d, and stx2g. Only one strain, IH53473 O101:H-, was positive for the genes eae
and escV. All strains were negative for saa. The EHEC-hlyA gene was carried by 23
strains.
The PFGE banding patterns of the 12 STEC/ETEC O2:H27 human and bovine strains
revealed genetic differences inside the serotype as eight unique genotypes were
obtained (Publication III, Figure 1). The human strains were genetically different
from each other and from the bovine strains.
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5.5 STEC/ETEC GENOMICS (IV)
5.5.1

VIRULENCE CHARACTERISTICS

All three sequenced STEC/ETEC strains harbored several other virulence genes than
stx and estIa, and lacked ETEC colonization factors (Publication IV, Table 1). The
human strain O101:H- (IH53473) was the only strain possessing the SPATE gene
espP. All the strains harbored some virulence genes contributing to adherence:
putative adhesin gene eaeH, putative outer membrane autotransporter adhesin
gene yfaL, type 1 fimbria gene fimH, and common pilus subunit gene ecpA.
The three sequenced STEC/ETEC strains expressed Stx as indicated by Vero cell
cytotoxicity, and O2:H27 (IH57218) and O2:H2 (FE95160) produced also STIa as
indicated by an ST ganglioside-GM1 enzyme-linked immunosorbent assay. The
virulence gene analysis revealed that O101:H- (IH53473) possessed a frame shift
mutated estIa gene. The gene had a single nucleotide deletion, which resulted in
the frame shift mutation and produced a premature stop codon.

5.5.2

PHYLOGENETIC POSITION OF STEC/ETEC HYBRIDS

According to the two different phylogenetic analyses performed using cgMLST and
WGM, different DEC pathogroups were inter-mixed (Publication IV, Figure 1 and
Figure 3). For instance, STEC genomes were found in nearly all branches of the two
phylogenetic trees. In cgMLST, the human STEC/ETEC strains clustered with strains
representing ETEC, STEC, EAEC, and commensal and laboratory-adapted E. coli
(Publication IV, Figure 1). However, the bovine STEC/ETEC strain formed a remote
cluster with two STEC strains of bovine origin. The WGM similarity clustering was
consistent with the cgMLST-based phylogenetic tree (Publication IV, Figure 3).
The cgMLST included five previously sequenced STEC/ETEC genomes as references.
The human STEC/ETEC strains clustered with two of those, and the bovine
STEC/ETEC strain clustered with one other STEC/ETEC reference genome
(Publication IV, Figure 1). The analysis also contained reference genomes
representing 14 phylogenetic lineages of ETEC. The genomes of ETEC lineages L1,
L2, and L4 were the closest relatives to the human STEC/ETEC genomes studied.
The second closest relatives were the genomes representing colonization factornegative ETEC lineages L11 and L13.
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6 DISCUSSION
Foodborne diseases are an important public health problem worldwide. Generally,
STEC is a rare cause for foodborne diseases compared to Campylobacter spp. and
Salmonella in Finland (Huusko et al., 2015). However, STEC is associated with
severe disease and mortality, and no antimicrobial treatment is generally
recommended. In addition, the ability of STEC and other DEC to gain multiple
virulence genes may result in the emergence of super-virulent clones that can
rapidly spread in a population. In this thesis, the variation in virulence genes of DEC
was studied and hybrid strains of STEC and other DEC were identified and
characterized.

6.1 THE COMMON OCCURRENCE OF STEC AND OTHER DEC
STRAINS IN RETAIL MEATS POSE A PUBLIC HEALTH RISK IN
BURKINA FASO
The microbiological safety of meat products is an important public health concern
both in industrialized and developing countries. This study showed that retail meats
may be a risk for public health in Burkina Faso. The raw meats sold at open markets
were heavily contaminated with DEC (43%) and STEC (28%) strains. EPEC, ETEC and
EAEC strains were detected less often (12%, 8%, and 4%, respectively) than STEC in
the meat and intestine samples studied, except in chickens, which seem to be the
major source for aEPEC (25%) strains.
In studies assessing the prevalence of STEC in foods in industrialized countries by
PCR, usually lower prevalences have been observed. In some studies, PCR has been
performed directly from the food sample and in other studies after cultivation from
mixed bacterial culture or pure culture. This may hinder the comparison of results
between studies. In addition, selective culture media may have an effect on the
results. Using PCR detection of mixed culture or directly from the sample, STEC was
shown to be present in 11% of beef (Pradel et al., 2000) and 16% of minced beef
(Auvray et al., 2007) products in France. In the USA, less than 1% of the retail meats
were contaminated with STEC, detected using colony PCR (Xia et al., 2010). The
average prevalence of STEC O157 in raw beef products was 1.2% in a review of
several studies carried out in industrialized countries (Rhoades et al., 2009). In
China, 33% of beef, 55.6% of mutton, and 2.9% of chicken products were
contaminated with STEC, as detected by direct PCR (Bai et al., 2015) which
resembles the situation in Burkina Faso. In previous studies, aEPEC strains have
been associated with food production animals such as cattle and chickens (Trabulsi
et al., 2002, Hernandes et al., 2009, Moura et al., 2009). Using serogrouping for
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under the E. coli isolates, EPEC strains were detected in 11.3% of the chicken meat
samples studied in Cameroon (Nzouankeu et al., 2010). A small proportion of retail
meats have been shown to be contaminated with aEPEC (0.9%) in the USA by
colony PCR (Xia et al., 2010). In some studies, ETEC strains have been associated
with poultry (Farooq et al., 2009, Lee et al., 2009, Phetkhajorn et al., 2014). In
Thailand, ETEC strains were detected in 42% of raw chicken and 12% of beef
samples, using colony PCR (Phetkhajorn et al., 2014).
A possible place for contamination of meats with DEC is a slaughterhouse. By PCR
from mixed bacterial cultures, genes for DEC were found in 48% of the feces of
slaughtered cattle and chicken in Burkina Faso (Kagambega et al., 2012). In that
study, STEC was the most prevalent pathogroup in cattle feces (37%) and EPEC was
the most prevalent pathogroup in chicken feces (37%), whereas ETEC and EAEC
strains were detected in less than 8% of the cattle and chicken feces samples, and
EIEC in a few chicken feces samples only. Another study in Burkina Faso that was
focused solely on poultry carcasses showed that they were contaminated with EPEC
(39%), STEC (6%) and EAEC strains in combination with EPEC (11%) and STEC (2%)
strains, as detected by PCR from mixed bacterial culture (Kagambega et al., 2012).
Hence, the prevalence of DEC in the raw beef products and chicken meats studied is
in line with their prevalence in cattle and chicken feces and poultry carcasses in
Burkina Faso.
In the present study, only one meat sample was positive for the bfpB gene,
indicating tEPEC. Usually tEPEC strains are not carried by animals, and humans have
been reported to be the reservoir for tEPEC (Trabulsi et al., 2002). EAEC and EIEC
are not common in meats (Lee et al., 2009, Rugeles et al., 2010). EAEC isolated from
humans and animals differ in their virulence genes and phenotypical traits (Uber et
al., 2006). In addition, typical EAEC strains carrying the aggR gene have previously
been associated with a human source (Carlos et al., 2011). EIEC were not detected
in the present study, which is somewhat surprising. Humans are a major source for
EIEC (Meng et al., 2007) and it is thus possible that due to unhygienic conditions,
meat sellers or customers could contaminate the meat products with EIEC.
Screening and characterization of pathogenic bacteria from animals and food items
help to identify the possible infection routes for human disease. EPEC, especially
aEPEC, and ETEC have been linked to childhood diarrhea in Burkina Faso
(Bonkoungou et al., 2012). In that study, STEC and EIEC were not found to be
common in diarrheal children, and EAEC was recognized in both diarrheal children
and healthy controls, suggesting that it is not a cause for diarrhea. DEC are the
second most common agent for childhood diarrhea in Burkina Faso (Bonkoungou et
al., 2013). Raw meat may act as a source for infections since the meats studied
were found to be heavily contaminated with DEC. Defective meat-retail conditions
as well as unhygienic food preparation practices at home pose a risk for
transmission. Chicken meat contaminated with EPEC, especially aEPEC, may serve
as a reservoir for human infections, since aEPEC was found to be strongly
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associated with diarrhea (Bonkoungou et al., 2012). Also the close association
between humans and domestic and farm animals could play an important role in
human infections.
Virulence genes for more than one DEC pathogroup were detected among the meat
samples studied. Also other studies in Burkina Faso found the co-presence of
several DEC strains, for example, STEC and EAEC, to be rather common in the feces
of food production animals (9%) (Kagambega et al., 2012) and in children with
diarrhea (11%) (Bonkoungou et al., 2012). Most probably this is due to the presence
of more than one pathogroup. However, it is also possible that there is a hybrid
strain. When the STEC strains were isolated from raw meats in the present study,
two STEC/ETEC hybrids were indeed found. This shows that when multiple
virulence genes are detected in a mixed bacterial culture or sample, the possibility
of a hybrid E. coli strain should be considered.

6.2 VARIOUS VIRULENCE CHARACTERISTICS OF STEC IN
BURKINA FASO
The data showed that retail meats in Burkina Faso are a reservoir of STEC strains
belonging to diverse serotypes and they possess various virulence profiles. Based
on the pheno- and genotypic characteristics of the isolated STEC strains, they could
potentially be a serious health risk to people in Burkina Faso.
A single Burkinabe STEC strain from beef was of the serotype O157:H7, and the
other STEC serogroups commonly reported to cause infections in humans, O26,
O91, O103, O104, O111, and O145 (Caprioli et al., 2014), were absent. Strains with
identical O:H serotypes (O8:H-, O38:H26, O43:H2, O74:H42, O82:H8, O126:H8,
O174:H8, and O179:H-) have previously been found both from patients (Pradel et
al., 2000, Friedrich et al., 2002, Scheutz et al., 2004, Prager et al., 2005,
Bielaszewska et al., 2006, Buvens et al., 2010) and from non-human sources (Read
et al., 1992, Hussein and Bollinger, 2005, Oliveira et al., 2008, Fernandez et al.,
2010, Martin and Beutin, 2011). STEC O2:H2 (WHO, 1998) and O174:H8 (Brett et al.,
2003) have previously been associated with HUS. Thus, certain disease-associated
STEC serotypes are present in raw meat products in Burkina Faso.
The phage type of the Burkinabe STEC O157:H7 PT32 is not among the most
common phage types of O157 strains in Finland and England (Jalava et al., 2011,
Dallman et al., 2015). However, a STEC O157 strain of PT32 has recently caused an
outbreak with high levels of transmission in England (Bayliss et al., 2015).
STEC strains found in the present study carried the stx1 and stx2 subtypes stx1a,
stx1c, stx1d, stx2a, stx2b, stx2c, and stx2d. The subtypes stx1a and stx1c have been
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detected in patients with diarrhea and HUS (Brett et al., 2003, Kumar et al., 2012,
Zweifel et al., 2013). The subtype stx1d has been detected in patients with diarrhea
(Kumar et al., 2012). The subtypes stx2a and stx2c have been strongly associated
with HUS (Persson et al., 2007, Manning et al., 2008). The subtype stx2b has been
detected in a clinical STEC isolate (Son et al., 2015), and the subtype stx2d has been
associated with diarrhea (Persson et al., 2007).

6.3 CHARACTERISTICS AND GENETIC BACKGROUND OF
STEC/ETEC HYBRIDS IN FINLAND AND BURKINA FASO
6.3.1

COMBINATION OF SEVERAL VIRULENCE FACTORS IN STEC/ETEC
HYBRIDS MAY CONTRIBUTE TO INCREASED VIRULENCE

All the identified Finnish and Burkinabe human and animal STEC/ETEC strains
possessed stx1 and/or stx2 together with the ETEC-associated gene estla, which
encodes heat-stable enterotoxin Ia. Other characteristics in common, based on the
PCR results, were the absence of the saa gene and the common occurrence of the
EHEC-hlyA gene. The STEC/ETEC strains were of 12 different serotypes, of which
O2:H2, O2:H27, O15:H16, O101:H-, O128:H8, and O141:H8 have previously been
described as being associated with human disease (Albert et al., 1991, Thomas et
al., 1994, WHO, 1998, Fratamico et al., 2010, Prager et al., 2011). None of the
hybrids belonged to the STEC serogroups O26, O91, O103, O104, O111, O145, and
O157 were considered a big threat to humans (Caprioli et al., 2014).
The genomics of two human (IH53473 O101:H-, and IH57218 O2:H27 from Finland)
strains and one bovine (FE95160 O2:H2 from Burkina Faso) STEC/ETEC hybrid strain
were further investigated using WGS to define the similarities and differences in
their gene contents and the virulence properties related to other DEC pathogroups.
The strains harbored varying combination of several virulence genes, some of which
have been associated with ETEC, EAEC/STEC, and EAEC. Among these were ETECassociated genes clyA, ecpA, and fimH, which encode for cytolysin A, a common
pilus subunit, and type 1 fimbria, respectively (Sahl et al., 2011) and a SPATE gene
espP, which has an impact on mucosal damage and colonization (Boisen et al.,
2009). Currently, 22 ETEC colonization factors have been identified (Del Canto et al.,
2011). However, some ETEC strains do not possess any of these colonization
factors, suggesting that these strains have unknown determinants for adhesion. The
sequenced STEC/ETEC strains lacked the ETEC colonization factors and non-classic
adhesins Tia, Tib, and EtpA (Del Canto et al., 2011). Thus, they may have other
virulence genes for colonization and adhesion, such as the detected genes eaeH,
ecpA, yfaL, and fimH (Chen et al., 2006, Wells et al., 2010, Sahl et al., 2011, Olesen
et al., 2013).

47

The three sequenced STEC/ETEC hybrids were also tested for the production of Stx
and STIa and two of them were able to produce both toxins. One strain did not
produce STIa, and it was shown to carry a truncated estIa gene. Apparently for this
reason, no STIa was produced. The ability to produce both toxins may result in
enhanced virulence. Clinically relevant STEC, and especially eae positive STEC, have
shown higher Stx cytotoxicity levels compared to food isolates, which have shown
diverse Stx cytotoxicity levels (Shen et al., 2015). The human strain O2:H27
(IH57218) and the control strain ETEC H10407 showed a higher STIa production rate
compared to the bovine strain (FE95160). Most of the ETEC strains isolated from
children suffering from diarrhea (Qadri et al., 2000, Shaheen et al., 2004) and
isolated from the environment (Begum et al., 2005) have produced only ST.
Several studies have identified STEC- and ETEC-associated virulence genes that coexist in strains of human, animal and environmental origin (Muller et al., 2007, VuKhac et al., 2007, Fratamico et al., 2008, Lienemann et al., 2011). Recently, both
STEC/ETEC and EPEC/ETEC hybrids have been found in cattle in Iran (Askari Badouei
et al., 2016). Other E. coli hybrids, such as EPEC/EAEC (Liebchen et al., 2011),
EPEC/ETEC (Dutta et al., 2015), and STEC/EAEC/EIEC (da Silva Santos et al., 2015),
have been described. STEC strains have been observed even with genes of
extraintestinal pathogenic E. coli (Bielaszewska et al., 2014).
DEC strains with new virulence factor combinations are emerging. This may be at
least partly due to the fact that the methods to detect them have recently been
improved. However, some hybrid E. coli have been described more than a decade
before the German outbreak in 2011 (Morabito et al., 1998, Mellmann et al., 2011).
As far as STEC isolates are routinely examined only for the presence of stx or Stx
production, the virulence factors associated with other DEC in STEC isolates remain
undetected in diagnostics. By means of WGS it is possible to cost-efficiently detect
different virulence genes and other genomic characteristics simultaneously.

6.3.2

STEC/ETEC HYBRIDS ARISE FROM DIVERSE PHYLOGENETIC
BACKGROUNDS

The phylogeny of the two sequenced human strains and one bovine STEC/ETEC
strain showed that the STEC/ETEC hybrid strains originated from several genetic
backgrounds, indicating their independent emergence. The phylogenetic placement
of the human STEC/ETEC strains suggested a common ancestor with certain ETEC,
STEC, EAEC, laboratory-adapted and commensal E. coli strains. In addition, genetic
comparison with the genomes representing the major ETEC lineages (von Mentzer
et al., 2014) suggested that STEC/ETEC hybrid strains may also have genetic
backgrounds linked with certain colonization factors and toxin gene profiles. It is
also possible that certain genetic backgrounds may favor the acquisition of both
ETEC virulence genes and Stx phages, since some of the previously characterized
STEC/ETEC hybrids (Shepard et al., 2012, Steyert et al., 2012) were clustered with
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the STEC/ETEC genomes studied. Previously, it has been shown that a specific
phylogenetic background is required for the acquisition of certain virulence factors
in E. coli (Escobar-Paramo et al., 2004). Other studies have demonstrated the vast
genetic variability inside both STEC and ETEC pathogroups (Turner et al., 2006,
Ogura et al., 2009, Steyert et al., 2012, Haugum et al., 2014, von Mentzer et al.,
2014). The phylogeny obtained with similarity clustering by cgMLST and WGM is in
line with other studies.
All the non-human STEC/ETEC hybrids from Finland and Burkina Faso were of
ruminant origin. Ruminants might act as a reservoir for hybrid E. coli
(Bandyopadhyay et al., 2011, Askari Badouei et al., 2016). The bovine or other
ruminant population might be a potential place for horizontal gene transfer to
occur between E. coli strains, since ruminants are considered permanent hosts and
humans as transient accidental hosts (Franz et al., 2014).
Genetic comparison using PFGE showed that the STEC/ETEC serotype O2:H27
strains consisted of several different genotypes. The human strains were genetically
different from the bovine strains and from each other. Moreover, the two
Burkinabe bovine STEC/ETEC O2:H2 strains with identical virulence gene profiles
had distinct genotypes. This suggests the possibility of a horizontal transfer of stx
and estIa genes and emergence of STEC/ETEC hybrids from different genetic
backgrounds. O2:H27 is a common STEC serotype in cattle (Monaghan et al., 2011)
and O2 is a common STEC and ETEC serogroup in sheep (Bandyopadhyay et al.,
2011). It is possible that O2:H27 and O2:H2 strains circulating in ruminant
populations may have obtained additional virulence factors via horizontal gene
transfer (Boerlin et al., 1998).
Given the genetic heterogeneity, it is not surprising that both ETEC and STEC strains
can arise in different phylogenetic groups and that they do not necessarily form a
clonal lineage. Even some commensal strains may have pathogenic potential, since
certain parts of their genomes may act as genetic repositories for virulence factors
(Escobar-Paramo et al., 2004, Rasko et al., 2008). Acquisition of appropriate
pathogenic features may cause a transformation of a commensal strain to a
pathogen or a strain of one pathogroup to a hybrid pathogroup.

6.4 USEFULNESS OF COLONY HYBRIDIZATION AND OPTION TO
USE CHROMAGAR FOR ISOLATION OF STEC
In the colony hybridization targeting stx1 and stx2 gene, STEC strains were isolated
in 51% of the 41 stx-positive mixed bacterial cultures. The remaining 20 negative
mixed cultures were subjected to CHROMagar STEC medium, which yielded one
additional STEC isolate.
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Colony hybridization is suitable for the isolation of all STEC strains regardless of the
virulence gene composition, biochemical properties, or serotype. The biggest
drawback is that the method is very laborious. There are possible reasons why
nearly half of the samples remained negative. The proportion of STEC might have
been too low compared to other bacteria in the mixed culture or STEC detected by
PCR were in a viable but non-culturable state. STEC might have been covered by
other flora on the plate that was used for colony hybridization and no trace was left
on the hybridization membrane. In two other studies utilizing colony hybridization,
STEC were recovered only from 21% (Breum and Boel, 2010) and 30% (Auvray et al.,
2007) of the stx-positive samples.
In a previous study, CHROMagar STEC was shown to detect most of the STEC strains
belonging to serogroups associated with human infections: O26, O111, O121, O145,
and O157 (Hirvonen et al., 2012). The ability to grow on CHROMagar is highly
associated with the presence of the tellurite resistance gene terD. In that study, the
STEC strains of serotypes O2:H27, O8:H9, O43:H2, and sorbitol fermenting O157:H7
among others did not grow on CHROMagar. In fact, only one-fifth of the eaenegative and stx-positive STEC isolates were detected using CHROMagar. The low
isolation rate of STEC in this thesis may be due to the strain characteristics that did
not enable the growth on CHROMagar. Thus, CHROMagar would only be suitable
for an option for STEC isolation after primary culture and PCR detection. If
CHROMagar does not yield a positive outcome, then colony hybridization may be a
viable option.

6.5 USEFULNESS OF WGS IN STEC SURVEILLANCE
The cost of sequencing itself is not a limiting factor anymore (Joensen et al., 2014).
In silico typing methods are fairly easy to set up and subsequently run for each
isolate. However, careful evaluation and validation is needed when new typing
methods are applied in the surveillance of pathogenic bacteria.
There are plenty of easy-to-use tools available for non-bioinformatician users. One
of these is Ridom SeqSphere+ (Ridom GmbH, Münster, Germany), which was used
in this thesis. However, only a limited set of in silico typing methods are currently
available, and customized methods need to be set up for STEC and many other
bacteria. Automatic on-line tools for in silico typing of enteric pathogens using WGS
data are available. SeroTypeFinder detects E. coli O- and H-antigens (Joensen et al.,
2015). VirulenceFinder detects a large set of virulence genes among enteric
pathogens (Joensen et al., 2014). ResFinder detects antimicrobial resistance genes
(Zankari et al., 2012).
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Extraction of the O:H-serotyping result from the sequence data was tested in this
study. The results were partly inconsistent with results of the traditional phenotypic
methods. Antisera agglutination relies on the bacterial phenotype, which may
sometimes give a different result compared to the genotype if the genes are silent.
In Public Health England, STEC non-O157 serotyping using WGS data gave
concordant results for 96% of the isolates when compared to O- and Hagglutination data (Chattaway et al., 2016). In addition, nearly all previously H nontypeable isolates were typed using WGS data.
In this study, stx1 and stx2 gene subtypes extracted from the sequence data were
consistent with the results obtained by PCR. In Public Health England, STEC nonO157 stx subtyping using WGS data gave concordant results in 92% of isolates when
compared to stx subtyping PCR results (Chattaway et al., 2016). This inconsistency
was probably due to non-specific primer binding during PCR amplification.
In Public Health England, WGS has already been validated as a tool for STEC O157
and non-O157 surveillance (Dallman et al., 2015, Chattaway et al., 2016). At the
Bacterial Infections Unit, THL, Finland, the validation is currently being performed.
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7 CONCLUSIONS
In this thesis, new knowledge on variety of the virulence genes and hybrid virulence
of STEC and other DEC strains was obtained:
-

Retail meats in Burkina Faso are a reservoir of various DEC, especially STEC
strains. The presence of these pathogens can be due to contamination
during meat processing at slaughterhouses or due to the retailers' poor
handling of meat. The lack of a cold chain may worsen the situation. If the
meat is not properly cooked or food-preparation hygiene is compromised,
human infections may occur.

-

In Burkina Faso, STEC strains belonging to diverse serotypes and with
various virulence profiles were found to be present in raw meats. Based on
the pheno- and genotypic characteristics of the isolated STEC strains, they
may potentially be a serious health risk to people in Burkina Faso.

-

STEC/ETEC hybrid strains are present in both Finland and Burkina Faso, in
two climatically and socioeconomically distant countries. In Finland,
STEC/ETEC hybrid strains have infected humans. In addition, they are carried
by food production animals. In Burkina Faso, STEC/ETEC hybrids are present
in raw meat products.

-

STEC- and ETEC-associated virulence genes co-exist in strains originating
from different phylogenetic lineages, suggesting their independent
emergence. In addition, the STEC/ETEC hybrid strains possess a combination
of several additional virulence genes and adhesins, some of which have
been associated with ETEC, EAEC/STEC, and EAEC strains.

-

The multiple virulence factors, especially the ability to produce several
cytotoxins and to adhere to intestinal epithelial cells, may increase the
virulence of hybrid E. coli for humans. This may result in more severe
disease in a patient and an increased spreading potential.

-

Hybrid E. coli strains should be considered as emerging pathogens, which
may have serious consequences for public health. They challenge the
traditional diagnostics of E. coli infections.

-

WGS is becoming a common priority method for obtaining detailed typing
information in the service of patient care and surveillance. Using WGS, it is
possible to replace the phenotype-based and gene-based typing methods in
STEC typing.
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