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Resumo

No ano de 2015, a Organizacdo Mundial de Saude coordenou uma iniciativa
internacional para estimar a carga global de doenga de origem alimentar, através da
publicacdo Estimates of the Global Burden of Foodborne Diseases. De acordo com
estimativas recentes, em 2010, E.coli produtora de toxina Shiga (STEC) foi responsavel por
12 953 anos de vida ajustados por incapacidade (DALYs), enquanto E.coli enterotoxigénica
(ETEC) foi responsavel por 2 084 229 DALYs e E.coli enteropatogénica (EPEC) por 2 938
407 DALYs. Estes grupos de E.coli estdo associados a gastroenterite humana com
severidade variavel, no entanto, STEC pode ainda desencadear sindrome hemolitico
urémico e doenga renal de estadio terminal. Este trabalho teve como objetivo estimar a
carga de doenca de origem alimentar anual associada a infegdo por STEC, por ETEC e por
EPEC a partir dos resultados de quantificagao microbiolégica efetuada a refeigbes prontas a
consumir servidas em cantinas institucionais no periodo de 2018 a 2019. Para isso, os
resultados das contagens de E.coli foram compilados e organizados numa base de dados. O
numero estimado de casos de doenca resultou da aplicacdo de modelos de dose-resposta
para a estimativa do risco, através da metodologia de avaliagcdo quantitativa de risco
microbioldgico, tendo também permitido o célculo dos DALYs. Construiram-se dois cenarios
diferentes com base na quantidade de refeicdo consumida e também considerando a
ocorréncia de E.coli STEC, ETEC e EPEC. Uma analise de sensibilidade foi efetuada para
cada um dos modelos utilizando o método de Sobol.

Tendo em conta o cenario de consumo duma refeicdo diaria com 450 gramas, a
estimativa da carga de doenga associada ao consumo das referidas refeicdes foi de
4,99x10-® DALYs/pessoa/ano para infecdo por STEC, 2,82x10“* DALYs/pessoa/ano para
infecdo por ETEC e 7,91x10%¢ DALYs/pessoa/ano para infegdo por EPEC. De acordo com a
analise de sensibilidade, o fator que mais contribuiu para a variabilidade nos modelos STEC
foi a ocorréncia do grupo de E.coli, no modelo ETEC foi o numero de pessoas expostas ao

perigo e no modelo EPEC foram as concentragdes de E.coli.

Palavras-chave: Carga de doenca, Escherichia coli, anos de vida ajustados por

incapacidade, alimentos prontos a consumir, avaliagdo quantitativa de risco microbiologico.



Abstract

In 2015 the World Health Organization launched an initiative to estimate the global
burden of foodborne disease, through the release of the Estimates of the Global Burden of
Foodborne Diseases.

According to the most recent estimate, in 2010, Shiga toxin-producing E.coli (STEC)
was responsible for 12,953 disability adjusted life years (DALYs), enterotoxigenic E.coli
(ETEC) for 2,084,229 DALYs and enteropathogenic E.coli (EPEC) for 2,938,407 DALYs.
These E.coli groups are associated with the onset of gastroenteritis with different severities,
however, STEC can be associated with other sequelae such as hemolytic uremic syndrome
and end stage renal disease. This work aimed to estimate the annual foodborne burden of
disease associated with STEC, ETEC and EPEC infection based on results of E.coli
quantification in ready-to-eat meals of institutional canteens from 2018 to 2019. Results were
compiled and organized in a database, and the number of expected cases of disease
resulted from the application of dose-response models for risk assessment using quantitative
microbial risk assessment methodology which also allowed DALY's calculation. Two different
scenarios were built based on the ingested meal portion and also based on the occurrence of
E.coli STEC, ETEC and EPEC. A sensitivity analysis was performed for each model using
Sobol method.

Assuming a scenario in which a whole meal portion (450 grams) was consumed daily,
the calculated burden was 4.99 x 10 DALYs/person/year for STEC infection, 2.82 x 10
DALYs/person/year for ETEC infection and 7.91 x 10° DALYs/person/year for EPEC
infection. Regarding the sensitivity analysis, the factors that most contributed to the overall
output variability were the occurrence of the E.coli group for the STEC model, the number of
people exposed to the hazard for the ETEC model and the E.coli concentrations for the
EPEC model.

Keywords: Burden of disease, Escherichia coli, Disability Adjusted Life Years, ready-to-eat

foods, Quantitative Microbial Risk Assessment.
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1. Introduction

The World Health Organization (WHO) works closely with the Food and Agriculture
Organization (FAO) and the World Organization for Animal Health (OIE) and other
international organizations to ensure food safety along the entire food chain from production
to consumption (WHO 2020a).

Foodborne diseases are an important cause of mortality and morbidity worldwide, but
the full extent and cause of unsafe food is unknown (Aidara-Kane et al. 2016). To fill this gap,
in 2015, the WHO together with other partnered institutions launched an initiative to estimate
the global burden of foodborne disease, by supporting countries in the assessment of their
own burden of foodborne disease, increasing the commitment to implement food safety
standards, and ultimately raising awareness for the magnitude and dimensions of this global
problem (WHO 2015; Aidara-Kane et al. 2016). Foodborne illnesses are infectious or toxic in
nature and can be caused by bacteria, viruses, parasites or chemical substances such as
naturally occurring toxins, persistent organic pollutants and heavy metals that enter the body
through contaminated food or water (WHO 2020a). Additionally, physical hazards such as
foreign objects are also important but are not subject to international food safety standards
(Aidara-Kane et al. 2016). These hazards can be an inherent constituent of the food or result
from unintentional addition during food production, processing or preparation (Hoffmann and
Scallan 2017). The most common pathogens responsible for foodborne iliness in the United
States, according to the CDC (2020), are Norovirus, Salmonella, Clostridium perfringens,
Campylobacter and Staphylococcus aureus and the ones most likely to cause hospitalization
are Clostridium botulinum, Listeria monocytogenes, Escherichia coli and Vibrio. Although
many of these agents cause diarrhea and vomiting, a universal and consensual way to fully
characterize the clinical outcomes of all foodborne diseases is still to be proposed as there is
no single clinical syndrome for all of them (Hoffmann and Scallan 2017).

Risk assessment is a well-defined scientific process that comprises several steps to
characterize the potential hazards and the associated risks to life and health condition that
results from the exposure through food over a specific period of time (Aidara-Kane et al.
2016). This type of approach constitutes the basis for an informed policy development,
allows for the prioritization and implementation of risk management measures for hazard
control and fundamental reduction and prevention of foodborne diseases (Aidara-Kane et al.
2016).

Regarding the burden of disease, Disability Adjusted Life Years (DALY) is recognized
as the ultimate measure for quantifying the population health impact of foodborne diseases
and while estimating DALY is an inspirational goal, any step towards is valuable (Pires et al.
2021).



This dissertation’s main aim is to perform a burden of disease estimation in
institutional canteens food consumers, using Escherichia coli (E.coli) quantification results
from routine food analysis by classical microbiological methods, discriminating all possible

clinical outcomes associated with E.coli infection.

2. Literature Review

2.1. Overview of foodborne disease

Foodborne disease is one of the main causes of global mortality, which accounts for
about 600 million illnesses and 42.000 deaths annually (Havelaar et al. 2015). Foodborne
diseases can result from the presence in food of pathogens, such as virus, fungi, bacteria,
prions, parasites, but also chemicals and foreign objects that can be transmitted to humans
(Scallan et al. 2011; Pouliot and Wang 2018).

In the WHO European Region, it is estimated that 23 million people get sick from
eating contaminated food every year, resulting in 4654 deaths and more than 400.000
Disability Adjusted Life Years (DALYs) (WHO 2017). The most frequent cause of foodborne
illness are diarrheal agents, among which the most common are Norovirus and
Campylobacter spp. Non-typhoidal Salmonella spp. is responsible for the majority of deaths
(WHO 2017). Some of these agents can be zoonotic, being transmitted from non-human
animals to humans (WHO 2020b). In the European Union, campylobacteriosis,
salmonellosis, Shiga toxin-producing E.coli (STEC) infections and yersiniosis were the most
frequently reported zoonosis in 2019 (EFSA 2021). The consumption of animal products has
increased due to the increase in human population, per capita income, consumer demands,
such as higher protein content in the diet, and is expected to continue rising (Dhama et al.
2013). The growing tendency on the demand of animal products will therefore increase
intensive animal production, processing of products and global food trading (Heredia and
Garcia 2018). Regarding animal products, meat and poultry products are responsible for the
majority of foodborne illnesses (Heredia and Garcia 2018; Nganje et al. 2021).

According to the European Union One Health Zoonoses Report, in 2019, infection
from Shiga toxin-producing E.coli, also known as STEC, was the third most reported
zoonosis in the European Union (EFSA 2021). A total of 7775 infections were reported, of
which, only one case was notified by Portugal. Two hundred and twenty-three cases were
assigned to foodborne outbreaks, with fifty resulting in hospitalization and one death. A study
of STEC outbreaks with foodborne origin in European member states between 2010-2018,
concluded that beef and products thereof, water, vegetables, juices, and other products
thereof, as well as milk and cheese, were the main vehicles for these infections (EFSA

2021). It is estimated that, annually, STEC is responsible for 2.801.000 infections worldwide,



3890 hemolytic uremic syndrome cases, 270 end stage renal disease cases and 230 deaths
(Majowicz et al. 2014). However, there are more E. coli pathotypes that contribute to the
burden of foodborne diarrheal disease. With regard to the WHO Estimates of The Global
Burden of Foodborne Diseases, the most recent to date, it is estimated that, globally, STEC
is responsible for 12.953 foodborne DALYs, enterotoxigenic E.coli (ETEC) for 2.084.229 and
enteropathogenic E.coli (EPEC) for 2.938.407, in the year of 2010 (WHO 2015).

2.2. Escherichia coli

The genus Escherichia and E.coli species have been recognized for over a century
(Donnenberg 2013). E. coli is a gram negative, facultative anaerobe, non-sporulating rod that
belongs to the Enterobacteriaceae family; it is able to ferment sugars through lactose
fermentation with the production of acid and gas (Feng 2013).

This organism mainly inhabits the lower intestinal tract of warm-blooded animals and
is also present in the environment as a result of wastewater effluent and fecal contamination
(Jang et al. 2017).

It is mainly present in the colon and cecum of vertebrates, residing in the mucus layer
and shed into the intestinal lumen and excreted with the feces (Poulsen et al. 1994; Nawrocki
et al. 2020).

The host-E.coli relationship begins at birth with the colonization of newborns with
maternal E.coli present in fecal matter and as a result of subsequent handling (Blount 2015).
In fact, E.coli becomes more abundant in the mother’s microbiome during pregnancy in order
to increase the chances for newborns contamination (Koren et al. 2012). However, with the
increasing rates of cesareans and increased hospital hygiene practices, colonization by
E.coli has decreased and this leads to broader microbiome changes, such as an increased
colonization by Staphylococcus aureus (Blount 2015). This association since early human
development benefits the host with the production of menaquinone (vitamin K) and riboflavin
(vitamin Bz) (Blount 2015; Nawrocki et al. 2020). Moreover, the host-E.coli association has
numerous other benefits beyond vitamin production, such as intestinal environment
modulation, blocking other pathogens from colonizing the gut and also playing a role on the
structure and function of epithelial cells, which is crucial for a healthy microbiome
development (Blount 2015; Tomas et al. 2015).

The concentration of E.coli in human feces can range from 107-10° cfu per gram and
10%-108 in domestic animals (Smith 1978; Penders et al. 2006; Tenaillon et al. 2010).

The classification of E. coli species is based on its antigenic composition based on
the Kauffman classification, in which somatic (O) and flagellar (H) antigens are determined to
insert the species in a serogroup and serotype, respectively (Whitfield and Roberts 1999;
Fratamico et al. 2016). So far, 186 O and 53 H antigens have been recognized (Fratamico et

al. 2016). Moreover, E. coli can be classified in intestinal pathogenic E.coli (InPEC) and
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extraintestinal pathogenic E.coli (EXPEC) (van der Hooft et al. 2019). E.coli strains isolated
from infections outside the intestinal tract can be classified in uropathogenic E.coli (UPEC),
neonatal meningitis-associated E.coli (NMEC), sepsis-causing E.coli (SEPEC) and avian
pathogenic E.coli (APEC) (Kdhler and Dobrindt 2011; Sarowska et al. 2019; Kathayat et al.
2021). Detection of specific virulence-associated genes or combinations thereof allows the
distinction between pathogenic, non-pathogenic and ExPEC E.coli. (Koéhler and Dobrindt
2011; van der Hooft et al. 2019). EXPEC, in general, can be present in the intestinal
microbiota of healthy population and once gaining access to locations outside of the gut, it is
able to colonize the niche and cause disease. (Kdhler and Dobrindt 2011; Sarowska et al.
2019).

Although most of E.coli strains are commensal organisms in the intestine, some E.
coli pathotypes harbor virulence factors making them pathogenic, diarrheagenic or
enterovirulent (Heredia and Garcia 2018). This particular group of pathogenic E.coli is
classically sub-divided into categories (Table 1), being responsible for gastrointestinal
infections: enteropathogenic E.coli (EPEC), Shiga toxin-producing E.coli (STEC),
enterotoxigenic E.coli (ETEC), enteroaggregative E.coli (EAEC), enteroinvasive E.coli
(EIEC), diffusely adherent E.coli (DAEC) and adherent-invasive E.coli (AIEC) (Croxen et al.
2013; Heredia and Garcia 2018). Enterohemorrhagic E.coli (EHEC) is considered a subset of
pathogenic STEC strains (Feng 2013).

The common clinical outcome for all groups of intestinal pathogenic E.coli is
gastroenteritis and can differ in the characteristics of diarrhea. Moreover, many risk factors
can influence the development of bacterial gastroenteritis, such as age (lack of immunity to
certain pathogens in young children, and physical and biological alterations in the elderly),
gastric acidity, intestinal dysmotility, immunosuppression, genetic predisposition, use of
antibiotics, overcrowded living conditions and poor sanitation (Ranasinghe and Fhogartaigh
2021).

Table 1. Characteristics and virulence genes of diarrheagenic E.coli. Adapted from Cabrera-
Sosa and Ochoa (2020). In bold are the main virulence genes used for the diagnosis of each
pathotype; CF, colonization factors.

Intestinal Pathogenic E.coli (InPEC)

Pathotype Diarrhea’s Characteristics Virulence genes
EPEC Watery; acute or persistent eae, bfp
ETEC Watery; acute LT, ST, and CF genes
STEC Bloody; acute stx1, stx2, eae, ehx, fliC
EAEC Watery; acute or persistent aggR, astA, aatA, aaiC, aap, setlA
EIEC Bloody; acute ipaH, iall
DAEC Watery; acute or persistent Afa/Dr adhesin genes: daaC, daaD, daaE, afaB,
afaC
AIEC Watery; acute or persistent No specific gene reported




2.2.1. Enteropathogenic E. coli

EPEC was the first group identified as diarrheagenic E. coli and is of more importance
in children, especially those under two years old in developing countries (Cabrera-Sosa and
Ochoa 2020). Transmission occurs via fecal-oral route through contaminated food, water or
fomites (Donnenberg 2013). To date, humans and domestic animals are considered the main
strain hosts (Denamur et al. 2021). Clinical signs often include watery diarrhea that
sometimes can be bloody, with little or no fever lasting for a few days, although in severe
cases it can last up to 14 days. Infection and exposure to EPEC seems to build immunity,
which may explain the lower incidences in other ages (Feng 2013). Infection of adults is
associated with the ingestion of large inoculum (Landraud and Brisse 2010). Despite the
lower incidence, meta-analysis studies suggest that in adults EPEC incidence in developed
nations is severely underreported, or not even reported, when compared with other
pathogens (Carlino et al. 2020). This type of E.coli colonizes the small intestine mucosa and
induces an attaching and effacing lesion in the enterocytes, although the way that it causes
diarrhea is not well understood (Cabrera-Sosa and Ochoa 2020). Additionally, it has been
reported that this type of E.coli can exhibit resistance to a large range of antibiotics
(Rodrigues et al. 2019; Eltai et al. 2020).

2.2.2. Enterotoxigenic E.coli

ETEC is an important cause of diarrhea in all ages and a common cause of traveler’s
diarrhea; Clinical signs include watery diarrhea, without blood or mucus, that can be
accompanied by fever, abdominal cramps, vomiting and is usually self-limiting, mild and
brief, but severe forms can also occur. Infections generally result from consumption of
contaminated food or water (Feng 2013). Similarly to EPEC, ETEC colonizes the small
intestine mucosa by attachment to the intestinal epithelium, followed by the production of
enterotoxins, that can be heat-labile (LT) or heat-stable (ST); ETEC strains may produce only
one or both types of the toxin and several other pathogenic factors, such as colonization
factors (Nazarian et al. 2012; Alerasol et al. 2014; Mirhoseini et al. 2018). Humans, pigs and

cattle are the known hosts of the strain (Denamur et al. 2021)

2.2.3. Shiga toxin-producing E.coli

In 1898 Kiyoshi Shiga discovered the bacteria responsible for bacillary dysentery and
named it Bacillus dysenterie. In the years that followed, several researchers isolated more
strains, creating the Shigella genus that included four species: S. dysenteriae, S. flexneri, S.
boydii and S. sonnei. However, in 1944, strains of E.coli capable of invading the colon
mucosa in a way that was similar to Shigella were identified and named enteroinvasive E.
coli (EIEC) (Kupfer 2018).



Shigella is known for causing dysentery which consists of frequent, painful passage of
stools that consist of mucus, blood, inflammatory cells and fecal matter with humans being
the only known reservoir, and infection occurs by fecal-oral or human-to-human transmission
(Bennish and Ahmed 2020). Children with ages 1-4 are the most affected by enteric
shigellosis (Kotloff et al. 2013). However, more deaths occur in adults and older children
because the immunity acquired is serotype specific, which makes adults and children
susceptible to disease caused by other serotypes with which they have not previously
contacted with (Naghavi et al. 2017; Bennish and Ahmed 2020). Of all Shigella species, S.
somnei is the main cause of Shigellosis in wealthy and industrialized countries. However, the
most problematic and pathogenic is S. dysenteriae type 1, causing the most severe disease,
as it is capable of producing the Shiga toxin as well (Bennish and Ahmed 2020).

Shigella differs from E.coli in biochemical properties, as they are non-motile, lysine
decarboxylase negative, do not form gas from carbohydrates fermentation, do not ferment
lactose or show late lactose fermentation, and are unable to produce hydrogen sulfide
(Bliven and Lampel 2017). With the development of molecular technologies and genome
sequencing, it became clear that Shigella and EIEC were very similar and should be
classified in one genus. Nowadays, Shigella and E.coli are considered to be unique
genomospecies, and are so related that should be part of the same genus Escherichia (Beld
and Reubsaet 2012; Devanga Ragupathi et al. 2018).

2.2.3.1. Shiga toxin

Shiga toxin (Stx) is one of the most potent bacterial toxins known. It can be found
typically in S. dysenteriae 1 and in some E.coli serogroups (Stx1 or Stx2). Variations of the
toxin can be found and isolated and therefore can be subdivided into groups that share the
same antigen properties. Stx2 has the same mode of action as Stx/Stx1, however E.coli
strains that encode Stx2 are more prone to cause a more severe disease than those carrying
Stx1 (Melton-Celsa 2014). Stx1 is virtually identical to Stx with only one amino acid residue
that differs, whereas Stx2 is only 60% similar to Stx and is immunologically distinct. However,
all Stx isoforms share the same general structure and mechanism of action (Engedal et al.
2011). The presence of these genes that encode the toxin are acquired through a lambdoid
bacteriophage and classify the E.coli strain as Shiga toxin-producing E.coli (STEC) (Croxen
et al. 2013).

The toxin structure is constituted by an A subunit, responsible for the enzymatic
action of the toxin, formed by two subunits, A1 and A;, connected by a disulfide bridge, and

by B subunit, responsible for the binding to Gb3 receptors in host cells (Melton-Celsa 2014).



The B subunit is responsible for the selective binding to the Gb3 receptor located in
the plasma membrane of target cells and allows for the cellular uptake and intracellular
transport of the toxin. The Gb3 receptor is expressed mostly in kidney epithelium and
endothelium, microvascular endothelial cells of the intestinal lamina propria, platelets,
subsets of germinal centre B lymphocytes and, in less extent, monocytes and derived cells,
neurons, and endothelial cells of the central nervous system (Engedal et al. 2011).

Once in the cytoplasm, the A subunit inhibits protein synthesis and acts in the cell,
specifically the ribosomes, where it induces a response called “ribotoxic stress response”
which is pro-inflammatory, pro-apoptotic and leads to cell death (Gallegos et al. 2012;
Melton-Celsa 2014). Besides binding to the receptor, the B subunit presents other biological
activities such as cytoskeletal remodeling, retrograde trafficking of the toxin, stimulation of
von Willebrand factor secretion, activation of apoptotic cascades and possibly the signaling
of Toll-like receptor-4 (Jandhyala et al. 2012).

2.2.3.2. Hemolytic Uremic Syndrome

One of the possible outcomes of the biological activity of Shiga toxin is the
development of a medical condition known as Hemolytic Uremic Syndrome (HUS). After
destruction of the colonic mucosa and disruption of the intestinal barrier, the toxin enters the
systemic circulation, reaching target organs and binding to Gb3 receptors on microvascular
endothelial cells which are mainly present in microvascular glomeruli (Joseph et al. 2020).
Thrombotic microangiopathy, hemolytic anemia, thrombocytopenia and acute renal damage
are the clinical signs and conditions that characterize the syndrome (Canpolat 2015).

HUS caused by infection of Shiga toxin-producing E.coli and Shigella dysenteriae is
responsible for 90% of childhood HUS and mainly affects children younger than 5 years of
age, but adults can also develop the disease, despite the much lower incidence (Ohanian et
al. 2011 May; Manrique-Caballero et al. 2020; Travert et al. 2021). In adults it is mainly
associated with epidemics and outbreaks. One of the most important complications of HUS
development is the possible progression to end-stage renal failure and long-term renal
impairment (Mayer et al. 2012). End-stage renal disease and permanent neurologic damage
can happen in patients that survive the acute phase of HUS (Rahal et al. 2012). Most deaths
associated with HUS occur in older people, particularly those with age above 60 (Travert et
al. 2021). The most common serotype in HUS is E. coli O157:H7 although other HUS-
causing serogroups have been reported, as 026, 045, 0103, 0111, O113, 0121 and O145
(Noris and Remuzzi 2005; Tenaillon et al. 2010; Ohanian et al. 2011 May; Salvadori 2013;
Castro et al. 2019; Manrique-Caballero et al. 2020; Alconcher et al. 2021).

In 2011, an unusual high number of adult HUS cases arose after a foodborne
outbreak in Germany, and the agent responsible was E. coli O104:H4, classified as

enteroaggregative hemorrhagic E. coli. Of 3816 affected people, 845 developed HUS, and
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54 died (Frank et al. 2011). Most of the patients involved in this outbreak were adults with a
median age of 42 years (Beutin and Martin 2012; Canpolat 2015). The presence of the Stx2
variant of the toxin has been more commonly associated with the development of HUS
following infection and severe disease, and can be related to the variant’s greater ability to
enter the bloodstream, as it is more potent than Stx1 (Fuller et al. 2011).

The causative agent of the outbreak, E. coli O104:H4, corresponded to a hybrid of
STEC/EAEC. Over the years, several hybrid strains have been reported, such as
STEC/ETEC strains, that carried stx, and sta genes, belonging to livestock but also to human
clinical isolates (Johura et al. 2017; Bai et al. 2019). STEC/ExPEC 080:H2 hybrid has been
reported by Mariani-Kurkdjian et al. (2014) and EPEC/EAEC and ETEC/EPEC have also
been reported (Liebchen et al. 2011; Hazen et al. 2017). Moreover, hybrids of ExXPEC/INPEC
have also been described (Lindstedt et al. 2018). The insurgence of these hybrids can be
explained by the presence of mobile genetic elements, such as phages or plasmids, that
carry virulence markers for a specific pathotype and allow for horizontal gene transfer,

leading to the emergence of new hybrid pathotypes (Bai et al. 2019).

2.2.3.3. EHEC O157:H7

Escherichia coli O157:H7 and other STEC serotypes can be detected in a variety of
animal species, with cattle being the main reservoir of strains that are highly pathogenic to
humans (Chekabab et al. 2013). Consumption of contaminated food remains the main cause
of infection, although contact with manure, animals and infected people are also responsible
for the appearance of cases but at a much lower frequency (Ferens and Hovde 2011; Vidovic
and Korber 2016). Exposure to undercooked meat, inadequately pasteurized dairy products
or direct contact with animals or contaminated fomites are the main causes for zoonotic
transmission (Erickson and Doyle 2007) . EHEC can cause disease in newborn calves and
colonizes the gut of adult bovines that can be asymptomatic carriers of the pathogen, acting
as important sources of contamination for food and the environment (Chase-Topping et al.
2008). This asymptomatic carriage can be explained by the lack of Gb3 receptors in vascular
cells, and therefore the toxin is unable to bind to the gastrointestinal blood vessels
(Pruimboom-Brees et al. 2000). Besides cattle, the strain O157:H7 has also been detected in
wild birds, pigeons, chickens, horses, and rabbits, although it is not yet clear if these are
actual hosts or merely infected animals because of contact with the agent (Money et al.
2010). Some of them are capable of shedding E. coli in levels higher than 10 cfu/g and are
known as “super-shedders” (Munns et al. 2015). In a study conducted by Ballem et al. (2020)
a STEC prevalence of 27% was found in dairy cattle in Portugal; stx1 genes were found in
18% of the isolates, stx2 in 51.9% and both stx1 and stx2 in 30.1%. From the 72 serotypes
detected, 31 have been associated with human infection and 13 have been associated with

hemolytic uremic syndrome (Ballem et al. 2020).
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According to Erickson and Doyle (2007) shedding can be responsible for
contamination of other carcasses with STEC during slaughter and produce can be
contaminated with the agent after application of contaminated manure in the fields,
contaminated irrigation or processing water, poor workers hygiene and poor equipment
sanitation. Cross-contamination can also occur, as O157:H7 can survive for long periods of
time in stainless steel and plastic and these surfaces can act as sources of contamination
during food processing (Erickson and Doyle 2007).

E.coli O157:H7 remains the most common serotype to cause HUS throughout the
world and is the serotype of which most data has been generated (Davis et al. 2014;
Alconcher et al. 2021). STEC strains, which includes O157:H7, remain an important cause
of morbidity and mortality with associated loss of life years and diminished health-related
quality of life (Rivas et al. 2014). Clinical manifestations can range from asymptomatic, non-
bloody diarrhea, hemorrhagic colitis and HUS (Gyles 2007). The development of HUS may
result in death or end-stage renal disease (ESRD). Patients with ESRD are initially treated
with peritoneal dialysis or hemodialysis, and, in last resource, may need kidney
transplantation (Palermo et al. 2009).

According to Rivas et al. (2014) some of the risk factors for STEC human infection
are dietary behaviors regarding beef consumption, but also other products, such as fresh
produce or sprouts, as well as cattle management practices at the abattoir, cross-
contamination in lairage areas, and the existence of “super-shedders” in a herd.

2.4. Laboratorial detection of E.coli

According to the Infectious Diseases Society of America Clinical Practice Guidelines
for the Diagnosis and Management of Infectious Diarrhea (2017), clinical presentations
suggestive of infectious diarrhea caused by STEC include visible blood in stool, abdominal
pain, severe abdominal pain, and often grossly bloody stools (occasionally non bloody, and
minimal or no fever). If a STEC infection is suspected, laboratory diagnosis should include a
stool sample for O157:H7 culture and Shiga toxin immunoassay or Nucleic Acid Amplification
Test (NAAT) for Shiga toxin genes.

As described by Mueller and Tainter (2021), all pathotypes show bacterial growth on
MacConkey agar and present indole production. STEC can also ferment sorbitol and for
identification purposes bacteria can be grown on a sorbitol containing media. However, non-
0157:H7 EHEC strains that do not ferment sorbitol have been identified by Polymerase
chain reaction (PCR). Specific pathogens can be identified with the use of PCR-based
assays. Molecular diagnosis relies in the detection of pEAF plasmid or BFP factor in EPEC,
in the detection of the heat stable (estA) and heat labile (eltB) toxin genes of ETEC, and in
the identification of stx1 and stx2 NAAT for EHEC/STEC (Sjoling et al. 2006; Anderson and
Tarr 2018; Mueller and Tainter 2021).



Current standard methods for E.coli O157:H7 diagnosis include a culture-based most
probable number (MPN) and genotyping, i.e, pulse-field gel electrophoresis (PFGE), but
these methods are considered time-consuming, labour intensive and have a low sensitivity
(Rani et al. 2021). Other methods, such as PCR and its variants: real-time PCR (qPCR),
multiplex PCR and nested PCR are considered to have a higher sensitivity, but also present
disadvantages, such as low specificity, inability to distinguish between viable and culturable
and viable but non-culturable together, and high cost (Rani et al. 2021).

In food, bacterial culture-based methods are used as the gold standard for E.coli
0157:H7 which present relatively low sensitivity when compared to other methods (Rani et
al. 2021). PCR provides a more rapid and sensitive detection of bacteria than the standard
plate counting method, which requires days for accurate detection (Zhang et al. 2021).
Enzyme-linked immunosorbent assay (ELISA) can also be used to detect viable pathogens,
despite cross-reactivity and poor specificity (Sunwoo et al. 2006; Rani et al. 2021). According
to the International Organization for Standardization (ISO), ISO 16649:2018 describes the
horizontal method for the enumeration of B-glucuronidase-positive Escherichia coli in food
and animal feeding stuffs. E.coli O157 will not be detected by these ISO methods, as it is
considered B-glucuronidase-negative, although there have been reports on the emergence
and presence of new O157 phenotypes that are B-glucuronidase-positive (Hayes et al. 1995;
Nagano et al. 2004; Ogura et al. 2018). Therefore, European Commission Regulation (EU)
2073/2005 of 15 November 2005 and following amendments on microbiological criteria of
foodstuffs recommends using ISO/TS 13136:2012 for the detection of Shiga toxin-producing
E.coli (STEC) and determination of 0157, O111, 026, 0103, 0145 serogroups by real-time
PCR (European Commission 2020) .

Recently, in the past decade, methods like isothermal ampilification, biosensor,
Raman spectrophotometry, paper-based analytical devices and smartphone based digital
methods have been developed for E.coli O157:H7 detection in food and water matrixes, as a
way to overcome conventional methods (Kumar et al. 2019; Reali et al. 2019; Rani et al.
2021).

Regarding the environmental presence of E.coli, populations have been found in
sand, soil, and sediments, as well as in association with macrophytic algae and periphyton,
and potential pathogenic E.coli can survive and grow in natural environments (Ishii and
Sadowsky 2008; Sadowsky and Whitman 2011; Jang et al. 2017). The methods used for
environmental E.coli enumeration are culture-based methods, as the membrane filtration
technique with selective growth media, defined-substrate technology and the most probable
number (MPN) technique, have been used to enumerate E.coli from recreational waters and

other water bodies (Jang et al. 2017).
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2.5. Quantitative Microbial Risk Assessment

The risk analysis framework can be divided into three main parts: risk assessment,
risk management and risk communication. The risk assessment consists of four basic steps:
i) hazard identification, ii) exposure assessment, iii) hazard characterization and iv) risk
characterization (Figure 1). Risk management includes consideration of several factors
beyond the risk itself, such as social and economic factors as well as solutions to the
inherent problem. Risk communication is the process of opinion change between individuals,
groups and institutions (Gerba 2015). Risk assessment can be used in veterinary sciences in

the scope of food safety and international trading frameworks (Stark and Salman 2001).

Hazard Identification

Identification of adverse health effects associated
with microbial agents

Exposure Assessment Hazard Characterization
Quantitative estimation of the likely intake of a Quantitative evaluation of the adverse effects
microbial hazard Dose-response relationship

Risk Characterization

Overall estimation including associated uncertainties
of the probability and severity of adverse outcomes
in a given population

Figure 1. Microbial risk assessment components according
to the Codex Alimentarius Commission. Adapted from
Boone et al. (2010).

Quantitative Microbial Risk Assessment (QMRA) is a scientifically based process,
branch of the risk analysis, that estimates the adverse health effects from exposure to
microorganisms (Boone et al. 2010). Human dose-response models and predictive
microbiology are two main components for the application of QMRA, as it aims to predict the
consequences from exposure to infectious agents (Havelaar et al. 2008; Haas et al. 2014).
The combination of this risk analysis method with burden of disease methodologies,
introduced by WHO for the Global Burden of Disease project, can become extremely
powerful and provide several social and economic advantages (Havelaar et al. 2008).
Models developed for the purpose of QMRA consist of mathematical or schematic
representation of a food safety problem and often require information from literature, but also
need data from surveillance programs, laboratories, disease outbreak investigations, food

consumption surveys and other relevant factors (Boone et al. 2010). Alongside the scientific
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basis, value judgements and assumptions are often necessary and unavoidable (Boone et al.
2010).

QMRA can use deterministic or stochastic approaches, where the later uses
probability distributions to describe variables. The stochastic approach is considered to be
the most representative of the real world, despite being the most difficult to generate (FAO
and WHO 2006). Probabilistic risk assessments can be determined using Monte Carlo
analysis. A single ‘point-estimate’ value from each of the probability distributions assigned for
each input parameter is randomly selected, and each random single selected value is used
to calculate a mathematical solution defined by the risk assessment model and the result is
stored. This sequence is repeated several times (iterations) with a different set of values for
the inputs selected at each iteration. The more likely to occur values according to the defined
probability distribution are selected more frequently. The result is a frequency distribution for
the output of interest that represents the combined ranges and frequencies of the input
parameters (Lammerding and Fazil 2000).

To perform the hazard characterization dose-response models are commonly used.
Data used to build dose-response models is usually from human volunteer feeding studies,
as they often provide the most direct measure of human response. However, ethical
problems arise with the use of this method for pathogens that can cause life threatening
diseases, and overall, the population used in these studies is generally healthy adults, so
higher risk populations are usually not accounted (Buchanan et al. 2000; Strachan et al.
2005). Animal models can be used for extrapolation of results, but several factors influence
the outcome, such as the difference in immune and physiological responses, and the
quantitative relationship between infectivity, morbidity, and mortality for each species
(Buchanan et al. 2000). Nowadays, epidemiological investigations constitute one of the
sources for building these models, like the model built for E.coli O157:H7 by Strachan et al.
(2005) that was used in this study.

Mathematical models have been used to describe the dose-response relationship.
Two of the most used models are the exponential (1), and the approximated Beta-Poisson
(2) (Buchanan et al. 2000).

P(d=1-¢eT" (1)

Pd)=1-(1+ %)_“ 2)

Initially introduced by Haas (1983), the exponential model assumes that the
probability of a pathogenic agent to cause infection is independent of the dose, while the
Beta-Poisson assumes that infectivity is dose dependent. With the use of dose-response
models, a relationship between the level of microbial exposure and the occurrence of an

adverse effect can be established (Strachan et al. 2005). Dose-illness models belong to the
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family of hit-theory models (FAO 2003). Single-hit models consider that when a host ingests
one cell of a pathogenic microorganism, the probability that the pathogen will survive all
barriers and colonize the host has a non-zero value of pm. The Beta-Poisson model is based
on further assumption on the distribution of the pathogens in the inoculums, and on the
probability value; when the probability of starting an infection differs for any organism in any
host, and is assumed to follow a beta-distribution, then the Beta-Poisson model can be
applied (FAO 2003).

Uncertainty and variability are inherent to the biological process and also QMRA.
Uncertainty arises from the lack of knowledge and may be related to the model used to
characterize the risk and the models used to provide values (Membré 2016). Variability
relates to the existing differences between individuals within a population, but also to
microbial strains, and batches of products (Membré 2016). While variability does not
disappear with more data collection, uncertainty can be reduced by obtaining more
information, although that’s not always possible (Membré 2016).

Creating different and alternative scenarios regarding QMRA has the purpose of
exploring different mitigation strategies, but also allows to explore the extremes of input
variables along with their associated uncertainties (Boone et al. 2010).

2.6. Burden of Disease

The population health metric disability-adjusted life years (DALY) concept was
developed as a health indicator for the first Global Burden of Disease study under a joint
exercise by WHO and the World Bank, in 1990. The concept of DALY implies that every
person is born with a certain number of life years potentially lived in optimal health
(Devleesschauwer et al. 2014a). These healthy years can be reduced through living with
illness or dying before the reference life expectancy, therefore DALY is used as a
representation measuring the losses of healthy life (Devleesschauwer et al. 2014a). Years of
Life Lost (YLL) expresses the years lost due to a specific cause of death and Years Lost due
to Disability (YLD) represents the occurrence of health conditions in a population that
weighted for the severity of each health condition (Hilderink et al. 2020). Each of the
previous factors can be calculated with the use of the following equations (3;4;5):

YLD = Number of cases x Duration till remission or death x Disability weight (3)
YLL = Number of deaths x Life expectancy at the age of death (4)

DALY = YLD + YLL (5)
According to Devleesschauwer et al. (2014b) several steps are required to guide a
burden of disease investigation. Defining the population and period of time, which can be a
specific year or a range of years, is necessary so that the average burden of that time period

can be calculated. A disease model should be built, also known as outcome tree,
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schematically representing different health states associated with the cause of the disease
burden. Regarding these models, three different approaches can be used such as outcome-
based disease models, hazard-based disease models and risk factor-based disease models.
Data collection requires, in general, demographical, epidemiological and disease severity
data. The duration of disease can be obtained from hospital registers or literature review and
the disability weights (DW) from global burden of disease studies. Data adjustment and
DALY calculations are the final steps. DALY can therefore be obtained by summing the YLLs

and YLDs for each health state in the disease model (Figure 2).

Perfect o

DALY = YLD + YLL

Health status
Disability weight

Death 1 : Age

Life expectancy

77 Years Lived with Disability (YLD) Years of Life Lost (YLL)

Figure 2. Graphical representation of the parameters used for
DALY calculation. Adapted from Thomsen (2018).

Nowadays, the DALY metric has innumerous applications and has been used to
estimate the burden of diseases such as cardiovascular, oncological, infectious diseases,
and many others (Henriques et al. 2017; Coates et al. 2020; Mubarik et al. 2021)

Disability weights (DW) are a measure of the severity of consequences of a particular
health condition for the physical, psychological and social functioning of patients on a scale
from 0 to 1, ranging from “no effects” to “adverse serious effects”, including death (Hilderink
et al. 2020). These values are based on how the majority of people perceive living with a
specific disease or condition and reflect the severity of diseases and disease stages
(Thomsen 2018). Nowadays, DW values are easily accessible for different health conditions
and have been obtained from diverse national burden of disease studies (WHO 2015).

Life expectancy for the calculation of YLL is usually obtained from life expectancy tables for
the population that is being studied (WHO 2015).
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3. Materials and Methods

3.1. Data Collection

E. coli counts of ready-to-eat meals (n=473) served in Portuguese institutional
canteens (N=30) from February 2018 to December 2019 were gathered in a database. The
canteens were dispersed through national territory and the regular consumers were
considered to be healthy adults. Food samples were analyzed using 1ISO 16649-2:2001
method for E. coli quantification in colony-forming units per gram (cfu/g) of food sample.
Counts under 10 cfu/g were considered satisfactory, so all values of 10 and >10 cfu/g were

an input to the model.

3.2. Study Design

The main goal of this study was to estimate the risk inherent to the consumption of
ready-to-eat meals from the assessed canteens regarding E.coli infection. Together with the
risk, a projection of number of illness cases and number of cases per health outcome was
aimed. After determining the possible clinical outcomes for each type of infection, burden of
disease (DALYs) was calculated. Three groups of E.coli were selected: Shiga toxin-
producing E.coli (STEC), enterotoxigenic E.coli (ETEC) and enteropathogenic E.coli (EPEC)
(WHO 2015). Two scenarios were built based on hypotheses on consumption values, one
scenario considered a consumption of 450 grams of food and was named “450g” and a
second scenario considered a consumption of 225 grams of food and was named “225g”.
Other two scenarios, “Worst Case” and “Adjusted”, were considered within each
consumption scenario. Scenario “Worst Case” considered that all cfu belonged to one E.coli
group, while scenario “Adjusted” added the prevalence of each group within total E.coli
counts. The prevalence of each E.coli group within the total counts was obtained through
literature review, since PCR analysis was not performed. For risk and number of cases
estimation, dose-response models were obtained from previous articles and the parameters
that allowed for the use of the approximated Beta-Poisson equation were chosen. The
proportion and probability of developing each health outcome was based on indicators from
metanalyses conducted by WHO Burden Studies (WHO 2015). All QMRA and Disability
Adjusted Life Models were performed using R software version 1.4.1103 (R Core Team
2020, Vienna, Austria) and all distributions and credible intervals with 95% credibility were
obtained using 100.000 iterations.

The beta distributions built and used throughout this study were performed according
to Vose (2008) where the probability of success (p) can be determined by combining the
observed number of trials (n) and the number of success trials (s). The distributions were

modulated by altering the respective variables of the following equation (6).
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p=Beta(s+1,n—s+1) (6)

3.3. Exposure Assessment

Several assumptions were made due to the lack of real data. Assumptions about the
number of people, age groups and ingested grams of food were unavoidable. The number of
ingested cfu was also dependent of laboratory detection and methods used to perform the
analysis. In an attempt to better characterize the risk, the burden, and to insert some
variability in the consumption pattern, two doses were considered resulting from different size
portions ingested per meal. Scenario “450g” represents the consumption of the whole meal,
i.e., 450 grams, while scenario “225g” represents the consumption of 225 grams (half a
meal). The population considered to be exposed to the hazard included 150 people, per day,
with the 25-29 year-old group being the most frequent age range within the assessed
population.

Data from the considered two-year period was gathered and fitted into a distribution
as a form of retrospective study of the concentrations of E.coli in ready-to-eat meals. The
fitting of the data was made using “fitdistrplus” package (R core team 2020). A lognormal
distribution was chosen as data’s best fit ~lognormal (0.74, 0.46). A final distribution
representing the E.coli concentrations of the assessed time frame of two years was obtained
(Figure 3).
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Figure 3. Histogram of E.coli concentrations in log cful/g
in meals obtained during the assessed two-year period.

For dose-response application, the total number of ingested cfu is necessary and
constitutes the input for the dose-response model. Therefore, since the results of laboratory
analysis were in cfu per gram of food sample, a multiplication of these results by the total of
grams ingested by the people exposed gives the number of total cfu ingested. The first dose
is equivalent to the whole meal, 450g, consumption of while the second dose results from the

consumption of half a meal, 225g.
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The median dose (95% CI) obtained representative of the dose of ingested E. coli cfu

was 4.75 (3.50; 7.81) of E. coli log cfu for the first scenario (Figure 4), while for the second
scenario, a median dose (95%Cl) of 4.44 (3.20; 7.51) log cfu of E. coli was estimated (Figure

5).
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Figure 4. Histogram of ingested dose of E.coli (in log cfu)
considering a 450g meal portion.
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Figure 5. Histogram of ingested dose of E.coli (in log cfu)
considering a 225g meal portion.
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3.3.1. Prevalence of contaminated portions

Prevalence of E.coli in ready-to-eat meals was estimated from the number of positive
samples that were found in routine microbiological monitoring. A total of 30 in 473 samples
tested above 10 cfu/g. Therefore, a prevalence of 6.34% unsatisfactory meals was obtained.
The prevalence of contaminated portions can be described by a beta distribution ~ Beta (31,
444),

3.3.2. Prevalence of STEC, ETEC and EPEC

To assess the prevalence of each pathotype group within general E.coli counts, a
literature review was made for articles that executed molecular diagnosis for the specific
groups from samples, mainly foodstuff, that had positive bacterial growth in E.coli culture. By
doing this, an estimation of the prevalence of each group can be made. A summary of the
chosen articles, description of number of samples, prevalence of each group and all used
data can be consulted in table 2. For ETEC and EPEC, to improve the estimative, the data
used as an input to the model resulted from the combination of data from two different
articles as a way to increase the number of samples and have a more significant result. For
STEC only one article was used due to the lack of additional data.

Table 2. Summary of the prevalence of each E.coli group found through literature review. Three
groups were chosen, STEC, ETEC and EPEC. The line distribution used represents the
parameter input to the model.

Pathotype STEC ETEC EPEC
Number of samples 5162 5162 559 5162 459
Number of positive 409 409 219 409 144
samples for E.coli
Number of positive 5 1 36 44 39
samples for the
pathotype
Reference (Canizalez-Roman et al. (Canizalez- (Zhang, (Canizalez- (Zbhang,
2013) Roman et al. Wu, Roman et al. Wu,
2013) Zhang, Lai, 2013) Zhang,
et al. 2016) and Zhu
2016)
Total number of samples 5162 5721 5621
Total number of positive 409 628 553
samples for E.coli
Total number of positive 5 37 83

samples for the

pathotype

Distribution used

~ Beta (6; 405)

~ Beta (38; 592)

~ Beta (84; 471)
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3.4. Hazard Characterization: Dose-Response Models

A total of four dose-response models were chosen to represent the three E.coli
groups selected with two dose-response models used to represent STEC. All models used to
calculate the risk were Beta-Poisson, with equation (7) used for STEC and EPEC and
equation (8) used for ETEC.

P(d)=1-(1+9™ (7)

PAd) =1— [1+ 3= x (2 - )" @

Both of the above equations are Beta-Poisson equations, where a, 8 and Nso are
specific parameters of the Beta-Poisson models with Nsg being the dose at which 50% of the
population is expected to be affected.

Parameters for dose-response models were obtained through literature review and

the selected parameters can be found in table 3.

Table 3. Parameters chosen for dose-response model application.

Parameter STEC ETEC EPEC
a Model 0.0571 7.54 x 107 0.221
“0157”
Model 0.162
“Shigella”
B Model 2.2183 - 3.11 x 108
“0157”
Model 15.86
“Shigella”
Nso - 1.7 x 108 -
Reference (Strachan et al. 2005) (Enger 2015) (Strachan et al. 2005)

The models described were applied to the ingested doses and the output can be
defined as the risk or the probability of iliness.

For the STEC scenario, similarly to Strachan et al. (2005), three dose-response
models were applied for the purpose of evidencing the available dose-response models that
include a different host species, a different pathogen and another that was built using data
from several outbreaks that occurred and that were mainly foodborne. According to Strachan
et al. (2005) the Shigella model was the most similar dose-response model for the data and
model obtained from the O157 data from outbreaks, mainly foodborne. From these three
models, only two were used in the following steps of the study. The first was built with data
from the specific strain O157:H7, and the second used a surrogate pathogen using Shigella

spp. data, while the third used data from a different host species, a rabbit. For further
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reference, the first will be referred as model “O157” and the second, model “Shigella”. The
Shigella model is the result of administering different doses of two species, S. dysenteriae
and S.flexnerii, to human subjects. The E.coli O157 rabbit model used data pooled from a
study of infecting white rabbits with a bacterial suspension through an oral catheter.
According to Strachan et al. 2005, the E.coli O157 rabbit model underestimates the risk of
illness for doses <10°. The data from figures 4 and 5 show that the median for the ingested
dose distribution is = 4.7 log and = 4.4 log, considering both doses, making the rabbit model
not suitable to be used for further concept application. Therefore, the rabbit model is not
used in any point beyond the determination of the risk.

Representative histograms of the different dose-response models, considering a

portion size of 4509 are presented in figure 6.
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Figure 6. Histograms of the three dose-response models
applied for risk estimation for STEC scenario “450g”. Results
generated using the 0157 model are presented in blue, data from the
Shigella model is presented in red and data from the rabbit model is

presented in yellow.

Table 4. Median values of the estimated risk for the STEC, ETEC and EPEC scenarios for all the
models used with a credibility interval of 95% for scenario “450g”.

Model Median (95% CI) of Risk
STEC Model 0.44 (0.34; 0.63)
“0157”
Model 0.73 (0.58; 0.92)
“Shigella”
Rabbit 0.12 (0.008; 0.94)
Model
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Table 4 (continued). Median values of the estimated risk for the STEC, ETEC and EPEC
scenarios for all the models used with a credibility interval of 95% for scenario “450g”.

ETEC 0.35 (0.20; 0.62)

EPEC 3.91x 103 (2.26 x 10*4; 0.49)

The values presented in table 4 represent the probability of illness development
considering the ingested doses represented in figure 4. Considering the obtained results, the
“Shigella” model presents a higher value of risk, followed by the “O157” model and the rabbit
model. As explained above, the rabbit model will not be considered for the calculation of
number of cases as it underestimates the risk of iliness for concentration below 5 log and for
describing the response in a different species.

For the ETEC scenario, only one dose-response model was applied (Figure 7). The

same for the EPEC scenario (Figure 8).
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Figure 7. Histogram of the dose-response model
applied for the ETEC scenario “450g”.
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Figure 8. Histogram of the dose-response model applied
for the EPEC scenario "450g".

B
s 8
B 87
2 L
c ]
5
£ 8
s |
Z 3
==
(&) —
[
z
g &
I =]
-
5 o | | ||
g [ [ [ [ [ |
0
< 0.0 02 04 06 08 10
Risk

Figure 9. Histograms of the three dose-response models
applied for STEC scenario “225g”. The “O157" model is
represented in blue, “Shigella” model is represented in red and the

“rabbit model” is represented in yellow.

Table 5. Median values of the risk for the STEC, ETEC and EPEC scenarios for all the models
used with a credibility interval of 95% for scenario “225g”.

Model Median (95% CI) of Risk
STEC Model 0.42 (0.31; 0.61)
“0157”
Model 0.70 (0.53; 0.91)
“Shigella”
Rabbit 0.07 (4.25x 103; 0.92)
Model
ETEC 0.32 (0.16; 0.60)
EPEC 1.97 x 103 (1.13 x 104; 0.42)
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Representative histograms of the different dose-response models, considering a
portion size of 225¢g are presented in figure 9. The values presented in table 5 represent the
probability of illness development considering the ingested doses represented in figure 5. For
the ETEC scenario, only one dose-response model was applied (Figure 10) and the same for
the EPEC scenario (Figure 11).
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Figure 10. Histogram of the dose-response model applied
for the ETEC scenario "225g".
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Figure 11. Histogram of the dose-response model applied
for the EPEC scenario "225g".

3.5. Risk Characterization
Risk can be defined as the probability of developing an adverse outcome due to the
ingestion of a certain dose and constitutes the output of the dose-response model.

Determination of expected number of illness cases per year can be obtained through

multiplication of the median risk of illness by the total eating occasions for that specific
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population. Based on the model developed for Listeria monocytogenes by (Pérez-Rodriguez
et al. 2017), the following equation (9) was developed for determining the expected number
of cases of E.coli infections where R is the marginal risk, ., the prevalence of contaminated
portions, P, the prevalence of each group of E.coli, N the number of eating occasions and
PE the number of people exposed:

Number of cases = R x Py, x P, x N x PE (9)

Table 6. Factor description and input parameters.

Factor Description Input

R (Marginal Risk) Median risk value resulting from the dose-

response model application

P, (Contaminated Portions) ~ Beta (31;444)

P, (Prevalence of E. coli pathotype) ~ Beta (6;405); ~ Beta (38; 592); ~ Beta (84;
471)

N (Number of eating occasions) 365

PE (People Exposed) 150

3.6. Burden of Disease Estimation

Burden of disease estimation included calculation of expected number of cases,
YLDs, YLLs and DALYs for each health outcome, as well as total DALYs and
DALYs/person/year.

3.6.1. Health Outcomes for E.coli infection

An outcome tree describes the probability of developing a specific disease outcome
after infection. It is a schematic representation of all possible outcomes following infection.
Outcome trees were designed for each pathotype of E.coli following literature review and
disease models described by WHO (2015). However, some of the possible outcomes were
not considered due to the lack of data or lack of adjustment to the concept. Asymptomatic
infections are not considered, since the used dose-response models have disease as the
output, so each dose is related to the onset of a clinical sign, such as diarrhea. The outcome
tree for STEC was adapted from the outcome tree for STEC developed by Monteiro Pires et
al. (2020). The health outcome schemes used for the STEC infection and for the
ETEC/EPEC infection are illustrated in figures 12 and 13, respectively. The outcomes
accounted for the model are delineated with a solid line and the not accounted are delineated

with a dashed line.
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Figure 12. Outcome tree for STEC infection.
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Figure 13. Outcome tree for ETEC/EPEC infection. Adapted from WHO (2015).

The probabilities of developing each and specific health outcomes (Table 7) were

retrieved from Global Burden of disease studies by WHO (2015). Each probability was

applied to each health outcome, and knowing the exposed population, it was possible to

estimate the number of people expected to develop each type of condition. Two probabilities

for HUS development were presented in the WHO Estimates of the Global Burden of
Foodborne Disease (WHO 2015), i.e., 0.8% for serogroup O157 and 0.03% for non-O157.
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The first probability was chosen considering that the dose-response model used for STEC
was built with data from O157 outbreaks.

Table 7. Probabilities (%) of developing a specific health outcome considered in this study.
Adapted from WHO (2015).

E.coli Infection

Health Outcome (%) STEC ETEC EPEC
Mild Diarrhea 80 91 91
Moderate Diarrhea 18 8.5 8.5
Severe Diarrhea 2 0.5 0.5
Hemolytic Uremic 0.8 - -
Syndrome (HUS)
End Stage Renal 0.024 - -

Disease (ESRD)

3.6.2. Disability weights (DW), duration of health outcomes, case fatality
ratios (CFR) and life expectancy

The disability weights considered and the duration of the health outcomes that were
retrieved from WHO Estimates of the Global Burden of Foodborne Diseases (WHO 2015)
are summarized in table 8. Case Fatality Ratio (CFR) is the proportion of persons with a
particular condition who die from that condition (CDC 2012). CFR was only considered in the
Hemolytic Uremic Syndrome (HUS) and End Stage Renal Disease (ESRD) outcomes of the
STEC infection, and no deaths were considered for ETEC and EPEC infections, since
Portugal belongs to WHO subgroup EUR A for which WHO Estimates of the Global Burden
of Foodborne Diseases estimated no deaths (WHO 2015).

Table 8. DWs, duration and CFRs for each possible health outcome regarding all three E.coli
pathotypes considered in this study.

Health Outcome DW Duration (days) CFR (%)

STEC induced mild 0.061 7 -
diarrhea

STEC induced 0.202 7 -
moderate diarrhea

STEC induced 0.281 7 -

severe diarrhea

ETEC/EPEC 0.061 2.8 -

induced mild

diarrhea
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Table 8 (continued). DWs, duration and CFRs for each possible health outcome regarding all
three E.coli pathotypes considered in this study.

ETEC/EPEC 0.202 2.8 -
induced moderate
diarrhea
ETEC/EPEC 0.281 2.8 -

induced severe

diarrhea
Hemolytic Uremic 0.210 28 3.7
Syndrome (HUS)
End Stage Renal 0.573 Lifelong disability 20
Disease (ESRD)

The life expectancy table from WHO (2019) used for the calculation of YLL can be
consulted in the Annex 1. The population exposed to the risk belonged primarily to the 25-29
years age group so the corresponding value of expectation of life at age 25-29 from the life

expectancy table was used (Annex 1).

3.6.3. The Disability Adjusted Life Model

For model application, the incidence (number of cases) considered for YLD
calculation was the projected number of cases that resulted from the multiplication of the risk
obtained from the application of the dose-response model by the number of people exposed.
Number of deaths resulted from the application of CFR to the expected number of cases.
The burden of all health outcomes was estimated by combining all variables described
above. Final DALYs were obtained through the summatory of all health outcomes DALY's
that resulted from the summatory of YLDs and YLLs for all health outcomes, according to the
following formula:

DALYs = Y, YLD (number of cases x duration x disability weight) +
Y. YLL (number of deaths x life expectancy) (10)

3.6.4. Sensitivity Analysis

In this work, the Sobol method was followed to perform the sensitivity analysis to
determine the factors that most contributed to the final DALYSs.

Inputs were selected according to “WHO Estimates of the Global Burden of
Foodborne Disease” (WHO 2015). Uniform distributions were applied to each factor for which
variability could be considered. Additional variability was expressed using uniform
distributions in the number of people exposed to the hazard and the portion size of each

meal. In this analysis, each parameter is considered to range over some finite interval
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between (0,1) after rescaling (Zhang et al. 2015). All the information and respective input
distributions are described in detail and summarized in annex 2.
Sensitivity analysis was performed using “sensitivity” package (Saltelli 2002) in R

software (R core team 2020).
4. Results

4.1. Expected number of cases per health outcome

4.1.1. Scenario “450g”

Table 9. Expected annual number of cases for STEC infection scenario “450g”.

Number of cases per health outcome (Median [95%Cl])

Scenario “Worst Case”
Model “0157”

Health Outcome Model “Shigella”
2077.81 [1441.63;
2866.60]

467.51 [324.37; 644.98]

51.95 [36.04; 71.66]

Mild Diarrhea 1244.17 [863.23; 1716.49]

Gastroenteritis Moderate Diarrhea 279.94 [194.23; 386.21]

31.10 [21.58; 42.91]

Severe Diarrhea

Recovery 11.98 [8.31; 16.53] 20.01[13.88; 27.61]
Hemolytic Uremic Syndrome
Death 0.46 [0.32; 0.64] 0.77 [0.53; 1.06]
(HUS)
Total 12.44 [8.63; 17.16] 20.78 [14.42; 28.67]
End Stage Renal Disease Death 0.07 [0.05; 0.10] 0.12[0.09; 0.17]
(ESRD) Total 0.37 [0.26; 0.51] 0.62 [0.43; 0.86]
1555.21 [1079.04; 2597.26 [1802.04;
Total number of iliness cases
2145.61] 3583.25]
Scenario “Adjusted”
Health Outcome Model “O157” Model “Shigella”
Mild Diarrhea 16.99 [6.33; 37.90] 28.38 [10.57; 63.30]

Gastroenteritis

Moderate Diarrhea

3.82[1.42; 8.53]

6.39 [2.38; 14.24]

Severe Diarrhea 0.42[0.16; 0.95] 0.71[0.26; 1.58]
Recovery 0.16 [0.06; 0.37] 0.27 [0.10; 0.61]
Hemolytic Uremic Syndrome 6.29 x 10°[2.34 x 103,
Death 0.01[3.91 x 103, 0.02]
(HUS) 0.01]
Total 0.17 [0.06; 0.38] 0.28[0.11; 0.63]
Death 1.02 x 10°[3.80 x 10 1.70 x 10°[6.34 x 10%;
ea
End Stage Renal Disease 2.27 x 1079 3.80 x 1079
(ESRD) 5.10 x 10°[1.90 x 10%; 8.51x 102 [3.17 x 103,
Total

1.14 x 107

1.90 x 107]

Total number of iliness cases

21.24 [7.91; 47.38]

35.48 [13.22; 79.13]
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Table 10. Expected annual number of cases for ETEC infection scenario “450g”.

Number of cases per health outcome (Median [95%)])

Scenario “Worst Case”

Health Outcome

ETEC model

Gastroenteritis

Mild Diarrhea

1137.75 [ 789.40; 1569.67]

Moderate Diarrhea

106.27 [73.74; 146.62]

Severe Diarrhea

6.25 [4.34; 8.62]

Total number of iliness cases

1250.28 [867.47; 1724.92]

Scenario “Adjusted”

Health Outcome

ETEC model

Gastroenteritis

Mild Diarrhea

67.72[41.91; 105.77]

Moderate Diarrhea

6.33[3.91; 9.88]

Severe Diarrhea

0.37 [0.23; 0.58]

Total number of iliness cases

74.42 [46.06; 116.23]

Table 11. Expected annual number of cases for EPEC infection scenario “450g”.

Number of cases per health outcome (Median [95%)])

Scenario “Worst Case”

Health Outcome

EPEC model

Gastroenteritis

Mild Diarrhea

12.61[8.75; 17.39]

Moderate Diarrhea

1.1810.82; 1.62]

Severe Diarrhea

0.07 [0.05; 0.10]

Total number of iliness cases

13.86 [9.61; 19.11]

Scenario “Adjusted”

Health Outcome

EPEC model

Gastroenteritis

Mild Diarrhea

1.90 [1.25; 2.77]

Moderate Diarrhea

0.18[0.12; 0.26]

Severe Diarrhea

0.01[6.89 x 10%; 0.02]

Total number of iliness cases

2.09 [1.38; 3.04]

4.1.2. Scenario “225g”

Table 12. Expected annual number of cases for STEC infection scenario “225g”.

Number of cases per health outcome (Median [95%Cl])

Scenario “Worst Case”

Health Outcome

Model “0157”

Model “Shigella”

Gastroenteritis

Mild Diarrhea

1180.04 (818.74; 1628.02)

1988.15 (1379.42;
2742.90)

Moderate

Diarrhea 265.51 (184.22; 366.30)

447.33 (310.37; 617.15)

Severe Diarrhea

29.50 (20.47; 40.70)

49.70 (34.49; 68.57)

Recovery 11.36 (7.88; 15.68) 19.15 (13.28; 26.41)
Hemolytic Uremic Syndrome  — & 0.44 (0.30; 0.60) 0.74 (0.51; 1.01)
(HUS) Total 11.80 (8.19; 16.28) 19.88 (13.79; 27.43)
End Stage Renal Disease Death 0.07 (0.05; 0.10) 0.12 (0.08; 0.16)

(ESRD)
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Table 12 (continued). Expected annual number of cases for STEC infection scenario “225g”.

Total 0.35 (0.25; 0.49) 0.60 (0.41; 0.82)
1475.05 (1023.43; 2485.19 (1724.28;
Total number of iliness cases
2035.02) 3428.63)
Scenario “Adjusted”
Health Outcome Model “O157” Model “Shigella”
Mild Diarrhea 16.12 (6.00; 35.95) 27.16 (10.12; 60.57)

Gastroenteritis

Moderate Diarrhea

3.63 (1.35; 8.09)

6.11 (2.28; 13.63)

Severe Diarrhea

0.40 (0.15; 0.90)

0.68 (0.25; 1.51)

Recovery 0.16 (0.06; 0.35) 0.26 (0.10; 0.58)
Hemolytic Uremic Syndrome Death 5.96 x 102 (2.22 x 1073, 0.01 (3.74 x 103; 2.24 x
(HUS) 1.33x 102) 102)

Total 0.16 (0.06; 0.36) 0.27 (0.10; 0.61)

Death 9.67 x 10 (3.60 x 104 1.63 x 10 (6.07 x 104
End Stage Renal Disease 2.16 x 107%) 3.63 x 10%)
(ESRD) Total 4.84 x 10°(1.80 x 10°%; 8.15x 10° (3.03 x 10;

1.08 x 10?2) 0.02)

Total number of iliness cases

20.15 (7.51; 44.94)

33.94 (12.64; 75.71)

Table 13. Expected annual number of cases for ETEC infection scenario “225g”.

Number of cases per health outcome (Median [95%)])

Scenario “Worst Case”

Health Outcome

ETEC model

Gastroenteritis Mild Diarrhea

1026.43 (712.16; 1416.10)

Moderate Diarrhea

95.88 (66.52; 132.27)

Severe Diarrhea

5.64 (3.91; 7.78)

Total number of iliness cases

1127.95 (782.60; 1556.15)

Scenario “Adjusted”

Health Outcome

ETEC model

Gastroenteritis Mild Diarrhea

61.10 (37.81; 95.42)

Moderate Diarrhea

5.71 (3.53; 8.91)

Severe Diarrhea

0.34 (0.21; 0.52)

Total number of iliness cases

67.14 (41.55; 104.85)

Table 14. Expected annual number of cases for EPEC infection scenario “225g”.

Number of cases per health outcome (Median [95%])

Scenario “Worst Case”

Health Outcome

EPEC model

Gastroenteritis Mild Diarrhea

6.34 (4.40; 8.74)

Moderate Diarrhea

0.59 (0.41; 0.82)

Severe Diarrhea

0.03 (0.02; 0.05)

Total number of iliness cases

6.97 (4.83; 9.61)

Scenario “Adjusted”

Health Outcome

EPEC model
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Table 14 (continued). Expected annual number of cases for EPEC infection scenario “225g”.

Mild Diarrhea

Moderate Diarrhea

Gastroenteritis 0.95 (0.63; 1.39)
0.09 (0.06; 0.13)
0.01 (3.46 x 103 7.65 x 10®)

1.05 (0.69; 1.53)

Severe Diarrhea

Total number of iliness cases

4.2. Burden of disease of E.coli infections

4.2.1. Scenario “450g”

Burden of disease results can be presented as total DALYs, representing the total
burden of disease in a given population, but also by dividing the burden of disease per
person, and since this is an annual risk estimation, the final output can be presented as
DALYs/person/year. Each DALY equals to 1 year of healthy life year lost, therefore the
presentation in days is also possible.

Table 15. YLDs, YLLs and DALYs of STEC infection scenario “450g”.

Scenario “Worst Case”

Health Outcome Model “0157” Model “Shigella”
Gastroenteritis Mild YLD 1.46 [1.01; 2.01] 2.43[1.69; 3.35]
Diarrhea YLL 0 0
DALY 1.46 [1.01; 2.01] 2.43[1.69; 3.35]
Moderate YLD 1.08 [0.75; 1.50] 1.81[1.26; 2.50]
Diarrhea YLL 0 0
DALY 1.08 [0.75; 1.50] 1.81 [1.26; 2.50]
Severe YLD 0.17 [0.12; 0.23] 0.28 [0.19; 0.39]
Diarrhea YLL 0 0
DALY 0.17 [0.12; 0.23] 0.28 [0.19; 0.39]
Hemolytic Uremic YLD 0.20[0.14; 0.28] 0.33 [0.23; 0.46]
Syndrome (HUS) YLL 26.28 [18.23; 36.25] 43.89 [30.45; 60.55]
DALY 26.48 [18.37; 36.53] 44.22 [30.68; 61.01]
End Stage Renal YLD 21.31[14.78; 29.40] 35.58 [24.69; 49.09]
Disease (ESRD) YLL 4.26 [2.96; 5.88] 7.12 [4.94; 9.82]
DALY 25.57 [17.74; 35.28] 42.70 [29.63; 58.91]
Total DALYs 54.76 [37.99; 75.54] 91.44 [63.45; 126.16]
Scenario “Adjusted”
Health Outcome Model “0157” Model “Shigella”
Mild YLD 0.02 [7.41 x 10, 0.04] 0.03 [0.01; 0.07]
Diarrhea YLL 0 0
DALY 0.02 [7.41 x 103; 0.04] 0.03 [0.01; 0.07]
Moderate YLD 0.01[0.01; 0.03] 0.02 [0,01; 0.06]
Diarrhea
YLL 0 0
DALY 0.01[0.01; 0.03] 0.02 [0,01; 0.06]
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Table 15 (continued). YLDs, YLLs and DALYs of STEC infection scenario “450g”.

Severe

Diarrhea

YLD 229x10°[853x10%511x 3.82x 10°[1.42x 10% 8.53
109] 107]

YLL 0 0

DALY  229x10°[8.53x10%5.11x 3.82x10°[1.42x10% 8.53

109

109

Hemolytic Uremic YLD
Syndrome (HUS)

2.74x10°[1.02 x 103, 6.11 x
109

457 x 10°[1.70 x 10%; 1.02 x
107

YLL 0.36 [0.13; 0.80] 0.60 [0.22; 1.34]
DALY 0.36 [0.13; 0.81] 0.60 [0.23; 1.35]
End Stage Renal YLD 0.29 [0.11; 0.65] 0.49[0.18; 1.08]
Disease (ESRD) YLL 0.06 [0.02; 0.13] 0.10 [0.04; 0.22]
DALY 0.35[0.13; 0.78] 0.58 [0.22; 1.30]

Total DALYs

0.75[0.28; 1.67]

1.25 [0.47; 2.79]

For scenario “450g” the estimated total number of cases for the STEC infection is
higher when using model “Shigella” and in the scenario “Worst Case” (Table 9). For STEC
disease (Table 15) model “O157” projects a total of 54.76 (37.99; 75.54) DALYs and 0.37
(0.25; 0.50) DALYs/person/year (Table 21), corresponding to =133 days of healthy life lost
per person. Model “Shigella” projects a total 91.44 (63.45; 126.16) DALYs and 0.61 (0.25;
0.50) DALY s/person/year, which corresponds to =223 days of healthy life lost per person for
scenario “Worst Case” (Table 15). For scenario “Adjusted”, the model “O157” projects a total
of 0.75 (0.28; 1.67) DALYs and 4.99 x 103 (1.86 x 103 1.11 x 102) DALYs/person/year
(Table 21), corresponding to = 2 days of healthy life lost per person per year. The model
“Shigella” projects a total of 1.25 (0.47; 2.79) DALYs and 8.32 x 10-® (3.10 x 103; 1.86 x 10?)
DALYs/person/year (Table 21) for model “Shigella”, corresponding to = 3 days per person
per year.

Table 16. YLDs, YLLs and DALYs of ETEC infection scenario “450g”.

Scenario “Worst Case”

Health Outcome ETEC model
Gastroenteritis Mild YLD 0.53[0.37;0.73]
Diarrhea YLL 0
DALY 0.53[0.37; 0.73]
Moderate YLD 0.16 [ 0.11; 0.23]
Diarrhea YLL 0
DALY 0.16[0.11; 0.23]
Severe YLD 0.01[0.01; 0.02]
Diarrhea YLL 0
DALY 0.01[0.01; 0.02]
Total DALYs 0.71[0.49; 0.98]

Scenario “Adjusted”
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Table 16 (continued). YLDs, YLLs and DALYs of ETEC infection scenario “450g”.

Health Outcome ETEC model
Gastroenteritis Mild YLD 0.03 [0.02; 0.05]
Diarrhea YLL 0
DALY 0.03 [0.02; 0.05]
Moderate YLD 0.01[0.01; 0.02]
Diarrhea YLL 0
DALY 0.01[0.01; 0.02]
Severe YLD 8.02 x 10*[4.96 x 10*; 1.25 x 107]
Diarrhea YLL 0
DALY 8.02 x 10 [4.96 x 10, 1.25 x 1079
Total DALYs 0.04 [0.03; 0.07]

For ETEC disease (Table 16) scenario “Worst Case” projects a total of 0.71 (0.49;
0.98) DALYs and 4.74 x 103 (3.29 x 103; 6.54 x 10%) DALYs/person/year (Table 21) which
corresponds to approximately 259 days of healthy life are lost per person per year. Scenario
“Adjusted” obtained the result of 0.04 (0.03; 0.07) total DALYs and 2.82 x 10 (1.74 x 10
4.40 x 10*) DALYs/person/year (Table 21) which equals = 15 days of healthy life lost per

person per year.

Table 17. YLDs, YLLs and DALYs of EPEC infection scenario “450g”.

Scenario “Worst Case”

Health Outcome EPEC model
Gastroenteritis Mild YLD 0.01[4.09 x 103; 0.01]
Diarrhea YLL 0
DALY 0.01[4.09 x 10, 0.01]
Moderate YLD 1.82 x 10°[1.27 x 10%; 2.25 x 10]
Diarrhea YLL 0
DALY 1.82 x 103 [1.27 x 103, 2.25 x 1079
Severe YLD 1.49 x 10%[1.04 x 10%; 2.06 x 10*]
Diarrhea YLL 0
DALY 1.49 x 10“[1.04 x 10%; 2.06 x 10*]
Total DALYs 7.87 x 102 [5.46 x 10%, 0.01]
Scenario “Adjusted”
Health Outcome EPEC model
Gastroenteritis Mild YLD 8.89 x 10 [5.86 x 10*; 1.30 x 109]
Diarrhea YLL 0
DALY 8.89 x 10 [5.86 x 10*; 1.30 x 109]
Moderate YLD 2.75x10%[1.81 x 10-4; 4.01 x 10]
Diarrhea YLL 0
DALY 2.75x10%[1.81 x 10-4; 4.01 x 10]
Severe YLD 2.25x 10°[1.48 x 10°5; 3.28 x 107]
Diarrhea YLL 0
DALY 2.25x10°[1.48 x 107, 3.28 x 109]
Total DALYs 1.19x 103 [7.83 x 10* 1.73 x 107
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EPEC disease (Table 17) presented the lowest estimated burden with 7.87 x 103
(5.46 x 10-3; 0.01) total DALYs and 5.25 x 10 (3.64 x 10-%; 7.24 x 10°) DALYs/person/year
(Table 21) for scenario “Worst Case” which corresponds to approximately 3 days of healthy
life year lost per person per year. For the “Adjusted” scenario a total of 1.19 x 103 (7.83 x 10
4.1.73 x 10%) DALYs, 7.91 x 10 (5.22 x 10%; 1.15 x 10-%) DALYs/person/year (Table 21) are

projected which translates into approximately 0.4 days of healthy life lost per person per

year.

4.2.2. Scenario “225g”

Table 18. YLDs, YLLs and DALYs of STEC infection scenario “225g”.

Scenario “Worst Case”

Health Outcome Model “0157” Model “Shigella”
Gastroenteritis Mild YLD 1.38 (0.96; 1.90) 2.33 (1.61; 3.21)
Diarrhea YLL 0 0
DALY 1.38 (0.96; 1.90) 2.33(1.61; 3.21)
Moderate YLD 1.03 (0.71; 1.42) 1.73 (1.20; 2.39)
Diarrhea YLL 0 0
DALY 1.03 (0.71; 1.42) 1.73 (1.20; 2.39)
Severe YLD 0.16 (0.11; 0.22) 0.27 (0.19; 0.37)
Diarrhea YLL 0 0
DALY 0.16 (0.11; 0.22) 0.27 (0.19; 0.37)
Hemolytic Uremic YLD 0.19 (0.13; 0.26) 0.32 (0.22; 0.44)
Syndrome (HUS) YLL 24.92 (17.29; 34.39) 41.99 (29.14; 57.93)
DALY 25.11 (17.42; 34.65) 42.31 (29.36; 58.38)
End Stage Renal YLD 20.21 (14.02; 27.88) 34.05 (23.62; 46.97)
Disease (ESRD) YLL 4.04 (2.80; 5.58) 6.81(4.72; 9.39)
DALY 24.25 (16.83; 33.46) 40.86 (28.35; 56.37)
Total DALYs 51.93 (36.03; 71.65) 87.50 (60.71; 120.71)
Scenario “Adjusted”
Health Outcome Model “0157” Model “Shigella”
Gastroenteritis Mild YLD 0.02 (0.01; 0.04) 0.03 (0.01; 0.07)
Diarrhea YLL 0 0

DALY 0.02 (0.01; 0.04)

0.03 (0.01; 0.07)

Moderate YLD 0.01 (0.01; 0.03)
Diarrhea

0.02 (0.01; 0.05)

YLL 0

0

DALY 0.01 (0.01; 0.03)

0.02 (0.01; 0.05)

Severe YLD 217 x10°(8.09x 104 4.84x  3.66 x 10°(1.36 x 10%; 8.16 x
Diarrhea 10%) 10%)
YLL 0 0

DALY 2.17 x 10° (8.09 x 10%; 4.84 x
10%)

3.66 x 103 (1.36 x 10% 8.16 x
10%)
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Table 18 (continued). YLDs, YLLs and DALYs of STEC infection scenario “225g”.

Hemolytic Uremic YLD 2.60x10°(9.67x10%579x  4.37x10°(1.63 x 103, 9.76 x
Syndrome (HUS) 10%) 10%)
YLL 0.34 (0.13; 0.76) 0.57 (0.21; 1.28)
DALY 0.34 (0.13; 0.77) 0.58 (0.22; 1.29)
End Stage Renal YLD 0.28 (0.10; 0.62) 0.47 (0.17; 1.04)
Disease (ESRD) YLL 0.06 (0.02; 0.12) 0.09 (0.03; 0.21)
DALY 0.33 (0.12; 0.74) 0.56 (0.21; 1.24)
) )

Total DALYs 0.71(0.26; 1.58 1.20 (0.45; 2.67

For scenario “225¢g”, the estimated total number of STEC infection cases (Table 12)
follows the pattern presented in scenario “450g” with a higher number of estimated cases
using model “Shigella”. Model “O157” for scenario “Worst Case” (Table 18) projects a total of
51.93 (36.03; 71.65) DALYs and 0.35 (0.24; 0.48) DALYs/person/year (Table 21) which
corresponds to = 126 days of healthy life lost per person per year, and model “Shigella”
projects a total of 87.50 (60.71; 120.71) DALYs and 0.58 (0.40; 0.80) DALYs/person/year
(Table 21), corresponding to = 213 days of healthy life lost per person per year. Regarding
scenario “Adjusted” (Table 18), model “O157” projects a total of 0.71 (0.26; 1.58) DALYs and
4.73 x 103 (1.76 x 103 1.05 x 10-?) DALYs/person/year (Table 21), i.e., approximately 1.73
days, while model “Shigella” projects a total of 1.20 (0.45; 2.67) DALYs and 7.97 x 103 (2.97
x 10-3; 1.78 x 102) DALYs/person/year (Table 21), i.e, approximately 2.9 days of healthy life
lost per person per year.

Table 19. YLDs, YLLs and DALYs of ETEC infection scenario “225g”.

Scenario “Worst Case”
ETEC model

Health Outcome

Gastroenteritis Mild YLD 0.48 (0.33; 0.66)
Diarrhea YLL 0

DALY 0.48 (0.33; 0.66)

Moderate YLD 0.15 (0.10; 0.20)
Diarrhea YLL 0

DALY 0.15 (0.10; 0.20)

Severe YLD 0.01 (0.01; 0.02)
Diarrhea YLL 0

DALY 0.01 (0.01; 0.02)

Total DALYs 0.64 (0.44; 0.88)

Scenario “Adjusted”
ETEC model

Health Outcome

Gastroenteritis Mild YLD 0.03 (0.02; 0.04)
Diarrhea YLL 0

DALY 0.03 (0.02; 0.04)

Moderate YLD 0.01 (0.01; 0.01)
Diarrhea YLL 0
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Table 19 (continued). YLDs, YLLs and DALYs of ETEC infection scenario “225g”.

DALY 0.01 (0.01; 0.01)
Severe YLD 7.24 x 10* (4.48 x 10*4; 1.13 x 10®)
Diarrhea YLL 0
DALY 7.24 x 10* (4.48 x 10*,1.13 x 10°%)
Total DALYs 0.04 (0.02; 0.06)

For the ETEC infection (Table 19), the model projects a total of 0.64 (0.44; 0.88)
DALYs and 4.27 x 10 (2.97 x 10-3%; 0.01) DALYs/person/year (Table 21), corresponding to
approximately 1.56 days of healthy life lost per person per year for scenario “Worst Case”,
while for scenario “Adjusted” a total of 0.04 (0.02; 0.06) DALYs is projected and 2.54 x 10
(1.57 x 104; 3.97 x 10*) DALYs/person/year was estimated (Table 21), which corresponds to
=~ 0.09 days of healthy life lost.

Table 20. YLDs, YLLs and DALYs of EPEC infection scenario “225g”.

Scenario “Worst Case”

Health Outcome EPEC model
Gastroenteritis Mild YLD 2.97 x 10 (2.06 x 10%; 4.09 x 10%)
Diarrhea YLL 0
DALY 2.97 x 10 (2.06 x 10%; 4.09 x 10°%)
Moderate YLD 9.17 x 10 (6.37 x 10%; 1.27 x 10®)
Diarrhea YLL 0
DALY 9.17 x 10* (6.37 x 10%; 1.27 x 10®)
Severe YLD 7.51x10° (5.21 x 105; 1.04 x 10)
Diarrhea YLL 0
DALY 7.51x10%(5.21 x 105; 1.04 x 10*)
Total DALYs 3.96 x 10 (2.75 x 103; 0.01)
Scenario “Adjusted”
Health Outcome EPEC model
Gastroenteritis Mild YLD 4.47 x 10* (2.95 x 104, 6.51 x 10%)
Diarrhea YLL 0
DALY 4.47 x 10*(2.95 x 104, 6.51 x 10%)
Moderate YLD 1.38 x 10*(9.12 x 10%; 2.01 x 10%)
Diarrhea YLL 0
DALY 1.38 x 10* (9.12 x 10%; 2.01 x 10%)
Severe YLD 1.13 x 10° (7.46 x 10%; 1.65 x 10°)
Diarrhea YLL 0
DALY 1.13 x 10 (7.46 x 10%; 1.65 x 10®°)
Total DALYs 5.96 x 10 (3.93 x 10*; 8.69 x 10*)

Considering the EPEC infection (Table 20), the model projects a total of 3.96 x 103
(2.75 x 103; 0.01) DALYS and 2.64 x 10° (1.83 x 10 3.64 x 10°) DALYs/person/year,
equivalent to = 0.009 days of healthy life lost per person per year in scenario “Worst Case”,
and for scenario “Adjusted” a total of 5.96 x 10 (3.93 x 10%; 8.69 x 10*#) DALYs and 3.98 x
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10 (2.62 x 10%; 5.79 x 10°%) DALYs/person/year, which corresponds to 0.0015 days of

healthy life lost per person per year.

4.2.3. Summary of Results

A summary of total DALYs that resulted from DALYs/person/year can be consulted in
table 21.
Table 21. Summary of final output DALYs/person/year.

DALYs/person/year (Median 95% CI)

Scenario Scenario STEC (model 0.37 (0.25; 0.50)
“450g” “Worst “0157”)
Case” STEC (model 0.61 (0.25; 0.50)
“Shigella”)
ETEC 4.74 x 10 (3.29 x 10%; 6.54 x 103)
EPEC 5.25 x 10° (3.64 x 10%; 7.24 x 10)
Scenario STEC (model 4.99 x 10 (1.86 x 103; 0.01)
“Adjusted” “0157”)
STEC (model 8.33x 102 (3.10 x 10°%; 1.86 x 10?)
“Shigella”)
ETEC 2.82x10%(1.74 x 10%; 4.40 x 10%)
EPEC 7.91x10%(5.22 x 10°%; 1.15 x 10)
Scenario Scenario STEC (model 0.35(0.24; 0.48)
“225g" “Worst “0157”)
Case” STEC (model 0.58 (0.40; 0.80)
“Shigella”)
ETEC 4.27 x 10 (2.97 x 103; 0.01)
EPEC 2.64 x 10°(1.83 x 10%; 3.64 x 10)
Scenario STEC (model 4.73 x 102 (1.76 x 103; 0.01)
“Adjusted” “0157”)
STEC (model 7.97 x 103 (2.97 x 103, 1.78 x 10?)
“Shigella”)
ETEC 2.54 x 104 (1.57 x 104, 3.97 x 10%)
EPEC 3.98 x 10 (2.62 x 10°%; 5.79 x 10°)

The overall burden of E.coli infections is the highest if the pathogen is a Shiga toxin
producer, even when the proportion is adjusted, which is expected given its virulence and
pathogenic effects.

Different health outcomes have different contributions to the total burden of disease.

The major contributions to DALYs of STEC disease were HUS and ESRD (Figure

14). Although these two clinical outcomes present the lowest number of cases, the severity

37



and consequences associated with its occurrence are much higher, with also higher values
of DW and case-fatality ratios.

For the ETEC/EPEC infection, mild diarrhea is the major cause of the associated
burden (Figure 15).

HUS

ESRD

Mild Diarrhea
Moderate Diarrhea
Severe Diarrhea

0.306%

Figure 14. Contribution of clinical outcomes for DALYs in STEC infection.

M Mild Diarrhea
B Moderate Diarrhea
Severe Diarrhea

Figure 15. Contribution of clinical outcomes for DALYs in ETEC/EPEC
infection.
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Figure 16. YLD and YLL contribution to DALYs in scenario “450g”:
scenario “Worst Case”.
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Figure 17. YLD and YLL contribution to DALYs in scenario "450g™:
scenario "Adjusted”
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Figure 18. YLD and YLL contribution to DALYs in scenario “225g”:
scenario “Worst Case”.
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Figure 19. YLD and YLL contribution to DALYs in scenario “225g”:
scenario “Adjusted”.

The contribution of YLD and YLL for the total DALYs considering scenario “450g” is
presented in figures 16 and 17, while in figures 18 and 19 the contribution of YLD and YLL
for the total DALY's considering scenario “225g”. For both scenarios of STEC infection, YLL
has the highest contribution to DALYs, despite the lower values in number of cases, because
in all scenarios and outcomes the number of deaths < 1; however, in scenario "450g”: “Worst

Case”: “Shigella”, a death by HUS is projected, as well as one case of ESRD.
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4.3. Sensitivity Analysis

Sensitivity analysis results for the STEC “O157” model (Figure 20) and STEC
“Shigella” (Figure 21) reveal that for DALYs calculation the two models had very similar
sensitivity results, with the factors contributing the most to the overall model variability being
prevalence of E.coli group, followed by the number of people exposed to the hazard. In the
“Shigella” model (Figure 21), the prevalence of contaminated portions had a slightly higher

contribution than the E.coli concentrations when compared to the “O157” model.
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Figure 20. Sensitivity analysis for the STEC model “O157”. Input parameters as
follows:

a- E.coli concentrations; b- meal portion; c- prevalence of contaminated portions; d- prevalence
of E.coli group; e- number of people exposed to the hazard; f- duration of STEC induced
diarrhea; g- probability of developing STEC induced mild diarrhea; h- DW for mild diarrhea; i-
probability of developing STEC induced moderate diarrhea; j- DW for moderate diarrhea; k-
probability of developing STEC induced severe diarrhea; |- DW for severe diarrhea; m-
probability of developing HUS; n- DW for HUS; o- duration of HUS; p- probability of developing
ESRD; g- DW for ESRD; r- duration of ESRD; s- probability of death by HUS; t- probability of
death by ESRD; u- expectation of life at age group 25-29.
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Figure 21. Sensitivity analysis result for the STEC model “Shigella”. Input

parameters as follows:
a- E.coli concentrations; b- meal portion; c- prevalence of contaminated portions; d-

prevalence of E.coli group; e- number of people exposed to the hazard; f- duration of STEC
induced diarrhea: g- probability of developing STEC induced mild diarrhea; h- DW for mild
diarrhea; i- probability of developing STEC induced moderate diarrhea; j- DW for moderate
diarrhea; k- probability of developing STEC induced severe diarrhea; |- DW for severe
diarrhea; m- probability of developing HUS; n- DW for HUS; o- duration of HUS; p- probability
of developing ESRD; g- DW for ESRD; r- duration of ESRD; s- probability of death by HUS; t-
probability of death by ESRD; u- expectation of life at age group 25-29.

In the DALY calculation using ETEC model (Figure 22), the factors that influenced the
most the output were the number of people exposed to the hazard, and the E.coli
concentrations. Prevalence of contaminated portions and prevalence of E.coli group had
lower contributions to the output, contrarily to the results obtained in the STEC models
described above, in which the prevalence of E.coli group was the most influential in
variability. In the ETEC model, variability in DW for mild diarrhea also had a contribution to
the overall variability of the model, in contrast with the STEC models, for which none of the

parameters from the YLD equation had a significant impact.
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Figure 22. Sensitivity analysis for the ETEC model. Input parameters as follows:
a- E.coli concentrations; b- meal portion; c- prevalence of contaminated portions; d- prevalence
of E.coli group; e- number of people exposed to the hazard; f- duration of ETEC induced
diarrhea; g- probability of developing ETEC induced mild diarrhea; h- DW for mild diarrhea; i-
probability of developing ETEC induced moderate diarrhea; j- DW for moderate diarrhea; k-
probability of developing ETEC induced severe diarrhea; |- DW for severe diarrhea

Considering the EPEC model for DALYs calculation (Figure 23), E.coli concentrations
was the factor that most contributed to DALY's final output variability, followed by the number

of people exposed to the hazard and DW for mild diarrhea had a very low contribution.
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Figure 23. Sensitivity analysis result for the EPEC model. Input parameters as
follows:

a- E.coli concentrations; b- meal portion; c- prevalence of contaminated portions; d-
prevalence of E.coli group; e- number of people exposed to the hazard; f- duration of EPEC
induced diarrhea; g- probability of developing EPEC induced mild diarrhea; h- DW for mild
diarrhea; i- probability of developing EPEC induced moderate diarrhea; j- DW for moderate
diarrhea; k- probability of developing EPEC induced severe diarrhea; |- DW for severe
diarrhea.
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5. Discussion

In this dissertation, a scenario-based approach was used to estimate the effects and
burden of disease of foodborne E.coli, based on routine microbiological analyses results of
ready-to-eat meals served in institutional canteens. Due to its genetic and phenotypic
diversity, E. coli presents different clinical outcomes in the human host; to better represent
this reality, in this work several scenarios were considered. Also, the inexistence of a single
E.coli dose-response model, describing possible host-pathogen interactions, made the use of
several dose-response models necessary, since PCR of food sample isolates was not
routinely performed by the food laboratory responsible for processing the ready-to-eat meals
assessed in this study.

These type of projections can have an important impact in companies, institutions and
health services, since it allows to foretell the consequences of abnormal pathogen counts.
These consequences include the number of cases, decreased quality of live, life-threatning
conditions, and also economical consequences, as the economical impact can be predicted
from the expected number of cases, as well as from DALYs. In this approach, some
limitations need to be considered, such as the use and selection of dose-response models.
Several models are available for a specific type of E.coli. Most of these models were
obtained from human feeding exposure to the pathogen (Strachan et al. 2005). Ethical
constraints arise from this type of approach, which is no longer used (Strachan et al. 2005).
Currently, most dose-response models use epidemiological data from outbreaks, which
requires the collaborative work of companies, laboratories, technicians and health services.
In these types of dose-response models, different age-groups responses can be included,
although when age-groups are not coincident with the ones observed in the exposed
population, limitations occur, as children and adult response may differ and the clinical
outcome may be dependent on the demographic of the affected population (Sperandio and
Hovde 2015). However, not all existing E.coli models are built based on human response,
and models using a surrogate animal model can also be considered in a general manner in
dose-response models (Buchanan et al. 2000). The use of animal models must be carefully
considered, as their response to the pathogen might differ from the human one, causing an
under or overestimate of the risk, as represented and projected in the first example
describing Shiga toxin-producing E.coli infection. In this work, because no data from
outbreaks that might have occurred in the considered institutional canteens was available,
and due to the fact that no further typification of E.coli isolates was performed whenever
countings were above 10 cfu/g, the “Adjusted” scenario was chosen as the model that best
represented reallity in this particular setting. Epidemiological investigation associated with

laboratory work can be of extreme importance to assess clinical and food isolates, disclosing
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the cause of the outbreak. Health outcome trees can be complex, and some outcomes
cannot be projected because of the lack of investigation data. In this work, deeper
approaches in burden of disease could be done if a better characterization of the population
was possible, such as the detailed ages and age groups, as well as outcomes.

QMRA does not allow for a precise estimate of cases, due to the uncertainty that
exists along the food chain and in the process of modelation (Havelaar et al. 2008).
According to Nauta et al. (2001) these estimates are higher than expected considering the
epidemiological estimates from population-based cohort studies. One of the possible causes
of this overestimation is the lack of consideration of the acquired immunity to certain
pathogens (Nauta et al. 2007), and also the fact that the majority of dose-response models
available describe high levels of infection, resulting from high doses, while low doses remain
to be investigated, so the uncertainty associated with the results can increase (Enger 2015).
In this work, data collected from a food laboratory database was used, in which ready-to-eat
meals were analyzed in order to quantify E.coli colonies using a culture method according to
an I1SO standard. The available data did not allow to discriminate countings inferior to 10 cfu,
some of the possible solutions were to replace the non-detects with zero, log-linear
extrapolation or substituting the non-detections with the limit of detection, but there is still a
lack of agreement on how results below the limit of detection should be treated (Owens et al.
2020). Also, the used models, namely Beta-poisson, are single-hit models, so doses of one
single cell could have the potential to cause illness, but this element could not be applied,
specially to STEC 0O157:H7, as the infectious dose is considered to be less than 100
organisms (Smith et al. 2014).

These type of uncertainties enhance the need for interaction between epidemiology
and QMRA. The epidemiological approach should be country specific to increase the
chances of better adjustement of projected values to reality. As described in WHO Estimates
of the Global Burden of Foodborne Diseases (2015), values of mortality differ between
countries and group of countries, and so does the ages and population dimensions.
However, country’s characteristics and generalization allows them to be placed in groups
with similar attributes, such as the groups defined by WHO (WHO 2015). This could enable
the use of analogous data between countries, when groups of data are missing or do not
exist. The application of this concept could be of great use in burden of disease projections,
similarly to the one developed in this work.

The knowledge on the genetic diversity present in the genus Escherichia and
Escherichia coli species is progressively increasing and previously thought to be different
genus bacteria, i.e Shigella, is now being questioned. The adding and discovery of new
E.coli intestinal pathogenic phenotypic groups in recent years urges the need for a better and

more clear classification of this species (Yu et al. 2021). Together with the emergence of new
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hybrids, horizontal gene transfer, difficulties arise with the use of the classical classification
(Yu et al. 2021). If analyses beyond the classic culture techniques are not performed, E.coli
that are thought to be harmless and belonging to a non pathogenic group can carry virulence
genes that are typically not associated with a specific phenotype. According to the Annual
report of the Scientific Network on Microbiological Risk Assessment 2020 (EFSA 2020) the
importance of STEC serogroup typing is decreasing, while detection of virulence gene
patterns is becoming increasingly relevant. Another example is the existence of typical and
atypical EPEC, being the later thought to be closer to STEC in genetic characteristics,
serotypes, toxins production, reservoirs and other epidemiological aspects; EPEC are
present in a variety of places such as food, animal species, and environment, but humans
are considered its main reservoir (Trabulsi et al. 2002; Rios et al. 2019). The presence of
genes by itself does not translate into in vivo pathogenicity, since there are a variety of
environmental factors that influence gene expression. Considering ETEC, factors such as
bile, pH, bicarbonate, osmolarity, glucose and intestinal oxygen availability modelate gene
regulation (Crofts et al. 2018). Regarding STEC, lactic acid, butyric acid, formic acid,
probiotic bacteria, colicins, microcins and vitamin B4, have been proposed as factors that
regulate Stx expression (Nawrocki et al. 2020). The diversity of these factors within the
hosts, the overall health condition and the uncertainty associated with QMRA methods
contribute to possible variations of the calculated risk, number of cases and respective
clinical outcome.

Additionally, sensitivity analysis allows to identify the parameter or set of parameters
that influenced the most the DALY's output, providing an insight into which specific input or
set of inputs contributed the most to the variability of the model (Saltelli et al. 2000). The
application of this analysis is necessary to understand the input-output relationship;
determining to which extent uncertainty in model parameters contributes to the overall
variability in the model output; identifying the important and influential parameters that drive
model outputs and magnitudes; and also to guide future experimental designs (Saltelli et al.
2000; Mokhtari and Frey 2005; Saltelli 2008; Kiparissides et al. 2009). There are several
commonly used global sensitivity analysis methods such as: Weighted average of local
sensitivity analysis (WALS); Partial rank correlation coefficient (PRCC); Multi-parametric
sensitivity analysis (MPSA); Fourier amplitude sensitivity analysis (FAST) and Sobol (Zhang
et al. 2015). In this work, the Sobol method was followed to perform the sensitivity analysis,
since according to Zhang et al. (2015) it allows for: discrete inputs; model independence;
non-linear input-output relationship; non-monotonic input-output relationship; robustness;
reproducibility; ability to apportion the output variance; higher order interaction of parameters
and quantitative measure of ranking. Regarding sensitivity analysis results, the factors which

variability contributed the most to the variability of the final burden in the STEC models was
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prevalence of each E.coli group, and this can be associated with the infectious dose for
STEC which is considered to be less than 100 cfu for O157:H7 (Smith et al. 2014).
Therefore, E.coli concentrations do not cause a considerable variability because infection or
illness is estimated to occur at a relatively low number of ingested microorganisms. The
result for the STEC models differs from the results obtained for the EPEC model in which
E.coli concentrations were the factor with the highest impact and it could also be related to
the number of organisms that are necessary to initiate an infection or illness. For EPEC
induced infection or illness it is postulated that a large inoculum, approximately 108-10'°
bacteria are necessary to cause infection in adults (Mellies et al. 2007; Landraud and Brisse
2010), consequently, the variability in E.coli concentrations has the highest influence in the
number of cases and DALYs. The same can be applied to the ETEC model in which
concentrations above 108 cfu are required to cause ETEC induced infection (Daniels 2006),
validating E.coli concentrations as the second most important factor after the number of
people exposed to the hazard.

To date, no studies were found trying to estimate the risk of E.coli illness and disease
burden based on dose-response models in ready-to-eat meals at the point of service.

Other studies attempted to estimate the probability of illness with the use of E.coli
dose-response models. A study by O’Flaherty et al. (2019) estimated the probability of illness
from antibiotic resistant E.coli associated with the consumption of lettuce irrigated with
surface water. Since no dose-response models for antibiotic resistant E.coli were available,
an EPEC model was used to calculate the mean probability of illness from exposure to
antibiotic sensitive E.coli, and the range of the obtained mean probability value was 1.46 x
10°— 1.88 x 102 per 100g of lettuce. The probability of illness by E.coli 0157:H7 associated
with the consumption of raw fresh produce in India was also estimated by Kundu et al. (2018)
with values ranging between 18-59%. A systematic review by Owens et al. (2020) of QMRA
in public drinking water using the same risk estimation approach refers that, from all the
possible pathogens and available data, E.coli was the most commonly used and analysed
bacterial pathogen, with the most common used pathotypes being O157 and ETEC.
Regarding these type of studies, almost half included the calculation of population disease
burden, while others remained solely on probabilities of infection. Those that calculated the
burden using 10® DALY/person/year as the reference level of risk, obtained values that
ranged between 10 and 10 for the burden of E.coli infections. Following the same line of
studies, similar applications have been made to estimate the risk of illness from beef
products, and enterohemorrhagic E.coli is one of the most searched and analysed hazards
(Tesson et al. 2020). Risk characterization models can give results in the form of incidence,
mortality, iliness risk, outbreak risk, severity of outcomes or DALY. In this work, DALYs were

the model’s final output and its utility could go beyond determining the outcome severity and
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health weight in the population. Financial impact could also be determined by knowing the
mean cost of hospitalization for an individual, as well as to determine the global cost of a
contamination during a specific step in the food chain, similarly to what is proposed by
Tesson et al. (2020) for the meat chain.

The presence of abnormal generic E.coli counts in ready-to-eat meals can be an
indicator of poor hygiene and sanitation and may indicate the risk of contamination with
serotype 0157, as described in the Microbiological quality guideline for ready-to-eat foods
(2009). Although E.coli can also be found in the environment, it is postulated that it has
primarly intestinal origin, and therefore it is still advocated as an indicator of faecal
contamination and poor hygiene (Metz et al. 2020). These ready-to-eat meals were
miscellaneous, including salads but also composed meals with meat or fish. There is no
mandatory European regulation or national law to comply with regarding microbiological
criteria in composed ready-to-eat meals. The Commission Regulation (CE) No. 2073/2005 of
15 November 2005, and following amendments, on microbiological criteria for foodstuffs
establishes limit values for E.coli quantification in certain types of food products such as
meat, meat products and fish, but no values are established for ready-to-eat meals
(European Commission 2020). According to this regulation, regarding E.coli in meat
products, the sanitary status of products can be defined by determination and quantification
of m and M parameters that represent the threshold value for the number of bacteria and the
maximum value for the number of bacteria, respectively (European Commission 2020). As
such, three categories are described, being: satisfactory if the logarithmic mean is under the
m parameter, acceptable if it is between m and M, and non satisfactory if it is higher than M.
As an example, for minced meat the limit values are 50 cfu/g and 500 cfu/g for m and M and
for cheese that is made from milk that has undergone thermal treatment the limit values are
100 cfu/g and 1000cfu/g and the reference method is ISO 16649-1 or 2 (European
Commission 2020).

At the national level, microbiological guidelines have been proposed by the National
Health Institute - INSA (INSA 2019). In these guidelines, E.coli counts < 10 cfu/g are
considered satisfactory in ready-to-eat meals, (INSA 2019).

The origin of high generic E. coli counts in food samples could be multiple, i.e.,
cross-contamination from raw materials, from the food-producing environment, including
staff, or from inadequate thermal treatment (INSA 2019). Contaminated vegetables, meat
and other foodstuffs could be possible vehicles, as well as contamination from a human
source, since E.coli is one of the most abundant bacteria in the gut of humans and animals.
Regarding STEC, contamination of ready-to-eat foods via cross-contamination from raw or
undercooked meat products is an important cause of foodborne infections (Public Health

England 2018). Therefore, good manufacturing and hygiene practices, such as preventing
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contamination of animal carcasses during slaughter, correct cooking of meat products,
pasteurisation of milk and dairy products, and good personal hygiene, including appropriate
handwashing, are key measures to prevent and control E. coli along the food chain (Hawker
et al. 2012; Public Health England 2018).

Without further investigation of E.coli occurrence and typification, assumptions about
the most probable pathotype cannot be made with confidence, as in a scenario approach.

The “Adjusted” scenario was built as an attempt to adapt the prevalence of each
E.coli group considered in this study. Therefore, the final output values of DALYs for the
“Adjusted” scenario can be considered as the ones closer to reality, representing the
expected burden for the three considered groups of E.coli. Additionally, according to the
sensitivity analysis, the size of the meal portion did not contribute significantly to the final
output in any of the used models, which can explain the small difference in the results of
scenario “450g” and “225g”.

Investigation procedures beyond generic classification of E. coli can impact the
overall risk management and health outcomes, because whenever a STEC infection is
confirmed, healthcare treatment should be specific and appropriate, as this is crucial for the
success of most of the newly developed therapeutics (Mihlen and Dersch 2020). According
to a meta-analysis on the use of antibiotics, a deeper identification of the E.coli group is
relevant, especially in the case of STEC infection, as a significant association of the use of
antibiotics and the risk of developing HUS was found (Freedman et al. 2016; Public Health
England 2018). The recommended therapy today is mainly supportive, though in recent
years novel therapy approaches - as monoclonal antibodies, antisera directed against Shiga
toxin, toxin receptor analogs, and a possible vaccination strategy - is being evaluated in vitro
and in animal models (Mihlen and Dersch 2020).

Nowadays, new laboratory methods are arising for determining the possible origin of
E.coli strains found in food, such as Single Nucleotide Polymorphism (SNP)-based
genotyping and Whole Genome Sequencing (WGS). SNP can correlate the geographical
and genetic relationship of E.coli, allowing to identify the potential source, as well as to
provide a theoretical basis for monitoring and control of this important foodborne pathogen
(Liu et al. 2020). WGS can determine the whole genome by sequencing all DNA of one
organism, enabling a greater precision in the surveillance of foodborne pathogens for a
quicker and efficient response to foodborne outbreaks (CDC 2016; Therrien et al. 2021).
WGS also allows to disclose an entire spectrum of pathogen information, such as toxin
variant, serotype, sequence type and virulence factors (EFSA 2020).

The growing evidence of new hybrids, possible clinical outcomes following E.coli
infection, and difficulties associated with its detection, reinforce the need for adequate

implementation of food safety management systems, as well as regular verification
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procedures, such as audits and inspections, since generic E.coli counts remain a fine
indicator of good hygiene practices (Ekici and Dimen 2019). The occurrence of this potential
foodborne pathogen can have a great impact on consumer’s health, ranging from mild
clinical conditions, such as self-limiting diarrhea, to long-term sequelae, life-long disabilities,
and ultimately, death.

Knowledge on the burden of E.coli infections keeps evolving and recent evidence
suggests that the AIEC pathogenic group is involved in the pathogenesis of inflammatory
bowel disease, particularly Crohn’s disease (Palmela et al. 2018), so the true long-term
burden may have more than the previously predicted consequences, or may never be truly

known.

6. Conclusion

In this work, a burden of disease estimation was performed based on generic and
routine E.coli counts obtained from ready-to-eat foods collected in institutional canteens
during a 2-year period.

The estimated burden of disease varied according to the type of scenario, and a
lower ammount of ingested food was associated with lower risk and burden of disease.
Considering the ingestion of the whole meal, STEC infection is expected to have a burden of
4.99x10-® DALYs/person/year, ETEC infection of 2.82x10* DALYs/person/year, and EPEC
infection of 7.91 x 10 DALYs/person/year, equivalent to approximately 2 days of healthy life
lost, 0.1 days of healthy life lost and 0.003 days of healthy life lost per person per year,
respectively. Mild diarrhea was the most common expected clinical outcome of infection with
the considered E.coli groups, and no cases of hemolytic uremic syndrome or end stage renal
disease are expected to arise from the consumption of this study ready-to-eat meals.
Although these health metrics estimates seem low and present mild severity, especially
when compared to other foodborne pathogens, they should not be disregarded in any
circumstance, particularly in an institutional environment as was the case in this study.
Additionally, considering the results obtained from sensitivity analysis, occurrence of the
STEC group within total E.coli counts was the factor that contributed the most to the output
variability in both STEC models outputs, while in the ETEC model the number of people
exposed to the hazard explained most variability, and in the EPEC model E.coli
concentrations contributed the most to the output variability.

Although a long way has yet to be wandered, this study draws attention to an
innovative approach that contributes to a better understanding of E.coli in ready-to-eat foods,
and its potential consequences and impact in consumers health, by combining quantitative

microbial risk assessment and health metrics estimates.

50



7. References

Aidara-Kane A, Tritscher A, Miyagishima K. 2016. The WHO and Its Role as an International
Organization Influencing Global Food Policy. In: Reference Module in Food Science.
Elsevier. https://linkinghub.elsevier.com/retrieve/pii/B9780081005965032558.

Alconcher LF, Balestracci A, Coccia PA, Suarez A del C, Ramirez FB, Monteverde ML,
Perez y Gutiérrez MG, Carlopio PM, Principi |, Estrella P, et al. 2021. Hemolytic
uremic syndrome associated with Shiga toxin-producing Escherichia coli infection in
Argentina: update of serotypes and genotypes and their relationship with severity of
the disease. Pediatr Nephrol. 36(9):2811-2817. doi:10.1007/s00467-021-04988-y.
https://link.springer.com/10.1007/s00467-021-04988-y.

Alerasol M, Mousavi Gargari SL, Nazarian S, Bagheri S. 2014. Immunogenicity of a fusion
protein comprising coli surface antigen 3 and labile B subunit of enterotoxigenic
Escherichia coli. Iran Biomed J. 18(4):212-218. do0i:10.6091/ibj.1344.2014.
http://www.ncbi.nim.nih.gov/pubmed/25326019.

Anderson NW, Tarr Pl. 2018. Multiplex Nucleic Acid Amplification Testing to Diagnose Gut
Infections. Gastroenterol Clin North Am. 47(4):793-812.
doi:10.1016/j.gtc.2018.07.006.
https://linkinghub.elsevier.com/retrieve/pii/S0889855318300621.

Authority NF. 2009. Microbiological quality guideline for ready-to-eat foods. :11.
https://www.foodauthority.nsw.gov.au/sites/default/files/ _Documents/scienceandtechn
ical/microbiological_quality_guide_for_RTE_food.pdf.

Bai X, Zhang J, Ambikan A, Jernberg C, Ehricht R, Scheutz F, Xiong Y, Matussek A. 2019.
Molecular Characterization and Comparative Genomics of Clinical Hybrid Shiga
Toxin-Producing and Enterotoxigenic Escherichia coli (STEC/ETEC) Strains in
Sweden. Sci Rep. 9(1):5619. doi:10.1038/s41598-019-42122-z.
http://www.nature.com/articles/s41598-019-42122-z.

Ballem A, Gongalves S, Garcia-Menifio I, Flament-Simon SC, Blanco JE, Fernandes C,
Saavedra MJ, Pinto C, Oliveira H, Blanco J, et al. 2020. Prevalence and serotypes of
Shiga toxin-producing Escherichia coli (STEC) in dairy cattle from Northern Portugal.
Stekel DJ, editor. PLoS One. 15(12):e0244713. doi:10.1371/journal.pone.0244713.
https://dx.plos.org/10.1371/journal.pone.0244713.

Beld MJC, Reubsaet FAG. 2012. Differentiation between Shigella, enteroinvasive
Escherichia coli (EIEC) and noninvasive Escherichia coli. Eur J Clin Microbiol Infect
Dis. 31(6):899-904. doi:10.1007/s10096-011-1395-7.
http://link.springer.com/10.1007/s10096-011-1395-7.

Bennish ML, Ahmed S. 2020. Shigellosis. In: Hunter's Tropical Medicine and Emerging
Infectious Diseases. Elsevier. p. 492-499.
https://linkinghub.elsevier.com/retrieve/pii/B978032355512800048X.

51



Beutin L, Martin A. 2012. Outbreak of Shiga toxin-producing Escherichia coli (STEC)
0104:H4 infection in Germany causes a paradigm shift with regard to human
pathogenicity of STEC strains. J Food Prot. 75(2):408-18. do0i:10.4315/0362-
028X.JFP-11-452. http://www.ncbi.nlm.nih.gov/pubmed/22289607.

Bliven K, Lampel KA. 2017. Shigella. In: Foodborne Diseases. Elsevier. p. 171-188.
https://linkinghub.elsevier.com/retrieve/pii/B9780123850072000061.

Blount ZD. 2015. The unexhausted potential of E. coli. Elife. 4. doi:10.7554/eLife.05826.
https://elifesciences.org/articles/05826.

Boone |, Van der Stede Y, Aerts M, Mintiens K, Daube G. 2010. Quantitative microbial risk
assessment: methods and quality assurance. Vlaams Diergeneeskd Tijdschr.
79:367-380.

Buchanan RL, Smith JL, Long W. 2000. Microbial risk assessment: dose-response relations
and risk characterization. Int J Food Microbiol. 58(3):159-172. do0i:10.1016/S0168-
1605(00)00270-1. https://linkinghub.elsevier.com/retrieve/pii/S0168160500002701.

Cabrera-Sosa L, Ochoa TJ. 2020. Escherichia coli Diarrhea. In: Hunter's Tropical Medicine
and Emerging Infectious Diseases. Elsevier. p. 481-485.
https://linkinghub.elsevier.com/retrieve/pii/B9780323555128000466.

Canizalez-Roman A, Gonzalez-Nunez E, Vidal JE, Flores-Villasefior H, Ledn-Sicairos N.
2013. Prevalence and antibiotic resistance profiles of diarrheagenic Escherichia coli
strains isolated from food items in northwestern Mexico. Int J Food Microbiol.
164(1):36-45. doi:10.1016/j.ijffoodmicro.2013.03.020.
https://linkinghub.elsevier.com/retrieve/pii/S0168160513001669.

Canpolat N. 2015. Hemolytic uremic syndrome. Tirk Pediatr Arsivi. 50(2):73-81.
doi:10.5152/tpa.2015.2297. http://turkarchpediatr.org//en/hemolytic-uremic-syndrome-
13374.

Carlino M, Kralicek S, Santiago S, Sitaraman L, Harrington A, Hecht GA. 2020. Quantitative
analysis and virulence phenotypes of atypical enteropathogenic Escherichia coli
(EPEC) acquired from diarrheal stool samples from a Midwest US hospital. Gut
Microbes. 12(1):1824562. doi:10.1080/19490976.2020.1824562.
https://www.tandfonline.com/doi/full/10.1080/19490976.2020.1824562.

Castro VS, Figueiredo EE de S, Stanford K, McAllister T, Conte-Junior CA. 2019. Shiga-
Toxin Producing Escherichia Coli in Brazil: A Systematic Review. Microorganisms.
7(5):137. doi:10.3390/microorganisms7050137. https://www.mdpi.com/2076-
2607/7/5/137.

CDC. 2012. Principles of Epidemiology in Public Health Practice, Third Edition. An
introduction to Applied Epidemiology and Biostatistics. Lesson 3 Meas Risk.
[accessed 2021 Oct 26].

52



https://www.cdc.gov/csels/dsepd/ss1978/lesson3/section3.html.

CDC. 2016. Whole Genome Sequencing (WGS). J[accessed 2021 Nov 10].
https://www.cdc.gov/pulsenet/pathogens/wgs.html.

CDC. 2020. Foodborne Germs and |llinesses. [accessed 2021 Dec 3].
https://www.cdc.gov/foodsafety/foodborne-germs.html.

Chase-Topping M, Gally D, Low C, Matthews L, Woolhouse M. 2008. Super-shedding and
the link between human infection and livestock carriage of Escherichia coli O157. Nat
Rev Microbiol. 6(12):904-912. doi:10.1038/nrmicro2029.
http://www.nature.com/articles/nrmicro2029.

Chekabab SM, Paquin-Veillette J, Dozois CM, Harel J. 2013. The ecological habitat and
transmission of Escherichia coli O157:H7. FEMS Microbiol Lett. 341(1):1-12.
doi:10.1111/1574-6968.12078. https://academic.oup.com/femsle/article-
lookup/doi/10.1111/1574-6968.12078.

Coates MM, Kintu A, Gupta N, Wroe EB, Adler AJ, Kwan GF, Park PH, Rajbhandari R, Byrne
AL, Casey DC, et al. 2020. Burden of non-communicable diseases from infectious
causes in 2017: a modelling study. Lancet Glob Heal. 8(12):e1489-e1498.
doi:10.1016/S2214-109X(20)30358-2.
https://linkinghub.elsevier.com/retrieve/pii/S2214109X20303582.

Commission Regulation (EU) 2020/205 of 14 February 2020 amending Regulation (EC) No
2073/2005 of 15 November 2005 on microbiological criteria for foodstuffs. Official
Journal of the European Union.

Crofts AA, Giovanetti SM, Rubin EJ, Poly FM, Gutiérrez RL, Talaat KR, Porter CK, Riddle
MS, DeNearing B, Brubaker J, et al. 2018. Enterotoxigenic E. coli virulence gene
regulation in human infections. Proc Natl Acad Sci. 115(38):E8968-E8976.
doi:10.1073/pnas.1808982115.
http://www.pnas.org/lookup/doi/10.1073/pnas.1808982115.

Croxen MA, Law RJ, Scholz R, Keeney KM, Wlodarska M, Finlay BB. 2013. Recent
Advances in Understanding Enteric Pathogenic Escherichia coli. Clin Microbiol Rev.
26(4):822-880. doi:10.1128/CMR.00022-13.
https://journals.asm.org/doi/10.1128/CMR.00022-13.

Daniels NA. 2006. Enterotoxigenic Escherichia coli: Traveler's Diarrhea Comes Home. Clin
Infect Dis. 42(3):335-336. doi:10.1086/499249. https://academic.oup.com/cid/article-
lookup/doi/10.1086/499249.

Davis TK, Van De Kar NCAJ, Tarr Pl. 2014. Shiga Toxin/Verocytotoxin-Producing
Escherichia coli Infections: Practical Clinical Perspectives. Sperandio V, Hovde CJ,
editors.  Microbiol Spectr. 2(4). doi:10.1128/microbiolspec.EHEC-0025-2014.
https://journals.asm.org/doi/10.1128/microbiolspec. EHEC-0025-2014.

53



Denamur E, Clermont O, Bonacorsi S, Gordon D. 2021. The population genetics of
pathogenic Escherichia coli. Nat Rev Microbiol. 19(1):37-54. doi:10.1038/s41579-
020-0416-x.

Devanga Ragupathi NK, Muthuirulandi Sethuvel DP, Inbanathan FY, Veeraraghavan B.
2018. Accurate differentiation of Escherichia coli and Shigella serogroups: challenges
and strategies. New Microbes New Infect. 21:58-62. doi:10.1016/j.nmni.2017.09.003.
https://linkinghub.elsevier.com/retrieve/pii/S2052297517300744.

Devleesschauwer B, Havelaar AH, Maertens de Noordhout C, Haagsma JA, Praet N, Dorny
P, Duchateau L, Torgerson PR, Van Oyen H, Speybroeck N. 2014a. Calculating
disability-adjusted life years to quantify burden of disease. Int J Public Health.
59(3):565-5609. doi:10.1007/s00038-014-0552-z.
http://link.springer.com/10.1007/s00038-014-0552-z.

Devleesschauwer B, Havelaar AH, Maertens de Noordhout C, Haagsma JA, Praet N, Dorny
P, Duchateau L, Torgerson PR, Van Oyen H, Speybroeck N. 2014b. DALY
calculation in practice: a stepwise approach. Int J Public Health. 59(3):571-574.
doi:10.1007/s00038-014-0553-y. http://link.springer.com/10.1007/s00038-014-0553-y.

Dhama K, Rajagunala S, Chakrabort S, Verma AK, Kumar A, Tiwari R, Kapoor S. 2013.
Food-borne Pathogens of Animal Origin-Diagnosis, Prevention, Control and Their
Zoonotic Significance: A Review. Pakistan J Biol Sci. 16(20):1076—1085.
doi:10.3923/pjbs.2013.1076.1085.
https://www.scialert.net/abstract/?doi=pjbs.2013.1076.1085.

Donnenberg MS, editor. 2013. Escherichia Coli: Pathotypes and Principles of Pathogenesis.
2nd ed. Academic Press.

EFSA. 2020. Annual report of the Scientific Network on Microbiological Risk Assessment
2020. EFSA Support Publ. 17(12). doi:10.2903/sp.efsa.2020.en-1991.

EFSA. 2021. The European Union One Health 2019 Zoonoses Report. EFSA J. 19(2).
doi:10.2903/j.efsa.2021.6406.

Ekici G, Dumen E. 2019. Escherichia coli and Food Safety. In: The Universe of Escherichia
coli. IntechOpen. https://www.intechopen.com/online-first/escherichia-coli-and-food-
safety.

Eltai NO, Al Thani AA, Al Hadidi SH, Al Ansari K, Yassine HM. 2020. Antibiotic resistance
and virulence patterns of pathogenic Escherichia coli strains associated with acute
gastroenterits among children in  Qatar., BMC  Microbiol. 20(1):54.
doi:10.1186/s12866-020-01732-8.
https://bomcmicrobiol.biomedcentral.com/articles/10.1186/s12866-020-01732-8.

Engedal N, Skotland T, Torgersen ML, Sandvig K. 2011. Shiga toxin and its use in targeted
54



cancer therapy and imaging. Microb Biotechnol. 4(1):32-46. doi:10.1111/j.1751-
7915.2010.00180.x. http://www.ncbi.nim.nih.gov/pubmed/21255370.

Enger K. 2015. Escherichia coli: Dose Response Models. Pathog Escherichia coli. [accessed
2021 Nov 8].
http://gmrawiki.canr.msu.edu/index.php/Escherichia_coli;_Dose_Response Models.

Erickson MC, Doyle MP. 2007. Food as a Vehicle for Transmission of Shiga Toxin—
Producing Escherichia coli. J Food Prot. 70(10):2426—2449. doi:10.4315/0362-028X-
70.10.2426. https://meridian.allenpress.com/jfp/article/70/10/2426/170872/Food-as-a-
Vehicle-for-Transmission-of-Shiga.

FAO. 2003. Dose-Response Modelling. In: Hazard Characterization for Pathogens in Food
and Water GUIDELINES. [accessed 2021 Nov 8].
https://www.fao.org/3/y4666e/y4666e0b.htm.

FAO, WHO. 2006. Food safety risk analysis. A guide for national food safety authorities. FAO
Food Nutr Pap 87.
https://apps.who.int/iris/bitstream/handle/10665/43718/9789251056042_eng.pdf?seq
uence=1&isAllowed=y.

Feng P. 2013. Escherichia coli. In: Labbé RG, Garcia S, editors. Guide to Foodborne
Pathogens. 2nd ed. John Wiley & Sons. p. 222—-240.

Ferens WA, Hovde CJ. 2011. Escherichia coli O157:H7: Animal Reservoir and Sources of
Human Infection. Foodborne Pathog Dis. 8(4):465-487. doi:10.1089/fpd.2010.0673.
http://www.liebertpub.com/doi/10.1089/fpd.2010.0673.

Frank C, Werber D, Cramer JP, Askar M, Faber M, an der Heiden M, Bernard H, Fruth A,
Prager R, Spode A, et al. 2011. Epidemic Profile of Shiga-Toxin—Producing
Escherichia coli O104:H4 Outbreak in Germany. N Engl J Med. 365(19):1771-1780.
doi:10.1056/NEJMoa1106483.
http://www.nejm.org/doi/abs/10.1056/NEJMoa1106483.

Fratamico PM, DebRoy C, Liu Y, Needleman DS, Baranzoni GM, Feng P. 2016. Advances in
Molecular Serotyping and Subtyping of Escherichia colif. Front Microbiol. 7.
doi:10.3389/fmicb.2016.00644.
http://journal.frontiersin.org/Article/10.3389/fmicb.2016.00644/abstract.

Freedman SB, Xie J, Neufeld MS, Hamilton WL, Hartling L, Tarr PI. 2016. Shiga Toxin—
Producing Escherichia coli Infection, Antibiotics, and Risk of Developing Hemolytic
Uremic Syndrome: A Meta-analysis. Clin Infect Dis. 62(10):1251-1258.
doi:10.1093/cid/ciw099. https://academic.oup.com/cid/article-
lookup/doi/10.1093/cid/ciw099.

Fuller CA, Pellino CA, Flagler MJ, Strasser JE, Weiss AA. 2011. Shiga Toxin Subtypes
Display Dramatic Differences in Potency. Blanke SR, editor. Infect Immun.

55



79(3):1329-1337. doi:10.1128/1A1.01182-10.
https://journals.asm.org/doi/10.1128/1A1.01182-10.

Gallegos KM, Conrady DG, Karve SS, Gunasekera TS, Herr AB, Weiss AA. 2012. Shiga
Toxin Binding to Glycolipids and Glycans. Ratner AJ, editor. PLoS One. 7(2):e30368.
doi:10.1371/journal.pone.0030368. https://dx.plos.org/10.1371/journal.pone.0030368.

Gerba CP. 2015. Risk Assessment. In: Environmental Microbiology. Elsevier. p. 565-579.
https://linkinghub.elsevier.com/retrieve/pii/B9780123946263000247.

Gyles CL. 2007. Shiga toxin-producing Escherichia coli: An overview1. J Anim Sci.
85(suppl_13):E45-E62. doi:10.2527/jas.2006-508.
https://academic.oup.com/jas/article/85/suppl_13/E45/4775311.

Haas CN. 1983. Estimation of risk due to low doses of microorganisms: a comparison of
alternative methodologies. Am J Epidemiol. 118(4):573-582.
doi:10.1093/oxfordjournals.aje.a113662.
https://academic.oup.com/aje/article/113406/ESTIMATION.

Haas CN, Rose JB, Gerba CP. 2014. Quantitative Microbial Risk Assessment. Hoboken,
New Jersey: John Wiley & Sons, Inc. http://doi.wiley.com/10.1002/9781118910030.

Havelaar AH, Evers EG, Nauta MJ. 2008. Challenges of quantitative microbial risk
assessment at EU level. Trends Food Sci Technol. 19:S26-S33.
doi:10.1016/j.tifs.2008.09.003.
https://linkinghub.elsevier.com/retrieve/pii/S0924224408002367 .

Havelaar AH, Kirk MD, Torgerson PR, Gibb HJ, Hald T, Lake RJ, Praet N, Bellinger DC, de
Silva NR, Gargouri N, et al. 2015. World Health Organization Global Estimates and
Regional Comparisons of the Burden of Foodborne Disease in 2010. von Seidlein L,
editor. PLOS Med. 12(12):e1001923. doi:10.1371/journal.pmed.1001923.
https://dx.plos.org/10.1371/journal.pmed.1001923.

Hawker J, Begg N, Blair I, Reintjes R, Weinberg J, Ekdahl K. 2012. Escherichia coli 0157
(and other E.coli gastroenteritis). In: Communicable Disease Control and Health
Protection Handbook. Chichester: Blackwell Publishing Ltd. p. 111-117.

Hayes PS, Blom K, Feng P, Lewis J, Strockbine NA, Swaminathan B. 1995. Isolation and
characterization of a beta-D-glucuronidase-producing strain of Escherichia coli
serotype O157:H7 in the United States. J Clin Microbiol. 33(12):3347-3348.
doi:10.1128/jcm.33.12.3347-3348.1995.
https://journals.asm.org/doi/10.1128/jcm.33.12.3347-3348.1995.

Hazen TH, Michalski J, Luo Q, Shetty AC, Daugherty SC, Fleckenstein JM, Rasko DA. 2017.
Comparative genomics and transcriptomics of Escherichia coli isolates carrying
virulence factors of both enteropathogenic and enterotoxigenic E. coli. Sci Rep.
7(1):3513. doi:10.1038/s41598-017-03489-z. http://www.nature.com/articles/s41598-

56



017-03489-z.

Henriques A, Araujo C, Viana M, Laszczynska O, Pereira M, Bennett K, Lunet N, Azevedo A.
2017. Disability-adjusted life years lost due to ischemic heart disease in mainland
Portugal, 2013. Rev Port Cardiol (English Ed. 36(4):273-281.
doi:10.1016/j.repce.2016.08.008.
https://linkinghub.elsevier.com/retrieve/pii/S2174204917300910.

Heredia N, Garcia S. 2018. Animals as sources of food-borne pathogens: A review. Anim
Nutr. 4(3):250-255. doi:10.1016/j.aninu.2018.04.006.
https://linkinghub.elsevier.com/retrieve/pii/S2405654518300301.

Hilderink HBM, Plasmans MHD, Poos MJJC, Eysink PED, Gijsen R. 2020. Dutch DALYs,
current and future burden of disease in the Netherlands. Arch Public Heal. 78(1):85.
doi:10.1186/s13690-020-00461-8.
https://archpublichealth.biomedcentral.com/articles/10.1186/s13690-020-00461-8.

Hoffmann S, Scallan E. 2017. Epidemiology, Cost, and Risk Analysis of Foodborne Disease.
In: Foodborne Diseases. Elsevier. p. 31-63.
https://linkinghub.elsevier.com/retrieve/pii/B9780123850072000024.

van der Hooft JJJ, Goldstone RJ, Harris S, Burgess KE V., Smith DGE. 2019. Substantial
Extracellular Metabolic Differences Found Between Phylogenetically Closely Related
Probiotic and Pathogenic Strains of Escherichia coli. Front Microbiol. 10.
doi:10.3389/fmicb.2019.00252.
https://www.frontiersin.org/article/10.3389/fmicb.2019.00252/full.

INSA. 2019. Interpretacao de resultados de ensaios microbioldgicos em alimentos prontos
para consumo e em superficies do ambiente de preparacao e distribuicdo alimentar
Valores-guia. https://www.insa.min-saude.pt/wp-
content/uploads/2019/12/INSA_Valores-guia.pdf.

Ishii S, Sadowsky MJ. 2008. Escherichia coli in the Environment: Implications for Water
Quality and Human Health. Microbes Environ. 23(2):101-108.
doi:10.1264/jsme2.23.101.
http://lwww.jstage.jst.go.jp/article/jsme2/23/2/23_2_101/_article.

ISO 16649:2018. Microbiology of food and animal feeding stuffs. Horizontal method for the
enumeration of beta-glucuronidase-positive Escherichia coli.

Jandhyala DM, Thorpe CM, Magun B. 2012. Ricin and Shiga toxins: effects on host cell
signal transduction. Curr Top Microbiol Immunol. 357:41-65.
doi:10.1007/82_2011_181. http://www.ncbi.nIm.nih.gov/pubmed/22057792.

Jang J, Hur H-G, Sadowsky MJ, Byappanahalli MN, Yan T, Ishii S. 2017. Environmental
Escherichia coli: ecology and public health implications-a review. J Appl Microbiol.
123(3):570-581. doi:10.1111/jam.13468.
https://onlinelibrary.wiley.com/doi/10.1111/jam.13468.

57



Johura F-T, Parveen R, Islam A, Sadique A, Rahim MN, Monira S, Khan AR, Ahsan S,
Ohnishi M, Watanabe H, et al. 2017. Occurrence of Hybrid Escherichia coli Strains
Carrying Shiga Toxin and Heat-Stable Toxin in Livestock of Bangladesh. Front Public
Heal. 4. doi:10.3389/fpubh.2016.00287.
http://journal.frontiersin.org/article/10.3389/fpubh.2016.00287/full.

Joseph A, Cointe A, Mariani Kurkdjian P, Rafat C, Hertig A. 2020. Shiga Toxin-Associated
Hemolytic Uremic Syndrome: A Narrative Review. Toxins (Basel). 12(2):67.
doi:10.3390/toxins12020067. https://www.mdpi.com/2072-6651/12/2/67 .

Kathayat D, Lokesh D, Ranjit S, Rajashekara G. 2021. Avian Pathogenic Escherichia coli
(APEC): An Overview of Virulence and Pathogenesis Factors, Zoonotic Potential, and
Control  Strategies. Pathogens. 10(4):467. doi:10.3390/pathogens10040467.
https://www.mdpi.com/2076-0817/10/4/467 .

Kohler C-D, Dobrindt U. 2011. What defines extraintestinal pathogenic Escherichia coli? Int J
Med Microbiol. 301(8):642—647. doi:10.1016/j.ijmm.2011.09.006.
https://linkinghub.elsevier.com/retrieve/pii/S1438422111000920.

Koren O, Goodrich JK, Cullender TC, Spor A, Laitinen K, Kling Backhed H, Gonzalez A,
Werner JJ, Angenent LT, Knight R, et al. 2012. Host Remodeling of the Gut
Microbiome and Metabolic Changes during Pregnancy. Cell. 150(3):470-480.
doi:10.1016/j.cell.2012.07.008.
https://linkinghub.elsevier.com/retrieve/pii/S009286741200829X.

Kotloff KL, Nataro JP, Blackwelder WC, Nasrin D, Farag TH, Panchalingam S, Wu Y, Sow
SO, Sur D, Breiman RF, et al. 2013. Burden and aetiology of diarrhoeal disease in
infants and young children in developing countries (the Global Enteric Multicenter
Study, GEMS): a prospective, case-control study. Lancet. 382(9888):209-222.
doi:10.1016/S0140-6736(13)60844-2.
https://linkinghub.elsevier.com/retrieve/pii/S0140673613608442.

Kumar S, Nehra M, Mehta J, Dilbaghi N, Marrazza G, Kaushik A. 2019. Point-of-Care
Strategies for Detection of Waterborne Pathogens. Sensors. 19(20):4476.
doi:10.3390/s19204476. https://www.mdpi.com/1424-8220/19/20/4476.

Kundu A, Wuertz S, Smith WA. 2018. Quantitative microbial risk assessment to estimate the
risk of diarrheal diseases from fresh produce consumption in India. Food Microbiol.
75:95-102. doi:10.1016/j.fm.2018.01.017.
https://linkinghub.elsevier.com/retrieve/pii/S0740002017302204.

Kupfer A. 2018. Escherichia coli, a Versatile Pathogen. Frankel G, Ron EZ, editors. Cham:
Springer International Publishing (Current Topics in Microbiology and Immunology).
http://www.springer.com/series/82.

Lammerding AM, Fazil A. 2000. Hazard identification and exposure assessment for microbial

58



food safety risk assessment. Int J Food Microbiol. 58(3):147-157. doi:10.1016/S0168-
1605(00)00269-5. https://linkinghub.elsevier.com/retrieve/pii/S0168160500002695.

Landraud L, Brisse S. 2010. Enterobacteriaceae. In: Infectious Diseases. Elsevier. p. 1690—
1703. https://linkinghub.elsevier.com/retrieve/pii/B9780323045797001696.

Liebchen A, Benz |, Mellmann A, Karch H, Gomes TAT, Yamamoto D, Hernandes RT,
Sampaio J, Sampaio SCF, Fruth A, et al. 2011. Characterization of Escherichia coli
Strains Isolated from Patients with Diarrhea in Sdo Paulo, Brazil: Identification of
Intermediate Virulence Factor Profiles by Multiplex PCR. J Clin Microbiol. 49(6):2274—
2278. doi:10.1128/JCM.00386-11. https://journals.asm.org/doi/10.1128/JCM.00386-
11.

Lindstedt B-A, Finton MD, Porcellato D, Brandal LT. 2018. High frequency of hybrid
Escherichia coli strains with combined Intestinal Pathogenic Escherichia coli (IPEC)
and Extraintestinal Pathogenic Escherichia coli (EXPEC) virulence factors isolated
from human faecal samples. BMC Infect Dis. 18(1):544. doi:10.1186/s12879-018-
3449-2. http://www.ncbi.nIm.nih.gov/pubmed/30497396.

Liu W, Zhao H, Qiu Z, Jin M, Yang D, Xu Q, Feng H, Li J, Shen Z. 2020. Identifying
geographic origins of the Escherichia coli isolates from food by a method based on
single-nucleotide polymorphisms. J Microbiol Methods. 168:105807.
doi:10.1016/j.mimet.2019.105807.
https://linkinghub.elsevier.com/retrieve/pii/S0167701219307821.

Majowicz SE, Scallan E, Jones-Bitton A, Sargeant JM, Stapleton J, Angulo FJ, Yeung DH,
Kirk MD. 2014. Global incidence of human shiga toxin-producing escherichia coli
infections and deaths: A systematic review and knowledge synthesis. Foodborne
Pathog Dis. 11(6):447—-455. doi:10.1089/fpd.2013.1704.

Manrique-Caballero CL, Peerapornratana S, Formeck C, Del Rio-Pertuz G, Gomez Danies
H, Kellum JA. 2020. Typical and Atypical Hemolytic Uremic Syndrome in the Critically
[l Crit Care Clin. 36(2):333-356. doi:10.1016/j.ccc.2019.11.004.
http://www.ncbi.nim.nih.gov/pubmed/32172817.

Mariani-Kurkdjian P, Lemaitre C, Bidet P, Perez D, Boggini L, Kwon T, Bonacorsi S. 2014.
Haemolytic-uraemic syndrome with bacteraemia caused by a new hybrid Escherichia
coli pathotype. New Microbes New Infect. 2(4):127-131. doi:10.1002/nmi2.49.
https://linkinghub.elsevier.com/retrieve/pii/S2052297514500212.

Mayer CL, Leibowitz CS, Kurosawa S, Stearns-Kurosawa DJ. 2012. Shiga Toxins and the
Pathophysiology of Hemolytic Uremic Syndrome in Humans and Animals. Toxins
(Basel). 4(11):1261-1287. doi:10.3390/toxins4111261. http://www.mdpi.com/2072-
6651/4/11/1261.

Mellies JL, Barron AMS, Carmona AM. 2007. Enteropathogenic and Enterohemorrhagic
Escherichia coli Virulence Gene Regulation. Infect Immun. 75(9):4199-4210.
doi:10.1128/1A1.01927-06. https://journals.asm.org/doi/10.1128/1A1.01927-06.

59



Melton-Celsa AR. 2014. Shiga Toxin (Stx) Classification, Structure, and Function. Sperandio
V, Hovde CJ, editors. Microbiol Spectr. 2(4). doi:10.1128/microbiolspec.EHEC-0024-
2013. https://journals.asm.org/doi/10.1128/microbiolspec.EHEC-0024-2013.

Membré J-M. 2016. Microbiological risk assessments in food industry. In: Food Hygiene and
Toxicology in Ready-to-Eat Foods. Elsevier. p. 337-350.
https://linkinghub.elsevier.com/retrieve/pii/B9780128019160000194.

Metz M, Sheehan J, Feng PCH. 2020. Use of indicator bacteria for monitoring sanitary
quality of raw milk cheeses — A literature review. Food Microbiol. 85:103283.
doi:10.1016/j.fm.2019.103283.
https://linkinghub.elsevier.com/retrieve/pii/S0740002018311213.

Mirhoseini A, Amani J, Nazarian S. 2018. Review on pathogenicity mechanism of
enterotoxigenic Escherichia coli and vaccines against it. Microb Pathog. 117:162—
169. doi:10.1016/j.micpath.2018.02.032.
https://linkinghub.elsevier.com/retrieve/pii/S0882401017317011.

Money P, Kelly AF, Gould SWJ, Denholm-Price J, Threlfall EJ, Fielder MD. 2010. Cattle,
weather and water: mapping Escherichia coli O157:H7 infections in humans in
England and Scotland. Environ Microbiol. 12(10):2633—44. doi:10.1111/j.1462-
2920.2010.02293.x. http://www.ncbi.nlm.nih.gov/pubmed/20642796.

Monteiro Pires S, Jakobsen LS, Ellis-lversen J, Pessoa J, Ethelberg S. 2020. Burden of
Disease Estimates of Seven Pathogens Commonly Transmitted Through Foods in
Denmark, 2017. Foodborne Pathog Dis. 17(5):322-339. doi:10.1089/fpd.2019.2705.
https://www.liebertpub.com/doi/10.1089/fpd.2019.2705.

Mubarik S, Yu Y, Wang F, Malik SS, Liu X, Fawad M, Shi F, Yu C. 2021. Epidemiological
and sociodemographic transitions of female breast cancer incidence, death, case
fatality and DALYs in 21 world regions and globally, from 1990 to 2017: An Age-
Period-Cohort Analysis. J Adv Res. doi:10.1016/j.jare.2021.07.012.
https://linkinghub.elsevier.com/retrieve/pii/S2090123221001466.

Mueller M, Tainter CR. 2021. Escherichia Coli. In: StatPearls. Treasure Island (Florida):
StatPearls Publishing. https://www.ncbi.nim.nih.gov/books/NBK564298/.

Muhlen S, Dersch P. 2020. Treatment Strategies for Infections With Shiga Toxin-Producing
Escherichia coli. Front Cell Infect Microbiol. 10. doi:10.3389/fcimb.2020.00169.
https://www.frontiersin.org/article/10.3389/fcimb.2020.00169/full.

Munns KD, Selinger LB, Stanford K, Guan L, Callaway TR, McAllister TA. 2015.
Perspectives on Super-Shedding of Escherichia coli O157:H7 by Cattle. Foodborne
Pathog Dis. 12(2):89-103. doi:10.1089/fpd.2014.1829.
http://www.liebertpub.com/doi/10.1089/fpd.2014.1829.

60



Nagano H, Hirochi T, Fujita K, Wakamori Y, Takeshi K, Yano S. 2004. Phenotypic and
genotypic characterization of B-d-glucuronidase-positive Shiga toxin-producing
Escherichia coli 0157 : H7 isolates from deer. J Med Microbiol. 53(10):1037-1043.
doi:10.1099/jmm.0.05381-0.
https://www.microbiologyresearch.org/content/journal/jmm/10.1099/jmm.0.05381-0.

Naghavi M, Abajobir AA, Abbafati C, Abbas KM, Abd-Allah F, Abera SF, Aboyans V,
Adetokunboh O, Afshin A, Agrawal A, et al. 2017. Global, regional, and national age-
sex specific mortality for 264 causes of death, 1980-2016: a systematic analysis for
the Global Burden of Disease Study 2016. Lancet. 390(10100):1151-1210.
doi:10.1016/S0140-6736(17)32152-9.
https://linkinghub.elsevier.com/retrieve/pii/S0140673617321529.

Nauta MJ, Evers EG, Havelaar AH. 2001. Risk assessment of Shiga-toxin producing
Escherichia coli 0157 in steak tartare in the Netherlands.
https://rivm.openrepository.com/bitstream/handle/10029/9409/257851003.pdf?sequen
ce=1&isAllowed=y.

Nauta MJ, Jacobs-Reitsma WF, Havelaar AH. 2007. A Risk Assessment Model for
Campylobacter in Broiler Meat. Risk Anal. 27(4):845-861. doi:10.1111/j.1539-
6924.2006.00834 .x. https://onlinelibrary.wiley.com/doi/10.1111/j.1539-
6924.2006.00834 .x.

Nawrocki EM, Mosso HM, Dudley EG. 2020. A Toxic Environment: a Growing Understanding
of How Microbial Communities Affect Escherichia coli O157:H7 Shiga Toxin
Expression. Drake HL, editor. Appl Environ Microbiol. 86(24).
doi:10.1128/AEM.00509-20. https://journals.asm.org/doi/10.1128/AEM.00509-20.

Nazarian S, Mousavi Gargari SL, Rasooli I, Amani J, Bagheri S, Alerasool M. 2012. An in
silico chimeric multi subunit vaccine targeting virulence factors of enterotoxigenic
Escherichia coli (ETEC) with its bacterial inbuilt adjuvant. J Microbiol Methods.
90(1):36-45. doi:10.1016/j.mimet.2012.04.001.
https://linkinghub.elsevier.com/retrieve/pii/S0167701212001339.

Nganje WE, Burbidge LD, Denkyirah EK, Ndembe EM. 2021. Predicting Food-Safety Risk
and Determining Cost-Effective Risk-Reduction Strategies. J Risk Financ Manag.
14(9):408. doi:10.3390/jrfm14090408. https://www.mdpi.com/1911-8074/14/9/408.

Noris M, Remuzzi G. 2005. Hemolytic Uremic Syndrome. J Am Soc Nephrol. 16(4):1035-
1050. doi:10.1681/ASN.2004100861.
https://jasn.asnjournals.org/lookup/doi/10.1681/ASN.2004100861.

O’Flaherty E, Solimini AG, Pantanella F, De Giusti M, Cummins E. 2019. Human exposure to
antibiotic resistant-Escherichia coli through irrigated lettuce. Environ Int. 122:270—
280. doi:10.1016/j.envint.2018.11.022.
https://linkinghub.elsevier.com/retrieve/pii/S016041201831643X.

Ogura Y, Seto K, Morimoto Y, Nakamura K, Sato MP, Gotoh Y, Itoh T, Toyoda A, Ohnishi M,

61



Hayashi T. 2018. Genomic Characterization of B-Glucuronidase—Positive Escherichia
coli O157:H7 Producing Stx2a. Emerg Infect Dis. 24(12):2219-2227.
doi:10.3201/eid2412.180404. http://wwwnc.cdc.gov/eid/article/24/12/18-
0404 _article.htm.

Ohanian M, Cable C, Halka K. 2011 May. Eculizumab safely reverses neurologic impairment
and eliminates need for dialysis in severe atypical hemolytic uremic syndrome. Clin
Pharmacol Adv Appl.:5. doi:10.2147/CPAA.S17904.
http://www.dovepress.com/eculizumab-safely-reverses-neurologic-impairment-and-
eliminates-need-f-peer-reviewed-article-CPAA.

Owens CEL, Angles ML, Cox PT, Byleveld PM, Osborne NJ, Rahman MB. 2020.
Implementation of quantitative microbial risk assessment (QMRA) for public drinking
water supplies: Systematic review. Water Res. 174:115614.
doi:10.1016/j.watres.2020.115614.
https://linkinghub.elsevier.com/retrieve/pii/S0043135420301500.

Palermo MS, Exeni RA, Fernandez GC. 2009. Hemolytic uremic syndrome: pathogenesis
and update of interventions. Expert Rev Anti Infect Ther. 7(6):697-707.
doi:10.1586/eri.09.49. http://www.tandfonline.com/doi/full/10.1586/eri.09.49.

Palmela C, Chevarin C, Xu Z, Torres J, Sevrin G, Hirten R, Barnich N, Ng SC, Colombel J-F.
2018. Adherent-invasive Escherichia coli in inflammatory bowel disease. Gut.
67(3):574-587. doi:10.1136/gutjnl-2017-314903.
https://gut.bmj.com/lookup/doi/10.1136/gutjnl-2017-314903.

Penders J, Thijs C, Vink C, Stelma FF, Snijders B, Kummeling I, van den Brandt PA,
Stobberingh EE. 2006. Factors Influencing the Composition of the Intestinal
Microbiota in Early Infancy. Pediatrics. 118(2):511-521. doi:10.1542/peds.2005-2824.
https://publications.aap.org/pediatrics/article/118/2/511-521/68933.

Pérez-Rodriguez F, Carrasco E, Bover-Cid S, Jofré A, Valero A. 2017. Closing gaps for
performing a risk assessment on Listeria monocytogenes in ready-to-eat (RTE) foods:
activity 2, a quantitative risk characterization on L. monocytogenes in RTE foods;
starting from the retail stage. EFSA Support Publ. 14(7).
doi:10.2903/sp.efsa.2017.EN-1252. http://doi.wiley.com/10.2903/sp.efsa.2017.EN-
1252.

Pires SM, Desta BN, Mughini-Gras L, Mmbaga BT, Fayemi OE, Salvador EM, Gobena T,
Majowicz SE, Hald T, Hoejskov PS, et al. 2021. Burden of foodborne diseases: think
global, act local. Curr Opin Food Sci. 39:152-159. doi:10.1016/j.cofs.2021.01.006.
https://linkinghub.elsevier.com/retrieve/pii/S2214799321000102.

Pouliot S, Wang HH. 2018. Information, Incentives, and Government Intervention for Food
Safety. Annu Rev Resour Econ. 10(1):83-103. doi:10.1146/annurev-resource-
100516-053346. https://www.annualreviews.org/doi/10.1146/annurev-resource-
100516-053346.

62



Poulsen LK, Lan F, Kristensen CS, Hobolth P, Molin S, Krogfelt KA. 1994. Spatial distribution
of Escherichia coli in the mouse large intestine inferred from rRNA in situ
hybridization.  Infect Immun. 62(11):5191-5194. doi:10.1128/iai.62.11.5191-
5194.1994. https://journals.asm.org/doi/10.1128/iai.62.11.5191-5194.1994.

Pruimboom-Brees IM, Morgan TW, Ackermann MR, Nystrom ED, Samuel JE, Cornick NA,
Moon HW. 2000. Cattle lack vascular receptors for Escherichia coli O157:H7 Shiga
toxins. Proc Natl Acad Sci. 97(19):10325-10329. doi:10.1073/pnas.190329997.
http://www.pnas.org/cgi/doi/10.1073/pnas.190329997.

Public Health England. 2018. Interim Public Health Operational Guidance for Shiga toxin
producing Escherichia coli ( STEC ). 1(November):1-11.

R Core Team (2020). R: A language and environment for statistical computing. R Foundation
for Statistical Computing, Vienna, Austria. URL https://www.R-project.org/.

Rahal EA, Kazzi N, Nassar FJ, Matar GM. 2012. Escherichia coli O157:H7—Clinical aspects
and novel treatment approaches. Front Cell Infect Microbiol. 2.
doi:10.3389/fcimb.2012.00138.
http://journal.frontiersin.org/article/10.3389/fcimb.2012.00138/abstract.

Ranasinghe S, Fhogartaigh CN. 2021. Bacterial gastroenteritis. Medicine (Baltimore).
49(11):687-693. doi:10.1016/j.mpmed.2021.08.002.
https://linkinghub.elsevier.com/retrieve/pii/S1357303921002231.

Rani A, Ravindran VB, Surapaneni A, Mantri N, Ball AS. 2021. Review: Trends in point-of-
care diagnosis for Escherichia coli O157:H7 in food and water. Int J Food Microbiol.
349:109233. doi:10.1016/j.ijffoodmicro.2021.109233.
https://linkinghub.elsevier.com/retrieve/pii/S0168160521001926.

Reali S, Najib EY, Treuerné Balazs KE, Chern Hui Tan A, Varadi L, Hibbs DE, Groundwater
PW. 2019. Novel diagnostics for point-of-care bacterial detection and identification.
RSC Adv. 9(37):21486—-21497. doi:10.1039/CO9RA03118A.
http://xlink.rsc.org/?DOI=C9RA03118A.

Rios EA, Santos J, Garcia-Menifio |, Flament-Simon SC, Blanco J, Garcia-Lépez M-L, Otero
A, Rodriguez-Calleja JM. 2019. Characterisation, antimicrobial resistance and
diversity of atypical EPEC and STEC isolated from cow’s milk, cheese and dairy
cattle farm environments. LWT. 108:319-325. do0i:10.1016/j.lwt.2019.03.062.
https://linkinghub.elsevier.com/retrieve/pii/S0023643819302579.

Rivas M, Chinen I, Miliwebsky E, Masana M. 2014. Risk Factors for Shiga Toxin-Producing
Escherichia coli- Associated Human Diseases. Sperandio V, Hovde CJ, editors.
Microbiol Spectr. 2(5). doi:10.1128/microbiolspec.EHEC-0002-2013.
https://journals.asm.org/doi/10.1128/microbiolspec. EHEC-0002-2013.

Rodrigues RS, Lima NC da S, Taborda RLM, Esquerdo RP, Gama AR, Nogueira PA, Orlandi

63



PP, Matos NB. 2019. Antibiotic resistance and biofilm formation in children with
Enteropathogenic Escherichia coli (EPEC) in Brazilian Amazon. J Infect Dev Ctries.
13(08):698-705. doi:10.3855/jidc.10674.
https://jidc.org/index.php/journal/article/view/10674.

Sadowsky MJ, Whitman RL. 2011. The fecal bacteria. Washington DC: ASM Press.

Salvadori M. 2013. Update on hemolytic uremic syndrome: Diagnostic and therapeutic
recommendations. World J  Nephrol.  2(3):56. doi:10.5527/wjn.v2.i3.56.
http://www.wjgnet.com/2220-6124/full/v2/i3/56.htm.

Sarowska J, Futoma-Koloch B, Jama-Kmiecik A, Frej-Madrzak M, Ksiazczyk M, Bugla-
Ploskonska G, Choroszy-Krol |. 2019. Virulence factors, prevalence and potential
transmission of extraintestinal pathogenic Escherichia coli isolated from different
sources: recent reports. Gut Pathog. 11(1):10. doi:10.1186/s13099-019-0290-0.
https://gutpathogens.biomedcentral.com/articles/10.1186/s13099-019-0290-0.

Scallan E, Hoekstra RM, Angulo FJ, Tauxe R V., Widdowson M-A, Roy SL, Jones JL, Griffin
PM. 2011. Foodborne lliness Acquired in the United States—Major Pathogens.
Emerg Infect Dis. 17(1):7-15. doi:10.3201/eid1701.P11101.
http://wwwnc.cdc.gov/eid/article/17/1/P1-1101_article.htm.

Shane AL, Mody RK, Crump JA, Tarr PI, Steiner TS, Kotloff K, Langley JM, Wanke C,
Warren CA, Cheng AC, et al. 2017. 2017 Infectious Diseases Society of America
Clinical Practice Guidelines for the Diagnosis and Management of Infectious
Diarrhea. Clin Infect Dis. 65(12):e45—e80. doi:10.1093/cid/cix669.
https://academic.oup.com/cid/article/65/12/e45/455707 3.

Sjéling A, Qadri F, Nicklasson M, Begum YA, Wiklund G, Svennerholm A-M. 2006. In vivo
expression of the heat stable (estA) and heat labile (eltB) toxin genes of
enterotoxigenic Escherichia coli (ETEC). Microbes Infect. 8(12-13):2797-2802.
doi:10.1016/j.micinf.2006.08.011.
https://linkinghub.elsevier.com/retrieve/pii/S128645790600308X.

Smith HW. 1978. Is It Safe to Use Escherichia coli K12 in Recombinant DNA Experiments? J
Infect Dis. 137(5):655-660. doi:10.1093/infdis/137.5.655.
https://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/137.5.655.

Smith JL, Fratamico PM, Gunther NW. 2014. Shiga Toxin-Producing Escherichia coli. p.
145-197. https://linkinghub.elsevier.com/retrieve/pii/B9780128002629000032.

Sperandio V, Hovde CJ, editors. 2015. Enterohomorrhagic Escherichia coli and other Shiga
Toxin-Producing E.coli. Washington DC: ASM Press.

Stark K, Salman M. 2001. Relationships Between Animal Health Monitoring and the Risk
Assessment Process. Acta Vet Scand. 42(Suppl 1):S71. doi:10.1186/1751-0147-42-
S1-S71.  http://actavetscand.biomedcentral.com/articles/10.1186/1751-0147-42-S1-

64



S71.

Strachan NJC, Doyle MP, Kasuga F, Rotariu O, Ogden ID. 2005. Dose response modelling
of Escherichia coli O157 incorporating data from foodborne and environmental
outbreaks. Int J Food Microbiol. 103(1):35—-47. doi:10.1016/j.ijfoodmicro.2004.11.023.

Sunwoo HH, Wang WW, Sim JS. 2006. Detection of Escherichia coli O157:H7 using chicken
immunoglobulin Y. Immunol Lett. 106(2):191-193. doi:10.1016/j.imlet.2006.05.005.
https://linkinghub.elsevier.com/retrieve/pii/S0165247806001325.

Tenaillon O, Skurnik D, Picard B, Denamur E. 2010. The population genetics of commensal
Escherichia coli. Nat Rev Microbiol. 8(3):207-217. doi:10.1038/nrmicro2298.
http://www.nature.com/articles/nrmicro2298.

Tesson V, Federighi M, Cummins E, de Oliveira Mota J, Guillou S, Boué G. 2020. A
Systematic Review of Beef Meat Quantitative Microbial Risk Assessment Models. Int
J Environ Res Public Health. 17(3):688. doi:10.3390/ijerph17030688.
https://www.mdpi.com/1660-4601/17/3/688.

Therrien DA, Konganti K, Gill JJ, Davis BW, Hillhouse AE, Michalik J, Cross HR, Smith GC,
Taylor TM, Riggs PK. 2021. Complete Whole Genome Sequences of Escherichia coli
Surrogate Strains and Comparison of Sequence Methods with Application to the Food
Industry. Microorganisms. 9(3):608. doi:10.3390/microorganisms9030608.
https://www.mdpi.com/2076-2607/9/3/608.

Thomsen ST. 2018. Risk-benefit assessment of food substitutions. Technical University of
Denmark.

Tomas J, Reygner J, Mayeur C, Ducroc R, Bouet S, Bridonneau C, Cavin J-B, Thomas M,
Langella P, Cherbuy C. 2015. Early colonizing Esche richia coli elicits remodeling of
rat colonic epithelium shifting toward a new homeostatic state. ISME J. 9(1):46-58.
doi:10.1038/ismej.2014.111. http://www.nature.com/articles/ismej2014111.

Trabulsi L, Keller R, Gomes T. 2002. Typical and Atypical Enteropathogenic Escherichia coli.
Emerg Infect Dis. 8. https://wwwnc.cdc.gov/eid/article/8/5/01-0385_article.

Travert B, Dossier A, Jamme M, Cointe A, Delmas Y, Malot S, Wynckel A, Seguin A, Presne
C, Hie M, et al. 2021. Shiga Toxin—Associated Hemolytic Uremic Syndrome in Adults,
France, 2009-2017. Emerg Infect Dis. 27(7):1876-1885.
doi:10.3201/eid2707.204638. https://wwwnc.cdc.gov/eid/article/27/7/20-
4638 _article.htm.

Vidovic S, Korber DR. 2016. Escherichia coli O157: Insights into the adaptive stress
physiology and the influence of stressors on epidemiology and ecology of this human
pathogen. Crit Rev Microbiol. 42(1):83-93. doi:10.3109/1040841X.2014.889654.
https://www.tandfonline.com/doi/full/10.3109/1040841X.2014.889654.

65



Vose D. 2008. Risk Analysis- A Quantitative Guide. 3rd ed. Wiley.

Whitfield C, Roberts IS. 1999. Structure, assembly and regulation of expression of capsules
in Escherichia coli. Mol Microbiol. 31(5):1307-1319. doi:10.1046/j.1365-
2958.1999.01276.x. http://doi.wiley.com/10.1046/j.1365-2958.1999.01276.x.

WHO. 2015. WHO estimates of the global burden of foodborne diseases.
https://www.who.int/publications/i/item/9789241565165.

WHO. 2017. The Burden of Foodborne Diseases in the WHO European Region. World Heal
Organ. https://www.euro.who.int/__data/assets/pdf file/0005/402989/50607-WHO-
Food-Safety-publicationV4_Web.pdf.

WHO. 2020a. Food Safety. [accessed 2021 Dec 3]. https://www.who.int/NEWS-
ROOM/FACT-SHEETS/DETAIL/FOOD-SAFETY.

WHO. 2020b. Zoonoses. [accessed 2021 Dec 15]. https://www.who.int/news-room/fact-
sheets/detail/zoonoses.

WHO. 2020c. Global Health Observatory data repository. [accessed 2021 Nov 16].
https://apps.who.int/gho/data/view.main.61310?lang=en.

Yu D, Banting G, Neumann NF. 2021. A review of the taxonomy, genetics, and biology of the
genus Escherichia and the type species Escherichia coli. Can J Microbiol. 67(8):553—
571. doi:10.1139/cjm-2020-0508. https://cdnsciencepub.com/doi/10.1139/cjm-2020-
0508.

Zhang S, Wu Q, Zhang J, Lai Z, Zhu X. 2016. Prevalence, genetic diversity, and antibiotic
resistance of enterotoxigenic Escherichia coli in retail ready-to-eat foods in China.
Food Control. 68:236-243. doi:10.1016/j.foodcont.2016.03.051.
https://linkinghub.elsevier.com/retrieve/pii/S0956713516301694.

Zhang S, Wu Q, Zhang J, Zhu X. 2016. Occurrence and Characterization of
Enteropathogenic Escherichia coli (EPEC) in Retail Ready-to-Eat Foods in China.
Foodborne Pathog Dis. 13(1):49-55. doi:10.1089/fpd.2015.2020.
http://www.liebertpub.com/doi/10.1089/fpd.2015.2020.

Zhang Y, Hu X, Wang Q. 2021. Review of microchip analytical methods for the determination
of pathogenic Escherichia coli. Talanta. 232:122410.
doi:10.1016/j.talanta.2021.122410.
https://linkinghub.elsevier.com/retrieve/pii/S0039914021003313.

66



8. Annexes

8.1. Annex 1

Table 22. Life expectancy table for the year 2019 for Portugal. Adapted from WHO (2020).

Indicator Age group Both Sexes
<1 years 81.57420886
1-4 years 80.82533621
5-9 years 76.87564665
10-14 years 71.90253472
15-19 years 66.9317005
20-24 years 61.99687119
25-29 years 57.08524021
30-34 years 52.19320158
35-39 years 47.30965483
40-44 years 42.46168708
Expectation of 45 19 cars 37.70902792
life atage x 55 54\ cars 33.08839878
55-59 years 28.63464499
60-64 years 24.34322125
65-69 years 20.21990929
70-74 years 16.21677938
75-79 years 12.4345432
80-84 years 9.034845008
85+ years 6.114170105
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8.2. Annex 2

Table 23. Description of the input parameters used for sensitivity analysis for STEC "O157" and

"Shigella” models.

“E.coli Concentrations” 10 A ( ~ Lognormal (0.74; 0.46))
“Portion size” ~ Uniform (225; 450)
“Prevalence of contaminated portions” ~ Beta (31;444)
“Prevalence of E.coli STEC” ~ Beta (6;405)
“Number of people exposed” ~ Uniform (150; 800)
“Probability of STEC induced mild diarrhea” 0.8
“DW for mild diarrhea” ~ Uniform (0.04; 0.09)
“Duration of STEC induced diarrhea (in ~ Uniform (0.01; 0.03)
years)”
“Probability of STEC induced moderate 0.18
diarrhea”
“DW for moderate diarrhea” ~ Uniform (0.13; 0.30)
“Probability of STEC induced severe diarrhea” 0.02
“DW for severe diarrhea” ~ Uniform (0.18; 0.40)
“Probability of STEC 0157 induced HUS 0.008
cases”
“DW for HUS” ~ Uniform (0.14; 0.30)
“Duration of HUS (in years)” ~ Uniform (0.04; 0.12)
“Probability of death due to HUS” 0.037
“Probability of ESRD after HUS” 0.00024
“DW for ESRD” ~Uniform (0.40; 0.75)
“Duration of ESRD (in years)” 57
“Probability of death due to ESRD” 0.2
“Expectancy of life at age 25-29” 57
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Table 24. Description of the input parameters used for sensitivity analysis for the ETEC model.

“E.coli Concentrations” 10 # (lognormal (0.74; 0.46))
“Portion size” ~ Uniform (225; 450)
“Prevalence of contaminated portions” ~ Beta (31;444)
“Prevalence of E.coli ETEC” ~ Beta (6;405)
“Number of people exposed” ~ Uniform (150; 800)
“Probability of ETEC induced mild diarrhea” 0.91
“DW for mild diarrhea” ~ Uniform (0.04; 0.09)
“Duration of ETEC induced diarrhea” 0.01
“Probability of ETEC induced moderate 0.085
diarrhea”
“DW for moderate diarrhea” ~ Uniform (0.13; 0.30)
“Probability of ETEC induced severe diarrhea” 0.005
“DW for severe diarrhea” ~ Uniform (0.18; 0.40)

Table 25. Description of the input parameters used for sensitivity analysis for the EPEC model.

“E.coli Concentrations” 10  (lognormal (0.74; 0.46))
“Portion size” ~ Uniform (225; 450)
“Prevalence of contaminated portions” ~ Beta (31;444)
“Prevalence of E.coli EPEC” ~ Beta (84; 471)
“Number of people exposed” ~ Uniform (150; 800)
“Probability of EPEC induced mild diarrhea” 0.91
“DW for mild diarrhea” ~ Uniform (0.04; 0.09)
“Duration of EPEC induced diarrhea” 0.01
“Probability of EPEC induced moderate 0.085
diarrhea”
“DW for moderate diarrhea” ~ Uniform (0.13; 0.30)
“Probability of EPEC induced severe 0.005
diarrhea”
“DW for severe diarrhea” ~ Uniform (0.18; 0.40)
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