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ABSTRACT

Epidemiological and molecular approach to determine factors associated with

diarrheagenic E. coli in food for children under five in Mozambique

Diarrhoeagenic Escherichia coli (DEC) is associated with diarrhoea and is responsible
for around 200,000 deaths worldwide annually, with children under five being the most
affected. Children under five from Mozambique are at constant risk for developing
diarrhoea due to factors. These include lack of improved drinking water access or
sanitation and poor literacy of caregivers, coupled with the fact that their immune systems
are under development. In 2018, approximately 500,000 cases of diarrhoea in
Mozambique were caused by foodborne pathogens. Recent studies have shown that DEC
strains are among the pathogens that cause enteric infection. This study aims to determine
sources (food and water) and factors associated with foodborne pathogens causing
diarrhoea in children under five years old in rural and urban areas of Maputo province,
Mozambique.

A total of three hundred children under five years of age with diarrhoea were selected in
two Health Care Centres of Maputo province in Mozambique as study cases. The
caregivers of the children completed a semi-structured questionnaire. This allowed
obtaining information related to demographics, housing conditions, food consumed a
week before the children’s diarrhoeagenic episodes, presence of domestic animals, and
the general health of the child. Faecal (n =300), food (n = 167) and water (n = 100)
samples were collected for diarrhoeagenic bacterial identification. Escherichia coli
strains were identified from food and water samples using the Bacteriological Analytical
Manual (BAM) protocol developed by the U.S. Food and Drug Administration (FDA). A
technical reference guide produced by the Ministério da Saude de Mocambique
(Mozambique’s Ministry of Health) was also used. This analysis was conducted at the
Hygiene and Food Technology Laboratory of Eduardo Mondlane University. On the other
hand, E. coli strains in faecal samples were identified based on colony morphology
characteristics and biochemical tests, performed at the National Institute of Health. The
confirmed E. coli strains were whole genome sequenced at the Agricultural Research
Council, Pretoria, South Africa. The fastq files of the identified DEC strains were
molecularly characterised, and their relatedness was evaluated using the EnteroBase

platform.
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Explanatory variables associated with DEC in children and DEC/Salmonella in food were
analysed using chi-square tests and binomial logistic regression. Antimicrobial resistance
(AMR) gene profiles were explored through genome analysis using hierarchical
clustering, Pearson correlation, and network analysis in R.

Only Enteropathogenic E. coli (EPEC) pathotypes (2.0%) were detected in faecal samples
of children involved in this study, representing a low prevalence compared to the overall
burden of childhood diarrhoea in Mozambique (9.0%). Feeding children with yoghurt
was seen as a protective factor against diarrhoea by EPEC. Food and drinking water
consumed by the children under five with diarrhoea from Maputo were contaminated with
enterotoxigenic E. coli (ETEC), enteroinvasive E. coli (EIEC) and EPEC strains, with a
prevalence of 13.0%. Salmonella spp. were also detected, with a prevalence of 2.2%.
Feeding children with infant formula, fruit puree, ready-to-eat meals, and bottled water
was associated with DEC.

There was an abundance of DEC strains belonging to sequence types (STs) ST40 (40.0%),
ST206 (20.0%), and ST301 (20.0%) and serotypes 0109:H21 (40.0%), O88:H5 (20.0%)
and 080:H2. These strains harboured antimicrobial resistance genes conferring resistance
to aminoglycosides, fosfomycin, polymyxins, beta-lactam, fluoroquinolone,
trimethoprim, tetracycline and sulphonamides.

Phylogenetic analysis revealed the relatedness of the DEC strains detected in food,
drinking water and childrens’s faecal samples. This suggests that food and drinking water
are the potential sources of DEC contributing to diarrhoea in the children under five years
old in Maputo.

With the present study, we conclude that diarrhoeagenic pathogens were present in faecal
samples from children under five with diarrhoea (EPEC) and in food and water they
consume (ETEC, EIEC, EPEC and Salmonella spp.). Foods were the main factors
associated with these pathogens (yoghurt, infant formula, fruit puree, ready-to-eat meals,
and bottled water). The DEC strains belonged to ST and serotypes known to cause
diarrhoea, and they carry AMR genes that confer resistance to antimicrobials that are
important for clinical practices. Food and drinking water are the potential sources of DEC
in children under five years involved in this study.

The results of this study provide valuable data on the contribution of food and water to
diarrhoea in children, addressing a gap in existing research that has primarily focused on
detecting diarrhoeagenic pathogens in faecal samples. In addition, the study demonstrates

that DEC strains present in food and water consumed by children in Maputo harbour

Vv
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AMR genes, underscoring the importance of preventing contamination by these

pathogens.

So, the results of this study highlight the need for education on proper food preparation,
storage, and water treatment practices, as well as the adoption of a One Health approach
to monitor, prevent, and control the spread of antimicrobial resistance across sectors.

The study also underscores the need for further research on caregivers’ attitudes and
practices related to food preparation. It also calls for investigation of additional sources

contributing to diarrhoea in children under five years old.

Keywords: Children; diarrhoeagenic E. coli; Salmonella spp.; food; drinking water and

molecular characterisation.
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CHAPTER I: INTRODUCTION

Foodborne illness is a major public health concern caused mainly by bacteria and other
agents such as viruses, parasites or chemical substances (WHO, 2024a). The illness
occurs due to consuming contaminated food or water, which frequently causes diarrhoea,
resulting in morbidity and mortality due to this disease, especially in children (WHO,
2024b). Diarrhoeal disease is considered the third leading cause of death in children under
five years old and is responsible for killing around 443,832 children every year (WHO,
2024b).

Sub-Saharan Africa region has the highest mortality rate globally, which is fifteen times
higher than in high-income countries, with one child in 13 dying before their fifth birthday
(WHO, 2018a). The high rates of foodborne illness in low and middle-income countries
are attributed to several factors, which include the high prevalence of foodborne
pathogens in people with diarrhoea, the use of human sewage or animal waste for
irrigation and lack of clean water for washing utensils and food (Grace, 2015).

Viral pathogens such as rotavirus, norovirus, adenovirus and astrovirus, bacteria like
Escherichia coli, Salmonella spp., Shigella spp., and Campylobacter spp., and parasites
such as Cryptosporidium, Giardia, and Entamoeba spp. are among the foodborne
pathogens causing diarrhoea in children under five years of age (WHO, 2024b).

Mozambique is a low-income country where recurring climatic disasters, inadequate
housing, poor water and sanitation infrastructure, and seasonal droughts and floods
contribute to public health challenges that increase the country’s vulnerability to
diarrhoeal diseases (AFRIKAIA, 2022). In 2018, about 500,000 cases of diarrhoea were
caused by foodborne pathogens in Mozambique (ONU, 2019). A review of the
epidemiology of diarrhoea in children under five years showed an incidence of 11.0%
high disease burden and an associated case fatality rate of nearly 10% (Chissaque et al.,
2018). Demographic survey and health data from 2022 to 2023 indicated that 9.0% of
children experienced diarrhoea two weeks before the survey (INE, 2024), reflecting a
2.0% reduction compared to a previous study on the burden of diarrhoea in Mozambique.
From 2015 to 2019, 9041 cases of diarrhoea were reported in children under five years
old in Maputo, of which 25.2% were in rural areas and 74.8% were in urban areas

(Machava et al., 2022a). These data highlight the need for a better understanding of the
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epidemiology of foodborne diarrhoea in order to better inform strategic health

interventions for its prevention.

Despite several studies reporting diarrhoea, the majority of the existing literature focuses
on the detection of diarrhoeagenic pathogens in humans, which include Rotavirus,
Adenovirus, Shigella spp., E. coli, Vibrio cholerae, and Cryptosporidium spp.
(Nhampossa et al., 2015; Chissaque et al., 2018; Dall, 2023). Diarrhoeagenic pathogens
are organisms that cause diarrhoeal infections, primarily including bacteria, viruses, and
parasites, most of which are transmitted through faecally contaminated water (WHO,
2024a). Limited studies identified the diarrhoeagenic pathogens in food and water, and
the factors associated with their contamination, which may result in these sources not
being recognised as potential contributors to diarrhoeal disease. Moreover, limited
understanding of the factors contributing to childhood diarrhoea hampers the
development and implementation of targeted interventions to effectively address its

causes.

A study conducted by Bick et al, (2020), indicated that 53.0% of infant food from low-
income Maputo neighbourhoods was contaminated with faecal bacteria. In addition, this
contamination was associated with the food type, preparation and hygiene practices. In a
population-based study, factors such as bottle feeding and untreated water used for
drinking were associated with foodborne diarrhoea in children younger than five years in
urban and rural areas of Maputo (Machava et al., 2022b). Several other factors associated
with diarrhoea in vulnerable communities have been reported in countries such as
Namibia, Rwanda and Ethiopia, which include the child’s age, number of people per
household, mothers’ age and education, residential area, household income,
unemployment, access to information, type of toilet facilities, and child immunisation and
nutritional status (Woldu et al., 2016; Bauleth et al., 2020).

This study aimed to ascertain the contribution of infant food to diarrhoeal cases in
Maputo’s urban and rural areas by identifying the prevalence of diarrhoeagenic pathogens
and determining the factors associated with these pathogens in food and water consumed
by children under five years. The study also aimed to assess the presence of antimicrobial
resistance genes and to determine if the food and water consumed by children under five
years contribute to diarrhoea in these children. The findings from this study will allow
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the establishment of control systems and to address underlying causes, thereby reducing

the prevalence of diarrhoeagenic agents among vulnerable groups in the communities.

This is the first study of its kind to be conducted in Mozambique. It fills a gap in existing
research, which has primarily focused on detecting diarrhoeagenic pathogens in faecal
samples, by highlighting the contribution of food and water to diarrhoea in children.
Additionally, it identifies factors associated with the presence of these pathogens in food
and water, providing valuable insights for the development of effective diarrhoea
prevention strategies.
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CHAPTER II: LITERATURE REVIEW

2.1. The burden of foodborne disease in low and middle-income countries

The global burden of foodborne disease is a significant public health issue, carried
disproportionately by low- and middle-income countries (LMICs) and by children under
five years of age (WHO, 2025).

LMICs bear 53% of all foodborne illnesses and 75% of related deaths, despite comprising
only 41% of the global population (World Bank, 2018). However, experts believe that
they are the most affected regions due to the high prevalence of potentially foodborne
registered in hospital and community surveys of people with diarrhoea, inadequate water
supplies, poor environmental hygiene and sanitation, and insufficient education, use of
human sewage or animal waste for horticulture production is common (Croxen et al.,
2013; Grace, 2015; Komarulzaman, et al., 2017; Nguyen et al., 2021). Factors such as
lack of maternal education and sanitation infrastructure, urban living conditions, and
inconsistent maternal hygiene practices have been associated with childhood diarrhoea
(Alebel et al., 2018).

Countries from Africa and South-East Asia bear the highest burden of foodborne diseases,
including among children under five years (Havelaar et al., 2015). In African regions,
foodborne diseases are a significant cause of morbidity, where 91 million people consume
contaminated food that makes them ill, resulting in about 137,000 people dying from it,

and children under five years of age being the most affected (WHO, 2022).

In Mozambique, the available data indicate that from 2010 to 2015, deaths due to
diarrhoeal diseases reduced by almost half from 2010 (13,105) to 2015 (7,340) in children
under five years old (Chissaque et al., 2018). This reduction was attributed to the
introduction of rotavirus vaccination, increased access to safe water, and improved
sanitation and hygiene (Chissaque et al., 2018). However, this continues to be among the
most crucial causes of morbimortality, especially in children under five years old
(UNICEF, 2021). A five-year study conducted in Manhica involving children with
moderate-to-severe diarrhoea showed a death rate of 10.2 deaths per 1000 persons-week
at risk (Acacio et al., 2019). Data from 2019 to 2020 indicated that diarrhoea was among
the leading cause of death in children under five, with a mortality rate of 11.0%
(Macicame et al., 2023).
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Foodborne diseases are caused by a variety of microorganisms, including bacteria,
moulds, protozoa and viruses (WHO, 2015). Bacteria mostly involved in foodborne diseases
in LMIC include Salmonella sp. Shigella spp., Diarrhoeagenic E. coli (DEC) and V. cholerae, and
the first three pathogens are the focus of this study so they will be further characterised. DEC are
E. coli strains that cause diarrhoea and are caracterised based on the group of virulence

determinants they have acquired (Gomes et al., 2016).

2.1.1. Prevalence of Diarrhoeagenic E. coli in under five children in low and

middle-income countries

Escherichia coli is a member of the intestinal microbiota and Gram-negative bacilli that
belongs to the Enterobacteriaceae family (Gomes et al., 2016; Ekici and Dumen, 2019).
Escherichia coli is associated with diarrhoeal diseases, and its classification is based on
the characteristics of its virulence properties, each group causing disease by a different
mechanism, characteristics that allowed the classification of this strain in different DEC
pathotypes (Gomes et al., 2016; Ekici and Dumen, 2019). Genes in the plasmids encode
adherence properties to the epithelial cells of the small or large intestine. Similarly, toxins
produced by DEC are often mediated by plasmids or phage (Brooks et al., 2013).

The DEC pathotypes are classified as enteropathogenic E. coli (EPEC), enteroaggregative
E. coli (EAEC), diffusely adherent E. coli (DAEC), enterotoxigenic E. coli (ETEC),
enteroinvasive E. coli (EIEC) and enterohemorrhagic E. coli (EHEC) (Figure 2.1). All
pathotypes indicated above are considered diarrhoeagenic because the main symptom in
patients infected by any of them is diarrhoea (Brooks et al., 2013; Ekici and Dumen,
2019).

EPEC strains are characterised by producing attaching and effacing lesions and non-
production of Shiga toxins (Stx) and heat-labile (LT) or heat-stable (ST) enterotoxins
(Gomes et al., 2016). Additionally, they are classified as typical EPEC (tEPEC) and
atypical EPEC (aEPEC) based on the presence of plasmid adherence factor (pEAF),
which encodes the type IV fimbriae called the bundle-forming pilus necessary for
adherence to epithelium cells. This plasmid is present on tEPEC but absent on aEPEC
(Gomes et al., 2016).

Virulence factors such as adhesins, cytotoxins, enterotoxins and secreted proteins have
been identified in EAEC (Meza-Segura et al., 2020). EAEC adheres to the intestinal

5
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mucosa for disease development and then releases enterotoxins and cytotoxins, leading
to mucosal inflammation (Gomes et al., 2016; Ekici and Dumen, 2019). EAEC is the
DEC pathotype characterised by the presence of AA pattern on epithelial cells in culture
encoded by the aggR gene, which allowed the classification of this strain as typical
(tEAEC) and atypical (aEAEC) based on the presence and absence of this gene,
respectively (Meza-Segura et al., 2020).

DAEC pathotypes are classified based on their characteristic diffuse adherence pattern on
HEp-2 cells, which is mediated by adhesins such as Afa, F1845, and Dr. DAEC strains
bind to proteins degrading the intestinal epithelium (Ekici and Dumen, 2019; Meza-
Segura et al., 2020).

ETEC acts producing colonisation factors (CFs) and LT e/o ST enterotoxins. The CF
induce bacterial adherence to the intestinal mucosa and confers host specificity to the
different strains, while LT and ST toxins act by deregulating membrane ion channels in
the epithelial membrane, leading to water and ions loss, causing watery diarrhoea (Gomes
etal., 2016).

EIEC strains invade and penetrate the enterocytes, inducing inflammatory damage in
intestinal mucosa and submucosa, leading to cell destruction, similar to Shigella spp. The
virulence factors of EIEC are due to the proteins encoded by a 31-kb fragment from
plasmid plInv, containing 38 genes responsible for bacterial invasion and escape by cell
spreading, inhibition of autophagy, regulation of immune response of the host apparatus
and type Il secretion system (TTSS). The effects of EIEC’s pathogenesis into the host

allow these microorganisms' intracellular survival (Gomes et al., 2016).

EHEC, also named Stx-producing E. coli (STEC) and verotoxin-producing E. coli
(VTEC), produce Stx that destroys vero cells similarly to Stx produced by Shigella
dysenteriae type 1 (Brooks et al., 2013; Ekici and Dumen, 2019).

The Stx are divided into two main groups, Stx1 and Stx2. These toxins inhibit protein
synthesis by removing an adenine residue from the 28S rRNA of the 60S ribosome. They
are involved in cell signal transduction and immune modulation, inducing pro-

inflammatory and pro-apoptotic responses (Gomes et al., 2016).
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Diarrhoeagenic Escherichia coli
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Figure 2.1. Diarrhoeagenic E. coli pathotypes and summary of their pathogenicity
(adapted from Gerba, 2015).

EPEC - Enteropathogenic E. coli
EAEC - Enteroaggregative E. coli
DAEC - Diffusely adherent E. coli
ETEC - Enterotoxigenic E. coli
EIEC - Enteroinvasive E. coli
EHEC - Enterohemorrhagic E. coli

EPEC strains are associated with diarrhoea mortality, mainly among children under 12
months in LMICs (Das et al., 2022). Animal contact and contaminated foods, including
raw meat, unpasteurised milk, vegetables and water, are among the sources of EPEC for
humans (Gomes et al., 2016). EPEC pathotype was present in faecal samples from
children under five with diarrhoea in Kenya (Yeda et al., 2024). It was the most abundant
pathotype (13.0%) isolated in cattle present in children’s homesteads (Yeda et al., 2024).
In Mozambique, EPEC was identified in children under five years of age with and without
diarrhoea (1.7%). In another study from Mozambique, EPEC was present in faecal
samples from children with acute diarrhoea in three provinces (Manhique-Coutinho et al.,
2022). In peri-urban areas of Lusaka, Zambia, children between zero and 36 months
harboured DEC strains and EPEC was among the most prevalent (43.0%) (Mwape et al.,
2023). These strains were detected in both diarrhoeal and non-diarrhoeal children aged
zero to 36 months (Dow et al., 2009). Humans are seen as reservoirs of typical EPEC

pathotypes as these have not been found in animals (Trabulsi et al., 2002). At the same

© University of Pretoria



NIVERSITEIT VAN PRETORIA
N Y OF PRETORIA
u

ITHI YA PRETORIA

time, atypical EPEC pathotypes have been isolated from animals such as cattle and calves
(Trabulsi et al., 2002).

The EAEC strains are responsible for acute and chronic diarrhoea in children, mainly in
low-income countries (Jenkins, 2018). They are associated with travellers’ diarrhoea in
children and adults in middle and high-income countries (Jenkins, 2018). Water, cheese
made from unpasteurised milk and fresh produce are among the vehicles of EAEC
pathotypes (EFSA, 2015). In Kenya, a study by Yeda et al. (2024) showed that EAEC
was the most prevalent DEC pathotype (12.0%) among children below five years with
diarrhoea and close contact with food animals. This pathotype was also the most abundant
in Mozambican children under five with diarrhoea (66.3%) (Manhique-Coutinho et al.,
2022). In Mozambique, an epidemiological study by Chissaque et al. (2018) found that
EAEC was among bacterial pathogens associated with infantile diarrhoea. Additionally,
EAEC was the most prevalent E. coli pathotype in under-five children’s diarrhoea
outbreaks in Kenya at three outpatient facilities in an informal settlement (Jepleting et al.,
2023). Further, this pathotype has also been identified in children under five with acute
diarrhoea in Ethiopia (Mulu et al., 2024).

ETEC is one of the major pathogens that cause moderate-to-severe diarrhoea in children
under five years (Anderson et al., 2019). Estimations from the Global Burden of Disease
Study (GBD 2016) indicate that ETEC is responsible for about 220 million diarrhoea
cases globally, where around 75 million cases were registered in children under five years
of age, resulting in about 18,700 deaths, with 42,000 deaths in children under five years
(WHO, 2022). Although diarrhoeal mortality rates for ETEC are decreasing due to
economic development, availability of safe water and sanitation, these reductions were
registered in many LMICs (WHO, 2022). Estimations from a modelling analysis study
involving 89 low-income and LMIC indicated that from a total of 119 million ETEC
diarrhoea episodes registered per year, 84.4 million were from LMIC (Anderson et al.,
2019). In an epidemiology study of ETEC among children and adults in two rural areas
in Bangladesh, 19.7% of children under five had diarrhoea caused by this strain
(Chakraborty et al., 2024). In Zambia, the prevalence of ETEC in children under three
years was 2.47%. In Nigeria, ETEC was also present in children below six months without
diarrhoea and in children with diarrhoea aged over nine months (Akinlabi et al., 2023).
In Mozambique, 2.7% of ETEC was recovered in children under five who suffered from
mild diarrhoea (Rappelli et al., 2005). In another study involving children below 15 years
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of age with diarrhoea, ETEC was among the most prevalent strains, with a 13.5%
prevalence (Manhique-Coutinho et al., 2022). In Kenya, the presence of ETEC was
evidenced in asymptomatic children aged six to 24 months (3.1%) (Okumu et al., 2023).

EIEC strains cause a disease similar to shigellosis, which is more common in children.
EIEC infections occur worldwide, although they are most common in low-income
countries and people travelling to these countries (Gomes et al., 2016; Makarova, 2023).
This pathotype is transmitted mainly through person-to-person contact (Bhavnani et al.,
2016). EIEC strains were among diarrhoeagenic pathogens recovered from children
between zero to 36 months with diarrhoea in Zambia (20.2%) (Mwape et al., 2023). In
Ethiopia, this pathotype was present in 13% of children with and without diarrhoea
(Zelelie et al., 2023). The low frequency of EIEC was registered in children below five
with diarrhoea from Mozambique (7.7%) and the same age children without diarrhoea in
Nigeria (0.2%) (Garrine et al., 2020; Akinlabi et al., 2023).

STEC causes infections varying from unapparent diarrhoea to more serious
manifestations such as hemorrhagic colitis (HC) and hemolytic uremic syndrome (HUS),
mainly in infants and children. However, the incidence of infection varies in different
regions, including in LMIC (Gomes et al., 2016). World Health Organization (WHO), in
2010, indicated that STEC was responsible for more than one million illnesses, resulting
in more than 100 deaths and approximately 13,000 disability-adjusted life years (DALYY)
(Pires et al., 2019).

The serotype E. coli O157:H7 is the most relevant among the STEC strains regarding
public health (WHO, 2018b). A study in Ethiopia showed that the prevalence of E. coli
0157:H7-associated was 15.3% (Getaneh et al., 2021). In another study carried out also
in Ethiopia, E. coli 0157:H7 was found in 6.1% of the children (Balew and Kibret, 2023).

DAEC, the less-studied DEC pathotype, causes chronic diarrhoea in children between the
ages of one and five, mainly in LMIC (Ocampo et al., 2021). According to the Centers
for Disease Control and Prevention (CDC), its primary source is uncertain (CDC, 2024a).

Available studies show that the prevalence of DEC strains in children under five years of
age across LMICs ranges widely, from 1.5% to 66.3%. Among the DEC pathotypes,

DAEC is the least studied, with no available data on its prevalence.
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The presented studies primarily applied cross-sectional or observational epidemiological
designs. While the predominance of cross-sectional methods provides useful prevalence
data, it limits the ability to infer causality or fully compare results across different
populations and settings. In contrast, observational epidemiological studies that included
both symptomatic and asymptomatic children offered a more comprehensive picture of
pathogen presence. Limitations of these study designs include susceptibility to
confounding factors, potential selection bias, difficulty in controlling exposure variables,

and challenges in establishing causality despite providing valuable associations.

2.1.2. Prevalence o Salmonella spp. in under five years children in low and middle-

income countries

Salmonella is the most complex group of Enterobacteriaceae, with more than 2,200
serotypes. The Kaufmann-White scheme classifies Salmonella serovars based on somatic
(O) antigens and phase 1 and phase 2 flagellar (H) antigens (Winn et al., 2010).
Chattaway and collaborators proposed a new nomenclature for Salmonella, based on a
MAC-type name derived from multilocus sequence typing (MLST) and the genetic
antigenic profile, aligning with the traditional Kaufmann-White scheme (Chattaway et
al., 2021). They recommend that Salmonella strains should be named first by Salmonella
species and subspecies and then the MAC type (ST or provisional ST plus historical
serovarname or Serogene) scheme scheme (Chattaway et al., 2021).

The Salmonella genus is divided into S. enterica and S. bongori (formerly subspecies V),
with multiple subspecies and serotypes (Brooks et al., 2013; Kuria, 2024). Salmonella
enterica contains six subspecies, which are subspecies enterica (subspecies 1), subspecies
salamae (subspecies IlI), subspecies arizonae (subspecies Illa), subspecies diarizonae
(subspecies I11b), subspecies houtenae (subspecies 1V), and subspecies indica (subspecies
VI) (Brooks et al., 2013; Kuria, 2024). Most human illnesses are caused by S. enterica

subspecies enterica (Brooks et al., 2013).

Four Salmonella serotypes were identified using biochemical and serological tests: S.
Paratyphi (serogroup A), S. Paratyphi (serogroup B), S. Choleraesuis (serogroup C1),
and S. Typhi (serogroup D) (Brooks et al., 2013). These serotypes are associated with

distinct clinical syndromes: S. Typhi and S. Paratyphi are primarily responsible for enteric

10

© University of Pretoria



NIVERSITEIT VAN PRETORIA
N Y OF PRETORIA
u

ITHI YA PRETORIA

fever, while S. Choleraesuis is often linked to septicemia and focal infections (Brooks et
al., 2013).

Based on the Salmonella species and serotypes presented above, MAC types should be
assigned as in the following examples: S.enterica ST43—S. Java and S. enterica ST86—
S. Paratyphi B scheme (Chattaway et al., 2021).

Many Salmonella serotypes are pathogenic for humans or animals when taken orally.
They are transmitted from animals and animal products such as poultry, poultry products,
beef, pork and fish as well as non-animal-derived foods such as fruits and vegetables to
humans, causing enteritis, systemic infection, and enteric fever (Brooks et al., 2013;
Lamichhane et al., 2024).

Salmonella infects many mammals, birds, reptiles, amphibians, fish and invertebrates,
and these hosts carry the bacteria in their tissues (meat), manure, or eggs, constituting
reservoirs for human infection (Kuria, 2024). The microorganisms usually enter orally,
usually with contaminated food or drink, which in turn is contaminated by persons who
have unsuspected subclinical diseases or are carriers when they handle food (Brooks et
al., 2013). The infective dose to produce clinical or subclinical infection in humans is
10°-108 colony-forming units (CFU)/ml (Brooks et al., 2013).

Salmonella is among the most important bacterial pathogens causing diarrhoea in children
under five, especially in LMICs, although low prevalence is reported (Kasumba et al.,
2023; Hugho et al., 2024; WHO, 2024a). A study carried out in Mali, Gambia, and Kenya
in children between zero to 59 months of age with moderate-to-severe diarrhoea reported
Salmonella prevalence of 1.6%, 4.0%, and 1.9%, respectively (Kasumba et al., 2023). In
a recent study from Tanzania, Salmonella was recovered in 2.6% of children under five
years with diarrhoea (Hugho et al., 2024). In Ethiopia, 3.15% of diarrhoeic children under
five years old attending public health facilities in Debre Markos town harboured
Salmonella (Dessale et al., 2023). In another study from Ethiopia, in Ambo town, a lower
prevalence of Salmonella was found in children below five years with diarrhoea, which
was 1.3% (Tosisa et al., 2020). A recent study, also conducted in Ethiopia, reported a
prevalence of 6.3% for Salmonella among children under five years of age with diarrhoea
attending Bule Hora University Teaching Hospital (Dade et al., 2025). In Botswana,

Salmonella was recovered in 3.0% of children under five with diarrhoea (Urio et al.,
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2001). Nontyphoidal Salmonella was associated with mortality among rural children with
diarrhoea who accessed a hospital in Kenya (O’Reilly et al., 2012). In the same study,
nontyphoidal Salmonella was detected in 22.0% of faecal samples of children who died
(O’Reilly et al., 2012). More than 10 years ago, the burden of diarrhoeal disease among
children between zero to 59 months seeking care at health facilities in rural Mozambique
indicated that Salmonella was not among the most prevalent pathogens involved in the
cause of diarrhoea, being detected at a frequency of 1.0 % in children aged zero to 11
months and the same frequency in children between 12 to 23 months (Nhampossa et al.,
2015).

Studies on the prevalence of Salmonella spp. in children under five years of age in LMICs
indicate that it typically ranges from 1.0% to 22.0%.This prevalence is low compared to
that of DEC strains. Nontyphoidal Salmonella has been associated with mortality in

children, particularly in Kenya, highlighting its pathogenic potential.

2.1.3. Prevalence of Shigella spp. in under five years children in low and middle-
income countries

Shigella is part of the Enterobacteriaceae family characterised as Gram-negative, straight
rods and similar in morphology to other Enterobacteriaceae (Schneider et al., 2012;
Brooks et al., 2013). They are facultative anaerobes but grow best aerobically (Schneider
et al.,, 2012; Hmar et al., 2024). The natural habitat of Shigella is limited to the
gastrointestinal tract of humans, where it causes bacillary dysentery (Pakbin et al., 2023).
Shigella has a complex antigenic pattern. There is a significant overlap in the serologic
behaviour of different species, and most share O antigens with other enteric bacilli
(Brooks et al., 2013). The classification of Shigella is based on biochemical and antigenic
characteristics, and they are classified as S. dysenteriae (group and type A), S. flexneri
(group and type B), S. boydii (group and type C) and S. sonnei (group and type D) (Brooks
etal., 2013).

In 2015, shigellosis accounted for at least 54,900 deaths in children younger than five
years globally (Collaborators, 2017). Shigella is transmitted from person to person by
food, fingers, faeces, and flies (Brooks et al., 2013). Most cases of Shigella infection
occur in children younger than ten years of age (Brooks et al., 2013). Shigellosis is highly
contagious and its infectious dose is on the order of 10 CFU per g/ml (Brooks et al.,

2013; Pakbin et al., 2023). The pathological process consists of invasion of mucosal cells
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by induced phagocytosis, escape from the phagocytic vacuole, multiplication and
dissemination in the cytoplasm of epithelial cells, and passage to the adjacent cells
(Brooks et al., 2013).

Shigella dysenteriae type 1 causes the most severe disease and is the only serotype that
produces the Shiga toxin, which may be partially responsible for cases in which
haemolytic uremic syndrome develops (Cody and Dixon, 2019). By acting as a
neurotoxin, it can contribute to the extreme severity and fatal nature of S. dysenteriae
infections and to central nervous system reactions such as meningismus and coma
(Brooks et al., 2013). Shigella dysenteriae serotype 1 (Sd1) is the agent of epidemic
dysentery and often causes severe illness, while S. sonnei produces the mildest form of
shigellosis, usually watery diarrhoea. Shigella flexneri and S. boydii infections can be
mild or severe (CDC, 2024b). Other Shigella species can cause severe illness in people

with compromised immune systems (CDC, 2024b).

In a study involving 28 LMICs, Shigella was the second leading cause of diarrhoea in
children under five years (Cohen et al., 2022). Shigella dysenteriae and other Shigella
species were recovered in children under five attending public health facilities in
Northwest Ethiopia, with a prevalence of 3.60% and 4.95%, respectively (Dessale et al.,
2023). In the same country, in another study involving children with diarrhoea from
Ambo town, three Shigella species were detected, namely, S. flexneri with 1.3%
prevalence, 0.8% of S. boydii, and 0.4% of S. sonnei (Dessale et al., 2023). A recent
study conducted in Ethiopia among children under five years of age with diarrhoea
attending Bule Hora University Teaching Hospital, reported a prevalence of 4.9% for
Shigella (Dade et al., 2025). Shigella was associated with mortality among rural Kenyan
children with diarrhoea, and this strain was present in 11% of faecal samples of children
who died (O’Reilly et al., 2012). In Botswana, Shigella prevalence in children under five
years with diarrhoea was 21%, and the most abundant species were S. boydii, S. flexneri
and S. sonnei (Urio et al., 2001). A study of the epidemiology of diarrhoea in children
under five years in Mozambique showed that Shigella strains were among the
diarrhoeagenic pathogens associated with diarrhoeal fatalities, which was approximately
10% (Chissaque et al., 2018). Still in Mozambique, a study conducted in a rural area by
Vubil et al. (2018) demonstrated the presence of Shigella in children under five with
moderate-to-severe diarrhoea (3.9%) and less severe diarrhoea (6.1%).
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The presented studies show that the prevance of Shigella spp. varies from 0.4% to 21%. Shigella
dysenteriae, S. boydii, S. flexneri and S. sonnei were the most frequent species. Avaliables
studies in Kenya and Mozambique have associated Shigella infections with child

mortality.

2.2. Environmental transmission routes of foodborne pathogens affecting under

five years children in low and middle-income countries

Low-income countries are more affected by diarrhoea, and children under three years old
experience an average of three episodes of diarrhoea annually (WHO, 2024a).
Contaminated food, water sources, and poor sanitation are the main factors for
widespread diarrhoeagenic pathogens (WHO, 2024a). The environment plays a crucial
role in the transmission of foodborne pathogens (Lake and Barker, 2018). These
pathogens infect humans through the faecal-oral route, and the environment serves as the

medium where they circulate before infecting a new host (Graaf et al., 2020).

The excrement of animals and humans is eliminated in the environment, posing a risk for
diarrhoeal diseases, especially in countries with poor environmental sanitation
(Penakalapati et al., 2017). The excreted faeces may contain diarrhoeagenic pathogens.
These pathogens may be transmitted to the five environmental reservoirs represented by
the F diagram: food, fluids (water), fingers (hands), fields (soil), and flies (ljaz and
Rubino, 2012) (Figure 2.2). The contamination of the new host may be prevented in two
phases. First, by implementing good sanitation to limit the spread of diarrhoeagenic
agents through water, soil, fingers and flies. Second, by following good handling practices

during food preparation and conservation (ljaz and Rubino, 2012).

14

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

Primary Barriers — Secondary Barriers

Fingers

- / Fluids

Feces

i
N

Fields«?loors‘

i Food ) New Host |

Disease transmission Route

Barriers to transmission

Figure 2.2. F diagram representing the source of diarrhoeagenic pathogens (ljaz and
Rubino, 2012).

2.2.1. Food as a source of diarrhoeagenic bacteria for children under five years old

in low and middle-income countries

Foods such as meat, vegetables, poultry, and dairy products have been indicated as
common sources of foodborne diseases, such as E. coli, Salmonella spp. and Shigella spp.
(Table 2.1). The presence of contaminants in children’s foods can be attributed to factors
related to the food production and processing phase, which include the use of manure as
fertiliser, the use of contaminated water for irrigation, contact with animal faeces during
slaughter, and processing of colonised animals (Croxen et al., 2013). Post-production
contamination may result from household-level factors, which include children feeding
themselves, animal exposure, type of food, food preparation, hygiene behaviour, and food
storage and preparation practices (Bick et al., 2020; Wells et al., 2023). Studies reporting
the food as a source of E. coli pathotypes causing diarrhoea in children under five years
old are available. In Kenya, EPEC (17.0%) was among the most detected pathogens in
infant weaning food, such as porridge, milk, tea, water, flour bread, mashed potatoes and
beans (Tsai et al., 2019). A recent study in Kenya demonstrated the presence of EPEC in
food consumed by children in Dagoretti South, Nairobi (Okumu et al., 2025). EPEC and
EAEC were identified in Bangladesh, cereal-based children’s food such as rice, suji (a
preparation of semolina with milk or water), khichuri (Rice prepared with pulse and
vegetables) that had been stored for about three hours at room temperature, which may
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endanger the health of the child who will consume it (Doza et al., 2018). EAEC was
present in food consumed consumed by children in Dagoretti South, Nairobi, Kenya
(Okumu et al., 2025).

Matoke (mashed bananas) and broth consumption were associated with ETEC carriage in
Kenya’s children aged six to 24 months (Okumu et al., 2023). A recent study, also
conducted in Kenya, demonstrated the presence of ETEC in food consumed by children
in Dagoretti South, Nairobi (Okumu et al., 2025). The primary sources of STEC strains
include raw or undercooked ground meat products, raw milk, and faecal contamination
of vegetables (WHO, 2018b). Raw milk from around Bahir Dar town dairy farms in
Ethiopia was shown to harbour STEC strains (Yihunie et al., 2024). In Nigeria, E. coli
O157:H7 was present in meat, fufu, pumpkin, meat pie, yoghurt, cucumber, cabbage,
garden egg, okra, chicken, unpasteurised milk and salad from local market, which are part
of the foods given to children under five years of age (Lennox et al., 2020). In Ethiopia,
E. coli O157:H7 has been related to undercooked meat, raw vegetables and/or fruit juice
consumption by children under five (Getaneh et al., 2021).

Many cases of salmonellosis in humans are associated with consuming contaminated food
products such as beef, pork, poultry meat, undercooked or raw eggs, vegetables, juices
and other foods (Bintsis, 2017). Complementary foods given to children below or at two
years of age in Zambia include maize meal, nshima (very thick porridge), boiled rice,
bread, porridge mixed with ground nuts, pounded ground nuts, cooked beans, chicken
soup, fresh milk, chicken meat, fried egg, peanut butter, sour milk, cooked pumpkin
leaves, cooked vegetables and cabbage (Mwisha Kinkese et al., 2018). These foods were
found to be contaminated with Salmonella (Mwisha Kinkese et al., 2018). In Tanzania,
consumption of raw milk, use of infant formula and purchasing eggs directly from the
farms were identified as risk factors for Salmonella-associated diarrhoea in children under
five years (Hugho et al., 2024). Cow milk and cereal blend samples in bottle-fed babies
were shown to harbour Salmonella strains in Ethiopia (Marege et al., 2023).

Shigella foodborne transmission is mainly due to vegetables, lettuce, cold salads, herbs,
meat and dairy items and hot dishes (CDC, 2024b). Kenyan infant food prepared with
unpackaged (59.0%), fresh pasteurised (3.6%), and ultra-high temperature (UHT) treated
milk (0.7%) was shown to harbour S. sonnei strains (Hoffmann et al., 2022). In the same
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milk, tea, bread, mashed potatoes, and beans (Tsai et al., 2019).

Foods such as cooked pork, meat pie, cooked meal, vegetables, fruits, market raw milk,
ready-to-eat salad, raw salad, and poultry have been shown as the source of Shigella,
mainly of S. sonnei, S. flexneri and S. dysenteriae in LMIC such as Nigeria, Cameroon,
India, Tunisia and Pakistan (Mokhtari et al., 2012; Samad et al., 2018; Makinde et al.,

2020; Nisa et al., 2021).

Available studies show that rice, milk, and vegetables are the main food groups associated
with diarrhoea caused by EPEC, EIEC, STEC, Salmonella spp., and Shigella spp. in
children under five years of age in LMICs. This highlights the role of these foods as

potential vehicles for the transmission of foodborne pathogens.

Table 2.1. Food associated with diarrhoea caused by Diarrhoeagenic E. coli, Salmonella

spp. and Shigella spp.

in under five years children’s from low and middle-income

countries
Food Group EPEC EAEC ETEC STEC Salmonella spp.  Shigella spp. Reference
Cereals Rice, Rice Fufu Nshima***, Porridge and
porridge, boiled rice, bread
milk, flour bread
bread
Milk and Milk Yoghurt, fresh milk, raw Milk
Milk Products unpasteurized milk, infant
milk formula
Meat Meat, meat pie, Chicken meat
undercooked
meat
Vegetables Mashed Pumpkin, cooked beans Mashed
potatoes cucumber, potatoe and
cabbage, beans
garden egg,
okra and raw
vegetables
Fruits Mashed
banana
Combined Suji*, Suji*, Broth Salad Porridge mixed
foods khichuri*  khichuri** with ground
nuts, chicken
soup
Other foods Tea pounded ground Tea
nuts
*Suji - a preparation of semolina with milk or water ***Nshima - very thick porridge
**Khichuri - ice prepared with pulse and vegetables
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2.2.2. Drinking water as a source of diarrhoeagenic bacteria for children under five

years old in low and middle-income countries

Drinking water is the most potent vehicle of foodborne pathogens, mainly in low-income
countries due to lack of safe water. In Vietnam, lack of fresh water supply and unhygienic
septic tanks were seen as factors that could contribute to the morbidity of diarrhoea in
children (Vu Nguyen et al., 2006).

Studies reporting drinking water as a source of E. coli pathotypes causing diarrhoea in
children under five years old are available (Chukwu et al., 2019; Suge et al., 2023). Water
plays a role in the transmission of EPEC as evidenced in South Africa (Chukwu et al.,
2019). EPEC strains recovered from municipal taps and water storage containers in
homes of children under five, with and without diarrhoea, were similar to those detected
in the children (Chukwu et al., 2019). In Kenya, EPEC was among the dominant strains
(32.0%) identified in water samples collected in households of children under five years
old (Suge et al., 2023).

ETEC was shown to survive for up to three months in freshwater and form biofilms in
drinking water sources; however, its ability to survive in these environments is mostly
unknown (Croxen et al., 2013). In Zambia, children whose source of drinking water was
a public tap/borehole/well were at high risk of developing diarrhoea caused by the ETEC
pathotype (Sukwa et al., 2024). In a study in Kenya, drinking water from households of
children under five years harboured EIEC strains (4.0%), which were correlated with
those present in children’s faecal samples (Suge et al., 2023). In the same study, EAEC

was the most prevalent strain (44.0%) in collected water (Suge et al., 2023).

Water can be contaminated by different strains of Salmonella, which poses a risk for those
who consume it. In a study in Kenya, a significant proportion of children infected with S.
Typhimurium/ Enteriditis was observed in households that used water pots as water
storage containers and water from the tap (Mbae et al., 2020). In Ethiopia, drinking from
unimproved water sources contributed to a higher prevalence of Salmonella and Shigella

infection in children (Assefa and Girma, 2019).

Shigella is a diarrhoeagenic pathogen that can also contaminate water, which is worrying
as it is very infectious, requiring a small dose to establish the infection (Brooks et al.,

2013). A study conducted in Ethiopia reported the presence of Shigella in 5% of
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household drinking water samples collected from homes of children under five years of

age with diarrhoea (Gobena et al., 2024).

Drinking water is a majour transmission route of DEC, Salmonella spp., and Shigella spp.
in children in LMICs, due to the lack of access to safe water. Multiple studies across
Africa and Asia have shown a direct link between contaminated household water and the

presence of these diarrhoeagenic strains in children’s faecal samples.

2.2.3. Children’s hands as a vehicle of diarrhoeagenic bacteria in low and middle-

income countries

Hands are an essential vehicle of diarrhoeagenic bacteria, mainly in children, and their
presence is strongly associated with subsequent diarrhoeal disease (Pickering et al.,
2018). The hand-to-mouth contact in children can occur three to 28 times per hour,
allowing the passage of microbes from the hands to the mouth when they are present
(EPA, 2011).

In a systematic review by Cantrell et al. (2023), E. coli and Salmonella were among the
pathogens and indicators identified on hands. The contamination was higher in low-
income countries than in high-income countries, possibly due to a lack of safe drinking
water, poor sanitation and hygiene. In tropical low-income countries, hand washing does
not guarantee they are free of contaminants for an extended period. Recontamination can
occur within minutes due to high levels of faecal contamination on surfaces and soils in
the domestic environment (Cantrell et al., 2023). In rural Bangladesh, E. coli was detected
in 43% of young children aged one to 14 months (Parvez et al., 2019).

Lack of care for a child’s nails can be a source of diarrhoeagenic pathogens; this has been
evidenced in children under five in South Ethiopia, where untrimmed fingernails were

associated with Salmonella and Shigella infection (Ameya et al., 2018).

Hand washing is an essential factor in preventing diarrhoea. When Covid-19 broke out,
one of the biggest appeals to avoid contamination was frequent hand washing with water
and soap or ash. This practice helped reduce cases of diarrhoea, as evidenced in some
studies. For example, in Ethiopia, the prevalence of childhood diarrhoea was more

common among households with poor practices of COVID-19 prevention (Alemayehu et
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al., 2024). A study in Ghana highlighted the effectiveness of COVID-19 hand hygiene
protocols in diarrhoeal reduction (Adu et al., 2024).

Hands are a major route for transmitting diarrhoeagenic bacteria in children due to
frequent hand-to-mouth contact and poor hygiene, which increases the risk of infection,
especially in low-income settings. Effective handwashing has been a key factor in

reducing diarrhoeal infections, as evidenced during the COVID-19 pandemic.

2.2.4. Soil as a source of diarrhoeagenic bacteria for children under five years old

in low and middle-income countries

The soil harbours numerous microbes, and children are vulnerable as the soil is one of the
places they prefer to play. Children’s average daily soil ingestion (200 mg) poses a health
risk, especilly when pathogenic agents are present (EPA, 2011). The microbes in the soil
are attributed to the presence of animal excreta in the living environment and open
defecation (Gizaw et al., 2022). In the rural Democratic Republic of the Congo, 75% of
soil samples collected in child play spaces were contaminated by E. coli (George et al.,
2022). Diarrhoea in children under five from urban areas of Kenya has been associated
with soil ingestion (Bauza et al., 2017). The same study demonstrated E. coli (100.0%)
in soil samples (Bauza et al., 2017). DEC strains such as EAEC (11.0%), EPEC (17.0%),
EHEC (23.0%), EIEC (51.0%) and ETEC (28.0%) were present in soil samples from
Tanzanian households with and without improved sanitation (Pickering et al., 2012).

Animals that carry Salmonella can eliminate them through manure, which can be used as
fertiliser, and this pathogen can survive in fertilised soil (Winfield and Groisman, 2003).
For example, in Nigeria, Salmonella was present in manure-treated soil, which may lead
to produce contamination, risking the health of those who will consume it (Abakpa et al.,
2015). In rural Mozambique, the annual infection risk by ingesting fecally contaminated
domestic soils by Shigella/EIEC was estimated at 40%, meaning that children from this

area are constantly exposed to this pathogen (Capone et al., 2021).

Soil is a significant source of diarrhoeagenic pathogens, such as DEC strains, Salmonella,
and Shigella due to contamination from animal excreta and open defecation. The presence
of these pathogens poses a high risk for children to develop diarrhoeal infections, as they

frequently ingest soil while playing.
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2.2.5. Flies as vectors of diarrhoeagenic bacteria affecting children under five years

old in low and middle-income countries

Insects are vectors responsible for diseases, as they can land in contaminated
environments carrying pathogenic agents that can be placed in foods, especially when
they are not properly preserved. When it comes to children’s food, the risk of children is
even more significant as often, during feeding, part of it can become contaminated when
it is poorly preserved. For example, in Bangladesh, it was detected in flies in households
of children under five with a concentration of 2.9 log10 Most Probable Number (MPN)
E. coli/fly, where one sample contained EPEC-specific pathogenic genes (eae and bfp).
Additionally, for each logl0 MPN E. coli increase in flies, a 0.31 log10 MPN E. coli
increase in children stored food, evidencing the role of flies in pathogens dissemination
(Doza et al., 2018).

A significant relation between E. coli in the Musca domestica house flies and the
incidence of diarrhoea in children under five years old was demonstrated in Indonesia
(Siregar and Susanna, 2020). Salmonella was among the diarrhoeagenic pathogens
identified in flies collected between the abattoir, the dump and the market in Benin
(Tokponnon et al., 2023). The circulation of flies in these places may lead to food
contamination and diseases occurrence when the food bought from this market is prepared
not following good hygiene practices. Salmonella and Shigella strains were recovered from
Musca domestica house flies in a refuse dump site in a market, a two-storey apartment,
eating places and in a resident building in Nigeria (Ugbogu et al., 2006). In Bangladesh,
springtime peaks in housefly density in 2009 and 2010 were followed one to two months
later by Shigella-associated moderate-to-severe diarrhoea at zero to 11 months and 12 to
23 months of age (Farag et al., 2013).

Insects, particularly houseflies, are important vectors of diarrhoeagenic pathogens such
as DEC, Salmonella, and Shigella, as they transfer microbes from contaminated
environments to food, especially when it is inadequately stored. Studies LMICs have
demonstrated strong associations between fly contamination and increased diarrhoeal

infections in children under five.
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2.3. Sources of antimicrobial resistant Diarrhoeagenic E. coli in children under five

in low and middle-income countries

Antimicrobial resistance (AMR) within various infectious agents is a growing public
health concern worldwide. Estimations indicate that in 2019, AMR was responsible for
1.27 million global deaths (WHO, 2023). The use of antibiotics for infection prevention
in farm animals and as growth promoters rather than to cure infections is partly
responsible for antibiotic-resistant bacteria emerging on farms. These resistant bacteria

can subsequently reach the population through the food chain (Todar, 2012).

Antibiotic resistance is one of the biggest threats to global health, food security, and
development. Antibiotic resistance occurs naturally but can be accelerated by the misuse
of antibiotics in humans and animals, resulting in more extended hospital stays, higher

medical costs and increased mortality (WHO, 2023).

Escherichia coli is one of the bacteria of interest in terms of antimicrobial resistance.
Although it is intrinsically susceptible to most clinically relevant antimicrobials, it can
accumulate several resistance genes, mainly through horizontal gene transfer (Poirel et
al., 2018).

Extended-spectrum beta-lactamase (ESBL) - producing Enterobacteriaceae is the most
studied resistance mechanism in different samples, which include food and water (Doi et
al., 2017). ESBLs producing Enterobacteriaceae act by hydrolysing penicillins and
cephalosporins, and they become resistant to these classes of beta-lactam agents when

they acquire an ESBL gene and produce the enzyme (Doi et al., 2017).

ESBL genes such as blactx-m (blacrx-m-1 group, blactx-m-1s), blatem, and blasnv gene
have been detected in water samples, including in drinking water collected in households
from children under five years old who had reported diarrhoea (Mahmud et al., 2020;
Suge et al., 2023).

Previous studies in Mozambique demonstrated the presence of antimicrobial resistance
genes in water and food samples like poultry and ready-to-eat street food. Beta-lactamase
genes were among the antimicrobial resistance (AMR) genes detected, including blatem,

blaoxa, blastv and blacrx-wm variants (Faife et al., 2020; Salamandane et al., 2022).
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In Nigeria, DEC pathotypes such as ETEC, EPEC, STEC and EIEC were detected in
faecal samples from children under five years old with diarrhoea and from food and
drinking water collected in their households. These strains showed very high resistance
to commonly used antibiotics such as augmentin (94%), ceftazidime (86%), cefuroxime
(86%), and cefixime (84%) (Ogunbiyi et al., 2023).

EAEC, EPEC, ETEC and EIEC were identified in drinking water collected in households
from children under five who had reported diarrhoea in a paediatric unit from a general
hospital in Kenya. These strains harboured blactx-m, blatem and blashv AMR genes,

which were correlated with the ones detected in children’s faecal samples (Suge et al.,
2023).

The consumption of water and food-contaminated E. coli strains harbouring genes that
encode antimicrobial resistance can lead to treatment failure (WHO, 2023). For example,
blactx-m, when present in DEC, can confer resistance to antibiotics such as ceftriaxone
and aztreonam (Suge et al., 2023). When carried by DEC strains, the blatem can result in
antibiotic resistance to ampicillin and cefotaxime, while blasyv may lead to resistance to

ampicillin and cefotaxime (Suge et al., 2023).

2.4. Source attribution of foodborne pathogens

Source attribution of foodborne pathogens estimates the number of illnesses associated
with specific food sources (CDC, 2018). Different methods are used for source attribution
of foodborne pathogens, including microbial subtyping, outbreak summary data,
epidemiological studies, comparative exposure assessment, and structured expert opinion
(Andreoletti et al., 2008; Pires et al., 2014; Falcao et al., 2024).

2.4.1. Microbial subtyping method

The microbial subtyping method is based on accurately matching and distributing the
cases of human illness caused by a particular subtype over the possible sources where that
subtype is found (Andreoletti et al., 2008). The results from surveillance programs are
compared to the cases of human illness, reducing uncertainty due to cross-contamination
and the risk of attributing to a possible accidental source ( Pires et al., 2014; Falcao et al.,
2024). Microbial subtyping is based on characterising isolates of a specific pathogen by
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different phenotypic or genotypic subtyping methods, and the results are comparable

between laboratories, regions, and countries (Andreoletti et al., 2008).

The technique has several limitations. First, it is restricted to pathogens that are
heterogeneously distributed among the reservoirs. Second, there is lack of information on
different transmission pathways from reservoirs to humans. Third, the technique needs a
standardised subtyping methods with a suitable level of discrimination. Finally, it requires
an extensive collection of representative isolates from humans and all significant sources
(Pires et al., 2014).

2.4.2. Outbreak investigations

An outbreak is the occurrence of two or more related cases of an identical disease or an
increase in the observed incidence of disease above the expected incidence. Outbreaks
can occur when food safety measures fail at any point along the chain from primary
production to the consumer (Andreoletti et al., 2008). The definition of an outbreak is
based on the calculation of the number of cases of infectious intestinal disease by
pathogen and the calculation of the percentage of foodborne transmission for each
pathogen (Andreoletti et al., 2008). The limitations of this method include the lack of
harmonisation in the quality of evidence and food classification schemes. Additionally,
not all foodborne illnesses may be represented in the outbreak data used. Finally, certain
food vehicles are more likely to be associated with reported outbreaks than others, which

can introduce bias (Pires et al., 2014).
2.4.3. Epidemiological studies for source attribution of sporadic cases

Epidemiology studies include case-control or cohort studies, but the second one is less
used for source attribution of sporadic foodborne infections because it requires
interviewing many people, most of whom would probably not be infected. Epidemiology
studies involve interviewing persons with and without the infection (Andreoletti et al.,
2008).

A case-control study is an analytical epidemiologic study design that compares
individuals with the disease under study (also called cases) with asymptomatic
individuals (controls) (Andreoletti et al., 2008). This method can be used to identify

relevant risk factors for human foodborne infections, including behaviour, sources of
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exposure and predisposing or seasonal factors (Tenny et al., 2023). If the exposure is
found more often in the cases than in the controls, it can be hypothesised that the exposure
may be linked to the outcome of interest (Tenny et al., 2023). The relative exposures are
estimated by comparing the frequency of exposures among cases and controls
(Andreoletti et al., 2008). The risk factor can be estimated by calculating the population-
attributable fractions (Andreoletti et al., 2008). In this method, the exposure is often
identified based on personal recall, using either a self-administered questionnaire or an
interview (Andreoletti et al., 2008). Sometimes the exposure can be ascertained and
established according to historical records of interest (Tenny et al., 2023). A primary
limitation of the method is the accuracy of the recall about exposures from interviewed
participants, which can lead to either an over- or underestimation of the contribution of
specific sources (Pires et al., 2014). In addition, many participants will need to be enrolled

to have sufficient statistical power to determine the importance of common exposures ¢

2.4.4. Source attribution by comparative exposure or risk assessment

The risk assessment methodology focuses on the point of exposure and transmission
routes rather than animal reservoirs, quantifying exposure to pathogens from a multitude
of sources (Andreoletti et al., 2008; Falcao et al., 2024). The estimated exposure can be
per person per day or averaged over a specified population for all relevant specific sources
such as food, animal contact and environment (Andreoletti et al., 2008; Falcao et al.,
2024). The results of all exposures can be used to calculate the total exposure or to identify
the most significant exposure sources (Andreoletti et al., 2008). The major limitation of
this method is the lack of data, which may lead to significant uncertainties in the estimates
(Pires et al., 2014).

2.4.5. Source attribution by expert opinion

The expert opinion method uses a broad set of information from pathology, microbiology,
epidemiology, technology, ecology, and consumer behaviour to obtain estimates of the
proportion of cases transmitted by a particular pathway (Andreoletti et al., 2008). This
method explores sources of uncertainty and answers questions where data are expensive
or difficult to collect (Butler et al., 2015).

The data analysis consists of aggregating individual expert’s assessments, possibly

applying performance-based weights, robustness and discrepancy analysis, and reporting
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(Andreoletti et al., 2008). The conclusions are based on the individual experts’ judgment,

which constitutes a limitation of the method (Pires et al., 2014).
2.5. Molecular diagnostic methods for foodborne pathogens

Molecular techniques are among the diagnostic methods frequently used for detecting
foodborne pathogens, based on the detection of nucleic acids (Hadi et al., 2023).
Polymerase chain reaction (PCR) and DNA sequencing are among the most used
molecular techniques for enterobacterial pathogens (Ammari et al., 2009; Pornsukarom
et al., 2018; Taskale Karatug et al., 2018).

2.5.1.Polymerase chain reaction

Polymerase chain reaction (PCR) is a technique that amplifies small quantities of target
nucleic acid sequences, yielding an amount of product that is detectable by downstream

methods, such as visualisation of nucleic acid on an agarose gel (Walker-Daniels, 2012)

PCR is one of the most commonly used molecular methods, enabling faster identification
and increasing food safety and quality (Jay et al., 2005; Hadi et al., 2023). The PCR
technique, due to its high sensitivity, specificity and availability in several formats, has
been successfully applied for identification of bacteria and viruses in foods (Jay et al.,
2005).

PCR can be used as a tracking device for epidemiological investigations of food sources
of microbial contamination and strain confirmation (Staley et al., 2018). The quantitative
PCR method has been used to track human sewage from microbial sources in recreational
waters, coral reef waters, and groundwater (Staley et al., 2018; Sinigalliano et al., 2021).
A high-throughput quantitative PCR was applied for microbial source tracking markers
in environmental water (Raya et al., 2024). Microbial source tracking markers were
detected in infant food prepared by caregivers in Kenya using gqPCR, indicating
contamination during food preparation (Tsai et al., 2022). These studies highlight the
potential of PCR technology in detecting microbial source tracking markers in faecal and
water samples. This allows a better understanding of the microbial risk assessment from

different sources and strategies to prevent future outbreaks (Tsai et al., 2022).

In general, PCR provides fast identification, high sensitivity and specificity and is

available in different formats (Jay et al., 2005; Grohmann et al., 2021). However, the high
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cost of equipment and reagents and the need for skilled people to perform may constitute
a limitation (Jay et al., 2005).

2.5.2. DNA sequencing

Deoxyribonucleic acid (DNA) sequencing techniques involve technologies used to
determine the order of the nucleotide bases (namely adenine, cytosine, guanine and
thymine) in a DNA molecule (Adzitey et al., 2013). Recently, DNA sequencing has been
used widely and routinely in the identification, typing, characterization and/or taxonomic
classification of unknown or novel pathogen isolates by many researchers (Adzitey et al.,
2013).

Since its appearance, the DNA sequencing technique has evolved from the first to the
third generation; the last two are also called next-generation sequencing (NGS) (Besser
et al., 2019). The first generation includes Sanger, Maxam and Gilbert's techniques,
which produce relatively long (500 to 1000 bp) high-quality DNA sequences and have
been considered the reference standard for sequencing DNA (Besser et al., 2019). The
emergence of pyrosequencing technology by 454 Life Sciences in 2005 marked a major
advancement in sequencing. This high-throughput technology enabled the generation and
detection of thousands to millions of short sequencing reads in a single machine run
without the need for cloning; this was considered the beginning of NGS (Heather and
Chain, 2016; Besser et al., 2019).

According to Vincent et al. (2017), most NGS technologies currently available are based
on the following principles: i) DNA extraction and purification, ii) library preparation,

iii) sequencing and iv) data analysis.

The main characteristics of second-generation sequencing technology are: i) generation
of many millions of short reads in parallel, ii) increased speed of the sequencing process
compared to the first generation, iii) low cost of sequencing and iv) sequencing output

detection without the need for electrophoresis (Kchouk et al., 2017).

Illumina is the leading next-generation technology for DNA sequencing, where all the
technology’s enzymatic processes and imaging steps occur in a flow cell (Buermans and
den Dunnen, 2014). The Illumina platform uses bridge amplification for polony

generation and a sequencing-by-synthesis approach (Buermans and den Dunnen, 2014).
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Third-generation sequencing (TGS), also called long-read technologies, is now
revolutionizing genomics research because it enables researchers to explore genomes at
an unprecedented resolution (van Dijk et al., 2018). TGS also provides metagenomics
analyses that benefit from long-read sequencing, enhancing the quality of genome
assembly and the analysis of genomic structures. This technology allowed for the first
time, the resolution of microbial communities at the species level (van Dijk et al., 2018;
Scarano et al., 2024).

Among different sequencing methods, Whole Genome Sequencing (WGS) is one of the
most used in foodborne pathogen diagnosis (Pornsukarom et al., 2018). WGS is a cutting-
edge molecular technology that identifies bacteria isolated from food or environmental
samples (Pornsukarom et al., 2018). Several studies are available in which these methods
were used for different molecular characteristics of foodborne pathogens (Pornsukarom
et al., 2018; Fiedoruk et al., 2019; Nouws et al., 2020; Schadron et al., 2024).

PCR technology detects a small portion of the microbial genome, while WGS, at the same
time, captures the entire genome and provides information for serotyping, virulence and
AMR genotyping. This allows a more accurately describes the genetic relatedness of
strains from outbreaks as well as the food production chain, assuring that they could be

part of the same transmission chain (Jagadeesan et al., 2019; Nouws et al., 2020).

Since the WGS was introduced into public health, it has been considered an essential tool
for surveillance and response to foodborne diseases (Jagadeesan et al., 2019). When
associated with other information, WGS enhances the determination of the source of
infection and the transmission route by tracking and tracing the pathogen through the food

chain (Jagadeesan et al., 2019).

WGS can be used to investigate food-related outbreaks and perform surveillance to
identify pathogens’ local, regional, and global genomic epidemiology (Moran-Gilad,
2017; Schadron et al., 2024). It can also attribute the infection source to determine
virulence and antimicrobial resistance (Allard et al., 2018). WGS provides information
to help distinguish between the new and existing organisms in the environment’s
production, thus supporting risk assessment and guiding interventions for preventing and

controlling infections (Moran-Gilad, 2017; Jagadeesan et al., 2019).
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In general, the advantages of WGS are high discriminatory power, 100 % typeability and
good reproducibility; however, it requires two to three days to complete a test and has
limited availability and higher costs (Adzitey et al., 2013).

PCR is a widely used molecular diagnostic tool known for its speed, high sensitivity, and
specificity. It is effective for targeted pathogen detection and microbial source tracking
in food and environmental samples. However, its main limitation is that it can only detect

known genetic targets.

In contrast, DNA sequencing, particularly WGS, provides a comprehensive and high-
resolution approach. It enables complete genomic characterization, including strain
typing, virulence profiling, and AMR detection, in a single run. This technology relies on
specialized bioinformatics tools to identify specific genetic characteristics. However,
WGS is resource-intensive, requiring high costs, advanced data analysis, and is often less

accessible in low-resource settings.

2.5.3. Whole genome sequencing for source attribution and risk assessment

Whole genome sequencing is a technology adopted for source attribution and risk
assessment. It offers advantages over other available methods, such as pulsed-field gel
electrophoresis (PFGE) or multilocus variable-number tandem-repeat analysis (MLVA)
(Koutsoumanis et al., 2019). The use of WGS technology for source attribution allows
for obtaining the highest level of bacterial strain discrimination. Additionally, this
technology permits pathogen typing to establish the risk assessment of specific

pathogenic agents (Koutsoumanis et al., 2019).

WGS is more effective in the source attribution approach as it improves transmission
pathway identification by integrating factors related to place and time, detecting different
transmission routes and interactions between pathogen and host (Koutsoumanis et al.,
2019). Due to the high level of discriminatory power associated with WGS, challenges
arise with this technology as novel modelling approaches are needed to handle the large
amount of data (Franz et al., 2016).

Some authors suggested incorporating WGS into risk assessment to set the priority of
high-risk phenotypes and link genome sequences with phenotypic properties related to

persistence in the food chain and in vitro or in vivo virulence assessments.
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2.6. Control of contamination of children’s food by enteric bacteria

The microbial population in food can be controlled or reduced to prevent the risk of
diarrhoeagenic infections. The World Health Organization (WHO) has established five
keys to safer food, which are essential for reducing foodborne illness caused by pathogens
such as Salmonella, Shigella, and DEC. The first key is to keep clean, which involves
washing hands before handling food and regularly cleaning kitchen surfaces and utensils
to prevent the spread of microorganisms. The second key is to separate raw and cooked
foods to avoid cross-contamination, since raw foods such as meat, poultry, vegetables,
and their juices often carry harmful microbes. The third key is to cook thoroughly, as
proper cooking destroys most pathogenic microorganisms and ensures food is safe for
consumption. The fourth key is to keep food at safe temperatures, specifically below 5°C
or above 60°C, to prevent microbial proliferation. Finally, the fifth key is to use safe water
and raw materials, meaning that water used in food preparation should be treated by
boiling, chlorination, or filtration and raw ingredients should be fresh and
uncontaminated. Applying these five keys is critical for reducing the transmission of
diarrhoeagenic pathogens through food.

Adherence to the WHO’s five feys to safer food by caregivers is a critical component in
preventing diarrhoea in children. Additional preventive measures include the use of
improved sanitation, exclusive breastfeeding during the first six months of life, good
personal and food hygiene, and health education on how infections are transmitted
children (WHO, 2024b).

2.7. Aim and objectives

2.7.1 Aim

To investigate the role of food and water as sources of foodborne pathogens, and the

associated risk factors contributing to diarrhoea among children under five in Maputo

Province, Mozambique
2.7.2. Objectives

1. To perform whole genome sequencing (WGS) on enterobacteria isolated from children

under five years old’s faecal samples using the lllumina Miseq platform with the aim of
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identifying diarrhoeagenic bacteria and factors associated with these pathogens in in these

children, in urban and rural areas of Maputo;

2. To isolate and identify enterobacteria isolates from food and water using biochemical
techniques, Matrix-assisted laser desorption ionisation—-time-of-flight mass spectrometry
(MALDI-TOF MS) and Polymerase Chain Reaction (PCR) with the aim of identifying
diarrhoeagenic bacteria and factors associated with contamination of food and water
consumed by children under five years old from urban and rural areas of Maputo

province;

3. To characterise diarrhoeagenic bacteria molecularly isolated from from food, water and
children’s faecal samples, with the aim of identifying antimicrobial resistance and

determining the sources and transmission routes of foodborne pathogens.

2.8. Hypotheses

2.8.1. Hypothesis 1

Whole-genome sequencing of E. coli strains isolated from faecal samples of children
under five in urban and rural areas will reveal the presence of pathogenic variants. EAEC,
EPEC, DAEC, EIEC, STEC, and ETEC pathotypes are among the foodborne pathogens
implicated in childhood diarrhoea. These pathotypes have been detected in children’s
faecal samples, and their association with diarrhoeal disease has been demonstrated. Food
has also been shown to be contaminated with DEC strains, highlighting its role in the
transmission of these pathogens to humans. Food can be contaminated by DEC
pathotypes through the faecal-oral pathway, mainly when good hygiene practices are not
followed, and the food is not properly conserved. Food contamination factors include
hygiene practices, food preparation and storage, children feeding themselves, and
exposure to infected animals (Rageles et al., 2010; Varela et al., 2015; Bick et al., 2020;
Wells et al., 2023). Children who eat contaminated food are likely to have diarrhoea due
to their weak immune system. Other factors for diarrhoea include early weaning, low
maternal education, lack of piped water supply, poor water-storage practices, younger
maternal age, poor sanitation, visible faeces in the yard, unsatisfactory garbage disposal,

and not treating water for drinking (George et al., 2014).
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2.8.2. Hypothesis 2

Food and drinking water in urban and rural areas of Maputo are likely to be contaminated
with Salmonella spp., Shigella spp. and DEC agents, contributing to diarrhoea in children
under five years old. Enteric bacteria, such as Salmonella spp., Shigella spp., and DEC,
can contaminate food and water due to poor hygienic conditions during processing, either
from sick people or animals or from faeces from infected individuals, leading to the
occurrence of diarrhoeal disease, mainly in children under five years old (Pinto, 1996;
Mensah et al., 2012; WHO, 2019). A study conducted in Colombia observed that DEC
(STEC and EAEC) strains isolated from food retail stores could be the source of infection
in the community (Rugeles et al., 2010). In a study by Varela et al. (2015), acute diarrhoea
in children was associated with EPEC, STEC, and Salmonella spp. foodborne pathogens.

2.8.3. Hypothesis 3

Molecular characterisation of DEC isolated from food, water, and children’s faecal
samples will reveal the presence of antimicrobial resistance and help identify the sources
and transmission routes of foodborne pathogens. Enterobacterial strains isolated from
food and drinking water can carry AMR genes affecting antimicrobial efficacy (Faife et
al., 2020; Suge et al., 2023). Enterobacteriaceae isolated from different sources will likely
harbour the same resistance gene group (Suge et al., 2023). Water samples consumed by
children under five years old were shown to harbour DEC that carry extended-spectrum
B-lactamases (ESBL)/AmpC genes, namely blacTtx-m, blatem, and blasnyv and these genes
were correlated with the ones detected in children’s faeces (Suge et al., 2023). Chicken
is a type of food incorporated in the feeding of children under five years old and can carry
AMR genes, as was demonstrated in a study by Faife et al. (2020) in Mozambique, where
plasmid-mediated resistance to B-lactam such as blasnv, blatem, blacTx-m-ss/-791-101/-164,
blacmy, blamox, blarox, blapnha was detected in E. coli isolates from retail frozen
chickens. The presence of B-lactamase genes such as SHV, CTX-M and OXA in ready-
to-eat foods has been demonstrated (Liu et al., 2023). DEC pathotypes in children’s faecal
samples have been shown to harbour ESBL genes such as blatem, blactx-m (Heine et al.,
2024; Mahamat et al., 2024). Contaminated food and water are the main sources of
diarrhoeagenic pathogens, including DEC strains.These pathogens are transmited via
faecal-oral route (WHO, 2024b).
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3.1. ABSTRACT

Diarrhoeagenic E. coli strains are among the major cause of diarrhoeal disease, a public
health concern worldwide, particularly in low- and middle-income countries, including
Mozambique, due to limited access to portable drinking water, inadequate sanitation, and
poor knowledge. This study aimed to identify DEC in stool samples from children with
diarrhoea and risk factors associated with this infection. Three hundred children under
five years of age with diarrhoea were selected from the Health Care Center of Marracuene
(n=156), rural area, and Health Care Center of Primeiro de Maio (n=144), urban area. The
data were collected using a semi-structured questionnaire, completed by the caregivers of
the children. The questionnaire allowed obtaining information related to demographics,
food consumed a week before the occurence of diarrhoea in children, domestic animals
present in the households, and the general health of the children. Faecal samples were
collected from children with diarrhoea. Explanatory variables were screened using chi-
square tests and then analysed with Lasso logistic regression in R to identify factors linked
to DEC in children.

The majority of children in the study were males (55.3%) and most were aged 7 to 24
months (59.7%). From the faecal samples collected, 2.0% had EPEC, 1.0% from rural

and also 1.0% from urban areas.

Yoghurt consumption was found to be protective against EPEC-associated diarrhoea in
children, in contrast to the consumption of fruit, vegetables, or juice and the presence of
domestic animals such as dogs and chickens, which were identified as risk factors. The
findings underscore the necessity for educating caregivers on good hygiene practices in
food preparation and storage, and on how to handle animals and their excrement.

Keywords: Children, diarrhoea, diarrhoeagenic E. coli, food, animals.
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3.2. INTRODUCTION

Diarrhoeal disease is a public health concern in most parts of the world and is considered
the third leading cause of mortality in children under five years of age (WHO, 2024a).
Low-income countries are likely to have more cases of diarrhoea due to factors such as
limited access to potable water, lack of improved sanitation, and poor education of the
caregivers (He et al., 2023; WHO, 2024a). Risk factors for diarrhoeal mortality in
children include lack of sanitation, poor hygiene, not breastfeeding or early cessation of
breastfeeding, malnutrition, wasting, non-vaccination or not receiving the full dose of

rotavirus vaccines and inadequate access to health care services (Hartman et al., 2023).

In Mozambique, diarrhoea is among the three primary diseases for seeking care and
treating childhood illness. Additionally, an epidemiological study showed a high
diarrhoeal disease burden and an associated case fatality rate of nearly 10% (Nhampossa
et al., 2015; INE, 2024). Escherichia coli, Rotavirus, Shigella spp., V. cholerae, and
Cryptosporidium spp. are among the pathogens associated with childhood diarrhoea
(Nhampossa et al., 2015; Chissaque et al., 2018). In rural and urban areas of Maputo,
household factors such as the use of traditional medication, bottle feeding and use of
unsafe drinking water have been identified as being associated with diarrhoea in children
under five (Machava et al., 2022b). However, there is a lack of studies on the contribution
of foods and domestic animals to childhood diarrhoea, although there is evidence of an

association with this illness.

Domestic animals can carry pathogenic agents including diarrhoeagenic pathogens,
which can be spread in the household environment through animal faeces, resulting in
contamination of food and water, which may lead to diarrhoea in children (Delahoy et al.,
2018). Animal ownership and observations of domestic animal waste in households have
been associated with household drinking water contamination (Barnes et al., 2018). Food
can also act as a vehicle for pathogens, leading to enteric infections especially if good
hygiene practices are not followed during preparation (Bintsis, 2017).

This study aimed to identify diarrhoeagenic E. coli (DEC) in stool samples from children
under five years of age with diarrhoea and the risk factors associated with DEC diarrhoea.
The study’s results provide knowledge on the type of foods and animals that influence

the occurrence of E. coli diarrhoea in children under five. This knowledge will allow the
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development of prevention strategies for diarrhoea management in the Maputo province

community.

3.3. METHODOLOGY
3.3.1. Study design and sampling site

This is a community-based quantitative and qualitative cross-sectional study conducted
in Marracuene and Kamaxakeni, districts of Maputo in Mozambique. Kamaxakeni is an

urban district of Maputo, while Marracuene is a rural district in the eastern part of Maputo.

The children included in the study were sampled from the Marracuene and Primeiro de
Maio Health Care Centres from Kamaxakeni and Marracuene districts, respectively.

These healthcare centres provide primary healthcare services.
3.3.2. Sampling and semi-structured interviews

Three hundred children under five with diarrhoea were selected at the Health Care Centres
of Marracuene (n=156) and Primeiro de Maio (n=144) from 2021 to 2022. The sample
size was calculated using EpiTool (http://epitools.ausvet.com.au/), based on an

assumption of an average prevalence of less than 10%, an assumed sensitivity and
specificity of 60% and 99%, respectively, and with a precision of 5% at 95% confidence.
The sample size calculation was based on a binomial distribution, where 300 (rounded up
from 284) samples/data from children allow estimation of the true prevalence of any of

the investigated pathogens.

Children under five years of age with diarrhoea were selected for the study as they arrived
at the health care centres. Prior to selection, consent was obtained by explaining the
purpose of the research to the caregivers, after which faecal samples were collected from
the children.

Faecal samples were obtained using rectal swabs. After collection, each swab was placed
in Cary-Blair transport medium, stored in a cooler box, and transported to the laboratory

for analysis.

Caregivers were interviewed in their households based on a semi-structured
questionnaire. The questionnaire obtained information on demographics, the children’s

symptoms and treatments, the caregivers’ suspected source of diarrhoea, the source of
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water supply, animals present in the house, and foods consumed in the household prior to
the children’s diarrhoeal episodes. The questionnaire was organised to obtain information
on the food consumed by children under five years old, in general, and particularly food

consumed by children below two years old (Appendix 1).

3.3.3. Diarrhoeagenic E. coli
3.3.3.1. Escherichia coli identification

The identification of E. coli in faecal samples was carried out at the National Institute of
Health in Maputo, Mozambique. Faecal samples were plated on MacConkey agar
medium (Liofilchem Diagnostici-610028, Italy), and after 24 hours of incubation, E. coli
was presumptively identified based on the growth of pink colonies due to lactose
fermentation (Basavaraju and Gunashree, 2023). Biochemical tests were done using
sugars with triple sugar iron agar (Liofilchem Diagnostici-360620055), motility-indole-
ornithine agar (HIMEDIA -M378-500G, USA) and lysine ion agar (HIMEDIA-M377-
100G). Isolates were identified as E. coli after overnight incubation at 37°C if they
exhibited the following characteristics: glucose and lactose fermenters, gas producers,
indole-positive, lysine and ornithine-positive and motile (Roy et al., 2023). From the 300
faecal samples analysed (rural=156 and urban = 144), 72 E. coli strains were detected in

rural and 76 in urban areas.

3.3.3.2. Whole genome sequencing and diarrhoeagenic E. coli identification
DNA extraction

The E. coli DNA was extracted after overnight bacterial culture in brain heart infusion
agar (HIMEDI), using the quick-DNATM Fungal/Bacterial Miniprep kit (Zymo
Research, California, USA). Escherichia coli strains were added directly to a ZR
BashingBead™ Lysis Tube (0.1 & 0.5 mm) and lysed by bead-beating without the use of
organic denaturants or proteinases. After washing the DNA was eluted to obtain ultra-
pure DNA for whole genome sequencing.

Genome sequencing and analysis

Whole genome sequencing was carried out at the Agricultural Research Council,
Onderstepoort, South Africa. Multiplexed paired-end libraries were prepared using the
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MGIEasy Universal DNA Library Prep Kit (MGI, China). Genome sequencing was
performed on the MGI DNBSEQ-G400 (MGI) sequencing instrument, generating 150
150-base-pair paired-end FASTQ reads. The quality of the sequences was ensured by
trimming and de novo assembling the paired-end reads using the CLC genomics
workbench version 9 (Qiagen, Netherlands) and by removing all low-quality reads. The
fastq files were also uploaded to the EnteroBase web-based platform for pathotype
identification, based on the expression of the fimH, stx1, stx2, ipaH, pInv, ST, LT and eae

genes.

3.3.4. Statistical analysis

All explanatory variables were screened for inclusion in a binomial regression using the
chi-square test (X2 test) on Epi info (version 7.2.5.0) as recommended (CDC, 2021). The
X? was based on the threshold set at p <0.1, considering the one-tailed hypothesis of the
Fisher’s exact test when observations were below five. Lasso binomial logistic regression
was performed in R using the glmnet package (version 4.1-8) (Friedman, Hastie and
Tibshirani, 2010). The explanatory variables tested for inclusion in the logistic regression
were child age, caregiver age, child gender, caregiver gender, region, ready-to-eat meals,
fruit puree, yoghurt, cheese, chicken, pork, fermented cereals and bottled water. The

outcome variable was whether the child was found positive for DEC or not.

3.3.5. Ethical approval and informed consent to participate

This study is part of the Foodborne Disease Epidemiology, Surveillance and Control in
African LMIC (FOCAL) project involving the following countries: Nigeria, Ethiopia,
Tanzania, and Mozambique. The ethical clearance (registration number: CIBS
FM&HCM/092/2019) was obtained from the institutional health bioethics committee of
the Faculty of Medicine/Maputo Central Hospital, harbouring the following registration
number: CIBS FM&HCM/092/2019. All the participants gave written consent for the
interview and sample collection in their households. The data were stored electronically
and transferred to a password-protected database to ensure privacy and confidentiality.

Additionally, the data analysis was based on ID codes assigned to each participant.
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3.4. RESULTS

3.4.1. Demographics of the participants

Table 3.1 shows the demographic characteristics of children under five and their

caregivers. More than half of the children involved in the study were male (55.3%) and

aged 7 to 24 months (59.7%). Most caregivers of the children were aged 18 to 25 years
(45.0%), single but living with a partner (72.7%) and were female (91.0%).

Table 3.1. Demographic characteristics of the children under five years old and their

caregivers
- _ Total
Variable  Category Rural area (n=156) Urban area (n=144) X2 (n=300)
n(%) n(%) n(%)
134
Child Female 75(48.1) 59(40.3) 44.7)
gender  \rale 81(51.9) 85(59.0) 0.216 (5156%)
273
Femal 143(91.7 1 .
Caregiver emale 3(91.7) 30(90.3) (91.0)
gender Male 11(7.1) 14(9.7) 035 25(8.3)
Not disclosed 2(1.3) 0 0.4 2(0.7)
<6 months 32(20.5) 18(12.5) 50 (16.7)
Childage 7 to 24 months 89(57.1) 90(62.5) 5.14 (515 %)
(months) 54 months 34(21.8) 36(25) 011 70 (23.3)
Not disclosed 1(0.6) 0 <0.01 1(0.3)
18 to 25 years 69(44.2) 66(45.8) (ig 50)
Caregiver 10'7
(age 26 to 35 years 63(40.4) 44(30.6) 1.17 (35.7)
Years) 35 vears 19(12.2) 16(11.1) 002  35(1L.7)
Not disclosed 5(3.2) 18(12.5) 568  23(7.7)
Married 20(12.8) 28(19.4) 48 (16.0)
Divorced 1(0.6) 1(0.7) <0.01 2(0.7)
Marital \SIY;Z?ZV SSt living with a 109 X - 12((1)533)
status partner 122(78.2) 96(66.7) 2.68 (72.7)
Single and living alone 11(7.1) 18(12.5) 0.01 29 (9.7)
Not disclosed 1(0.6) 1(0.7) <0.01 2(0.7)
256
Mother 139(89.1 117(81.3
Relation (83.1) (81.3) (85.3)
to the Father 11(7.1) 8(5.6) <0.004 19 (6.3)
child Grandmother/Parents 5(3.2) 10(6.9) 173  15(5.0)
Not disclosed 1(0.6) 3(2.1) 0.44 10 (3.3)
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3.4.2. Symptoms in children under five with diarrhoea

Table 3.2 presents symptoms reported by the caregivers during the period in which the
child had diarrhoea. The most common symptoms reported by caregivers were vomiting
(32.0%), fever (27.0%), and coughing (23.0%). A high frequency of fever symptoms was
mainly reported in rural area, while fever and coughing were more frequent in urban area.
Muscle ache, flatulence, eye problems and dysuria were the least reported, with only
0.3%.

Table 3.2. Symptoms presented by children during the period in which the child had

diarrhoea
Category Rural area (n=156) Urban area (n=144) Total (n=300)
n (%) n (%) n (%)
Vomiting 61(39.1) 35(24.3) 96(32.0%)
Muscle ache 0 1(0.7) 1(0.3%)
Joint pain 2(1.3) 0 2(0.7%)
Fever 36(23.1) 45(31.3) 81(27.0%)
Abdominal pain 17(10.9) 20(13.9) 37(12.3%)
Flatulence 1(0.6) 0 1(0.3%)
Constipation 1(0.6) 1(0.7) 2(0.7%)
Jaundice 1(0.6) 0 1(0.3%)
Headache 2(1.3) 3(2.1) 5(1.7%)
Eye problems 0 1(0.7) 1(0.3%)
Dysuria 1(0.6) 0 1(0.3%)
Running nose 22(14.1) 23(16.0) 45(15.0%)
Coughing 29(18.6) 40(27.8) 69(23.0%)
Dizziness 2(1.3) 0 2(0.7%)
Loss of appetite 20(12.8) 23(16.0) 43(14.3%)

3.4.3. Caregiver’s perception of diarrhoeal causes in children under five

Table 3.3 indicates the causes of diarrhoea as perceived by the caregivers. Most
respondents pointed to food (16.7%) and teething (10.7%) as the main causes of
diarrhoea, with high frequencies having been observed mainly in the rural area.
Climate/moon (5.3%) (in some communities, the waning crescent phase of the moon is

seen as a period of low energy and increased susceptibility to illness) was seen as one of
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the causes of diarrhoea in children. Most caregivers could not give a probable cause for

diarrhoeal episodes in children (20.3%).

Table 3.3. Cause of diarrhoea in children under five as perceived by the caregivers

. Rural area (n = 156) Urban area (n= 144) Total (n=300)
Categories
n (%) n (%) n (%)

Food 37(23.7) 13(9.0) 50 (16.7%)
Water 3(1.9) 10(6.9) 13 (4.3%)
Fruit/Juice 15(9.6) 3(2.0) 18 (6.0%)
Teething 25(16.0) 7(4.9) 32 (10.7%)
Weaning/Infant

formula?M”k 9(5.8) 5(3.5) 14 (4.7%)
Climate/moon 11(7.1) 5(3.5) 16 (5.3%)
Other causes 8(5.1) 4(2.8) 12 (4.0%)
Don’t know the reason 37(23.7) 24(16.7) 61 (20.3%)
Not disclosed 11(7.1) 73(50.7) 84 (28.0%)

3.4.4. Household animals and children’s contact with them

Table 3.4 highlights animals present in the households and their contact with children
with diarrhoea. The results show that chickens (17.3%), cats (14.3%), ducks (9.7%) and
dogs (7.0%) were the animals frequently observed in children’s households and those
with which children most commonly had contact. In the rural area, the presence of

animals in the home was more common, especially chickens, ducks and dogs.

Table 3.4. Household animals and children’s contact with them

Animals in households Contact with animals

Animal Rural area Urban area Total Rural area Urban area Total
name (n=156) (n=144) (n=300) (n=156) (n=144) (n=300)

n(%) n(%) n(%) n(%) n(%) n(%)
Cat 23(14.7) 20(13.9) 43 (14.3%) 15(9.6) 14(9.7) 29 (9.7%)
Chicken 47(30.1) 5(3.5) 52 (17.3%) 15(9.6) 3(2.1) 18 (6.0%)
Dog 14(9.0) 7(4.9) 21 (7.0%) 6(3.8) 1(0.7) 7 (2.3%)
Duck 19(12.2) 10(6.9) 29 (9.7%) 18(11.5) 5(3.5) 23 (7.7%)
Goat 2(1.3) 0 2 (0.7%) 0 0 0 (0.0%)
Pigs 4(2.6) 0 4 (1.3%) 1(0.6) 0 1 (0.3%)
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3.4.5. Foods consumed by children before diarrhoea

Table 3.5 shows foods consumed by children before the diarrhoea episode. Foods such as
chicken (69.3%), fish (61.7%), eggs (57.0%), beef (54.3%) and pork (36.7%) were among
the most commonly consumed animal protein food by children under five years of age,
and high levels of consumption were reported mainly in the rural area. Milk and milk
products were consumed by less than 20% of children in both sampling areas. Cheese
was consumed only in the urban area. The consumption of vegetables was also observed

in both sampling areas, with the highest frequency in the urban area (89.6%).

Children under two years of age were mainly fed with fermented cereals (28.0%),
biscuits/rusks/cookies (28.0%), breast milk (24.7%), fruit/vegetables/juice (24.3%) and
bottled water (22.7%). High consumption of these foods was mainly observed in rural
areas, with the exception of fermented cereals and bottled water, which were mainly given

to children under two in the urban area.
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Table 3.5. Food consumed by children under five in the week before the diarrhoea

episodes
) Rural area (n=156)  Urban area (n=144)  Total (n=300)
Variable Category
n(%) n(%) n(%)
Beef 120(76.9) 43(29.9) 163 (54.3%)
» Pork 91(58.3) 19(13.2) 110 (36.7%)
(58]
2 Lamb 13(8.3) 5(3.5) 18 (6.0%)
n
;:l) Goat 59(37.8) 7(4.9) 66 (22.0%)
E Chicken 140(89.7) 68(47.2) 208 (69.3%)
<
% Egg 123(78.8) 48(33.3) 171 (57.0%)
g Fish 133(85.3) 52(36.1) 185 (61.7%)
§ Milk 13(8.3) 28(19.4) 41 (13.7%)
g Yoghurt 30(19.2) 23(16.0) 53 (17.7%)
o
<L Cheese 0 5(3.5) 5 (1.7%)
Vegetables 121(77.6) 129(89.6) 250 (83.3%)
Milk breastfeeding 55(35.3) 19(13.2) 74 (24.7%)
Infant formula 19(12.2) 15(10.4) 34 (11.3%)
é Fermented cereals 33(21.2) 51(35.4) 84 (28.0%)
Vi Ready-to-eat meal 13(8.3) 19(13.2) 32 (10.7%)
§ Fruit puree 19(12.2) 12(8.3) 31 (10.3%)
% Biscuits/rusks/cookies 66(42.3) 18(12.5) 84 (28.0%)
> .
- Fruit or vegetable
b o 60(38.5) 13(9.0)
€ juices 73 (24.3%)
g Baby bottle 85(54.5) 77(53.5) 162 (54.0%)
§ Bottled water 33(21.2) 35(24.3) 68 (22.7%)
" Boiled water 4(2.6) 7(4.9) 11 (3.7%)
Water not boiled 17(10.9) 14(9.7) 31 (10.3%)

3.4.6. Drinking water and sanitation sources in households of children under five

with diarrhoea

Table 3.6 highlights the drinking water and sanitation sources in homes of children under
five with diarrhoea. Participants from both sampling areas had drunk tap water (84.3%),
with some from the rural areas also drinking water from public/community wells (7.1%),

whereas some those from the urban areas having drunk bottled water (16.7%). In addition,
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households from both areas reported to having boiled the water prior to consumption by
the children (12.3%).

The toiled system consisted mainly of flush or pour toilets connected to sewer pipes

(50.0%) and pit latrines with covering slabs (21.0%). Other most commonly used toilet

systems were flush or pour toilet with septic tank, including squat toilets and pit latrine

without covering slab, which were mainly observed in rural area, with 24.4% and 12.8%,

respectively. In the rural area, one household had no toilet system.

Table 3.6. Drinking water and sanitation sources in households of children under five

years old with diarrhoea

Rural area Urban area Total
Variable  category (n=156) (n=144) (n=300)
n(%) n(%) n(%)
Home pipe water 139(89.1) 114(79.2) 253 (84.3%)
Water Public/community wells 11(7.1) 0(0.0) 11 (3.7%)
source Bottled water 0 24(16.7) 24 (8.0%)
Not disclosed 6(3.8) 6(4.1) 12 (4.0%)
Boiling 16(10.2) 21(14.6) 37 (12.3%)
Water
Other methods 4(2.6) 5(3.5) 9 (3.0%)
treatment ]
Not disclosed 136(87.2) 118(81.9) 254 (84.7%)
Flush or pour toilet connected to
] 61(39.1) 89(61.8)
sewer pipe 150 (50.0%)
Flush or pour toilet with septic
) ) ) 35(22.4) 1(0.7)
tank, including squat toilet 36 (12.0%)
| Pit latrine with covering slab 28(18.0) 35(24.3) 63 (21.0%)
Toilet
. Pit latrine without covering slab 20(12.8) 3(2.1) 23 (7.7%)
system
Ventilated improved pit latrine
6(3.9) 0
(VIP) 6 (2.0%)
other toilet system 2(1.3) 0 2 (0.7%)
Without toilet system 1(0.6) 0 1(0.3%)
Not disclosed 3(1.9) 16(11.1) 19 (6.3%)
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3.4.7. Prevalence of diarrhoeagenic E. coli in children under five with diarrhoea

Table 3.7 shows the prevalence of DEC in children under five years old with diarrhoea.
Among the 300 faecal samples collected, 148 yielded isolates confirmed as E. coli strains,
and the whole genome sequencing allowed the identification of E. coli pathotypes, which
consisted only of EPEC. In total, 6 (2.0 %) of the samples harboured this pathotype, 1.0
% from rural and 1.0 % from urban areas, indicating that the remaining 142 E. coli isolates

were members of the commensal microbiota.

Table 3.7. Prevalence of DEC in children under five with diarrhoea

Sampling area Total n° of samples EPEC (n/%)
Rural 156 3(1.0)
Urban 144 3(1.0)
Total 300 6 (2.0)

DEC: Diarrhoeagenic E. coli
EPEC: Enteropathogenic E. coli

3.4.8. Factors associated with Enteropathogenic E. coli in children under five years

old with diarrhoea

The Lasso binomial logistic regression model was applied considering EPEC (n=6) as an
outcome variable. The model indicated that the relevant factors associated with EPEC in
children under five years old were consumption of yoghurt and fruit/vegetables/juices,
contact with dogs and chickens. Yoghurt was negatively associated with infection and
can be considered a protective factor, whereas fruit/vegetables/juice and contact with
dogs and chickens were positively associated with diarrhoea caused by EPEC,
representing risk factors (Table 3.8).
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Table 3.8. Binomial logistic regression of EPEC present in stool samples from children

under five with diarrhoea in Maputo

95% CI for Odds Ratio

. p-
Variable group  Category B (SE) Lower CR)do_Is Upper  value
atio

Intercept -19.57**

Child gender Male (n = 166), Female (n = 134) 1.47 0.67 4.33 38.70 0.14
Yoghurt (n = 53) -2.88* <0.01 0.06 0.49 0.01
Ready-to-eat meal (n = 32) 1.45 0.28 4.28 5190 0.24

Food Biscuit/rusks/cookies (n = 84) 0.03 0.10 1.03 9.95 0.98
Fruit/vegetables/juice (n = 73) 2.62* 1.17 13.70 >100 0.04
Bottled water (n = 68 ) 1.66 0.48 5.28 70.70  0.17

Animal contact Chicken (n = 18) 3.65* 2.55 38.60 >100 0.01
Dog (n=7) 4.36* 2.23 78.10 >100 0.01

Sampling area  Rural (n = 156), Urban (n= 144) -0.57 0.05 0.57 6.68 0.64

B: Estimated coefficient
E: Standard error
Cl: Confidence interval

*: Statistically significant at p < 0.05
EPEC: Enteropathogenic E. coli

3.5. DISCUSSION

This study was conducted in rural and urban areas of Maputo, with more male children
being susceptible to diarrhoea. This finding was consistent with other similar studies
(Mahmud et al., 2020; Kombat et al., 2024). The reason behind the higher number of
diarrhoeal cases in male subjects remains to be elucidated. However, within the
Mozambican context, this phenomenon may be explained by cultural beliefs that perceive
boys as more vulnerable than girls, leading caregivers to pay closer attention to the health

of male children and to seek medical care for them more readily (Jarman et al., 2019).

The majority of children with diarrhoea were aged between seven and 24 months, which
may be due to their still-developing immune systems and the fact that most were crawling
around and tending to put things like toys and sand in their mouths, exposing them to

diarrhoeal bacteria in their environment (Saha et al., 2022).

Vomiting, fever and coughing were the most common symptoms in children with
diarrhoea. The observed frequency may be related to the cause of diarrhoea, as this
symptom occurs mainly in diarrhoea caused by infectious organisms or toxic substances

(Nemeth and Pfleghaar, 2022). Fever is one of the symptoms caused by microorganisms
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such as bacteria, viruses and parasites (Akhondi et al., 2025). Coughing symptoms may
indicate that besides diarrhoea, the children had been affected by other illnesses, such as
respiratory infections (Worrall, 2011).

Regarding the cause of diarrhoea, the main causes indicated by the caregivers included
food and teething as causes of diarrhoea. Food acts as a vehicle for foodborne pathogens,
being contaminated at different stages, from production until it reaches the consumer,
where contamination can also occur during its preparation and storage (Fufa et al., 2020).
Teething has been reported as a cause of diarrhoea by the mothers of children aged six
to 30 months in Iran (Miri-Aliabad et al., 2021). However, no association was found
between teething and diarrhoea (Miri-Aliabad et al., 2021). Some caregivers attributed
the cause of diarrhoea in children to factors related to cultural beliefs such as lunar
influences. Cultural beliefs have been identified as a significant barrier to preventing
diarrhoea (Odo et al., 2023).

Chickens (17.3%), cats (14.3%), ducks (9.7%) and dogs (7.0%) were commonly found in
children’s homes and were the animals with which they most had contact, which may
be a risk factor for diarrhoea. Previous studies have shown an association between
diarrhoeal diseases and children who had been exposed to domestic animals (Conan et
al., 2017; Getachew et al., 2024).

The foods consumed by the children a week before the onset of diarrhoea consisted
mainly of animal proteins and vegetables and their consumption differed between the two
sampling sites. The consumption of beef, pork, chicken and eggs was more common in
the rural area possibly due to farming in these areas. Meat is known to be a potential
source of pathogenic bacteria such as Salmonella spp., Staphylococcus aureus,
Campylobacter spp. and Listeria monocytogenes (Zhang et al., 2016; Abd-El-Malek,
2017).

The types of food consumed by children under two years of age included fermented
cereals, biscuits, rusks, cookies, breast milk, fruit, vegetables, juice and bottled water
(22.0%). Breastfeeding was common in the rural area, which may be because mothers go
to the farm with their children, allowing them to continue to breastfeed. In addition,
breastfeeding is considered an important factor in preventing and protecting against

diarrhoea in children under two years (Santos et al., 2015). On the other hand, urban
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children were more likely to be given fermented cereals, which have been shown to be a
protective factor against diarrhoeal diseases (Rohmah et al., 2015). Biscuits, rusks and
cookies are foods with low water activity, which do not favour microbial growth (Cervenk
et al., 2006), while fruit, vegetables and juices have been associated with diarrhoeagenic
pathogens (Tenea et al., 2023; Zahra et al., 2025). Caregivers gave their children bottled
water for drinking because they believed that it was safe. However, previous studies have
identified pathogenic bacteria in different brands of bottled water in Kenya (Adam
Mohamed et al., 2020).

The water source consisted mainly of tap water in both sampling areas. However, the use
of public/community wells in the rural area was observed, which may be related to higher
municipal water coverage in urban areas (INE, 2013b), and the use of bottled water was
common in the urban area. The lack of a toilet system in the rural area and the use of
uncovered pit latrines were also observed, and these have been associated with diarrhoeal
diseases (Belay et al., 2022; Mabvouna et al., 2023).

The study found that EPEC was the only E. coli pathotype detected in faecal samples
from children with diarrhoea, and this is one of the most commonly detected pathotypes
in diarrhoea samples (Kralicek et al., 2022; Fellenz et al., 2024). In addition, the
regression analysis indicated that feeding children with yoghurt may reduce their risk of
EPEC infection (p < 0.05), as evidenced in a previous study (Olayanju et al., 2023).
Yogurt may promote gut health by modulating the gastrointestinal microbiota and
enhancing the immune response (Patro-Gotab et al., 2015). It contains Lactobacillus
bulgaricus, which helps establish a beneficial Lactobacillus population in the intestine,
thereby inhibiting the growth of proteolytic bacteria and reducing the risk of
autointoxication (Nakamura et al., 2022). Furthermore, studies have shown reduced
diarrhoea frequency in children on moderately dehydrated hospitalised infants aged six
to 24 months with acute non-bloody and non-mucoid diarrhoea (Pashapour and lou,
2006). Moreover, significantly lower rates of clinical failure, faster resolution of
symptoms and reduced antibiotic-associated diarrhoea were observed in children fed with
yoghurt (Boudraa et al., 1990; Akram et al., 2023). In this study, fruits, vegetables, juice,
and contact with dogs and chickens were seen as risk factors for EPEC diarrhoea (p <
0.05). Diarrhoeagenic bacteria such as Salmonella spp., Shigella spp. and E. coli have
been linked to fruit, vegetables and juice contamination, making them unsafe for
consumption, especially for children under five, so disinfection is essential (Tenea et al.,
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2023; Zahra et al., 2025). Contact with dogs can be a source of zoonotic infections. A
study in Iran demonstrated the presence of DEC, including EPEC, in healthy dogs, and
contact with animals carrying this pathogenic bacteria is risky, mainly for children under
five with weak immune systems (Askari et al., 2020). Food animals, including chickens,
are reservoirs of E. coli serotypes (Heredia and Garcia, 2018a). EPEC strains have been
recovered from chicken faeces in Burkina Faso, constituting a risk factor for those who
come into contact with the animal, especially with its excreta (Kagambeéga et al., 2012).

3.6. CONCLUSIONS

In this study, faecal samples from six of 300 children under five with diarrhoea in rural
and urban areas of Maputo harboured EPEC pathotypes. Yoghurt consumption during the
week prior to disease onset was identified as a protective factor against diarrhoea caused
by EPEC, whereas the consumption of fruits, vegetables, and juice, as well as contact
with dogs and chickens, were identified as risk factors.

The results of the study highlight the need to educate caregivers about good hygiene
practices in food preparation and storage, as well as how to handle animals and their

excrement.
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CHAPTER 4: DIARRHOEAGENIC E. COLI AND SALMONELLA SPP.
CONTAMINATION OF FOOD AND WATER CONSUMED BY CHILDREN
WITH DIARRHOEA IN MAPUTO, MOZAMBIQUE

Published: International Journal of Environmental Research and Public Health: 2024,
21(9), 1122; https://doi.org/10.3390/ijerph21091122.
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4.1. ABSTRACT

In Mozambique, about 500,000 cases of diarrhoea were caused by foodborne pathogens
in 2018. A review of the epidemiology of diarrhoea in children under five has shown a
high disease burden. This study aimed to identify DEC and Salmonella spp.
contamination of food and water in urban and rural areas of Maputo consumed by children
under five with diarrhoea. One hundred and eighty-six children with diarrhoea were
selected from Primeiro de Maio and Marracuene Health Care Centres from the
Kamaxakeni and Marracuene districts, respectively. Food (n = 167) and water (n = 100)
samples were collected in children’s households for the identification of diarrhoeagenic
bacteria. Interviews were conducted using a semi-structured questionnaire to collect data
about demographics and foods consumed a week before the children’s diarrhoea episodes.
Explanatory variables were screened using chi-square tests and subsequently included in
a binomial regression analysis in R to identify factors associated with the presence of
DEC/Salmonella in food samples. The prevalence of both DEC and Salmonella spp. was
9.8% in food and 5.4% in water samples. DEC was most prevalent in cereals (urban =
2.8%; rural = 2.4%) and water samples (urban = 1.4%; rural = 3.3%). Salmonella spp.
was mainly detected in cereals (urban = 0.7%; rural = 0.8%). Diarrhoeagenic pathogens
were associated with the type of food frequently consumed by children under five years
of age with diarrhoea (infant formula, fruit puree, ready-to-eat meals, and bottled water),
while no association was found with demographic data. We found that the infant foods
consumed by children with diarrhoea were associated with DEC and Salmonella spp., and
the prevalence of these contaminants was higher in the rural (8.9%) than in the urban area

(6.3%), showing the need for caregiver education on food handling practices.

Keywords: food; water; diarrhoeagenic E. coli; Salmonella spp.; Mozambique
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4.2. INTRODUCTION

Foodborne illnesses constitute a public health concern, leading to 420,000 deaths yearly
worldwide, where low and middle-income countries have the highest burden, accounting
for 53% of all foodborne illnesses and 70% of related deaths (WHO, 2020). Children
under five years of age are at higher risk, and almost 40% of foodborne diseases and 30%

of associated deaths occur in this age group (Havelaar et al., 2015a).

The high foodborne illness rates in low and middle-income countries can be attributed to
several factors. These include the lack of clean water for washing utensils and food,
unsafe water supply systems, poor sanitation, inadequate hygiene, and the use of human
sewage or animal waste for irrigation (Bick et al., 2020). Contaminants in food may be
due to poor food preparation and storage, hygiene practices, children feeding themselves,
and exposure to infected animals (Grace, 2015; Wells et al., 2023). In Mozambique, about
500,000 cases of diarrhoea were caused by foodborne pathogens in 2018 (ONU, 2019).
A review of the epidemiology of diarrhoea in children under five years of age showed a
high disease burden and an associated case fatality rate of 10% (Chissaque et al., 2018).
From 2015 to 2019, 9041 cases of diarrhoea were reported in children under five years
old in Maputo, of which 25.2% were in rural areas and 74.8% were in urban areas
(Machava et al., 2022a). The majority of the current literature available from
Mozambique focuses on the identification of diarrhoeagenic pathogens in humans. These
included Rotavirus, Adenovirus, Shigella spp., E. coli, V. cholera, and Cryptosporidium
spp. (Chissaque et al., 2018; Dall, 2023). Limited existing data showed an association
between caregiver hygiene practices during food preparation and storage and infant food
contamination (Bick et al., 2020). This study aimed to ascertain the prevalence of
diarrhoeagenic pathogens, such as E. coli and Salmonella spp., in food and water

consumed by children under five years of age with diarrhoea.

4.3. MATERIALS AND METHODS

4.3.1. Target population

Children under five were selected from the Primeiro de Maio Health Care Centre in the
Kamaxakeni district (urban area) and the Marracuene Health Care Centre in the
Marracuene district (rural area) in Maputo, Mozambique. These health care centres offer

primary health care services.

52

© University of Pretoria



(02@*

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

A total of 186 children were selected based on convenience sampling method, where they
were included because they appeared in the health care centre and if they fulfilled the
following inclusion criteria: (i) children were under five years old with diarrhoea, (ii) their
caregiver consented to complete the questionnaire, and (iii) consented to provide food

and water samples from their respective households for laboratory analyses.
4.3.2. Interviews with caregivers

We conducted face-to-face interviews based on a semi-structured questionnaire to collect
demographic data and information on the possible source/vehicle of infection as
perceived by the caregivers. We also gathered data on the food consumed in the household
a week before the children experienced diarrhoea episodes and the water supply. The
questionnaire was designed to obtain information about the food consumed by children

under five, especially those under two years old.
4.3.3. Food and water samples collected from households

A total of 267 samples, comprising 167 food and 100 tap water specimens, were collected
from selected households. About 100 g of food that was available during sample
collection and 1L of water were collected with sterile containers, kept chilled and

transported to the laboratory at Eduardo Mondlane University, Mozambique.

The breakdown of food samples included cereal (urban = 57; rural = 26), combined foods
(urban = 30; rural = 24), pasteurised cow’s milk and milk products (urban = §; rural = 3),
cooked vegetables (urban =5; rural = 2), and other miscellaneous foods (urban = 2) (Table
4.1). It is important to note that “combined food” typically entailed a blend of pap or rice
with curry, or a meat or vegetable stew. This type of meal is prevalent in Mozambican
communities as a complementary food for children transitioning to solid foods. Regarding
the water samples, 42 were sourced from urban locations, while the remaining 58 were

collected from rural settings.
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Table 1Table 4.1. Food and water samples collected from households of children with

diarrhoea in urban and rural areas of Maputo

Sampling site

Collected samples

Urban area n (%) Rural area n (%)
Cereal 57 (21.3) 36 (13.5)
Combined food 30 (11.2) 24 (9.0)
Milk and milk product 8 (3.0) 3(1.1)
Vegetable (cooked) 5(1.9) 2(0.7)
Other food (fish and fruit puree) 2(0.7) 0
Water 42 (15.7) 58 (21.7)

4.3.4. Bacteriological analysis of food and water samples
4.3.4.1. Detection of Salmonella spp., Shigella spp., and E. coli

Table 4.2 summarises Salmonella spp., Shigella spp., and E. coli methodology used.
Salmonella spp. and Shigella spp. detection was conducted using the standard operating
procedure created based on the U.S. Food and Drug Administration-Bacteriological
Analytical Manual (FDA BAM) and 1SO 6579-1:2017, while E. coli identification was
conducted following the FDA-BAM and the technical reference guide produced by the
Ministério da Satide de Mogambique (Mozambique’s Ministry of Health). (MISAU,
1997; FDA, 2001; Andrews et al., 2020). From these analyses, 104 food and 37 water
samples were found to have Salmonella spp./Shigella spp. isolates, while 49 food and 38
water samples harboured E. coli strains. A single colony of each isolate was further
analysed using biochemical tests, confirming the identification of the strains obtained in

the culture method.

54

© University of Pretoria



Table 4.2. Diarrhoeagenic bacteria’s identification in food and water samples collected

from households of children with diarrhoea

Steps for strain

identification Medium References

Diarrhoeagenic pathogen

Pre-enrichment and
Enrichment BPW and mTSB broth (Andrews

et al.,
spp.
o e XLD agar, HE agar, MAC 2020)
Strain identification agar, TSI agar, and MIO

Salmonella spp./Shigella

Enrichment BPW (MISAU,
E. coli 1997; FDA,
Strain identification MAC agar, TSI agar, and MIO 2001)

BPW (Buffered Peptone Water, Liofilchem Diagnostici-2360611014, Roseto degli Abruzzi, Italy); mTSB
(Modified Tryptic Soy Broth, Liofilchem Diagnostici-2360610352, Roseto degli Abruzzi, ltaly); RVS
(Rappaport-Vassiliadis with Soya, Liofilchem Diagnostici-610175, Roseto degli Abruzzi, Italy); MKTTn
(Muller-Kauffman Tetrathionate- novobiocin Broth, Liofilchem Diagnostici-2360610239, Roseto degli
Abruzzi, Italy); XLD (Xylose Lysine Deoxycholate agar, Neogen-NCMO0021A, Lansing, MI, USA); HE
(Hektoen enteric agar, HIMEDIA M377-500G, Kennett Square, PA, USA); MAC (MacConkey agar,
Liofilchem Diagnostici-610028, Italy); TSI (Triple Sugar Iron agar, Liofilchem Diagnostici-360620055,
Italy); MIO (Motility Indole Ornithine Medium, HIMEDIA-M378-500G, Square, PA, USA).

4.3.4.2. MALDI-TOF MS confirmation of bacterial isolates

For confirmation, 228 isolates were submitted to matrix-assisted laser desorp
tion/ionisation time-of-flight mass spectrometry (MALDI-TOF MS) (Rychert, 2019).
Single colonies from overnight-grown bacteria isolated from food and water samples
were analysed on MALDI Biotyper® sirius RUO (Bruker Daltonics GmbH & Co. KG,
2021; Bremen, Germany) using Bruker Daltonics MALDI-TOF Biotyper FlexControl 3.4
software. A representative spectrum was obtained by collecting 40 shots on six different
positions of the sample (240 laser shots in total) in about 15 s per sample, and the results
were displayed in real time. The results were obtained by comparing the Bruker Daltonics
MALDI-TOF Biotyper Compass RTC 4.1.100 database strains.

4.3.5. DNA Extraction and Diarrhoeagenic E. coli PCR

DNA was extracted from confirmed 16-hour E. coli cultures using the Quick-DNA Fun-
gal/Bacterial Miniprep kit (Zymo Research, Tustin, CA, USA).
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PCR amplification of DEC genes was carried out using SSI Diagnostics protocol
(Hillergd, Denmark), which detects EHEC, EIEC, EPEC, and ETEC pathotypes.

The PCR was carried out in a T100™ Thermal cycler (Bio-Rad, Hercules, CA, USA) in
a total volume of 20 uL, containing 10 pL PCR ReadyMix, 6 pL Primer Mix, and 4 pL
of extracted DNA. The amplification cycle included denaturation for 2 min at 95 °C,
which was performed in one cycle, followed by 35 cycles of denaturation at 94 C for 50
s, annealing for 40 s at 62 °C, extension at 72 °C for 50 s, and one cycle of the final

annealing at 72 °C for 3 min.

Eighteen microlitres (18 puL) of each completed PCR reaction were visualised in 2%
agarose gel for 40 min at 70 V, stained with SYBR green, and detected by Gel Doc™ EZ
system (Bio-Rad, Hercules, CA, USA).

4.3.6. Data analysis

Preliminary screening of the demographic characteristics and the caregiver’s perception
of the cause of diarrhoea in the children was conducted using univariate analyses on Epi
info (version 7.2.5.0)(CDC, 2021). The univariate analysis screened the variables for
inclusion in the binomial logistic regression model using X? with the threshold set at p <
0.2 with an odd ratio (OR > 1), based on Fisher’s test and considering a one-tailed
hypothesis. The binomial regression model was performed in the R environment for
Windows (version 4.3.1) using the package MASS (Version 7.3-60) (Ripley et al., 2024).
For the binomial regression analysis, the presence or absence of DEC/Salmonella in food
samples was considered an outcome variable, while the explanatory variables included
child age, caregiver age, child gender, caregiver gender, marital status, source of thinking,
sampling site, baby bottle, bottled water, fruit puree, infant formula, milk breastfeeding,
ready-to-eat meals, goat, cassava leaves, water source, water treatment, monthly income,
and toilet system. The X2 test was conducted to detect differences between the urban and

rural areas.
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4.4. RESULTS

4.4.1. Sociodemographic characteristics of the caregivers and children under five

years old

The study included 186 children, most of whom were from the urban area (54.8%) and
were mostly male (58.8%). In the rural area, most children were female (51.2%). The
majority of the children (53.2%) were between seven and 24 months old, and their
caregivers were mainly female (94.1%), with over half of them being between 18 and 25
years old. The majority of the caregivers were single but living with a partner (76.8%)
(Table 4.3). The X2 test indicated a significant difference (p < 0.05) in the age distribution

of children in the urban and rural areas.

In terms of monthly income, most caregivers in the urban area (33.3%) and the rural area
(28.6%) were unaware of the primary breadwinner’s income. Among those who did
provide information, the majority reported it to be between $71.00 and $140.00 (8.8%
urban; 9.5% rural) (Table 4.3).

Concerning water supply, 99.0% of the participants used potable municipal water in the
urban area, while in the rural area, they used municipal water and community wells. For
water treatment, boiling was the most commonly used method (10.8% urban; 8.3% rural).
Flush or pour toilets with septic tanks, including squat toilets, were the most common
toilet systems: 56.9% in urban areas and 32.1% in rural areas. The X? test indicated a
significant difference (p < 0.05) in the water source and toilet system used in both

sampling areas (Table 4.3).
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Table 4.3. Sociodemographic characteristics of the caregivers and children under five

years with diarrhoea (n=186)

Urban area
Variable Category (n=102) Rural area (n=84) X2
N (%) N (%)
. Female 42(41.2) 43(51.2)
Child gender Male 60(58.8) 41(48.8) 0.22
. Female 97(95.1) 78(92.9)
Caregiver gender Male 5(4.9) 6(7.1) 0.74
<6 months 11(10.8) 22(26.2)
. 7 to 24 months 60(58.8) 39(46.4)
Child age (months) > 1 onths 31(30.4) 22(26.2) 0.02
Not disclosed 0 1(1.2)
18 to 25 years 50(49.0) 42(50)
Caregiver (age 26 to 35 years 33(32.4) 31(36.9) 0.94
years) >35 years 10(9.8) 9(10.7) '
Not disclosed 9(8.8) 2(2.4)
Single but lives with 75(73.5) 67(79.8)
someone
Marital status Single and living alone 10(9.8) 3(3.5) 0.26
Married 17(16.7) 13(15.5)
Widow 0 1(1.2)
Mother 91(89.2) 76(90.5)
Relation to the child Father 5(4.9) 6(7.1) 0.42
Grandmother/Parents 6(5.9) 2(2.4)
0t070.00 $ 6(5.9) 7(8.3)
. 71.00-140.00% 9(8.8) 8(9.5)
?('J"Srj;hgouar)'”come > 140.008 2(2.0) 2(2.4) 0.85
Don't know the income 34(33.3) 24(28.6)
Not disclosed 51(50.0) 43(51.2)
Home pipe water 101(99.0) 68(81.0)
Water source Public/community wells 0 12(14.3) <0.05
Not disclosed 1(0.5) 4(4.8)
Boiling 11(10.8) 7(8.3)
Water treatment Other treatment methods 1(1.0) 1(1.2) 0.37
Not disclosed 90(88.2) 76(90.5)
Pit latrine with covering
slab 28(27.5) 12(14.3)
Pit latrine without covering
slab 3(2.9) 13(15.5)
Flush or pour toilet with
Toilet system septic tank, including squat <0.05
toilet 58(56.9) 27(32.1)
Flush or pour toilet
connected to sewer pipe 1(1.0) 19(22.6)
Other toilet system 0 3(3.6)
Not disclosed 12(11.8) 10(11.9)
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4.4.2. Caregiver’s perception of the cause of diarrhoea in children under five years
old

Table 4.4 shows the cause of diarrhoea as perceived by the caregivers, where the majority
of respondents in both urban, 52.0% (53/102), and rural, 25% (23/84), areas could not
identify a probable cause for episodes of diarrhoea in the children included in the study.
However, some caregivers attributed the cause of diarrhoea to factors such as vegetables,
cereals, cookies/cakes/popcorn, weaning/infant formula, teething, and fruits/juice.
Interestingly, only a small percentage of respondents in the urban area (2.9%) and the
rural area (2.4%) considered water a probable cause of diarrhoea. The X? indicated that
there was a significant difference (p < 0.05) in caregivers’ perception of the cause of

diarrhoea between the urban and rural areas.

Table 4.4. Perception of the cause of diarrhoea by the caregivers of the children (n=186)

Urban area Rural area
Variables ~ Categories (102) (84) X?
n (%) n (%)
_p Food 12(11.8) 16(19.0)
5 :’>; Wa'_cer _ 3(2.9) 2(2.4)
g 2 Fruit/Juice 3(2.9) 9(10.7)
S5O Dentition 6(5.9) 14(16.7) <0.05
g g e Weaning/Infant formula 5(4.9) 15(17.9) '
Q5 Other causes 2(2.0) 3(3.5)
8 S Don’t know the reason 53(52.0) 21(25.0)
S Not disclosed 18(17.6) 4(4.8)

4.4.3. One-week food consumption recall for children under five with diarrhoea

Table 4.5 details the food consumed by children with diarrhoea the week before their visit
to the health care centre. Based on the one-week food recall, the children had consumed
animal protein, vegetables, and fruits (only in rural). Chickens were the most commonly
consumed source of animal protein, accounting for 36.3% of cases in the urban area and
90.5% in the rural area. Among dairy products, milk was reported as the most commonly
consumed in the urban area, accounting for 12.7% of cases, while in the rural area,
yoghurt was the most commonly consumed, accounting for 29.8% of cases. Cheese was

only reported to be consumed by the children included in the study in the urban area,
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2.9% of cases. Most children consumed green cabbage a week before episodes of
diarrhoea in the urban area, 37.3%, and in the rural area, 19.0%. Fruits were only

consumed in the rural area, with a frequency of 7.1%.

Regarding food consumption by children under two years old, biscuits/rusks/cookies
were the most commonly consumed item in the urban area, accounting for 33.3% of
consumption. In the rural area, fermented cereals were the most consumed, representing
33.3% of consumption. Children under two years old were also fed liquid foods using

feeding bottles, with 21.6% in urban areas and 29.8% in rural areas (Table 4.5).
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Table 4.5. Food consumed by children under five a week before attending the health care

centres
Urban area (n=102) Rural area (n=84) -
Variables ~ Categories Consumed n Not consumedn ~ Consumedn  Not consumedn  value
(%) (%) (%) (%) for X2
£ Beef 23(22.5) 78(76.5) 64(76.2) 19(22.6) <0.05
S Pork 11(10.8) 90(88.2) 45(53.6) 38(45.2) <0.05
% Lamb 1(1.0) 100(98.0) 3(3.6) 80(95.2) 0.48
E Goat 3(2.9) 98(96.1) 27(32.1) 56(66.7) <0.05
3 Chicken 37(36.3) 64(62.7) 76(90.5) 7(8.3) <0.05
E Egg 23(22.5) 78(76.5) 64(76.2) 19(22.6) <0.05
= Not disclosed 1(1.0) 1(1.2) N/A
& Fish 30(29.4) 72(70.6) 69(82.1) 15(17.9) <0.05
5 _ Milk (pasteurised) 13(12.7) 88(86.3) 11(13.1) 72(85.7) 1
g 8 g %-, Yoghurt 6(5.9) 95(93.1) 25(29.8) 58(6.9.0) <0.05
o § £ £ Cheese 3(2.9) 98(96.1) 0 83(98.8) 0.32
@ Not disclosed 1(1.0) 1(1.2) N/A
Lettuce 6(5.9) 40(39.2) 9(10.7) 13(15.5) <0.05
Cassava leaves 12(11.8) 34(33.3) 10(11.9) 12(14.3) 0.19
" Pumpkin leaves 8(7.8) 38(37.2) 7(8.3) 15(17.9) 0.3
= Cowpea leaves 13(12.7) 33(32.4) 12(14.3) 10(11.9) 0.1
£ Green cabbage 38(37.3) 8(7.8) 16(19.0) 6(7.1) 0.53
g Sweet potato leaves 6(5.9) 40(39.2) 3(3.6) 19(22.6) 1
Cacana 0 46(45.1) 7(8.3) 15(17.9) <0.05
Other vegetables 8(7.8) 38(37.3) 5(6.0) 17(20.2) 0.85
Not disclosed 56(54.9) 62(73.8) N/A
£ Fruns. 0 0 6(7.1) 0 N/A
iC Not disclosed 102(100.0) 78(92.9)
Milk breastfeeding 25(24.5) 77(75.4) 19(22.6) 65(77.4) 0.9
Infant formula 15(14.7) 87(85.3) 6(7.1) 78(92.9) 0.16
Fermented cereals 22(21.6) 80(78.4) 28(33.3) 56(66.7) 0.1
Ready-to-eat meals 7(6.9) 95(93.1) 8(9.5) 76(90.5) 0.69
3 Fruit puree 12(11.8) 90(88.2) 11(13.1) 73(87.0) 0.96
% Biscuits/rusks/cookies 34(33.3) 68(66.7) 20(23.8) 64(76.2) 0.21
g Fruit/vegetable/juices 28(27.5) 69(67.6) 20(23.8) 63(75.0) 0.58
= Not disclosed 5(4.9) 1(1.2) N/A
§ Baby bottle 22(21.6) 53(52.0) 25(29.8) 50(59.5) 0.72
§ Not disclosed 27(26.5) 9(10.7) N/A
i Bottled water 22(21.6) 79(77.5) 23(27.4) 61(72.6) 0.48
§ Not disclosed 1(1.0) 0 N/A
Boiled water 1(1.0) 91(89.2) 5(6.0) 71(84.5) 0.14
Not disclosed 10(9.8) 8(9.5) N/A
Water not boiled 31(30.4) 61(59.8) 26(31.0) 50(59.5) 1
Not disclosed 10(9.8) 8(9.5) N/A
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The p-value of the X? test indicated a significant difference (p < 0.05) in the consumption
of certain foods before the occurrence of diarrhoeal episodes in children in both sampling
areas. These foods include animal proteins (such as beef, pork, goat, chicken, eggs, fish,
and yoghurt) and vegetables like cacana (Momordica balsamina), which is used as a food

in southern Mozambique and as medicine in other parts of the country (Table 4.5).

4.4.4. Prevalence of foodborne pathogens in food and water samples

Table 4.6 shows the prevalence of foodborne pathogens in samples collected from the
children’s households. In both rural and urban areas, contamination with DEC and
Salmonella spp. was found in the food and water collected from the children’s homes.
The overall prevalence of bacterial contamination was 15.2%, with a higher prevalence
in the rural area (8.9%), and water and cereal samples contributed 12.1%. The most
prevalent pathogen was DEC, primarily found in cereal and water samples, with a
prevalence of 9.9% in both areas. Salmonella spp. was only identified in the water
samples (0.7%) collected in the urban area and cereal samples (1.5%) from both areas.
DEC was the only pathogen detected in combined food (2.4%) and yoghurt (0.7%) from

rural and urban areas, respectively.

Table 4.6. Pathogens distribution among food (n = 167) and water (n = 100) samples

collected in households of children under five old

Urban Area (n = 144) Rural Area (n = 123)
Sampl Total Number of
amples Isolates No (%) DEC Salmonella spp. DEC Salmonella spp.

n (%) n (%) n (%) n (%)
Cereal 9 (6.7) 4(2.8) 1(0.7) 3(24) 1(0.8)
Combined food 3(2.4) ND ND 3(2.4) ND
Milk and Milk
Products 1(0.7) 1(0.7) ND ND ND
Vegetable ND ND ND ND ND
(cooked)
Other fpod (fish ND ND ND ND ND
and fruit puree)
Water 7 (5.4) 2 (1.4) 1(0.7) 4(3.3) ND
Total 20 (15.2) 7(4.9) 2(1.4) 10 (8.1) 1(0.8)
ND: Not detected; DEC: Diarrhoeagenic E. coli
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4.4.5. Prevalence of Diarrhoeagenic E. coli in food and water samples

Table 4.7 represents the prevalence of DEC pathotypes among food and water samples
collected in households and the sampling sites. The overall frequency of the DEC
pathotypes is 13.0% and ETEC was the most prevalent, contributing 11.5% in both rural
and urban areas. The other pathotypes consisted of EIEC detected in cereal food from

rural areas and EPEC identified in water samples from urban areas.

Table 4.7. Diarrhoeagenic E. coli pathotype prevalence in food and water samples

collected in rural and urban households from children under five with diarrhoea

Number of Urban area (n=144) Rural area (n=123)

Samples isolates ETEC EPEC EIEC ETEC EPEC EIEC

n (%) n (%) n(%) n(%) n (%) n (%) N (%)
Cereal 7(5.2) 4(2.8) ND ND 2(1.6) ND 1(0.8)
Combined food 3(2.4) ND ND ND 3(2.4) ND ND
Yoghurt 1(0.7) 1(0.7) ND ND ND ND ND
Vegetable ND ND ND  ND ND ND ND
(cooked)
Other food (fish ND ND ND ND ND ND ND
and fruit puree)
Water 6(4.7) 1(0.7) 1(0.7) ND 4(3.3) ND ND
Total 17(13.0) 6(4.2) 1(0.7) 0 9(7.3) 0 1(0.8)

EIEC- Enteroinvasive E. coli; ETEC- Enterotoxigenic E. coli; EPEC- Enteropathogenic E. coli; ND- Not detected

4.4.6. Factors associated with contamination of food and drinking water by

Diarrhoeagenic E. coli

Table 4.8 presents the results of a binomial logistic regression analysis that aimed to
assess the relationship between the prevalence of DEC isolated from the food and water
samples and the demographics and food consumed by children participating in the study.
However, this analysis was not conducted for Salmonella spp. because only three samples
were found to be contaminated with this pathogen, which falls below the threshold for

conducting binomial logistic regression.
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Table 4.8. Binomial logistic regression of Diarrhoeagenic E. coli presence on food and

water in rural and urban areas of Maputo

Variabl Catedor B (SE) 95% CI for Odds Ratio
ariable group gory Lower Odds Ratio Upper
Diarrhoeagenic E. coli
18 to 25 years -3.15(0.45)
Caregiver 26 to 35 years -0.51(0.67) 0.14 0.60 2.07
>35 years -0.42(0.90) 0.83 0.66 3.28
Fruit puree 1.50(0.61)* 1.31 4.50 14.70
Food consumed by children Infant formula 1.33(0.68)* 0.91 3.81 13.90
<2years Milk breast -1.44(0.08) 0.01 0.24 1.32
Ready-to-eat meals 1.17(0.68) 0.77 3.24 11.80
Salmonella spp.
Intercept -4.60(1.16)***
Caregiver age 26 to 35 years -17.9(>100) NA <0.01 >100
Source of animal protein Pork -0.77(1.43) 0.02 0.46 7.01
) Baby bottle -0.03(1.40) 0.13 0.97 14.5
Eg"d fonsumed by children g1 water 0.02(1.32) 0.04 1.02 12.6
years Ready-to-eat meals  3.20(1.31)* 2.03 24.6 >100
Kamaxakeni (Urban area)
18 to 25 years -3.32(0.69)***
Caregiver age 26 to 35 years -1.04(1.36) 0.01 0.3 3.71
>35 years 0.09(1.31) 0.04 1.09 115
_ Bottled water -18.67(>100) NA <0.01 >100
Eg;gaf;’”s“med by children | ¢-nt formula 2.24(1.08)* 0.04 9.38 83.4
Ready-to-eat meals  2.03(1.04)* 0.84 7.64 60.7
Marracuene (Rural area)
) Male -3.84(1.41)**
Caregiver gender
Female -1.16(1.33) 0.02 0.31 7.58
_ Bottled water 3.04(1.22)* 2.79 20.80 >100
Eg;’/gaigns“med by children 5y bottle -0.45(1.21) 0.03 0.64 5.78
Fruit puree 2.18(0.87)* 1.65 0.80 56.20

Significance level: 0 “***’ 0.001 “**’ 0.01 “*’ 0.0; B: Estimated coefficient; E: Standard error; CI:
Confidence interval; N/A: Not applicable

The results of the analysis demonstrated a significant association between DEC
contamination and the consumption of fruit puree [(B = 1.50); 95% CI (1.31-14.70), (p
< 0.05)] and infant formula [(B = 1.34); 95% CI (0.91-13.90), (p < 0.05)] in children
under two years of age. Additionally, the binomial logistic regression analysis conducted
on the urban area data revealed associations between the consumption of certain foods by
children under two years, such as infant formula [(B = 2.24); 95% CI (0.04-83.40), (p <
0.05)] and ready-to-eat meals [(B = 2.03); 95% (0.84-60.7), (p < 0.05)] with DEC
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contamination. Conversely, in the rural area, the consumption of fruit puree [(B = 2.17);
95% CI (1.65-56.2), (p < 0.05)] and bottled water [(B = 3.04); 95% CI (2.79—>100), (p
< 0.05)] by children under five years of age was associated with DEC contamination.
Notably, no association was found between demographic characteristics and DEC

contamination in this study.

4.5. DISCUSSION

This study assessed the prevalence of diarrhoeagenic bacteria in food and water consumed
by children with diarrhoea in urban and rural areas of Maputo and factors associated with

children’s food contamination.

Most of the selected children were under two years old in urban and rural areas, showing
that children of this age group were the most affected by diarrhoea (Saha et al., 2022).

The source of water in urban and rural households was different. In the urban area, only
tap water was used, while in rural households, tap water and community wells were used
as sources of water. This difference may be related to the coverage of municipal water
distribution, which is higher in the urban area (INE, 2013a). The type of toilet facility
used in the urban and rural areas was also different; more than half of households in the
urban area use flush or pour toilets with septic tanks, including squat toilets. This may be

related to lower socioeconomic status, as this type of facility is more costly than others.

Although caregivers from urban and rural areas indicated several factors as responsible
for the cause of diarrhoea in children under five, most of them did not know the cause.
Similar to a study carried out in Ethiopia (Desta et al., 2017), in this study, the percentage
of respondents without knowledge of the cause of diarrhoea was higher in the urban area
than in the rural area, contradicting the expected association with education level in this
area. Chicken consumption in Maputo was lower than that reported in other areas of
Africa, which may be a protective factor, as poultry may carry pathogenic agents,
including E. coli, L. monocytogenes, Campylobacter, Salmonella, and S. aureus that can
cause diseases, especially in children with weak immune systems (Gongalves-Tenorio et
al., 2018; Faife et al., 2020; Rich et al., 2022).

Yoghurt consumption was higher in the rural area compared to a study conducted in
Nigeria (Bakare et al.,, 2023). The consumption of yoghurt has benefits for
gastrointestinal conditions such as diarrhoeal disease (Hadjimbei et al., 2022). The
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consumption of lettuce and banana was different in urban and rural areas; this fresh
produce may constitute a vehicle for diarrhoeagenic pathogens when good hygiene is not
appropriately followed (Zhao, 2005).

DEC was the most frequent pathogen isolated in water collected from households in urban
and rural areas (5.4%), which was lower than the prevalence reported in another study
from Mozambique (Salamandane et al., 2021). The presence of DEC in drinking water
may be due to faecal contamination. Salmonella spp. was only detected in water samples
collected in the urban area of Maputo, while in South Africa, this pathogen was identified
in rural areas (Khabo-Mmekoa et al., 2022). The presence of Salmonella spp. in water
samples may be related to the dissemination of these bacteria through the faecal—oral
route. Cereal-based foods were the most consumed by children in urban and rural areas,
and DEC and Salmonella spp. were contaminants of this food group, similar to findings
reported in South Africa. The contamination by DEC might have occurred during food
preparation and the preservation of leftovers. Salmonella spp. contamination may be
related to sanitation and poor operational practices during food processing (Potgieter et
al., 2005; Podolak et al., 2010). The prevalence of diarrhoeagenic contaminants was
higher in the rural area than in the urban area, which may be due to the ability of people
in urban areas to purchase and access better quality and safe foods (Dong, 2020).
Additionally, the urban area (Kamaxakeni) has benefited from several educational
sessions related to food handling practices, as this has been the focus of many studies that
include health promotion activities to prevent illness. Contamination of combined food
collected in households was observed, similar to a study in Bangladesh that reported
contamination of complementary food with E. coli (Parvez et al., 2017). The presence of
DEC in tested food samples indicates faecal contamination and poor hygiene conditions
during food preparation and conservation, which can cause gastroenteritis in children
(Ekici and Dumen, 2019).

The present study evaluated the association between diverse types of food and water with
DEC contamination. Infant formula and fruit puree were associated with DEC
contamination. Infant formula contamination by E. coli may occur during preparation,
storage, and feeding, making this infant food unacceptable for consumption, so following

hygiene practices is essential (LOpez-Mendoza et al., 2023).
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Unpasteurised fruit products can contribute to foodborne illness as they can act as vehicles
for foodborne pathogens. For example, berry juices and purees have been shown to
support pathogens like E. coli 0157:H7 (Zhao, 2005). In the urban area, factors associated
with the presence of contaminants were infant formula and ready-to-eat meals, which is
concerning as improper practices during their preparation can introduce diarrhoeagenic

pathogens to children.

In the rural area, food contamination was associated with fruit puree and bottled water.
The use of bottled water was associated with DEC contamination, which may be related
to water counterfeiting. Other studies have also found DEC in bottled water, showing that
water that people believe to be safe for consumption can be a risk factor for foodborne
illness (Momtaz and Yadollahi, 2013; Hamad et al., 2022).

The present study did not address aspects related to how the caretaker prepares the food
and how this is conserved, especially leftover food, which are crucial points where
contamination can occur; that is why a study should be carried out to ascertain when and
where the contamination takes place in Maputo households.

4.6. CONCLUSIONS

Diarrhoeagenic E. coli and Salmonella spp. are present in food and water consumed by
children under five years with diarrhoea in Kamaxakeni, an urban area, and Marracuene,
a rural area of Maputo. The prevalence of these diarrhoeagenic pathogens is higher in

rural areas.

Significant disparities are noted between the two study areas in caregivers’ perceptions
of the causes of diarrhoea, the types of water sources and toilet systems utilized, and the

dietary habits of children in the week preceding diarrheal episodes.

These findings underscore the necessity for educating caregivers on proper food handling

practices and enhancing water sources, given the evidence of diarrhoeagenic pathogens.
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CHAPTER 5: MOLECULAR CHARACTERISATION AND RELATEDNESS OF
DIARRHOEAGENIC E. COLI DETECTED IN FAECAL SAMPLES FROM
CHILDREN UNDER FIVE, IN FOOD AND WATER SAMPLES IN MAPUTO,
MOZAMBIQUE
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5.1. ABSTRACT

Diarrhoeagenic E. coli is associated with diarrhoea and responsible for around 200,000
deaths worldwide yearly, with children under five being most affected. In Mozambique,
recent studies have shown that DEC strains are among the pathogens involved in the cause
of enteric infection, and they have been identified in food and drinking water samples.
This study aimed to characterise the DEC pathotypes isolated from the faeces of children
under five years with diarrhoea and to attribute the diarrhoea to food and water consumed

by these children within 24 hours.

The study involved 10 DEC, nine EPEC and one EIEC, isolated from faecal samples of
these children, as well as from foods and water they consumed, in rural and urban areas
of Maputo, Mozambique. Whole Genome sequences of the DEC strains were
characterised, and their relatedness evaluated using the Enterobase online platform. The
R environment was used for genome analyses and data visualisation. AMR gene analysis
was performed using complete linkage hierarchical clustering to construct heat maps. In
addition, Pearson correlation and network analysis were applied to assess associations
between sample source, sampling area, and sequence type with AMR genes in DEC
strains.

There was an abundance of DEC strains belonging to O109:H21/ST40 (40.0%),
088:H5/ST206 (20.0%) and O80:H2/ST301 (20.0%) serogroup and sequence types. The
most frequent antimicrobial-resistant (AMR) genes were glpT_E448K (16.1%),
pmrB_Y358N (12.5%), aadAl (7.1%), catAl (5.4%), sull (5.4%) and dfrAl (5.4%). The
DEC strains from food, drinking water and human samples were phylogenetically related.
The study concluded that the DEC strains isolated from food, drinking water and children
faecal samples belonged to serotypes that have been implicated in causing diarrhoea.
These strains carry AMR genes that confer resistance to antimicrobials that are important
for clinical practices. The relatedness of the DEC strains suggests that food and drinking
water are the potential source of DEC causing diarrhoea in children. The results of this
study underscore the need for education on good food preparation, conservation, and
water treatment practices. In addition, the detection of AMR genes calls for One Health

approach against the burden of AMR.

Keywords: diarrhoea, children, food, water, diarrhoeagenic E. coli
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5.2. INTRODUCTION

Diarrhoeagenic E. coli are among the bacterial pathogens associated with diarrhoea,
mainly in children under five years, which is widely spread mostly through contaminated
food and drinking water. Foodborne illnesses are estimated to be above 300 million, of
which approximately 200,000 deaths are caused by DEC worldwide yearly (Havelaar et
al., 2015b), and children under five are the most affected (WHO, 2022). Unsafe drinking
water, animal contact, and food such as vegetables, raw meat, raw kibbeh, beef, milk and
milk products, and milk samples from infant feeding bottles have been indicated as

sources of DEC causing diarrhoea (Gomes et al., 2016).

The burden of foodborne illness by DEC in children under five years old in sub-Saharan
Africa is unknown. However, there are several studies where E. coli pathotypes were
identified (Okeke, 2009; Sambe-Ba et al., 2013; Saka et al., 2019; Garrine et al., 2020;
Das et al., 2022). Contaminated water, person-to-person transmission, and raw food have
been identified as predominant routes for the spread of DEC (Okeke, 2009; Bywater et
al., 2024).

In Mozambique, studies have shown that DEC strains are among the pathogens involved
in the cause of enteric infection. In urban areas of Maputo, EAEC, DAEC, EIEC, EPEC,
ETEC, STEC pathotypes were detected in stool samples of children with diarrhoea (10-
13). Additionally, in a rural area of Maputo, Manhica district, ETEC, EAEC and EPEC
were among the pathogens associated with death due to moderate-to-severe diarrhoea in
children 0-59 months of age (Acécio et al., 2019). A recent study showed the presence of
EPEC and EIEC in food and water samples consumed by children under five in Maputo
districts (Faife et al., 2024). However, there is a lack of studies that attribute DEC
pathotypes detected in stools to food and water samples using genetic characteristics such
as sequence types, serotypes, and AMR genes, allowing the identification of the

transmission route of these bacteria.

Previous studies in South Africa, Kenya, and Burkina Faso have reported the presence of
AMR in DEC and Salmonella strains isolated from foods consumed by children,
including milk, ready-to-eat meals, and vegetables (Ngaywa et al., 2019; Soubeiga et al.,
2022; Mohapi et al., 2025; Okumu et al., 2025). Resistance to antimicrobials such as

ampicillin,  trimethoprim/sulfamethoxazole,  tetracycline,  ceftriaxone,  and
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amoxicillin/clavulanic acid is commonly observed (Ngyawa et al., 2019; Mohape, et al.,
2025). The associated AMR genes include bla_TEM, bla_OXA-1, bla_CTX-M, bla_SHV,
tet(A), tet(B), sull, sul2, and aadA (Ngaywa et al., 2019; Soubeiga et al., 2022; Okumu
et al., 2025).

This study aimed to characterise DEC pathotypes isolated from the faeces of under-five
children with diarrhoea and from food and water samples consumed by these children.
This study also aimed to determine if the children’s diarrhoea was caused by the food and
water they had consumed. The study’s results provide knowledge on food and drinking
water as probable sources of E. coli pathotypes causing diarrhoea in children.
Additionally, the study’s results will provide information on the presence of AMR genes
in the DEC strains. Consequently, this will permit the definition of strategies for

preventing diarrhoeagenic transmission among children under five years old in Maputo.

In your introduction, be sure to include relevant literature on the prevalence of
antimicrobial-resistant pathogens and genes in foods commonly consumed by Children
in Mozambique. If country-specific data is limited or unavailable, expand your scope to
include evidence from broader African contexts to provide a solid foundation for your

study.

5.3. METHODOLOGY
5.3.1. Study site and sampling

This study analysed ten DEC isolates comprising nine EPEC and one EIEC isolated from
the faeces from children with diarrhoea as well as from the foods and water they

consumed in Maputo, Mozambique.

The children under five with diarrhoea were selected from Marracuene Health Care
Centres and Primeiro de Maio, from Marracuene and Kamaxakeni districts, respectively,
which offer primary health care services.

Faecal samples were collected in the health care centre or the children’s households after
explaining to the caregivers the aim of the study and obtaining their consent. Three
hundred stool swabs were collected and sent to the National Institute of Health in Maputo
for microbiology analyses. About 100 g of food (n=167) and 1L of tap water (n=100)

samples were collected from selected households, where these children resided, in sterile
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containers, kept chilled, and transported to the Hygiene and Food Technology Laboratory

at Eduardo Mondlane University.

The food samples collected consisted of cereals, combined food (blend of pap or rice with

curry, or a meat or vegetable stew) and milk products.
5.3.2. Detection of Diarrhoeagenic E. coli in food, water and faecal samples

The detailed methods for E. coli detection in children’s faecal samples are described in
Section 3.2.3.1, and for food and water samples in section 4.3.4. A total of 148 E. coli
strains were confirmed in children’s faecal samples, 72 from rural area and 76 from urban
area. Additionally, 40 E. coli strains were isolated from food and water samples, equally
distributed between urban (n = 20) and rural (n = 20) areas. Of the 148 faecal strains, only
67 were sequenced, as the remaining isolates failed to grow in culture prior to DNA

extraction.

5.3.3. Genome sequencing and analyses

Th genome sequencing was preceeded by the DNA extraction of the E. coli strains, which
was performed as described in section 3.2.3.2. The WGS was conducted at the
Agricultural Research Council, Pretoria, South Africa. Genome sequencing was
undertaken using MGl DNBSEQ-G400 (MGI, China) sequencing instrument generating
150 bp PE sequencing reads after a multiplexed paired-end libraries preparation using
MGIEasy Universal DNA Library Prep Kit (MGI, China). Trimming and de novo
assembling of the paired-end reads were done using the Center of Genome Epidemiology
(CGE) web-based platform (Qiagen, Netherlands). The fastq files were analysed for
pathotype identification on the Enterobase platform, based on the expression of fimH,
stx1, stx2, ipaH, plnv, ST, LT and eae genes, resulting in the detection of nine EPEC and
one EIEC strains. Six EPEC strains were detected in children’s faecal samples, two in
drinking water and one in cereal samples. The EIEC strain was identified in cereal-based
food.

Multilocus sequence typing (MLST), core genome multilocus sequence typing
(cgMLST), and serotyping of the DEC sequences were performed on the EnteroBase
platform (Zhou et al., 2020). The phylogenetic clustering was done on the EnteroBase
platform using the neighbour-joining algorithm, comparing sequences of DEC isolated in

food, water and children’s faecal samples with reference genome K12MG165 obtained
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from the National Centre for Biotechnology Information (NCBI). Visualisation of the

phylogenetic tree was performed on FigTree v. 1.4.4 (Edinburgh, UK) (Rambaut, 2018).

The Antimicrobial Resistance (AMR) genes were identified using the CGE pipeline
ResFinder (version 4.6.0) at default settings (Camacho et al., 2009; Bortolaia et al., 2020).
The identified AMR genes were analysed in the R environment for Windows (version
4.4.2) for complete linkage hierarchical clustering using the ComplexHeatmap package
(version 2.22.0) (Gu et al., 2016). Pearson correlation analysis assessed the direction and
strength of association between the sample source, AMR genes, the sampling area with
the AMR genes on the DEC strains.

Network analysis was performed to evaluate the correlation between sequence type and
AMR genes, where an absolute correlation value of > 0.5 was set as the threshold, which

was chosen to reflect moderate to strong correlation strength.

5.4. RESULTS

5.4.1. Sequence types and serotypes of Diarrhoeagenic E. coli strains isolated from

food, water and children’s faecal samples

Table 5.1 shows the sequence types (ST) and serotypes of the DEC isolates from food,
water and children’s faecal samples from rural and urban areas of Maputo. The results
show that the strains belonged to A and B1 lineages and exhibited heterogeneity of ST
complex. The strains 0109:H21/ST40 (40.0%), 088:H5/ST206 (20.0%) and
080:H2/ST301 (20.0%) were the most abundant serogroups and sequence types.
0109:H21/ST40 was identified in two drinking water samples from both sampling areas,
one cereal sample and one children’s faecal sample from the urban area. 088:H5/ST206
and 0O80:H2/ST301 were identified in two faecal samples in the rural and urban areas.
The only EIEC strain isolated in the study was categorised as ST11715 and 0121:H30

serotype.
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Table 5.1. Sequence and serotyping of DEC isolated from food, water and children’s

faecal samples from the urban and rural areas of Maputo

Serogroup and

0 . .
sequence type rcl)(:fl)stflf ST C((:] r)nplex Llr(ura]?ge DEC (n) Sampling source Sa;nrzgng
(O:H/ST) '
Cereal, drinking Rural and
0109:H21/ST40 4(40.0%) 40(4) B1(4) EPEC(4) water and rban
children's faeces
. . . Rural and
088:H5/ST206 2(20.0%) 206(2) AxB1(2) EPEC(2) Children's faeces rban
080:HZ/ST301  2(20.0%)  165(2) . EPEC(2) Children's facces Rffb'a?]”d
0121:H30/ST11715 1(10.0%) - EIEC(1) Cereal Rural
0127:H45/ST2356  1(10.0%) - EPEC(1) Children's faeces Urban

DEC - Diarrhoeagenic E. coli; EIEC- Enteroinvasive E. coli; EPEC- Enteropathogenic E. coli

5.4.2. Frequency of AMR genes present in the Diarrhoeagenic E. coli strains
isolated in faeces of children under five and in food and drinking water

consumed by them

Figure 5.1 shows the frequency of AMR genes present in the DEC strains isolated in

faecal samples of children under five and in food and drinking water consumed by them.
The most dominant AMR genes were glpT_E448K (16.1%), pmrB_Y358N (12.5%),
aadAl (7.1%), catAl (5.4%), sull (5.4%), and dfrAl (5.4%), which confer resistance to

fosfomycin, polymyxins, aminoglycosides, phenicols, sulfonamides, and trimethoprim,

respectively.
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Figure 5.1. Frequency of antimicrobial resistance (AMR) genes detected in
Diarrhoeagenic E. coli (DEC) strains isolated from faecal samples of children under five
with diarrhoea, and from food and drinking water consumed by these children, in rural
and urban areas of Maputo.

5.4.3. Diarrhoeagenic E. coli AMR genes distribution through the sample source
and sampling area

Figure 5.2 represents the heat map of DEC antimicrobial resistance genes distribution
through the sample source and sampling area. Overall, the results indicate the presence
of diverse AMR gene profiles conferring multidrug resistance to various antimicrobials.
Some of the AMR genes detected confer resistance to important antimicrobial classes
used in medical practice, including aminoglycosides, polymyxins, fosfomycin, -lactams,
fluoroquinolones, phenicols, trimethoprim, tetracyclines, and sulphonamides. The results
show the presence of blaoxa-1 and blasnv-1 genes, characterised as encoding ESBLs.
Genes encoding polymyxins and fosfomycin resistance, pmrB_Y358N and glpT_E448K,
respectively, were present in the three sample groups in both rural and urban areas. Some
genes were restricted to children’s faecal samples, which include blaoxa-1, aph(6)-Id,
aph(3”)-1b, tet(B), sul2, sat2, marR_S3N, dfrA15, ant(3") and pmrB_E123D. Notebly,
topoisomerase genes mutation, gyrA_S83L and parC_S80I, were detected and they were
restricted to children’s faecal samples All the cereals and drinking water samples
harboured pmrB_Y358N and glpT_E448K AMR genes, except one cereal sample (ET13-
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cereal_Rural), characterised as EIEC, which additionally presented aadAl, catAl, blashv-
1, sull and tet(D).

AMR gene heatmap through the samples and sampling area
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Figure 5.2. Heat map of antimicrobial resistance (AMR) genes in Diarrhoeagenic E. coli
strains isolated from faecal samples of children under five with diarrhoea, and from food
and drinking water consumed by these children, in rural and urban areas of Maputo.

5.4.4. Correlation between sample source, sampling area and AMR genes

Figure 5.3 represents the correlation heat map between sample source and AMR genes
(A), and sampling area and AMR genes (B) detected in DEC strains isolated in cereal,
drinking water and in faecal samples of children under five with diarrhoea, collected in

rural and urban areas of Maputo. The results indicate that AMR genes such as aph(6)-1d,
aph(3")-Ib, blaoxa-1, , sul2, tet(A), tet(B), dfrAl and dfrA15, and the topoisomerase genes
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mutation, gyrA S83L, parC_A56T and parC_S80Il, were moderately correlated with
children’s faecal samples (r = 0.23 - 0.53), while only the aadAl gene presented a
moderate correlation with drinking water. The AMR genes catAl and sull presented a
weak positive correlation with cereal and children’s faecal samples dfrA15 (r = 0.10 -
0.11). Conversely, AMR genes like pmrB_Y358N and tet(D) presented a moderate
positive correlation with cereal samples, while children’s faecal samples demonstrated a
moderate negative correlation with dfrA15 (r = - 0.23 - (- 0.53).

From a sampling area perspective, an inverse correlation was observed between rural and
urban areas with respect to the presence of AMR genes detected in DEC isolates. AMR
genes that presented a moderate positive correlation in the rural area, namely, aph(6)-1d,
aph(3")-Ib, blaoxa-1, catAl, sul2, tet(B), sat2 and dfrAl5, and topoisomerase genes
mutation, gyrA_S83L and parC_S80I, had moderate negative correlation in the urban
area (r = 0.39 - 0.65).

A Correlation between sample source and AMR genes
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Figure 5.3. Correlatlon heat map between sample source (A), sampling are (B) and
antimicrobial resistance (AMR) genes detected in Diarrhoeagenic E. coli strains isolated
from faecal samples of children under five with diarrhoea, and from food and drinking
water consumed by these children, in rural and urban areas of Maputo.

5.4.5. Network analysis between sequence type and AMR genes

Figure 5.4 represents network analysis between sequence type and AMR genes detected
on DEC isolated from cereal, drinking water and faecal samples from children under five

with diarrhoea, in rural and urban areas from Maputo. The results show that ST301
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presented multiple connections with AMR genes, including gyrA_S83L, aph(6)-1d, sat2,
tet(B), sul2, aph(3")-Ib and blaoxa-1, and topoisomerase gene mutation, parC_S80lI,
which had strong correlation. Other sequence types, such as ST2356, ST5979 and ST206,
were connected with AMR genes in less extension. AMR gene such as tet(D) (ST5979)
and and the topoisomerase gene mutation like parC_A56T (ST2016), were linked to

specific sequence types.

Network Analysis Between Sequence Types and AMR Genes
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Figure 5.4. Network analysis between sequence type (ST) antimicrobial resistance
(AMR) genes detected in Diarrhoeagenic E. coli strains isolated from faecal samples of
children under five with diarrhoea, and from food and drinking water consumed by these
children, in rural and urban areas of Maputo.

5.4.6. Phylogenetic analysis of Diarrhoeagenic E. coli isolates from children’s faecal
samples, food, and water

Figure 5.5 is the phylogenetic tree representing the genetic relatedness and hierarchical
clustering of DEC strains isolated in food, drinking water and faecal samples of children
under five with diarrhoea, in rural and urban areas of Maputo. The phylogenetic tree
showed that the DEC strains were classified into three distinct clusters. Of the six strains
isolated from children’s faecal samples, four were in Cluster I, while the strains detected
in drinking water samples were placed in Cluster Il. The two strains from food samples

were distributed across two clusters. One strain from a children’s faecal sample collected
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in the urban area was part of Cluster 11l. Among the five strains identified in the rural
area, four were in Cluster I, while four out of five isolates from the urban area were in

Cluster Il. The EIEC strain (ET13-cereal_Rural) was part of Cluster I.

The study results attribute the DEC in children’s faecal samples to food and drinking
water based on the similarities of DEC isolates between food, drinking water and faecal

samples of children under five with diarrhoea.

Children’s faeces-146B_Rural

Children’s faeces-136A_Rural

Children’s faeces-138_Rural ~—— Cluster|

Children’s faeces-309D_Urban

Cereal-ET13 Rural

Driking water-EB1_Urban

Cereal-EC5E_Urban

= Cluster Il

Driking water-EC16E_Rural

Children’s faeces-291_Urban

Children’s faeces-331D_Urban } Cluster IIl

06

Figure 5.5. Phylogenetic tree representing the genetic relatedness and cluster analysis of
Diarrhoeagenic E. coli strains, enteropathogenic E. coli (n=9) and enteroinvasive E. coli
(n = 1; Cereal-ET13_Rural) from faecal samples of children under five with diarrhoea,
and from food and drinking water consumed by these children, in rural and urban areas
of Maputo.

5.5. DISCUSSION

This study characterised ten DEC strains isolated from food, water and human faecal
samples and analysed their relatedness. The identified strains belonged to A and Bl
lineages. Similarly, these lineages were present in faecal and food samples, in Colombia,
and are known as intestinal pathogens (Rugeles et al., 2010; Bakhtiari et al., 2020). The
EPEC O109:H21/ST40 strain was detected in both drinking water and children’s faecal

samples, across rural and urban areas, suggesting possible transmission from
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contaminated water to children under five years old and indicating its potential for
widespread environmental dissemination. Further, ST40 has been identified in previous
studies and was shown to be a human diarrhoeagenic pathogen (Massella et al., 2020;
Saidenberg et al., 2020). EPEC 080:H2/ST301 seems to be limited to the rural area. This
strain has also been detected in previous studies in humans and calves infections (lkeda
et al., 2023), pointing to possible zoonotic transmission. EPEC O88:H5/ST206 was
identified in children’s faecal samples from rural and urban areas, indicating its capacity
to survive in different environments. ST206 was detected in faecal samples from healthy
mink and broiler, indicating that animals can be reservoirs of this strain (Qiu et al., 2019;
Chisembe et al., 2024). EIEC was characterised as ST11715 and O121:H30. The same
sequence and serotypes were previously identified in South Africa in human samples
(Hazen et al., 2016).

The DEC from this study harboured antimicrobial resistance genes encoding resistance
to multiple antimicrobial classes used in clinical practice, namely, aminoglycosides,
fosfomycin, polymyxins, beta-lactam, fluoroquinolone, trimethoprim, tetracycline and
sulphonamides. AMR genes such as pmrB_Y358N and glpT_E448K were present in
cereal, drinking water and children’s faecal samples from rural and urban areas, indicating
a widespread distribution of these genes. Other genes were limited to children’s faecal
samples, including blaoxa-1, an ESBL gene, which constitutes a public health concern as
its presence restricts the use of beta-lactam antimicrobials for infection treatment.
Mutations in topoisomerase genes, gyrA and parC, were detected and play a key role in
the development of high-level resistance to fluoroquinolones. These mutations are mainly
observed in the quinolone resistance-determining region (QRDR), where they confer
resistance to fluoroquinolones (Johnning et al., 2015). A single mutation in gyrA can
result in high-level resistance to nalidixic acid, while additional mutations in gyrA or in
another topoisomerase gene such as parC contribute to high-level resistance to
ciprofloxacin (Johnning et al., 2015).

Differences in AMR profiles between rural and urban areas were observed, which may
be related to human activities specific to each region, including urbanisation and self-
administration of antimicrobials (Penders et al., 2013; Hayward et al., 2020; Krishna et
al., 2023).
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In this study, genes conferring resistance to aminoglycosides, beta-lactams,
fluoroquinolones, tetracycline, sulphonamide and trimethoprim were positively
correlated with children’s faecal samples, pointing to resistance against commonly used
antimicrobials (Penders et al., 2013). On the other hand, a negative correlation was
observed between AMR genes and drinking water samples. This may be related to water
treatment through chlorination of municipal water, which reduces the bacterial population
and, consequently, limits the potential for horizontal gene transfer and the spread of

antimicrobial resistance genes among bacteria.

Sequence type 301 was linked to multiple AMR genes and some AMR genes were
correlated with specific sequence types, which can be related to horizontal genetic
exchange by mobile genetic elements, facilitating the acquisition and spread of resistance
genes (Partridge et al., 2018).

The phylogenetic tree indicates genetic relatedness between the strains isolated from
cereals, drinking water and faecal samples of children under five with diarrhoea. These
results indicate that cereals and drinking water are potential sources of DEC causing
diarrhoea in children. Although the DEC strains isolated from cereals and drinking water
were not obtained from the same children whose faecal samples yielded the six DEC
strains, their genetic relatedness highlights the potential public health significance of
contaminated food and water as environmental reservoirs that may facilitate the spread

of DEC among children in the same geographic setting.

5.6. CONCLUSIONS

This study focused on the molecular characterisation of the DEC pathotypes from faecal
samples of under-five children with diarrhoea and food and water samples consumed by
these children and also determining if these children’s diarrhoea is caused by the food
and water they consume. The most frequently detected DEC strains in this study were
characterised as O109:H21/ST40, O88:H5/ST206, and O80:H2/ST301. The strains
harboured AMR genes conferring resistance to important antimicrobial classes used in
clinical practice, including aminoglycosides, fosfomycin, polymyxins, phenicol, beta-

lactam, fluoroquinolone, trimethoprim, tetracycline and sulphonamides.

The DEC strains from food, water and faecal samples from children with diarrhoea were

genetically related. These findings suggest that food and drinking water may be
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contributing to the transmission of DEC among children residing in rural and urban areas
of Maputo. The results of this study highlight the need for a One Health approach to
effectively monitor, prevent, and control the spread of AMR across sectors. The detection
of DEC in food and drinking water calls for education on good food preparation,

conservation and water treatment practices.
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CHAPTER 6: GENERAL DISCUSSION
6.1. Introduction

Children under five in Mozambique are at continuous risk of having diarrhoea due to
factors such as lack of improved water, toilet facilities, and low education level of the
caregivers, a scenario that characterises most countries in sub-Saharan Africa (He et al.,
2023). These conditions facilitate the spread of diarrhoeagenic pathogens, mainly when
good hygiene practices are not followed and drinking water is not treated, which leads to
diarrhoeal diseases, mostly in children under five, who are at high risk. Diarrhoeagenic
pathogens such as Rotavirus, Adenovirus, Salmonella spp., Shigella spp., E. coli, V.
cholerae, and Cryptosporidium spp. have been involved in causing diarrhoea in children
in Mozambique (Nhampossa et al., 2015; Chissaque et al., 2018; Dall, 2023).

Data from 2015 to 2019, indicate that in rural area of Maputo 1,373 cases of diarrhoea
were reported in children under five years old, while three urban facilities in Maputo
reported 7,668 cases (Machava et al., 2022a). Despite this continuous record of diarrhoea
cases, studies have focused more on detecting diarrhoeagenic pathogens in stool samples
from children. However, studies on risk factors that may contribute to the occurrence of
diarrhoea and on microbial source attribution and transmission routes for foodborne
pathogens are limited. The present study was carried out to feel this gap by (1) identifying
DEC in children with diarrhoea and the factors associated with diarrhoea; (2) identifying
diarrhoeagenic bacteria and factors associated with contamination of food and water
consumed by children under five years with diarrhoea and (3) ascertain antimicrobial
resistance presence, strain differences, microbial source attribution and transmission

routes for foodborne pathogens.

The study was carried out in rural area (Marracuene), and urban area (KaMaxakeni), in
Maputo having been characterised in field and laboratory work. Field work involved the
collection of faecal samples from children under five with diarrhoea, sampling of food
and drinking water consumed by these children, face-to-face household interviews with

caregivers, and a one-week food recall.

The laboratory phase consisted of the identification of diarrhoeagenic bacteria in
children’s faeces and on food and water consumed by them, which consisted of

Salmonella spp., Shigella spp. and DEC, the leading cause of foodborne diseases in the
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world and particularly in Mozambique (WHO, 2024b; Nhampossa et al., 2015; Chissaque
et al., 2018; Dall, 2023; Manhique-Coutinho et al., 2022).

The DEC identification was preceded by the isolation of E. coli from faecal, food and
drinking water samples, as described in section 3.3.3.1 for human samples and section
4.3.4.1 for food and drinking water. The presumptive E. coli strains from food and
drinking water were further confirmed using MALDI-TOF MS (section 4.3.4.2), which
was not done for the human E. coli isolates. The confirmation of strains prior to molecular
analysis is crucial to ensure that only those exhibiting characteristics similar to the target

microorganism are analysed.

The identification of DEC in food and drinking water samples was performed using the
SSI Diagnostics protocol, as described in section 4.3.5, while for human samples it was
based on WGS detailed in section 4.3.5. Chapter 5 focused on the molecular
characterisation and similarity evaluation between the DEC from human, food and
drinking water based on the WGS, which made it necessary to perform the DEC
identification and characterisation using the WGS.

The use of these molecular tests elucidated differences in the performance, as the isolates
that were PCR may detect limited virulence genes, while WGS can identify several
virulence genes. In addition, the differences may be related to the specificity of the PCR
primers, which may be low. So, these molecular approaches may lead to different results
in the identification of virulence genes and consequently, differences in the DEC strains
identified.

6.2. General discussion

The WGS of the 300 faecal samples analyses showed that only 2.0% (3/300) harboured
DEC strains, 1.0% (3/300) in rural and 1.0% (3/300) in urban areas, which consisted of
EPEC. These findings support hypothesis 1, as presented in section 2.8.1. Based on the
binomial logistic regression analysis, the EPEC diarrhoea was associated with foods such
as fruits, vegetables, and juice, as well as animal contact with dogs and chickens. In this
study, a small number of DEC (n = 6) was identified, which may have affected the
reliability of the logistic regression model, having been identified the consumption of
yoghurt as a protective factor and the consumption of fruits, vegetables and juice and
contact with dogs and chickens as risky factors. However, more factors that may
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constitute risk factors for diarrhoea in children were observed. For example, children from
the rural area consumed more beef, pork, chicken and eggs a week before experiencing
diarrhoea. These foods can harbour pathogenic bacteria, as the food animals serve as

reservoir for foodborne pathogens (Heredia and Garcia, 2018b).

Further, many caregivers from the rural area did not consider water as a source of
diarrhoea, and children from both sampling areas were given untreated water for drinking,
which is worrying as this is among the most important vehicles of foodborne pathogens
(Bintsis, 2017). Caregivers of this area also attributed diarrhoea to lunar influences, as the
communities believe the waning crescent moon phase increases vulnerability to illnesses,

customs that constitute a barrier for disease prevention (Odo et al., 2023).

Some households used pit latrines without covering slabs, and one household in a rural
area did not have a toilet facility; lack of a toilet system and the use of uncovered pit
latrines have been associated with diarrhoeal diseases (Belay et al., 2022; Mabvouna et
al., 2023).

Since food and water are among the primary sources and transmission vehicles for
foodborne pathogens, detecting these pathogens to assess safety is crucial, and this was
the focus of the present study. In addition, the finding described above showed the
relevance of food (fruits, vegetables and juice) in the transmission of EPEC strains,
making it important to see if the food and water consumed by the children are

contaminated.

The PCR analysis of E. coli from food and water consumed by children with diarrhoea
allowed the identification of ETEC in cereals (n = 5), combined food (n = 3), yoghurt (n
= 1) and drinking water (n = 6), EIEC only cereal (n = 1) and EPEC (n = 1) in drinking
water. However, with WGS analysis, only EIEC and EPEC were identified. The strains
identified as EIEC and EPEC by PCR were also confirmed by WGS. Other strains
identified as DEC by the PCR were confirmed as negative by the WGS, and two isolates
that were negative for PCR were identified as EPEC. The observed differences may

indicate low primer specificity in the PCR assay.

The presence of DEC strains in food and drinking water consumed by children with
diarrhoea was associated with fruit puree, infant formula, ready-to-eat meals and bottled

water consumption. Coincidentally, fruits were identified as a risk factor for EPEC
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diarrhoea and for food contamination by the DEC pathotypes, for this last is particularly
the puree. This highlights the probability of inadequate fruit sanitisation before
consumption, or even inappropriate conservation (Ekici, 2019).

Vegetables were among the risk factors for EPEC diarrhoea in children. However, no
DEC strains were identified in the vegetable samples collected in the children’s
households, although some combined food and ready-to-eat meals, which harboured DEC
strains, contained vegetables.

Drinking water was identified as a source of EPEC based on both PCR and WGS
analyses, and regression analysis revealed a significant association between water and
DEC contamination. ETEC was also detected in water samples by PCR. Interestingly,
yoghurt consumption appeared to be a protective factor against EPEC-associated
diarrhoea. However, one ETEC strain was detected by PCR in a yoghurt sample collected
from a child’s household, suggesting possible contamination during the preparation or
storage of the yoghurt by caregivers. This finding highlights the need for further studies
to explore food handling and hygiene practices at the household level.

Cereals (n = 2) and drinking water (n = 1) also harboured Salmonella spp., identified
through WGS analysis. However, binomial logistic regression analysis was not conducted
because the total number of isolates falls below the threshold for this kind of analysis.
The presence of DEC strains and Salmonella spp. in food and drinking water consumed
by children under five in Maputo confirms hypothesis 2, stated in section 2.8.2, except of

Shigella spp., which was undetected.

The WGS analysis, besides the identification of the DEC strains in food, drinking water
and humans, using bioinformatics tools, allowed the molecular characterisation of these
strains. The molecular characterisation enabled the identification of the sequence types,
serogroups, and AMR profiles of the DEC strains, as well as their genetic relatedness
through phylogenetic analysis.

The obtained results demonstrated the applicability of WGS for both source attribution
and AMR profiling, wich is not possible using routine methods (Adzitey et al., 2013).
Based on WGS analysis, ten strains were confirmed as DEC, two from cereals, two from
drinking water and six from human samples. Most strains belonged to 0109:H21/ST40,
088:H5/ST206 and O80:H2/ST301 serogroup and sequence types. The most frequent
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AMR genes were glpT_E448K, pmrB_Y358N aadAl, catAl, sull, and dfrAl, which
confer resistance to fosfomycin, polymyxins, aminoglycosides, phenicol, sulphonamides
and trimethoprim, antimicrobial classes used in clinical practices. ESBL genes, including
blaoxa-1 and blaskv-1, were also detected, constituting public health concerns by limiting
the effectiveness of beta-lactam antimicrobials (Husha et al., 2023). The WGS also
enabled the identification of mutations in topoisomerase genes, such as gyrA_S83L,
parC_A56T and parC_S80I. The coexistence of these mutations is associated with high-

level resistance to the fluoroquinolone class of antimicrobials (Johnning et al., 2015).

The identification of AMR genes and topoisomerase gene mutations WGS highlights the
limitations of routine AMR testing. In LMICs the AMR testing often relies solely on
phenotypic methods, which may fail to detect important resistance mechanisms. This
limitation contributes to the spread of AMR, reduces treatment effectiveness, and can lead

to increased morbidity and mortality.

In addition, phylogenetic analysis of the DEC isolated in food, drinking water, and faecal
samples of children showed relatedness between the strains. The DEC strains were
classified into three Clusters. Cluster I contained four DEC stains from children’s faeces
and one from cereal samples, highlighting their similarities. In contrast, Cluster 1l was
heterogeneous, containing strains from food, water and children’s faecal samples, and
Cluster III comprised a single DEC strain isolated from children’s faeces. The similarities
observed in these strains underscore that food and drinking water are potential sources of
DEC causing diarrhoea in children under five in Maputo, supporting hypothesis 3

presented in section 2.8.3.
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CHAPTER 7: CONCLUSIONS AND RECOMMENDATIONS
7.1. Conclusions

EPEC pathotypes were recovered from 2.0% of faecal samples collected in children under
five with diarrhoea in rural and urban areas of Maputo. EPEC-associated diarrhoea in
these children was negatively associated with the consumption of yoghurt, which
appeared to act as a protective factor. In contrast, diarrhoea was positively associated with
the intake of fruits, vegetables, juice, and exposure to domestic animals such as dogs and
chickens. However, this association may not be generalised to the broader population due to the

low prevalence of EPEC in the study sample.

Food consumed by the children was contaminated with ETEC, EIEC and EPEC strains,
with 13.0% prevalence, and Salmonella spp. with 2.2% prevalence. These strains were
present in cereals, combined food, yoghurt and drinking water. DEC strains were
associated with the consumption of infant formula, fruit puree, ready-to-eat meals, and
bottled water.

WGS allowed the confirmation of 10 DEC strains isolated from food (n = 2), drinking
water (n = 2) and faecal samples (n = 6), of which most belonged to 0109:H21/ST40,
088:H5/ST206 and O80:H2/ST301 serogroup and sequence types. The strains harboured
AMR genes conferring resistance to important antimicrobial classes in clinical practices,
which include aminoglycosides, fosfomycin, polymyxins, beta-lactam, fluoroquinolone,

trimethoprim, tetracycline and sulphonamides.

The DEC strains were genetically related, suggesting that food and drinking water were
the potential sources of DEC causing diarrhoea in Maputo children under five years old.
However, further epidemiological and molecular evidence based on robust data is needed

to confirm food and water as definitive transmission routes of diarrhoea in children.

7.2. Recommendations

The presence of diarrhoeagenic pathogens in food and drinking water, along with the
identification of these sources as potential reservoirs of DEC responsible for childhood
diarrhoea, underscores the need for education on good practices in food preparation,
storage, and water treatment. This education should be provided by health authorities,
focusing on the Five Keys to Safer Food defined by the WHO. These include maintaining

cleanliness, separating raw and cooked foods, using safe water and raw materials, and
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keeping food at safe temperatures, thereby helping to prevent the spread of diarrhoeagenic

pathogens. Studies on attitudes and practices during food preparation are also needed.

Further studies with more robust data are needed on the source attribution of diarrhoea in
children. In this study, the association analyses were based on a small number of positive
strains (DEC = 6), which limits the ability to draw reliable inferences for the broader

population.

The presence of AMR genes conferring resistance to antimicrobial classes used in clinical
practices, in food, drinking water, and children’s faecal samples, underscores the
importance of a One Health approach, for monitoring, preventing, and controlling the

spread of AMR across different sectors.
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APPENDIX 1: Questionnaire

This questionnaire aims to obtain information related to demographics of the children
with diarrhoea and their caregivers, source of diarrhoea as perceived by the caregivers,
house conditions, animals in the house, water supply, and food consumed by the children

a week before experiencing diarrhoeal episodes.

Important note: these questions are part of an extensive questionnaire of the focal project
focused on Foodborne Disease Epidemiology, Surveillance and Control in African LMIC

(Mozambique, Tanzania, Nigeria and Ethiopia).

1. Questions to be pre-filled
1.1.Data collector/interviewer:
1.2.Health care institution/facility:

1.3 Child case number/ID:
1.4 Parent/caretaker number/ID:
1.5 Laboratory ID:

1.6 Date of interview: _/ / __ (dd/mml/year)
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Start of the interview

Interviewer: Thank you for agreeing to participate in the study. We are going to start by

asking you some questions about your child, your household, your activities, and

livestock you may have. Please let me know if you don’t understand any of the questions,

and feel free to ask any question you may have during the course of the interview, which

will take approximately 30 min.

2. Demographics

2.1. Name of the child:

2.2. Gender child:
"1 Female
"1 Male
2.3. Age of child: (Consult baby card, if available)
years __ months
Birthday /[ (dd/mm/year)

[1 Don’t have exact date

2.4. Name of parent/caretaker:

2.5.Gender of parent/caretaker:
"1 Female
"1 Male

2.6.What is your marital status
1 Married
"1 Divorced
"1 Widowed
1 Single, but living with someone
18Single, living alone

2.7.Age of parent/caretaker:
years

Birthday /| (dd/mml/year)

[1 Don’t have exact date

2.8.Relationship with child:

© University of Pretoria

127



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(02@*

(] Mother
] Father
"1 Relative, specify:

1 Other, specify:

2.9.Address/household identifiers:

Street name:
Village name and
ID:

House number/ID:
Location ID:
Region:

Latitude:
Longitude:

3. Possible source/vehicle of infection

3.1. According to you, what do you think caused your child’s illness?

3.2. Did your child consume food or drinks that in your opinion smelled or tasted like
they were spoiled?

[1 Yes

[1 No
If yes, what food/drink was it:
when was

it:
where was it:

[1 Don’t remember
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4. Food eaten in the household

4.1. Which of the following types of food did your child eat during the week before the
illness? Click all that applies and specify, from where the food was bought/obtained

Beef

Pork

Lamb/sheep meat
Goat meat

Chicken meat

Eggs

Other poultry,
specify

Fish or shellfish, specify
Other meats, specify
Don’t remember

0 o o A |
I B
0 o A |
0 o A |

O
O
O

H o

O

Dairy Pasteurised Fermented Raw Food bought/obtained from
Milk O 0 O

Yogurts
Cheese
Other
dairy,
specify

U
[
[

O OO
O OO

Vegetables and fruit Food bought/obtained from
Cooked vegetables, specify

Raw vegetables (e.g. leafy green salads),
specify
Berries, specify 0
Other fruits, specify

[

1

129

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
@ YUNIBESITHI YA PRETORIA

5. Food products for very young children (< 2 years)

5.1. What did your child eat and drink during the week before the illness?

Where was it bought How was the How was it
(Name and location of ~ nature of it prepared/eaten?

the shop/place) (e.g. powder,
liquid)

Not applicable Not Not applicable
applicable
(breastfeeding)

0 0 0 O
formula

=
cereals

meal

cookies
vegetable juices
Other food,
specify

Specify,

5.2. Does your child drink any of the above products from baby bottles?

[J Yes, specify which products

[0 No
[0 Don’t know

5.3. What kind of water is used for preparing the above mentioned products?

1 Bottled water, specify the brand
1 Boiled water from the household’s usual water supply* (reaching boiling point)

"1 Water (not boiled) from the household’s water supply
00 Other, specify
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6. Water supply

6.1. What kind of water do you use in your household for drinking?

Drinking water source Primary  Secondary Other sources
source source (tick all that
(choose (choose apply)
only only one)
one)

Piped water into home 0 0 O
Public/communal well/ or standpipe 0 0 O
Lake, name: 0 O O
River, name: 0 O O
Creek 0 0 O
Pond or dam (standing water) directly 0 0 0
Private well or pump, protected 0 0 O
Private well or pump, unprotected 0 0 O
Spring, protected 0 0 O
Spring, unprotected 0 0 O
Rainwater 0 0 O
Tanker truck 0 0 O
Cart or wheelbarrow with small tank or drum 0 0 0
Bottled water O O O
Other, 0 0 O
specify

6.1. Is the drinking water treated before consumption (e.g. disinfected with chlorine or
UV, filtered, etc. )?

[1Yes
[1No
[1 Don’t know/Don’t remember

If yes,

1 Boiling

(1 Strain it through a cloth

1 Adding disinfectant, sich as chloringe or bleach
1 Sedimentation and decant

1 Filtering

"1 Solar disinfection

] Other, specify
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7.1. What type of toilet sytem do members of your household use when at home? (chose
only one)

Bathing water source

Flush or pour toilet with septic tank, including
squat toilet
Flush or pour toilet connected to sewer pipe
Pit latrine with covering slab

Pit latrine without covering slab

Ventilated improved pit latrine (VIP)
Bucket or plastic bags

No facilities or field or bush

Other,
specify

8. Contact with animals

Primary
source
(choose
only
one)
(]

OoOooOoOooo-gaod

8.1. Does anyone in your household own any of these animals?

Cattle
Goats
Sheep
Pigs

Chicken

Ducks
Dogs
Cats
Horses

Donkeys
Rabbits

Other

Yes

N Y Y Y Y I A

Specify

How Location of animals
many

Inside your Around your

house house

Ooooooooooon-d
Ooooooooooo-d

© University of Pretoria

Secondary
source
(choose only
one)

Distant
location

Ooooooooooo-d

O

OoOooOoOooo-gaod

Other
sources
(tick all

that apply)

O

N Y Yy A B
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8.2. Did your child have contact with the following animals? By contact we mean
feeding or touching the animal, or contact with droppings or manure from the animals.

Contact frequency
Yes Daily 4-6 times per  1-3timesper  Lessthanl
week week times per
week
Cattle 0 O 0 0 O
Goats 0 O 0 0 O
Sheep 0 0 0 0 O
Pigs 0 O 0 0 O
Chicken 0 0 0 0 O
Ducks 0 0 0 0 0
Dogs O 0 0 O 0
Cats 0 O 0 0 O
Horses 0 0 0 0 0
Donkeys 0 0 0 0 O
Rabbits 0 0 0 0 O
Other 0 O O 0 0
- Specify

8.3.Did your child have the possibility to be in contact with any of the following wild or
free roaming animals? By contact we mean feeding or touching the animal or
contact with droppings or manure from the animals.

Contact frequency
Yes Daily 4-6 times per 1-3 times per Less than 1
week week times per week

Caged wild 0 O 0 0 0
animals, specify
Wild birds, O O 0 0 O
specify
Bats 0 0 0 0 0
Wild boars O O O O 0
Deer 0 l O 0 O
Foxes O 0 0 0 0
Rats [ U [ ] [
Mice O O O O 0
Rabbits 0 0 0 0 0

0 U (] 0 W
0 U J U [
Other, specify 0 0 0 0 0
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9. Occupation

9.1. Who in the household produces income for the family?

"1 Adult male
1 Adult female
1 Male child (13-18 years old)

1 Female child (13-18 years old)
1 Male child (<13 years old)

1 Female child (<13 years old)
1 Other, specify

9.2. What is the average monthly income of the main earner in the household?

Enter amount:

Enter currency:
0  Don’t know/not sure
1 Prefer not to respond

10. Closure questions

10.1. May we contact you again if we have more questions?

1 No
1 Yes, contact info (how can we contact you):

10.2. Is there any additional information you would like to share?

Interviewer: On behalf of the project team, thank you for taking the time to respond
to this questionnaire. If you have questions about the investigation, please contact

[...]
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