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ABSTRACT

In Low and Middle-income Countries (LMICs), people have access to water but have no access
to safe, clean, and protected water sources. Globally, two billion people consume water
contaminated with faeces, with Escherichia coli being the most prevalent pathogen in polluted
water, posing significant health risks. This underscores the urgent need to investigate resistant
E. coli from groundwater sources and to conduct sanitary inspections. In the Bagamoyo
District, a cross-sectional study was undertaken, examining 60 boreholes, 39 dug wells and 64
tube wells with hand-pumps. Escherichia coli was isolated through a membrane-filtration
method, and the disc diffusion method was used in susceptibility testing according to Clinical
and Laboratory Standards Institute (CLSI) standards. The study found E. coli contaminated
44.8% of groundwater samples and 83.6% of E. coli isolates were resistant to at least one
antibiotic. Resistance was highly observed to cefazolin (56.16%) and nitrofurantoin (54.79%),
Moreover, 70% of the E. coli isolates were multidrug-resistant, with an overall MAR-index of
0.28. Sanitary inspections revealed that dug-wells (46.2%) were at high contamination risk,
and tube wells with hand pumps (32.8%) were at high and low contamination risk levels. Also,
boreholes (73.3%) were at low contamination risk. High E. coli contamination was observed
in boreholes despite of being at low contamination risk. Furthermore, groundwater sources
across contamination risk categories indicated high-rate-resistant E. coli contamination.
Therefore, these findings highlight the presence of resistant E. coli from groundwater in
Bagamoyo district and emphasize the necessity to promote proper antibiotic use to prevent
contamination by resistant bacteria.
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CHAPTER ONE
INTRODUCTION
1.1 Background of the problem

Worldwide, 2 billion individuals are estimated that are using faecal polluted water, primarily
in developing nations (WHO/UNICEF Joint Monitoring Programme & for Water Supply,
2020). The fact that individuals are consuming tainted water that contains bacteria like
Escherichia coli (E. coli) is the most concerning worry on public health (Nowicki et al., 2021,
Odonkor & Ampofo, 2013). According to WHO (2019), E. coli is among the bacteria that
causes epidemics of diarrheal illness in human and is accounted for 370 000 child deaths
annually globally. Moreover, E. coli causes urinary bacteremia, pneumonia, UTIs, and
peritonitis (Jain et al., 2015; Nielsen et al., 2014).

Escherichia coli is one of the ten public health hazards coming from the misuse of antibiotics
for human and animal therapies, food production, and environmental disposal. Despite of
causing infections, E. coli has been related to the growing global problem of antimicrobial
resistance (WHO, 2021b). Antimicrobial resistance happens when micro-organisms such as
viruses, fungi bacteria, and parasites evolve and become less responsive to antimicrobial
treatments. This increases the difficulty of treating infections and lowers the chance of
managing serious illness that leads to, death, and the spread of disease (WHO, 2021a). If the
current trend continues, resistant infections are estimated to cause 4.2 million individual deaths
in Africa per year by the year 2050, with Sub-Saharan Africa accounting for the majority of
these deaths (Neill, 2016a). Research conducted in Morocco and northern Tanzania, along with
a global scoping review by Chique et al. (2021), has linked antimicrobial resistance risks to
water sources. These studies informed an increase of resistant E. coli in water sources across

several African countries (Lyimo et al., 2016; Tahri et al., 2021).

Three main processes underlie resistance to antibiotics: (1) breakdown of antibiotic drugs by
enzymes; (2) alteration of bacterial proteins targeted by antibiotics; and (3) modification of
membrane penetrability to antibiotics (Dever & Dermody, 1991; Reygaert, 2016). It has also
been reported that E. coli can become resistant to beta-lactam antibiotics over the action of
extended-spectrum beta-lactamase (ESBL), a plasmid-mediated enzyme that hydrolyze and

deactivate beta-lactams like cephalosporins and monobactams (Chmielarczyk et al., 2014).



Gram-negative bacteria such as E. coli employ efflux pumps or alter membrane permeability
to minimize the concentration of the drug within the cell. Additionally, they utilize various
enzymatic mechanisms to enhance the binding of antibiotics to their target sites, thereby
inactivating the antibiotics (Arbab et al., 2021; Meletis & Bagkeri, 2013).

Numerous researches carried out in Tanzania about multi-drug resistance in water sources
discovered an increase of resistant microbes, with E. coli being among of the bacteria
exhibiting multi-drug resistance in urban water sources (Ripanda et al., 2023a; Subbiah et al.,
2020a). Research carried out in Tanzania has demonstrated the existence of resistant
Escherichia coli in freshwater, marine, rodent, chicken, domestic soil, and meat products
(Marijani, 2022; Sonola et al., 2021). This finding appears to indicate a potential risk of
exposure to groundwater sources. Since Tanzania has prioritized multisector surveillance on
antimicrobial resistance in humans, animals, plants, and the environment in its action plan
(URT, 2017), knowing the status of E. coli antibiotic susceptibility in groundwater sources is
important not only for the implications for healthcare that arise from having limited treatment
options but also for the financial implications of using expensive treatments and the length of

time that the infected population remains ill.

It is acknowledged that groundwater contamination poses a serious risk to public health,
particularly in boreholes, tube wells, and excavated wells (Bivins et al., 2020; Viban et al.,
2021). Pit latrines, pour-flush toilets that empty into a pit or septic tank, and even open
defecation are common in many developing nations (Ercumen et al., 2017), especially in
impoverished neighborhoods. Seasonal flooding, poor sewage systems, high population
densities, improper disposal of industrial waste, poor hygiene practices, and broken septic
systems all contribute to this problem systems (Da Silva Peixoto et al., 2020; Ferrer et al.,
2020). All of these elements together increase the possibility of contaminating sources of
drinking water. Furthermore, according to Kamara et al. (2022), E. coli is a conventional
bacterial biomarker of faecal pollution in groundwater, even though the World Health
Organization recommends that there should be no trace of E. coli in hundred milliliters of

drinking water.

The majority of the settlements in Bagamoyo, which is located on Tanzania's coast, rely on
groundwater as a backup supply because of the inconsistent supply of piped water (Ligate et

al., 2021). Bagamoyo district being in the coastal area groundwater contamination may be



attributed to shallow water table (Nkotagu, 1989). According to Amos et al (2014) and
Ramatla et al. (2023), this encourages E. coli to spread to a bigger population. This emphasizes
the necessity for the survey in the Bagamoyo area to look into the status of the resistant E. coll,

which is primarily known to cause pollution in groundwater sources elsewhere.
1.2 Statement of the problem

Access to safe, clean and affordable water for consumption is an important human right, as
recognized by Sustainable Development Goal 6, aiming to achieve global delivery of safe water
(Ercumen et al., 2017). Safe water, devoid of microbial contamination, is crucial for various
domestic, recreational, and drinking purposes without compromising human health (WHO,
2023). However, in the Bagamoyo district, despite the availability of treated municipal tap
water, residents predominantly rely on a diverse array of water sources, including municipal
taps dispensing treated river water, shallow wells, rain harvesting, and boreholes (Mattioli et
al., 2014). This reliance on groundwater sources is often due to intermittent and unreliable
water supply from the municipal system, leading people to store water in cisterns or tanks and

resort to groundwater alternatives (Rubino et al., 2019).

In Bagamoyo District is covered by the municipal water supply and groundwater remains a
crucial supplementary source. However, studiesindicate that groundwater sources, particularly
shallow wells and boreholes, along with stored water, are vulnerable to contamination by
pathogenic E. coli (Mattioli et al., 2014), some of which may exhibit resistance to antibiotics.
Research conducted in Bagamoyo has reported a high prevalence of pathogenic E. coli in
unimproved water sources than in improved ones, highlighting the potential health risks related

to untreated water consumption (Mattioli et al., 2013).

Previous studies indicate E. coli serves as an important contributor to the spread of resistance
genes, posing additional challenges to public health (Katakweba et al, 2018). Despite the
consensus on the existence of E. coli in groundwater, there remains a lack of comprehensive
research on its antibiotic sensitivity, thereby raising concerns about the potential implications
for human health. As people consume untreated groundwater contaminated with antibiotic-
resistant E. coli jeopardizes human health, contributing to inadequate prevention and control
of infection and facilitating the spread of antibiotic resistance (Odonkor & Addo, 2018).

Therefore, it is urgently needed to assess the prevalence of resistance in E. coli in groundwater,



understand its spatial distribution, and conduct sanitary inspections to identify risk of

contamination of groundwater in the Bagamoyo district.
1.3 Rationale of study

Enhancing comprehension of the antibiotic resistance dynamics in isolated E. coli from
groundwater sources, along with identifying associated contamination factors, is vital for
effectively recognizing and mitigating resistant microbials outbreaks within community
settings. The existence of resistant E. coli in groundwater not only poses immediate health risks
but also contributes to the broader issue of resistance, undermining infection control efforts
and treatment. Despite the critical nature of this issue, there is a notable gap in research
regarding the resistance status of E. coli from groundwater sources in the Bagamoyo district
council, Tanzania. This study intends to assess the prevalence and spatial distribution of
antibiotic-resistant E. coli in groundwater sources, thereby providing essential datato inform
public health control strategies. Also, conducting sanitary inspections, the study will also
identify contamination sources and guide targeted interventions to reduce public health risks.
Ultimately, this research will support the objectives of Sustainable Development Goal number
6 by promoting the delivery of safe and affordable drinking water, thus enhancing public health

and well-being in the Bagamoyo district.
14 Study objectives
1.4.1 General objective

To determine the prevalence of resistant E. coli from the groundwater and their sanitary

contamination risk in the Bagamoyo district council
1.4.2 Specific objectives
(i)  To determine the prevalence of resistant E. coli in groundwater sources

(i)  To determine spatial distribution of groundwater facilities contaminated with resistant

E. coli

(ii)  To determine the contamination risk levels of groundwater sources



1.5 Research questions

0] What is the prevalence and antimicrobial resistance profile of Escherichia coli

isolated from groundwater sources in Bagamoyo District?

(i) How are the groundwater sources contaminated with antibiotic-resistant E. coli

spatially distributed across Bagamoyo District?
(i)  What sanitary risk factors and contamination risk levels of groundwater?
1.6 Significance of study

This study provides substantial insights into resistance within E. coli populations sourced from
groundwater in Bagamoyo, Tanzania. Furthermore, it elucidates the sanitary factors linked to
concerns regarding groundwater contamination attributable to antibiotic-resistant E. coli
strains. Identifying the presence and spatial dispersion of resistant E. coli is envisioned to
contribute to devising preventive measures against potential infections. This holds particular
significance, given that inadequately treated infections may lead to prolonged illness or even
fatalities. Additionally, grasping the contamination risk level enables the implementation of
targeted interventions addressing risk factors specific to distinct locations within groundwater

sources.
1.7 Delineation of the study

Assessing the prevalence of antibiotic resistance of E. coli in groundwater and their sanitary
inspection to determine contamination risk is crucial to protecting public health from
consuming contaminated groundwater. The research focused on various groundwater sources
utilized by Bagamoyo district residents, including dug wells, boreholes, and tube wells with
hand pumps. Given the intermittent and unreliable municipal water supply, many residents rely
on groundwater as alternatives, which are vulnerable to E. coli contamination. This study
employed a cross-sectional design to collect water samples from different sources and
locations, ensuring representative sampling across the district. Laboratory analyses were
conducted to detect E. coli and determine its antibiotic resistance profiles. Google Earth tools
used to map the distribution of contaminated sources, and sanitary inspections are carried out
to identify factors contributing to contamination and the contamination risk level. The findings

provide critical insights into the prevalence of resistant E. coli, its spatial distribution, and the
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associated health risks in the district, thereby informing public health interventions and policy

decisions aimed at improving water quality and managing antibiotic resistance.



CHAPTERTWO
LITERATURE REVIEW
2.1 Historical background of E. Coli

Escherichia coli, as part of the fecal coliform family, is commonly found in various
environments, including food, water, and in the animals' and human intestines. While many
strains of E. coli do not cause illness, certain strains lead to diarrhea. Dr. Theodore Esherich, a
German scientist in the late 19t century, first identified E. coli, which subsequently became a
model bacterium in molecular biology laboratories worldwide (Hacker & Blum-Oehler, 2007).
One notable strain, Shiga toxin-producing E. coli O157:H7, was discovered in the USAin 1982
during an outbreak of bloody diarrhea (Law, 2000). This outbreak was connected to the
ingesting of undercooked meat, raw milk, and contaminated water. Following this event,
numerous studies have been undertaken globally to examine the prevalence of E. coli in various
sources, including water, caregiver hands, stored water, meat, fish, milk, and human urine
(Roberts ef al., 2022; Sonola et al., 2022). The WHO has acknowledged E. coli O157:H7 as a
significant cause of diarrhea outbreaks worldwide, particularly when contaminated water and
food are consumed (Coleman et al., 2012). This recognition underscores the importance of

ongoing research and monitoring efforts to mitigate the risks associated with this pathogen.
2.2 Significance of antibiotics in public health

Since their detection in the early 20 century, antibiotics have significantly enhanced both
public health and quality of life. They are considered miraculous medications that have saved
countless lives (Muteeb et al., 2023). However, widespread misapplication of antibiotics in
human, and animal husbandry, and agriculture leads to the development of resistant bacteria
(Manyi-Loh et al., 2018; Salam et al., 2023; Van et al., 2020). The environment now contains
more active antimicrobial agents due to overuse, which encourages resistant gene selection
(Serwecinska, 2020). Groundwater is directly contaminated by wastewater and fecal effluents,
which contributes to the development and dissemination of resistance in bacteria (Nnadozie &
Odume, 2019). When bacteria resistant to antibiotics get into waterways, they can either infect
people or animals through consumption, or they can spread their resistant genes to other
bacteria in the surrounding environment (Sanderson ef al., 2018). Groundwater sources are

crucial to the community's ability to receive a consistent supply of water in Bagamoyo.



However, because most developing nations have resistant bacteria, these water sources may be
vulnerable to contamination from sanitary facility effluents (Aslan et al., 2018; Bojar et al.,
2021; Praveenkumarreddy et al., 2020). Antibiotic-resistant bacteria have raised concerns
about the environment and water sources in Tanzanian cities and developing towns, and these
concerns call for quick attention (Lyimo et al., 2016; Subbiah et al., 2020a). Nevertheless, there
is insufficient proof of water source contamination from these regions, including the claimed

Bagamoyo district.
2.3 Antibiotic-resistance mechanism

Bacteria employ three fundamental mechanisms to resist antibiotics: enzymatic degradation of
antibiotic drugs, alteration of targeted bacterial proteins by antibiotics, and modification of
membrane penetrability to antibiotics (Dever & Dermody, 1991; Reygaert, 2016) Extended-
spectrum beta-lactamase (ESBL), a plasmid-mediated enzyme, is capable of hydrolyzing and
deactivating beta-lactam antibiotics like cephalosporins and monobactams, contributing to
Escherichia coli's resistance development (Chmielarczyk et al., 2014). Antibiotic resistance
can arise through enzymatic effects that hinder easy binding to target sites, achieved through
the destruction or alteration of antibiotic structures, employing hydrolysis, group transfer, and
redox reactions (Varela et al., 2021). Additionally, bacteria utilize efflux pumps or modify outer
membrane porins to restrict antibiotic entry into cells (Meletis & Bagkeri, 2013). Moreover,
ESBL-producing E. coli can spread from person to person through physical contact and
antibiotic overuse and misuse in agriculture exacerbating the global rise of antibiotic resistance
(Mgaya et al., 2021; Ventola, 2012). Consequently, antibiotic-resistant E. coli strains are
increasingly prevalent worldwide, highlighting the urgency of addressing this global concern

(Shlaes et al., 2013).
24 The global problem of antibiotic resistance

Resistance to antibiotics has reached a tipping point and is now an international danger to
public health (Mario Galindo-Méndez, 2020). According to Murray et al., 2022 in 2019, 4.95
million deaths were related with antimicrobial resistance internationally, 1.27 million mortality
were attributable to bacteria resistance and the lead bacteria is E. coli, especially in sub-Saharan
Africa. Because of their high vulnerability to antibiotic resistance, E. coli is the most serious

threat from antibiotic resistance. E. coli is particularly concerning in public health because they



endanger patients and cause prolonged morbidity, meaning that antibiotic resistance
exacerbates treatment problems, demanding measures (Azuma et al., 2022). Moreover, it is
estimated to cause 10 million mortalities in the next 35 years to come worldwide and most of
the deaths will happen in low-income countries and sub-Saharan African countries (WHO,
2014). Which will cause 100 trillion USD of global production to be lost (O’Neill ef al., 2021,
2021). According to Founou et al. (2017) five out of the six WHO provinces had over 50%
resistance to third-generation antibiotics in E. coli. Likewise, Tanzania was reported to be
resistant to cephalosporin of the third generation (Moremi et al., 2014). Similar antibiotic
resistance of enteric pathogens was reported in studies in the southern coast region of Tanzania
from chicken slaughter, wastewater, and water sources which are common transmission paths

of enteric diseases (Lyimo ef al., 2016; Mgaya et al., 2021; Ripanda et al., 2023D).

2.5 A conceptual framework on E. coli contamination in groundwater and

antimicrobial resistance

Groundwater, long regarded as a safe drinking water source, is increasingly vulnerable to
contamination by Escherichia coli due to poor sanitation, animal waste, and environmental
mismanagement (Ashbolt et al., 2001). E. coli serves as a reliable fecal indicator, and its
presence often signals the risk of enteric pathogens such as Salmonella and Shigella.
Contamination pathways include surface runoff, seepage from unlined pit latrines, and

infiltration from poorly managed wastewater (Howard et al., 2003; Luby et al., 2008a).

The growing challenge of antimicrobial resistance (AMR) adds further complexity. Resistant
E. coli strains, originating from humans or animals treated with antibiotics, can enter the
groundwater system and persist in the environment (Berendonk et al., 2015). In low-resource
settings such as Tanzania, misuse of antibiotics is widespread due to weak regulations,
enhancing the selection pressure for resistance(Taneja & Sharma, 2019). These bacteria may

share resistance genes through mechanisms such as horizontal gene transfer.
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Figure 1: Conceptual framework on E. coli contamination and AMR

The conceptual framework follows a transmission chain: source (fecal waste with AMR E.
coli) environmental media (soil, runoff, groundwater) exposure (drinking water, hygiene use).
This process is influenced by land use, proximity of pollution sources to water points, rainfall
patterns, and sanitation conditions. The presence of multi-drug-resistant strains even in low
concentrations poses elevated health risks due to reduced treatment options.This framework
emphasizes the interconnected nature of environmental and public health risks, supporting
integrated approaches like One Health and Water Safety Plans to address both microbial
contamination and AMR threats (WHO, 2011).

2.6 The burden on public health

The presence of Escherichia coli in drinking water, especially from untreated groundwater
sources, significantly contributes to the global burden of waterborne diseases. According tothe
World Health Organization (WHO, 2022b), unsafe water, sanitation, and hygiene are
responsible for over 1.7 billion cases of diarrhea annually, with the highest impact observed
among children under five in Sub-Saharan Africa (Priiss-Ustiin et al., 2014). Ingestion of
contaminated water can lead to various health conditions, including diarrhea, urinary tract

infections, and life-threatening illnesses such as septicemia.

This public health threat intensifies when E. coli strains exhibit resistance to commonly used
antibiotics. Antimicrobial resistance (AMR) leads to ineffective treatment, prolonged illness,

higher medical expenses, and increased mortality (Neill, 2016b). In rural Tanzanian settings
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like Bagamoyo District, limited diagnostic capacity and restricted access to second-line

antibiotics further compound the problem.

Moreover, AMR E. coli spreads silently through environmental exposure particularly through
contaminated water bypassing traditional clinical surveillance systems. Asymptomatic carriers
can unknowingly facilitate transmission within households and communities (Walsh, 2013).
This environmental pathway is especially concerning in densely populated areas with

inadequate sanitation and shared water sources.

Economically, the burden is widespread. At the household level, families face increased health
costs and lost income. At the national level, the healthcare system is strained, and progress

toward Sustainable Development Goal 6 (clean water and sanitation for all) is jeopardized.

In conclusion, the intersection of E. coli contamination and AMR presents a critical challenge
to public health. Addressing it requires integrated strategies involving water quality
monitoring, AMR surveillance, community education, and investment in WASH

infrastructure.
2.7 Groundwater sources and their classification

Groundwater is a vital resource for drinking, agricultural, and industrial requirements in
incomes countries and it is an essential part of the global water cycle (Carrard et al., 2019).
Comprehending the classification of underground water sources is essential for efficient
administration and preservation endeavors. Geological formations, hydrological features
(confined and unconfined aquifers, perched aquifers, and artesian wells), accessibility and
construction (dugwells, boreholes, tube wells, and springs), and depth below the surface (from
shallow to deep groundwater) are some of the factors that can be used to categorize
groundwater (Adnan et al., 2019; Balasubramanian et al., 2015). This classification makes it
easier to monitor and evaluate specific aspects of water quality, such as chemical composition,

microbial contamination, and pollutant levels.
2.8  Vulnerability of groundwater contamination

Groundwater sources are susceptible to pollution from a variety of sources and their
vulnerability is increased by being close to sanitation infrastructure, such as sewage treatment

plants and septic tanks (Hynds et al., 2012). Whereby, untreated sewage can introduce bacteria
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such as E. coli into groundwater from these contamination sources (Rao et al., 2013). Abuse of
antibiotics and inappropriate waste disposal are among the factors that contribute to the
occurrence of resistant E. coli. However, agricultural, urbanization, and runoff contribute to
groundwater contamination with resistant E. coli through porous formations and cracked
bedrock that promote quick penetration of microbes if the source is not protected (Almakki et
al., 2019; Ibekwe et al., 2011). The use of antibiotics in animals and poor waste management
are two ways that agriculture contributes to groundwater contamination especially in area with
careless oversight and restrictions (Manyi-Loh et al., 2018). To address this, more stringent
policies, sustainable agriculture, better sanitation, and ethical antibiotic usage are needed to

protect public health by addressing the sources of contamination.
2.9 Sanitary inspection for groundwater sources

The World Health Organization (WHO) defines a sanitary inspection as an on-site assessment
of a water supply aimed at identifying the sources of current and possible contamination
(WHO, 1996). Sanitary inspection is further defined as an assessment of risk factors visually
that could lead to fecal pollution of water sources (Kelly ef al., 2021; Pond et al., 2020). It has
been suggested that standardized sanitary inspection be used as a strategy to improve water
quality at its sources and encourage the supply of safe water (WHO, 2022a). Throughout this
procedure, forms that have been expressly created to enable a thorough risk-based evaluation
of water systems are used and questions about possible risk issues surrounding the water supply

are included in the sanitary inspection form (Odjegba et al., 2020).
2.10 Contribution of sanitary factors to the occurrence of resistant E. coli

Groundwater sources have the potential of getting antibiotics contamination and with bacteria
that are resistant, and genes that cause antibiotic resistance from a diversity of sources,
including agriculture, and sanitation facilities, which play a critical role in the development and
spread of resistance (Kusi et al., 2022). It is estimated that 90% of consumed antibiotics are
found in the urine and faeces of the patient (Singer et al., 2016) that is disposed of in sanitary
facilities. The dose of the antibiotic present in the environment is less compared to that intended
to Kill bacteria such as E. coli, this promotes the mechanism of bacteria to create resistance to
antibiotics (Kraupner et al., 2018). There is proof that environmental bacteria such as E. coli

can spread easily to areas with poor sanitation services and unimproved water sources (Caudell
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et al., 2018). Therefore, groundwater that is in a urine and feces-contaminated environment is

at high risk of containing resistant E. coli (Leonard et al., 2018).

The majority of enteric pathogen infections including E. coli are acquired through ingestion
and spread from one host to another through several channels. Among those channels are
improper toilet positioning and waste disposal that act as the center of enteric pathogens
transmission between humans, humans and animals, humans, animals, and the environment
(Subbiah et al, 2020b). Even though access to safe drinking water, good sanitation, and
hygiene education is a human right (UNGA, 2010), only 53.6% of Tanzanians had access to
basic toilets, and 3% practiced open defecation (NESR, 2018). This acts as the center of
transmission of resistant E. coli to the environment including groundwater sources and soil to
many informal settlements and rural populations in developing nations due to the use of
improper sanitation facilities and reliance on shared pit latrines and open defecation (Collignon
et al., 2018; Omulo et al., 2021). In addition, it was reported that E. coli is prevalent in most
of the privately owned water sources in developing nations (Genter ef al., 2021; Wang et al.,
2022). Therefore, assessing the susceptibility of E. coli isolated from groundwater is imperative

in the process of controlling and preventing the spread of resistant bacterial infection.
2.11 Spatial distribution of E. coli contamination in groundwater

Groundwater containing resistant E. coli poses a serious threat to worldwide public health.
Different regions have different prevalence and distribution of these resistant strains due to
factors like population density, wastewater treatment, and agricultural methods. This literature
review looks at the worldwide and Sub-Saharan African groundwater-resistant E. coli's spatial

distribution.

Studiesreveal thatantibiotic-resistant E. coli is acommon cause of groundwater contamination
on all continents, with local behaviors and legislation influencing the extent of the
contamination. American research, for instance, found antibiotic-resistant E. coli in 20% of
groundwater samples close to cattle farms, indicating a considerable influence from
agricultural runoff (Zhang et al., 2020). Comparably, research conducted in Europe has shown
that resistant E. coli may be found in groundwater in both rural (37.5%) and urban areas
(16.7%) (AbuAlshaar et al., 2022; Andrade et al., 2022). This can be attributed to inadequate

wastewater treatment and excessive use of antibiotics in agriculture (Lanyon et al., 2021).
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Studies indicate the main causes of contaminated groundwater are leakage from septic tanks,
incorrect disposal of pharmaceutical waste, and agricultural runoff. The distribution of
contaminants is significantly influenced by environmental conditions, including aquifer
features, soil type, and rainfall patterns (Li et al., 2021). The use of antibiotics on cattle and
intensive farming methods are major factors in the proliferation of resistant bacteria in
groundwater. Sewage leaks and industrial waste make the issue worse in urban areas and

encourage resistance to spread (Ayad et al., 2021).

Antibiotic-resistant E. coli is very common in groundwater throughout Sub-Saharan Africa,
particularly in areas with poor access to clean water and sanitary facilities. Significant levels
of resistant E. coli have been found in studies from Kenya, Nigeria, and South Africa, with
notable differences between rural and urban locations. For example, studies conducted in
Nairobi revealed that multi-drug resistance E. coli was present in 30% of groundwater samples
frominformal settlements (Ombuya et al., 2023). Poor sanitation infrastructure and insufficient
wastewater treatment facilities are two of Sub-Saharan Africa's biggest problems. Numerous
populations rely on open defecation and pit latrines, which significantly contaminate
groundwater (Vermeulen et al., 2015). The problem is further made worse by the absence of
strict laws governing the use of antibiotics in both humans and animals. Urban slums with high
population densities, poor water and healthcare systems, and other factors provide breeding
grounds for resistant microorganisms (Godman et al., 2022). Groundwater contamination is
also greatly exacerbated by agricultural practices, such as the irrigation of untreated effluent.
To address these problems and protect public health, a multifaceted strategy including better

cleanliness, stricter antibiotic use laws, and extensive monitoring is needed.
2.12 Importance of antibiotic resistance surveillance in groundwater sources

Antibiotic resistance investigation is serious for guiding therapeutic decisions about empirical
treatment and tracking changes or variations in resistance over time and its distribution
(Johnson, 2015). Microbiology laboratories play an important role in the generation of core
surveillance databy consistently detectingand assessing the antibiotic susceptibility of bacteria

isolated from various specimens.

Surveillance, as defined by the Centers for Disease Control and Prevention (CDC), involves

the organized gathering, examination, and understanding of health data necessary for public
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health action (Thacker & Berkelman, 1988). Prevalence surveillance, in particular, captures
data over a set length of time, allowing for regular temporal trend analysis and providing
insights into resistance trends over extended periods (Johnson et al. 1996). This type of
surveillance tracks disease resistance at local, regional, and national levels, providing valuable
information to healthcare professionals, researchers, pharmaceutical businesses, and regulatory
bodies. In hospitals, surveillance data is used to monitor local antibiograms, develop infection
control strategies, and establish antibiotic usage guidelines (Masterton, 2000). Given this
context, the availability of data on antibiotic resistance in groundwater sources within
communities is crucial for monitoring public health hazards and the effects of prophylactic
antibiotic use. Understanding the prevalence of E. coli in groundwater sources and its resistance
profile in growing towns like Bagamoyo is vital. The current study aims to contribute to proper
mitigation and preventive mechanisms against the rapid growth of antimicrobial resistance in
Tanzania by investigating the resistance of E. coli in groundwater sources in Bagamoyo. This
research will provide insights into the contamination risks and resistance trends in the area,

aiding in the development of effective public health strategies.
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CHAPTER THREE

MATERIALS AND METHODS

3.1 Study area

The study was carried out in Pwani region in Tanzania, at the Bagamoyo District Council,
which is situated at6.4428° S and 38.9085° E (Fig. 1). The groundwatersources in the research
area were hand-pumped tube wells, dug wells, and boreholes. Bagamoyo was selected due to
its growing demand of water for various uses such as industrial, commercial and residential.
Furthermore, many researches about the water sources contamination had been conducted in

cities and highly populated region that led to lack of consideration in water source management
in peri-urban area.
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Figure 2: Map showing the location of Bagamoyo District Council
3.2 Study design

From April to June 2023, a cross-sectional study design was used to ascertain the prevalence

of resistant E. coli in groundwater sources and parameters related to contamination. Disc
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diffusional procedures, sanitary inspection, and E. coli culture activities in the lab were utilized
to gather the data needed to complete this study. Groundwater, which includes springs and
wells, is described as the water that is found beneath the surface and in rocks and soil (Indika
etal., 2022). In order to examine the resistance of the E. coli isolates, the groundwater sources

that are currently in use were included in this investigation.
33 Sample size calculation

With a power of 80% at a 95% confidence interval, a total of 163 water samples from 163
groundwater sources were collected in this study with a maximum margin error of 0.05. The

samples size was obtained from the formula below (Okunade, 2018):

P(1—P)z?
y=Pa-—Pz
L2

Where: -
N= Estimated Number of water samples from groundwater sources
Z= Value based on 95% confidence level at (1.96)
P = Sample proportion (88%)
E = Margin of error (0.05)
From the formula above

0.88(1 — 0.88)1.962
N =
0.052

0.40567
——— =162.3
0.0025

Which were approximated to 163 samples
3.4 Criteria for sampling groundwater sources
3.4.1 Inclusion criteria

M Groundwater sources from boreholes, dug wells, tube well or springs

(i) Groundwater sources being actively used
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(i)  Groundwater sources within five selected wards of Bagamoyo district
3.4.2 Exclusion criteria

()  Groundwater sources used for fish rearing or harvested to be used in rearing fish
33 Sampling, microbiological culture and susceptibility testing
3.3.1 Sampling procedure

From the study area's systematically random selected groundwater sources, a total of 163
samples were taken. Samples were taken from dug wells (39), tube wells with manual pumps
(64), and boreholes (60). Samples were carefully taken from groundwater sources using sterile
plastic 125-ml bottles so as not to contaminate the samples (Kempthorne, 2006). The
procedures for sampling varied based on the kind of facility. The tube was thoroughly flushed
using the hand pump, which pumped water for a minute. The bottle was then opened, making
sure that just the cap's outside edge was gripped, and filled to the 125 ml mark. The borehole
to the nearby tap that was linked to the pump was sampled using an identical method to that
which was used to gather samples from tube wells using handpumps. A cup and a 25-meter-
long line were used to gather a water sample from a well that had been dug. Without making
contact with the well's bottom or sidewalls, the cup dropped into the well gradually. A sample
collecting bottle was filled with water and the cup was elevated. Within six hours of collection,
all samples were placed in a cool box with ice packs and ready to be transported to the Ifakara

Health Institute's Bagamoyo laboratory.
3.3.2 Groundwater sanitary inspection

To determine the levels of contamination risk related with probable sources of microbial
contamination and to identify 163 groundwater sources, a survey of sanitary risk assessment
was conducted. The inspection method uses a checklist of variables related to sanitation
features that have an impact on groundwater and it is based on WHO groundwater sanitary
inspection recommendations (WHO, 1997). Physically evaluating the groundwater sources,
examining the nearby area, and recording the status as “Yes” or “No” for each risk factor
identified were all part of the process. Considered the degree of protection, proximity, and
placement in relation to pit latrines that were either uphill or downhill. Whereas a "No"

response demonstrated the lack of a contamination risk factor, a "Yes" response indicated its
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presence. Each groundwater source's sanitary score was calculated by adding up all of the risk
factors that are currently in place. Inorderto determine the groundwater source contamination
risk levels, hygienic ratings were finally classified. Four risk categories were established for
contamination: extremely high range from 9 to 11, high from 6 to 8, intermediate from 3 to 5,

and low from O to 2.
3.3.3 Culture, isolation and identification of E. coli from the sample

Sterile MicroLab Scientific Gridded MCE membrane filters with a 47 mm diameter and 0.45
um pore size were used in Aqua Safe membrane filtration systems to filter 100 ml water
samples. These membrane filters were then placed on CHROMagar CCA plates that were
purchased from CHROMagar (4 Place du 18 Juin 1940, 75006 Paris, France) and incubated for
a full day at 37 °C. In order to support the objectives of this investigation, the culture of
groundwater samples onto CHROMagar was done expressly to capture E. coli growth. As a
result, the presence of E. coli isolates was indicated by the detection of metallic blue to violet
colonies in the agar. Throughout the procedure, the E. coli strain ATCC 25922 was used as a

reference and control.
3.3.4 Antibiotic susceptibility test of E. coli isolates

Twelve different antibiotics were tested on E. coli isolates using the disc diffusion method
(CLSI, 2023) to determine their susceptibility. The selection of antibiotics was intended to
encompass the majority of antibiotic classes that are currently available for treating E. coli
infections. Amoxicillin-clavulanic acid (30 pg), Trimethoprim-sulfamethoxazole (30 ug),
Gentamicin (10 pg), Chloramphenicol (30 pg), Nalidixic acid (30 pg), Nitrofurantoin 300 g,
Cefazolin (30 pg), Ampicillin-sulbactam (20 pg), Ciprofloxacin (5ug), Cefuroxime (30 ug),
Ceftriaxone (30 pg), and Cefepime (30 pg) were among the antibiotics. Using a sterile 10pl
loop, E. coli isolates with a McFarland turbidity of 0.5 were produced in normal saline and
then dispersed onto Muller Hinton 11 agar Petri dishes (Liofilchem (R) S.r.l. via Scozia, 64026
Roseto degli Abruzzi {TE} Italy). A sterile cotton swab was also used to transfer and apply the
bacterial suspension onto the surface of the Mueller-Hinton agar plate. The control strain, E.
coli ATCC 25922, was cultured for eighteen hours at 37°C in two plates containing six discs
each. Inorder to determine possible resistance in E. coli isolates, a ruler was used to measure

the zone diameter for each antibiotic disc in accordance with CLSI recommendations, and the
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data were entered into an Excel sheet.
34 Multidrug resistance in E. coli isolates

Resistance of E. coli isolates to at minimum one cephalosporin antibiotic (Cefazolin,
Cefuroxime, Ceftriaxone, and Cefepime) in combination with at minimum one of the other

antibiotics tested was referred to as multidrug resistance.
3.5 Multiple Antibiotic Resistance Index (MAR)

The multiple antibiotic resistance index was calculated by dividing the number of antibiotics
to which E. coli isolates showed resistance by the total number of antibiotics tested.
(Krumperman, 1983). In regions where antibiotics are highly used, a MAR index value larger
than 0.2 indicates a higher risk of groundwater contamination (Davis & Brown, 2016). The
MAR index was utilized in this investigation to recommend groundwater source exposure to
regions with high antibiotic consumption and the possibility of outbreaks of resistant E. coli in

groundwater facilities.
3.6 Data management and analysis

Daily, sanitary inspection data was collected using Google Forms and saved in Google Drive.
Laboratory findings were entered into Excel once a week. After that, the information was
exported to Microsoft Excel (version 2108) and combined with the results of the analysis of
antibiotic resistance. The data was restructured and thoroughly cleaned to identify duplication
and structural problems in order to assure accuracy. For the thorough analysis of the data,
STATA 17 (Stata Corp 4905 Lakeway Drive College Station, Texas 77845 USA) was used.
The main goal was to find out how common resistance was in E. coli with reference to the 12
antibiotics that were tested. The prevalence of resistance in E. coli with respect to the tested
antibiotics was illustrated using descriptive analytic approaches, which were also used to assess
the sanitary risk level related to groundwater sources and the multiple antibiotic resistance
indices of the E. coli isolates. Additionally, the spread of groundwater sources polluted with
resistant E. coli was displayed using Google Earth Pro (Data SIO, NOAA, U.S. Navy, NGA,
GEBCO Image Landsat/Copernicus image IBCAO).
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3.7 Permission and Ethical consideration

This study found Ethical approval from the Ifakara Health Institute Review Board
(IHI/IRB/No: 23-2023). Since the study samples were from groundwater sources, informed
consent was obtained from the owner or person supervising the water facility. Owners and
supervisors were asked for permission to sample water from their sources and since were
voluntary issue they were not forced to participate. Water samples were collected solely from
individuals who consented to participate, while those who declined were allowed to do so
without any objection, despite being informed about the study's purpose and importance. They
were assured that the information they provided would remain confidential and would only be
used for scientific research purposes, with no disclosure to any other parties. However, before
sampling groundwater sources, a permission letter obtained from District Executive Director
to conduct sampling activities to the selected wards within Bagamoyo district council. In
addition, local government leaders from wards fully participated (ward executive officer and

kitongoji chairpersons) in sample collection activities.
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CHAPTER FOUR
RESULTS AND DISCUSSION

4.1 Results
4.1.1 Description of samples, E. coli isolates and resistance rates in groundwater

Among the groundwater samples examined for the presence of E. coli isolates, 44.8% (73 out
of 163) tested positive for E. coli. Antibiotic susceptibility testing revealed that 83.6% (61 out
of 73) of these isolates displayed resistance to one or more antibiotics, with 70% (51 out of 73)
exhibiting multidrug resistance. Notably, there was a significant prevalence of resistant E. coli
in samples from dug wells, with 89% (24 out of 39) showing resistance. Additionally, Table 1
illustrates the high occurrence of multidrug-resistant E. coli in samples from both boreholes

and dug wells.

Table 1: Descriptive statistics of antibiotic resistance in E. coli from groundwater sources

Sample type

Variable Total Borehole  Tube well Dugwell

n (%) n (%) n (%)
No. of samples collected 163 60(36.8) 64 (39.3) 39 (23.9)
No. of sample with E. coli isolates 73 31(52) 15 (23) 27 (69)
No. of samples with resistant 61 25 (81) 12 (80) 24 (89)
E. coli isolates
No. of samples with multi drug-resistant 51 23 (74) 8 (53) 20 (74)

E. coli isolates

4.2 Profile of antibiotic resistance in E. coli isolates

After undergoing antibiotic resistance testing, E. coli isolates showed elevated resistance
levels, with 56.2% (41 out of 73) resistant to cefazolin, 54.8% (40 out of 73) resistant to
nitrofurantoin, 45.2% (33 out of 73) resistant to amoxicillin-clavulanic acid, and 42.5% (31 out
of 73) resistant to ceftriaxone. Analysis of antibiotic resistance across various groundwater
facility types revealed a notably high resistance rate of 70.4% (19 out of 27) to nitrofurantoin
in E. coli isolates from dug wells. Furthermore, 58.1% of E. coli isolates from boreholes and
46.7% from tube wells with hand pumps exhibited high resistance rates to cefazolin. However,

none of the E. coli isolates from tube wells with hand pumps or dug wells showed resistance
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to ciprofloxacin, and all isolates from boreholes were susceptible to gentamicin, as outlined in
Table 2.
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Table 2: Antibiotic resistance profile in E. coli to the tested antibiotics

Overall N=73 Antibiotic resistance from contaminated groundwater facility type

Antibiotics resistance Borehole (31) Tube well/lhand pump Dug well (27)

n (%) n (%) (15) n (%) n (%)
Cefazolin 41 (56.2) 18 (58.1) 7 (46.7) 16 (59.3)
Cefiriaxone 31 (42.5) 12 (38.7) 4 (26.7) 15 (55.6)
Ciprofloxacin 3@4.1) 3(9.7) None None
Cefepime 9(12.3) 309.7) 2 (13.3) 4 (14.8)
Amoxicillin clavulanic acid 33 (45.2) 14 (45.2) 6 (40.0) 13 (48.1)
Nalidixic acid 11 (15.1) 309.7) 1(6.7) 7(25.9)
Trimethoprim-sulfamethoxazole 21 (28.8) 7 (22.6) 5(33.3) 9(33.3)
Gentamicin 2(2.7) None 1(6.7) 1(3.7)
Ampicillin -sulbactam 16 (21.9) 7 (22.6) 2 (13.3) 7 (25.9)
Chloramphenicol 27 (36.99) 13 (41.9) 5(33.3) 9(33.3)
Cefuroxime 14 (19.2) 6 (19.4) 1(6.7) 7(25.9)
Nitrofurantoin 40 (54.8) 16 (51.6) 533.3) 19 (70.4)
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4.3 Multiple antibiotic resistance index

The Multiple Antibiotic Resistance (MAR) index is a straightforward tool used to assess
whether identified isolates originate from areas with significant or minimal antibiotic usage. A
MAR index exceeding 0.2 suggests a high probability of contamination from environments
where antibiotics are frequently employed (Davis & Brown, 2016). In the case of E. coli
isolates from the Bagamoyo groundwater source, the MAR index was recorded at 0.28. In
contrast, MAR indices for isolates from dug wells varied between 0 and 0.75, while those from

boreholes and tube wells with hand pumps ranged from 0 to 0.58.
4.4 Spatial distribution of groundwater contaminated with resistant E. coli

Figure 3 illustrates the spatial distribution of boreholes, tube wells with hand pumps, and dug
wells contaminated with resistant E. coli in the Bagamoyo District. The figure reveals
significant contamination of groundwater sources, predominantly in the central part of the
district. Notably, tube wells with hand pumps show a higher rate of contamination by resistant

E. coli compared to boreholes within this central area.

25



& i B
* & 3
‘j ¥ o :
[ ) * e
® 50 3 o
e L et
8 . i J
® ® . X L
L ] r Py >
. .
» ®
% - ® 6.
{
[ ] ®
B
»
Groundwater facilities
e Borehole \ °
Open dug well
® Tube well with handpump 0 0 5 ki
o m
' || |
OSM Standard

Figure 3: Spatial distribution of boreholes, tube wells with hand pumps, and dug wells
contaminated with resistant E. coli

4.5 Sanitary risk inspection of the groundwater sources

A total of 163 groundwater sources, comprising 60 boreholes, 39 dug wells, and 64 tube wells
with hand pumps, were surveyed to assess sanitary contamination risks in the study area. The
majority of the dug wells assessed exhibited poor sealing to the wall lining, allowing water to
seep through (35, representing 89.7% of all dug wells), with 15.4% (6/39) located near
defective or broken drainage channels leading to ponding. The study revealed that 65.6%
(42/64) of tube wells with hand pumps were positioned in areas with inadequate drainage,
resulting in stagnant water within 2 meters, while 6.3% (4/64) were situated close to other
sources of pollution, such as disposal pits or waste collection areas within 10 meters from the
tube wells. Additionally, 45% (27/60) of borehole pump houses were located within 15 to 20
meters from latrines, and no uncapped wells were observed within 15 to 20 meters of boreholes.

Various other sanitary features observed around groundwater are detailed in Table 3.

26



Table 3: Sanitary characteristics of groundwater source facilities (N=163)

Sanitary factor Dugnvzsj)(39) Tube V(V;:l) (64)n Sanitary factor Bor::lh (?;:)(60)
Rope/pump/bucket at risk of 34 (87.2) 35(54.7) A latrine within 15-20m 27 (45)
contamination

Latrine within 10 m 11 (28.2) 13 (20.3) -

Inadequate wall lining seal 35(89.7) - Damaged fencing 305
Concrete floor <1 m 22 (56.4) 13 (20.3) Permeable pump house floor 7(11.7)
sources of pollution within 10 m 12 (30.8) 4(6.3) Other sources of pollution 10m 5(8.3)
Inadequate parapet wall 22 (56.4) 9 (14.1) Unsanitary sealed 15 (25)
Poor drainage within 2 m 22 (56.4) 42 (65.6) Nearest percolating pit latrine 18 (30)
Cracks in the concrete floor 26 (66.7) 24 (37.5) uncapped well within 15-20m -
The nearest latrine uphill 10 (25.6) 12 (18.8) - -
faulty/broken drainage channel 6 (15.4) 7 (10.9) Faulty/broken drainage 7(11.7)

Note: n (%) =number of borehole, tube wells/handpump or dug wells that observed to have sanitary factor (Percentage of boreho le, tube wells/handpump or dug wells were
sanitary factorwasobserved)
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4.6 Groundwater sources contamination risk level

To determine the contamination risk levels of the facilities, 60 boreholes, 64 tube wells with
hand pumps, and 39 dug wells were examined. None of the boreholes were categorized as
having a "Very high" or "High" contamination risk based on our assessment. Among the
boreholes inspected, 44 (73.3%) were classified as having a "low" contamination risk.
Regarding the tube wells with hand pumps, only 6.3% (4/64) were found to have a "Very high"
risk of contamination, while 21 (32.8%) had varying levels of "high" and "low" contamination
risks. Furthermore, the study revealed that 5.1% (2/39) of dug wells were rated as having a
"low™ contamination risk, whereas 46.2% (18/39) were deemed to have a "high" contamination
risk. Table 4 provides a summary of the contamination risk levels across different groundwater

source facilities.

Table 4: Statistical description of contamination risk level by groundwater source
facilities

Groundwater source facilities type
Boreholes (60)  Tube well/hand pump (64) Dug well (39)

Contamination risk

level

n (%) n (%) n (%)
Very high None 4 (6.3) 4 (10.3)
High None 21 (32.8) 18 (46.2)
Intermediate 16 (26.7) 18 (28.1) 15 (38.5)
Low 44 (73.3) 21 (32.8) 2(5.1)

Note: n (%) =Number of borehole, tube wells/handpump or dug wells at specific contamination risk level
(Percentage of borehole, tube wells/handpump or dug wells at contamination risk level

4.7 Distribution of antibiotic-resistant E. coli across diverse contamination risk levels

The research found that 83.6% of all groundwater isolates were resistant to one or more
antibiotics. However, the distribution of these resistant isolates in groundwater varies
depending on the contamination category. Specifically, the study indicates that all isolates from
groundwater sources classified as being at very high risk of contamination were resistant to the
tested antibiotics, while 77.8% (21 out of 27) of isolates from groundwater sources categorized
as having low contamination risk showed resistance. The distribution of resistant E. coli across

contamination risk categories is detailed in Table 5.
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Table S: Antibiotic-resistant E. coli in groundwater categorized by the level of sanitary

risk level
ﬁ;? tlz\r/r:ellnatlon No. of sample :;Iocc?ll: ?;Eﬂi with Resistant E. coli isolates
Very high 8 3(37.5) All
High 39 18 (46.2) 17 (94.4)
Intermediate 49 25 (52.0) 20 (80)
Low 67 27 (40.3) 21 (77.8)

4.8 Discussion

The results of this study reveal a concerning prevalence of Escherichia coli contamination and
antibiotic resistance in groundwater sources within Bagamoyo District. Nearly half (44.8%) of
the 163 groundwater samples tested positive for E. coli, with a striking 83.6% of these isolates
displaying resistance to at least one antibiotic and 70% showing multidrug resistance. Dug
wells were particularly vulnerable, with 69% of them contaminated with E. coli and 89% of
those isolates showing resistance. This trend suggests that the type and condition of
groundwater sources significantly influence microbial contamination levels. Notably,
multidrug-resistant E. coli was detected across all groundwater types, including boreholes and
tube wells, furtheremphasizing widespread environmental exposure toantibiotics or antibiotic-
resistant bacteria. The Multiple Antibiotic Resistance (MAR) index, which reached as high as

0.75 in dug wells, supports the likelihood of contamination from areas with high antibiotic use.

Spatial analysis and sanitary inspection findings reinforce the microbiological data, indicating
that poor infrastructure and inadequate protection measures are strongly linked to
contamination. For example, the central region of the district showed a higher number of
groundwater sources contaminated with resistant E. coli, especially in tube wells and dugwells
lacking proper drainage or located near pollution sources. Sanitary risk assessments revealed
that only 5.1% of dug wells had low contamination risk, while a significant number (46.2%)
were in the high-risk category. Alarmingly, even groundwater sources classified as having
"low" contamination risk were not immune, with 77.8% of E. coli isolates from these sources
exhibiting antibiotic resistance. This finding highlights the persistence and possible
environmental dissemination of resistant bacteria regardless of conventional sanitary risk
classification, highlighting the urgent need for improved water source protection and antibiotic

stewardship in rural Tanzanian communities.
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Investigating antibiotic resistance in groundwater is crucial to understanding the spread of
resistant bacteria and how human infections can occur. This issue arises largely due to the
misuse of antibiotics in animal husbandry, and human medicine, significantly contributing to
the development of resistant bacteria (Manyi-Loh et al., 2018; Salam et al., 2023; Van et al.,
2020). Such misuse has resulted in the accumulation of antimicrobial agents in the
environment, encouraging the selection of antibiotic-resistant genes (Serwecinska, 2020).
Although many global studies have been conducted, research on the prevalence of antibiotic
resistance in groundwater sources in Tanzania remains limited. In Bagamoyo, groundwater is
crucial for maintaining a steady water supply for the community but is vulnerable to
contamination from sanitary facility effluents. This contamination issue is prevalent in many
developing nations, where resistant bacteria have been frequently reported (Aslan et al., 2018;
Bojar et al., 2021; Praveenkumarreddy et al., 2020). The objective of this study is to examine
the occurrence of resistant E. coli and identify sanitary risk factors contributing to groundwater
contamination in Bagamoyo. Ultimately, the goal is to enhance public health management to

safeguard human health.

In this study, most samples were taken from boreholes and tube wells with hand pumps,
followed by samples from dug wells. It was found that the highest rate of E. coli contamination
occurred in boreholes and dug wells. Both types of groundwater sources exhibited high rates
of contamination with resistant E. coli. However, boreholes and dug wells showed elevated
rates of multidrug-resistant E. coli. This contrasts with the findings of Odonkor and Addo
(2018), who observed a higher rate of multidrug-resistant E. coli in dug wells compared to

boreholes.

The research revealed that 44.8% of the sampled water contained E. coli isolates, with 83.6%
of these isolates showing resistance to at least one antibiotic and 70% displaying multidrug
resistance, resulting in a MAR index of 0.28. The rise in antibiotic resistance among E. coli is
becoming increasingly concerning for public health. Various studies worldwide have
underscored the widespread occurrence of multidrug-resistant E. coli in water sources. For
instance, a study conducted in Morocco reported a 68.8% prevalence of multidrug-resistant E.
coli in groundwater (Tahri et al., 2021). Another study in Cameroon found that 73.7% of E.
coli isolates from hand-dug wells and boreholes were antibiotic-resistant (Tangwa et al., 2019).
Additionally, research in Indiaindicated that 75% of E. coli isolates from groundwater sources

were multidrug-resistant (Sharma et al., 2017). The prevalence observed in the current study
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is slightly higher than that reported in these countries. This difference could be attributed to
variations in human activities, such as animal husbandry, farming, and poultry keeping, which
contribute to the expansion and spreading of resistance in water sources (Ayukekbong et al.,
2017).

The study also examined the MAR index of the sampling sources and found it to be above 0.2,
indicating that these groundwater sources are in areas with high antibiotic consumption. The
MAR index is often used to assess whether isolates come from regions with significant
antibiotic use (Al-Badaii & Abdul Halim, 2021; Sandhu et al., 2016; Titilawo et al., 2015).
Several factors could contribute to the contamination of groundwater sources with resistant E.
coli in Bagamoyo. Notably, proximal sanitary factors present a risk of contamination. For
instance, many dug wells were observed to have inadequate wall lining seals, boreholes were
located near pit latrines and were unsanitary sealed, and tube wells with hand pumps were

situated in areas with poor drainage.

The susceptibility tests conducted in this study showed that E. coli isolates displayed the
highest resistance rates to cefazolin, followed by nitrofurantoin, amoxicillin-clavulanic acid,
ceftriaxone, and chloramphenicol. This resistance likely stems from the misuse or overuse of
these antibiotics within the community, leading to the contamination of groundwater through
the percolation of sewage from pit latrines and other sanitary facilities (Martiny et al., 2011;
Muraleedharan et al., 2019; Skandalis et al., 2021). This raises significant concerns about
resistant E. coli in groundwater sources. Other authors have also reported antibiotic resistance
in E. coli globally. For example, a study undertaken in South Africa found that E. coli isolated
from water sources were resistant to amoxicillin-clavulanic acid (96.4%), chloramphenicol
(96.4%), and ciprofloxacin (28.6%) (Tula et al., 2018). Additionally, research in Tanzania
indicated that Gram-negative bacteria presented high resistance to third-generation
cephalosporins (Camara et al., 2023). Another study in Accra, Ghana, reported that E. coli
isolates from water sources were highly resistant to chloramphenicol and ciprofloxacin,
followed by nalidixic acid, gentamicin, nitrofurantoin, and had a MAR index greater than 0.2
(Odonkor & Addo, 2018). In contrast, E. coli isolates from Bagamoyo's groundwater showed
low resistance to gentamicin and ciprofloxacin, likely due to the infrequent use of these
antibiotics in the public, as ciprofloxacin is frequently prescribed for typhoid fever, which is

less prevalent in Bagamoyo (Singh et al. 2018).
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Additionally, the study assessed the rate of groundwater sources at varying risk of
contamination level, specifically with resistant E. coli. It found a slight difference in E. coli
contamination rates across all contamination risk levels. Notably, 40.3% of groundwater
sources classified as “low contamination risk” were contaminated with E. coli. The
contamination rates were high for groundwater sources at "intermediate” and "high"
contamination risk levels compared to sources at "very high contamination risk levels." This
could be due to natural barriers that impede the movement of contaminants. The pattern of
contamination observed from this study aligns with the understanding that sanitary risk scores

do not always accurately forecast the contamination of groundwater sources (Luby et al.,
2008b).

Moreover, researchers in various regions have documented the presence and impact of resistant
E. coli in sanitation facilities, emphasizing its role in spreading to sources of water.
Inappropriate disposal of antibiotics and inadequate sanitation services, especially in informal
settlements, exacerbate the spread of resistant E. coli (Karimi et al., 2023). Contamination of
resistant E. coli can contaminate groundwaterthrough cracked aquifers caused by soil openings
and (Graham & Polizzotto, 2013). This indicates that a single sanitary factor can significantly
contribute to groundwater contamination risk, depending on the proximity and barriers along
the contamination path.

In this study, the spatial distribution of groundwater sources contaminated with resistant E.
coli, primarily concentrated within the Bagamoyo district were evaluated. The visualization of
this spatial map underscores the risk posed by antibiotic resistance and the crucial role of
residential groundwater sources as reservoirs for resistant E. coli. This phenomenon is likely
influenced by sanitation and hygiene practices such as feces disposal, solid waste management,
bathing, and laundry activities around groundwater sources, as well as inadequate control of
runoff within residential areas, which varies across different areas (Essack, 2021; Fletcher,
2015). This finding is consistent with observations made by other researchers, who have
highlighted the impact of environmental factors in disseminating resistance within water
sources in similar settings to our study (Reddy & Dubey, 2019; F. Singh et al., 2020; Zhang et
al., 2020). Such insights can inform targeted interventions and resource allocation aimed at
mitigating the spread of resistant pathogens, thereby safeguarding public health in the

Bagamoyo District.
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Due to limited resources, it was not possible to cluster water sources for instance number of
boreholes, tube wells and dug wells and what was then the proportion sampled from each
category. While this approach offered a snapshot of the situation, it couldn'ttrack changes over
time. Additionally, the study focused mainly on enteric bacteria to gauge resistance in
contaminated groundwater, with E. coli acting as an indicator for other resistant bacteria. Due
to budget constraints, traditional microbiology cultures were used instead of more advanced
molecular techniques, which could have provided a deeper understanding of circulating
resistant strains. Moreover, the investigation concentrated solely on the prevalence of resistant
E. coli and didn't explore the potential contributions of birds and playmate animals as reservoirs

of resistance.

33



CHAPTER FIVE
CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

Detecting E. coli in all the water sources indicates faecal contamination due to probably
closeness to latrines or runoffs. Although E. coli isolates were encountered to all water sources,

Boreholes had intermediate to low levels of contamination risk levels.

The study highlights a significant problem of groundwater contamination, with closely half of
the tested sources exhibited existence of E. coli, and a considerable portion of these isolates
demonstrating resistance to multiple antibiotics. Specifically, the research identifies increased
resistance in E. coli against certain antibiotics like amoxicillin-clavulanic acid, cefazolin,
nitrofurantoin, and ceftriaxone. On the other hand, gentamicin and ciprofloxacin display lower
resistance levels in E. coli isolated. Additionally, the average MAR- index suggests that E. coli
isolated are prevalent in regions with high antibiotic usage, leading to widespread multidrug
resistance among them. Notably, groundwater sources across all contamination risk levels
show a high incidence of resistant E. coli.

5.2 Recommendations

To addressthese risks, the study recommends the implementation of a multi-pronged approach.
Firstly, there is an urgent need to improve the sanitary construction and regular maintenance
of groundwater facilities, especially dug wells and tube wells with hand pumps. This includes
sealing wall linings, constructing proper drainage systems, and preventing the proximity of
pollution sources such as latrines and waste pits. Secondly, routine microbial and antibiotic
resistance monitoring should be incorporated into local water quality surveillance programs, as
visual assessments may underestimate contamination risks. Thirdly, public health campaigns
should raise awareness about the safe use of antibiotics, promoting rational antibiotic practices
to curb the development and spread of resistance. Lastly, policymakers should prioritize
investment in sustainable water infrastructure and enforce regulations on sanitation standards

to ensure safe water access for all communities.
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