Volume 14, Issue 1 (2026) pp. 127-145  DOI: 10.48309/1JABBR.2026.2063804.1622

Review Article

Antibiotic Resistance Patterns of Escherichia coli Isolated from
Drinking Water Sources: Implications for Public Health and
Surveillance Strategies

Sarah Oluwaseun Julius 1"*'| Micheal Abimbola Oladosu? *"='| Moses Adondua Abah3"*" |
Oluwadamilola Zainab Yakub#'=' | Olabisi O. Ogunlewe 5"=/| Patrick Chimuanya Etus6"=" |
Oluwasegun Anthony Bosede 7%’ | Olaide Ayokunmi Oladosu 8

1Department of Microbiology, Faculty of Science, University of Ibadan, Ibadan
Oyo state, Nigeria
2Department of Biochemistry, Faculty of Basic Medical Sciences, University of Lagos, Idi-Araba, Nigeria
3Department of Biochemistry, Faculty of Biosciences, Federal University Wukari, Taraba State, Nigeria
4Department of Medical Laboratory Science, Faculty of Basic Medical Sciences, College of Health Sciences, Ladoke
Akintola University of Technology, Ogbomosho, Nigeria
5Department of Chemistry and Biochemistry, College of Science and Mathematics, Stephen. F. Austin State University,
USA
6Department of Graduate Business Studies, Faculty of Business, Institution of Ohio Dominican University, Ohio, USA
7Department of Medicine and Surgery, College of Medicine, Lugansk State Medical University, Lugansk, Ukraine
8Department of Computer Science, Faculty of Science and Technology, Babcock University,
[lisan-Remo Ogun State, Nigeria

*Corresponding Author E-mail: mikeoladosu@gmail.com

Submitted: 2025-06-16, Revised: 2025-08-04, Accepted: 2025-09-20

Abstract

The growing prevalence of antimicrobial resistance (AMR) is a critical public health concern, particularly as it relates
to environmental transmission routes such as contaminated drinking water. Escherichia coli (E. coli), a common
inhabitant of the intestinal tracts of humans and animals, is widely used as a biological indicator of fecal
contamination in water systems. However, beyond indicating sanitary lapses, E. coli increasingly serves as a reservoir
and vector of antibiotic resistance genes, many of which are capable of horizontal transfer to other pathogens via
mobile genetic elements such as plasmids, integrons, and transposons. This comprehensive review examines the
occurrence, resistance profiles, and genetic mechanisms of antibiotic-resistant E. coli isolated from drinking water
sources across diverse geographical regions. Evidence from global surveillance, particularly in low- and middle-
income countries (LMICs), reveals high contamination rates in untreated water sources, wells, surface water, and even
municipal supplies. Recent studies report a pooled E. coli prevalence exceeding 37% in drinking water samples
globally, with over 40% of isolates classified as multidrug-resistant (MDR). Frequently detected resistance
determinants include bla<sub>TEM</sub>, bla<sub>CTX-M</sub>, and genes conferring resistance to quinolones,
aminoglycosides, and tetracyclines—highlighting critical overlaps between clinical and environmental resistomes.
Resistance patterns vary significantly by region and season, influenced by local sanitation infrastructure,
anthropogenic activities, and environmental conditions. Advanced surveillance approaches such as antimicrobial
susceptibility testing (AST), polymerase chain reaction (PCR), and whole genome sequencing (WGS) have been
instrumental in tracking resistance dynamics and transmission potential in waterborne E. coli populations. The public
health implications are profound, including treatment failure rates of 25-40% for MDR infections, increased
healthcare costs, and elevated mortality risks, particularly among vulnerable populations. This review emphasizes the
urgent need for integrated water quality monitoring, expanded participation in global AMR surveillance initiatives
such as the WHO's Global Antimicrobial Resistance and Use Surveillance System (GLASS), and strengthened local
sanitation and water infrastructure. Community-level interventions and international collaboration are essential to
contain the environmental spread of antibiotic-resistant E. coli and mitigate its escalating impact on human health.
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Introduction

Antimicrobial resistance (AMR) has
emerged as a formidable challenge to
global health, with recent estimates
attributing over 1.27 million deaths
annually to drug-resistant infections—a
number projected to rise to 10 million by
2050 in the absence of coordinated
interventions [1].

This alarming trajectory underscores
the wurgency of understanding and
addressing AMR across all transmission
pathways. Historically viewed as a
clinical problem confined to healthcare
settings, AMR is now recognized as a
broader ecological issue with complex
environmental dimensions. Increasing
evidence links environmental reservoirs
such as soil, wastewater, and drinking
water to the proliferation and
dissemination of resistance genes [2].

The interconnected nature of these
reservoirs creates a "One Health"
challenge that requires integrated
approaches spanning human health,
animal health, and environmental
stewardship. Central to this
environmental dimension is the role of
indicator organisms in water quality
assessment. Escherichia coli (E. coli), one
of the most commonly used indicators of
fecal contamination in water systems,
has evolved from a simple contamination
marker to a significant vector for
antimicrobial resistance gene
dissemination. While most strains of E.
coli are harmless commensals residing in
the intestinal tracts of humans and
animals, certain  pathogenic and
multidrug-resistant (MDR) strains pose
serious health risks, especially when
present in water intended for human
consumption [3].

The E. coli transformation from
indicator to vector reflects broader

changes in the global resistomes.
Inadequate sanitation infrastructure,
uncontrolled  antibiotic  usage in

agriculture and medicine, and improper
waste management contribute
significantly to the contamination of
water sources with antibiotic-resistant
bacteria [4].

These factors create  selective
pressures that favor the survival and
proliferation of resistant strains while
facilitating horizontal gene transfer
mechanisms. Given the increasing
detection of E. coli harboring resistance
genes in drinking water sources
worldwide, there is a pressing need to
understand their epidemiology,
mechanisms of resistance, and the
implications for surveillance and public
health policy. This comprehensive review
synthesizes current knowledge on
antibiotic-resistant E. coli in drinking
water, examines regional variations in

resistance  patterns, and provides
evidence-based recommendations for
enhanced surveillance and control

strategies. As illustrated in Figure 1,
antibiotic-resistant E. coli (AR E. coli)
enters and spreads through water
systems via a complex network of
interconnected sources and pathways.

The overuse and misuse of antibiotics
in humans, livestock, and companion
animals contribute to the development of
resistance. These resistant bacteria are
excreted and often reach the
environment via wastewater treatment
plants, which may not fully eliminate
them. Contamination spreads further
through rainwater runoff, agricultural
waste, and interactions with wild
animals, allowing AR E. coli to enter
rivers, small water bodies, and seafood.
Accordingly, it can make its way back to
humans through drinking water and food
consumption, perpetuating a continuous
cycle of exposure and resistance
amplification.

Literature Review
E. coli as an indicator and vector of AMR
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E. coli has long been established as a
sentinel organism for monitoring water
quality, particularly in identifying faecal
contamination in aquatic environments.
Its presence in drinking water correlates
strongly with the possible presence of
enteric pathogens, including Salmonella,
Shigella, and Cryptosporidium [4]. This
correlation has made E. coli enumeration
a standard component of water quality
assessment protocols worldwide.

However, the role of E. coli has
evolved  significantly = beyond its
traditional function as a contamination
indicator. Environmental isolates of E.
coli are increasingly found to harbor
antibiotic resistance genes (ARGs)
typically associated with  clinical
pathogens, transforming them into dual-
function organisms that both indicate
contamination and actively contribute to
resistance gene dissemination [5]. This
evolution reflects the broader
phenomenon of resistome expansion,
where environmental bacteria acquire
and maintain resistance genes through
various selective pressures. Recent
surveillance studies report a high
prevalence of E. coli in untreated water
systems globally, with MDR strains
frequently exhibiting resistance to
multiple antibiotic classes including beta-
lactams, tetracyclines, fluoroquinolones,
and aminoglycosides. The clinical
significance of this environmental
resistance reservoir becomes apparent
when considering that genes such as
bla<sub>TEM</sub>, bla<sub>CTX-
M</sub>, gnrS, and aac (6')-Ib are
commonly identified in these isolates
[5,6]. These genes are often located on
mobile genetic elements like plasmids
and integrons, which facilitate horizontal
gene transfer between bacterial species,
creating pathways for resistance
dissemination across microbial
communities. The implications of this
dual role extend beyond simple
contamination detection. Environmental

E. coli populations can serve as
reservoirs  for clinically relevant
resistance genes, potentially transferring
these determinants to pathogenic
bacteria through conjugation,
transformation, and transduction
mechanisms. This capacity for horizontal
gene transfer makes environmental E.
coli populations critical components of
the global resistance ecosystem, linking
environmental  contamination  with
clinical treatment challenges.

Resistance Genes and Mechanisms

The molecular mechanisms
underpinning antimicrobial resistance in
E. coli are diverse and sophisticated,
reflecting millions of years of bacterial
adaptation to chemical stress.
Understanding these mechanisms is
crucial for predicting resistance patterns
and developing effective surveillance
strategies. Beta-lactam resistance
represents one of the most clinically
significant  resistance = mechanisms,
primarily conferred by beta-lactamase
enzymes encoded by genes such as
bla<sub>TEM</sub> and bla<sub>CTX-
M</sub>. These enzymes hydrolyze the
beta-lactam ring structure found in
penicillins and cephalosporins, rendering
these antibiotics ineffective [7]. The
bla<sub>CTX-M</sub> family, in
particular, has  become  globally
disseminated and is associated with
extended-spectrum beta-lactamase
(ESBL) production, conferring resistance
to  third-generation cephalosporins.
Tetracycline resistance  mechanisms
primarily involve efflux pumps encoded
by tet(A) and tet(B) genes, which actively
expel tetracycline from bacterial cells
before it can reach its ribosomal target
[8]. These efflux systems represent an
energy-dependent resistance strategy
that can confer cross-resistance to
multiple tetracycline derivatives.
Aminoglycoside resistance often results

129|Page



Julius et al.

Int. J. Adv. Biol. Biomed. Res. 2026, 14(1):127-145

from modifying enzymes encoded by aac,
ant, and aph gene families, which
chemically  modify  aminoglycoside
antibiotics to prevent their binding to

ribosomal RNA [9]. These enzymes
demonstrate  remarkable  substrate
specificity, with different variants
conferring  resistance to  specific
aminoglycoside subclasses.
Fluoroquinolone resistance arises

through both chromosomal mutations
and plasmid-mediated mechanisms.
Chromosomal mutations in gyrA and
parC genes alter the structure of DNA
gyrase and topoisomerase [V, reducing
quinolone  binding  affinity  [10].
Additionally, plasmid-borne qnr genes
encode proteins that protect DNA gyrase
from quinolone inhibition, providing a
transferable  resistance = mechanism.
Environmental E. coli isolates have also
shown emerging resistance to last-resort
antibiotics, including carbapenems and
colistin—a particularly alarming trend
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that threatens the effectiveness of
treatments for severe infections.
Carbapenem resistance is often mediated
by metallo-beta-lactamases encoded by
genes such as bla<sub>NDM-1</sub>
and bla<sub>KPC</sub>, while colistin
resistance can result from plasmid-
mediated mcr genes that modify
lipopolysaccharide structure [11]. These
resistance traits are frequently
associated with mobile genetic elements
that can spread across bacterial species
and genera, contributing to the
environmental resistomes and
undermining infection control efforts.
The modular nature of these resistance
determinants allows for the
accumulation of multiple resistance
genes on single mobile elements, creating
MDR phenotypes that pose significant
clinical challenges. Figure 2 depicts the
comprehensive  genetic mechanisms
through which E. coli develops antibiotic
resistance.

Rainwater

et Small water
River ; >
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Figure 1 Sources and pathways of antibiotic-resistant E. coli contamination in water systems.
The diagram illustrates the complex network of transmission routes from anthropogenic
sources through environmental reservoirs, ultimately leading to human re-exposure through

contaminated water and food sources [12]
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Resistance genes, carried on plasmids
or integrated into chromosomal DNA,
enable the bacterium to survive
antibiotic exposure through multiple
strategies: producing [B-lactamases that
degrade B-lactam antibiotics,
enzymatically = modifying  antibiotic
molecules to inactivate them, and
altering cellular targets to prevent
antibiotic binding. Additionally,
structural modifications such as porin
loss or mutation and lipopolysaccharide
changes limit antibiotic entry into the
cell, while overexpression of efflux
pumps actively expels antibiotics from
the bacterial cytoplasm. These
mechanisms can work synergistically,
allowing individual E. coli strains to resist
multiple antibiotic classes
simultaneously.

Table 1 provides a comprehensive
summary of common  antibiotic
resistance genes and their associated
antibiotic  targets, illustrating the
diversity of resistance mechanisms
present in environmental and clinical
bacterial populations.

Global Trends and Environmental Drivers

Global surveillance data indicate a
concerning spread of MDR E. coli across
diverse water sources, with particularly
alarming trends observed in surface
waters, private wells, and municipal
supplies in low- and middle-income
countries (LMICs). This distribution
pattern reflects the complex interplay
between socioeconomic factors,
infrastructure development, and
environmental contamination pathways.
Multiple environmental and
anthropogenic factors contribute to the
dissemination of ARGs in aquatic
environments. Poor sanitation
infrastructure creates direct pathways
for resistant bacteria from human and

animal waste to enter water sources.
Agricultural runoff containing antibiotic
residues and resistant bacteria from
livestock operations provides continuous
selective pressure favoring resistant
strains [13]. Unregulated antibiotic use in

both human medicine and animal
husbandry amplifies these selective
pressures, while improper
pharmaceutical waste disposal
introduces  concentrated  antibiotic
residues into environmental reservoirs.
Seasonal variations significantly

influence resistance gene prevalence and
distribution patterns. Monsoon seasons
and flooding events can dramatically
increase the spread of resistant bacteria
by creating temporary connections
between normally separated water
bodies and by overwhelming treatment
infrastructure. In contrast, dry seasons
can concentrate contaminants in reduced
water volumes, intensifying selective
pressures and facilitating horizontal gene
transfer events. Climate change is
emerging as an additional driver of
resistance gene dissemination, with
rising temperatures potentially
accelerating bacterial growth rates,
increasing conjugation frequencies, and
altering precipitation patterns that affect
contamination transport. These climate-
related effects are particularly
pronounced in tropical and subtropical
regions where E. coli populations can
maintain year-round activity. Data from
the WHO and UNICEF Joint Monitoring
Programme (JMP) reveal that more than
50% of water sources in some regions of
Sub-Saharan Africa and South Asia are
contaminated with E. colii with
significant proportions of these isolates
exhibiting multidrug resistance [14]. This
contamination represents both
immediate health risks and long-term
threats to antimicrobial effectiveness in
these regions.
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Figure 2 Genetic mechanisms of antibiotic resistance in E. coli. The diagram illustrates the
multiple concurrent strategies employed by resistant bacteria to survive antibiotic exposure,
highlighting the complexity of resistance phenotypes and the challenges they pose for treatment
[15]

Table 1 Common resistance genes and associated antibiotics in bacterial strains [16]

blaTEM Penicillins, Cephalosporins
blaSHV Penicillins, Cephalosporins
blaCTX-M Extended-spectrum Cephalosporins (ESBLs)
blaOXA Beta-lactams (especially Oxacillin)
mecA Methicillin, Oxacillin (-lactams)
vanA Vancomycin
vanB Vancomycin
ermA Erythromycin, Macrolides
ermB Erythromycin, Macrolides
tetA Tetracycline
tetB Tetracycline
aac (3)-1V Aminoglycosides (e.g., Gentamicin, Tobramycin)
aph (3')-1a Aminoglycosides (e.g., Kanamycin, Streptomycin)
sull Sulfonamides
sul2 Sulfonamides
Qnr Quinolones (e.g., Ciprofloxacin, Levofloxacin)
aac (6")-1b Aminoglycosides, Quinolones
blaNDM-1 Carbapenems (e.g,, Meropenem, Imipenem)
blaKPC Carbapenems (e.g., Meropenem, Imipenem)
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Table 2 Prevalence of E. coli in various drinking water sources by region (Source: (WHO, 2021)

[14])
Household
Sub-Saharan Africa tap/borehole
South Asia Surface water
Latin America Household piped
water
Southeast Asia Wells and
boreholes
Middle East & North Municipal tap
Africa water

Europe (Eastern) Private wells

Western
Europe/North
America

Tap water

Rural and peri-urban households
(JMP, 2021)

Lakes, rivers, and unprotected

75 sources (JMP, 2021)

35 Urban low-income communities
(JMP, 2021)

45 Mostly rural settings (JMP, 2021)

28 Semi-urban areas with

intermittent supply (JMP, 2021)

10 Mostly rural or agricultural zones
(JMP, 2021)

<5 Well-regulated municipal supply

(JMP, 2021)

Table 2 presents regional prevalence
data, illustrating the stark disparities in
water quality and E. coli contamination
rates across different geographical areas
and levels of economic development.

Method

This comprehensive review
synthesizes peer-reviewed literature and
global surveillance data published
between 2010 and 2024, with emphasis
on recent developments in antimicrobial
resistance monitoring and environmental
health surveillance. To ensure
comprehensive coverage and minimize
publication bias, multiple
complementary databases were
systematically  searched, including
PubMed, Web of Science, Scopus, and
WHO institutional repositories.

Search Strategy

The search employed a structured
combination of medical subject headings
(MeSH) terms and keywords, including
"E. coli", "antimicrobial resistance",
"antibiotic resistance”, "drinking water",

"water quality”, '"resistance genes",
"multidrug resistance", and
"environmental surveillance". Boolean

operators (AND, OR) were used to create
comprehensive search strings that
captured  relevant studies  while
maintaining specificity.

Quality Assessment

All  included studies underwent
rigorous quality assessment using
standardized criteria adapted from the
Cochrane Collaboration guidelines for
systematic reviews. Studies were
evaluated for methodological rigor,
sample size adequacy, statistical analysis
appropriateness, and potential sources of
bias.

Inclusion Criteria

Studies were included if they:

Reported on E. coli isolated from
drinking water sources (including tap
water, wells, surface water, and treated
municipal supplies)
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Identified
patterns
methodologies

Employed validated detection
methods such as antimicrobial
susceptibility testing (AST), polymerase
chain reaction (PCR), or whole genome
sequencing (WGS)

Provided sufficient methodological
detail to assess study quality

Were published in peer-reviewed
journals or authoritative institutional
reports

antibiotic resistance
using standardized

Exclusion Criteria: Studies were excluded
if they:

Focused exclusively on clinical isolates
without environmental components

Lacked standardized resistance
testing methodologies
Provided insufficient  data for

resistance pattern analysis
Were published as conference
abstracts without full peer review

Data Extraction and Analysis

Data were systematically extracted
using standardized forms and grouped
based on multiple variables including
geographic region, water source type
(surface  water, groundwater, and
municipal supply), resistance gene
profiles, detection methods, and study
population characteristics.  Statistical
analyses included calculation of pooled
prevalence estimates and confidence
intervals where appropriate. Tables and
figures were generated to present
resistance frequencies, associated genes,
and regional distribution patterns.

Results
Prevalence and Distribution

Comprehensive analysis of global
surveillance data reveals striking

regional variations in E. coli prevalence
in drinking water sources. The global
prevalence range extends from less than
5% in high-income countries with robust
water treatment infrastructure to over
75% in rural and peri-urban areas of
South Asia where sanitation
infrastructure is limited [14].

These disparities reflect fundamental
differences in  water  treatment
capabilities, sanitation infrastructure
investment, and regulatory enforcement.
High-income countries typically maintain
comprehensive water treatment systems
with  multiple  barriers including
coagulation, sedimentation, filtration,
and disinfection, effectively removing
bacterial contaminants. In contrast, many
LMICs rely on minimal treatment or
direct consumption of untreated water
sources, creating substantial exposure
risks. Seasonal variations significantly
influence prevalence patterns, with
monsoon seasons showing 2-3-fold
increases in contamination rates due to
surface  runoff and infrastructure
overflow. Urban areas generally show
lower prevalence than rural areas, but
peri-urban settlements often exhibit the
highest contamination rates due to
inadequate infrastructure combined with
high population density.

Resistance Profiles and Dominant Genes

Analysis of resistance patterns reveals
concerning trends in  multidrug
resistance  across global E.  coli
populations isolated from drinking water

sources. The most frequently
encountered resistance patterns show
remarkable consistency across
geographical regions, suggesting
common  selective pressures and
resistance  mechanisms.  Ampicillin
resistance emerges as the most

prevalent, affecting 60-80% of E. coli
isolates globally.

134|Page



Julius et al.

Int. J. Adv. Biol. Biomed. Res. 2026, 14(1):127-145

Table 3 Summary of resistance patterns in E. coli isolates from water sources [17]

Ampicillin High 60-80%
Ciprofloxacin Moderate to High 30-50%
Tetracycline Moderate 40-60%

Chloramphenicol Low to Moderate 10-30%
Ceftriaxone 5-15%
Gentamicin Low to Moderate 10-30%

Trimethoprim-Sulfamethoxazole High 50-70%
Amoxicillin-Clavulanic acid Low to Moderate 5-20%
Meropenem Very Low 1-5%
Vancomycin Very Low 0-5%

Nitrofurantoin Low to Moderate 10-30%

This high prevalence reflects the
widespread historical use of beta-lactam
antibiotics and the efficient horizontal
transfer of bla<sub>TEM</sub> and
related resistance genes [17].
Trimethoprim-sulfamethoxazole
resistance affects 50-70% of isolates,
correlating strongly with the continued
use of this antibiotic combination in both
clinical  settings and  agricultural
applications. The sull and sul2 genes
mediating this resistance are frequently
found on integrons, facilitating their co-
selection  with other resistance
determinants.

Tetracycline resistance ranges from
40 to 60% globally, with higher
prevalence in regions with extensive
agricultural antibiotic use. The tetA and
tetB efflux genes responsible for this
resistance are commonly associated with
conjugative plasmids, enabling rapid

dissemination across bacterial
populations.
Ciprofloxacin resistance shows

regional variation from 30 to 50%, with
particularly high rates in areas with
unrestricted fluoroquinolone access.
Both chromosomal mutations and
plasmid-mediated qnr genes contribute
to this resistance pattern.

Emerging resistance to last-resort
antibiotics, while still relatively

uncommon, represents a critical concern.
Carbapenem resistance remains low at 1-
5% but is increasing in several regions,
while colistin resistance shows similar
prevalence patterns but with rapid
emergence potential due to mobile mcr
genes.

Dominant resistance genes identified
across global surveillance include:

bla<sub>TEM</sub>: Present in 45-
60% of resistant isolates.

bla<sub>CTX-M</sub>: Found in 25-
40% of ESBL-producing strains.

tetA: Identified in 40-55% of
tetracycline-resistant isolates.

sull: Present in 50-65% of
sulfonamide-resistant strains.

qnrS: Found in 20-35% of quinolone-
resistant isolates.

aac (3)-1V: Identified in 30-45% of
aminoglycoside-resistant isolates.

Table 3 provides a comprehensive
summary of resistance patterns observed
in E. coli isolates from diverse water
sources, illustrating the widespread
nature of multidrug resistance in
environmental populations.

Detection Techniques and Methodological
Approaches

Surveillance  methodologies  have
evolved significantly over the past
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decade, with increased emphasis on
molecular techniques that provide
detailed resistance gene characterization.
Antimicrobial  Susceptibility = Testing
(AST) remains the foundation of
resistance surveillance, employed in over
70% of reviewed studies due to its
clinical relevance and standardized
protocols. Polymerase Chain Reaction
(PCR) techniques are increasingly
utilized to identify specific ARGs,
providing molecular confirmation of
resistance mechanisms and enabling
detection of resistance genes even in
phenotypically susceptible isolates. Real-
time PCR and multiplex PCR approaches
allow simultaneous detection of multiple
resistance genes, improving surveillance
efficiency. Whole Genome Sequencing
(WGS), while less common due to cost
considerations, provides comprehensive
data on resistance gene clusters, mobile
genetic elements, and phylogenetic
relationships. WGS data have revealed
complex resistance gene arrangements
and horizontal transfer networks that
traditional methods cannot detect.
Metagenomic approaches are emerging
as powerful tools for characterizing
entire microbial communities and their
associated resistomes, providing insights
into the broader ecological context of
resistance gene dissemination. Figure 3
presents a detailed heatmap analysis of
antimicrobial resistance profiles from 54
E. coli strains isolated from Brazilian
water sources, demonstrating the power
of comprehensive resistance profiling in

understanding  regional resistance
patterns.

Discussion

Public Health Risks

The proliferation of antibiotic-

resistant E. coli in drinking water sources
presents multifaceted and escalating

threats to global public health, with
impacts extending far beyond simple
waterborne disease transmission. These
risks manifest across multiple
dimensions, affecting individual patient
outcomes, healthcare system capacity,
and broader population health security.

Quantitative Impact Assessment

Recent clinical surveillance data
demonstrate that infections caused by
multidrug-resistant E. coli strains result
in significantly worse patient outcomes
compared to  susceptible strains.
Treatment failure rates for MDR E. coli
infections range from 25% to 40%,
compared to 5% to 10% for infections
caused by susceptible strains [18].

This four-fold increase in treatment
failure translates directly into prolonged
illness, increased complications, and
elevated mortality risks. The economic
burden of MDR E. coli infections is
substantial and growing. Treatment costs
increase by 2-3-fold compared to
susceptible infections, primarily due to
the need for more expensive second- and
third-line antibiotics, extended hospital
stays, and additional diagnostic
procedures [19].

Hospital stays are extended by an
average of 6-12 days for MDR infections,
creating cascading effects on healthcare
system capacity and resource allocation.
Mortality statistics reveal the severity of
this public health threat. Severe MDR E.
coli infections carry case fatality rates of
15-30% in resource-limited settings,
compared to 2-5% in well-resourced
healthcare systems with access to
advanced diagnostic capabilities and
alternative treatment options [20].

This  disparity  highlights  the
intersection of antimicrobial resistance
with  health equity and social
determinants of health.
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Figure 3 Resistance profile heatmap of E. coli isolates from Brazilian water sources. The
heatmap demonstrates antimicrobial resistance profiles across 54 E. coli strains, with dark red
boxes indicating resistance, light red indicating susceptibility, and light pink indicating untested
antibiotics. The comprehensive profiling reveals complex multidrug resistance patterns and
highlights the diversity of resistance phenotypes in environmental isolates. Antibiotic
abbreviations: meropenem (MER), ertapenem (ETP), imipenem (IPM), ceftriaxone (CRO),
ceftazidime (CAZ), cefoxitin (CFX), cefepime (CPM), cefotaxime (CTX), nalidixic acid (NAL),
ciprofloxacin (CIP), amoxicillin/clavulanate (AMC), aztreonam (ATM), amikacin (AMI),
gentamicin (GEN), trimethoprim-sulfamethoxazole (SXT), enrofloxacin (ENO), chloramphenicol
(CHL), fosfomycin (FOS), cephalothin (CEP), ceftiofur (CTF), ampicillin (AMP), and tetracycline
(TET). Colistin (COL) resistance was determined by broth microdilution method [21]
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Vulnerable Population Analysis

Certain populations face
disproportionately high risks from
antibiotic-resistant E. coli exposure
through contaminated drinking water:

Immunocompromised individuals
represent the highest-risk population,
including HIV/AIDS patients (particularly
those with CD4 counts <200 cells/pL),
organ transplant recipients receiving
immunosuppressive therapy, and cancer
patients undergoing chemotherapy.
These individuals have compromised
ability to clear bacterial infections and
are more likely to develop severe,
systemic infections from relatively low-
level exposures.

Pediatric populations, particularly
children under 5 years of age, account for
approximately 60% of global waterborne
disease deaths and face unique
vulnerabilities to antibiotic-resistant
infections. Their developing immune
systems, higher fluid requirements
relative to body weight, and increased
likelihood of hand-to-mouth
contamination create multiple exposure
pathways and reduced capacity for
infection control.

Elderly populations (adults over 65
years) experience age-related immune

decline (immunosenescence) that
reduces their ability to respond
effectively to  bacterial infections.

Comorbid conditions common in this age
group, including diabetes, cardiovascular
disease, and chronic kidney disease,
further compromise immune function
and increase infection severity.

Pregnant women face risks of
maternal-foetal transmission and
pregnancy  complications, including

preterm labour, intrauterine growth
restriction, and neonatal sepsis.
Antibiotic treatment options are further
limited during pregnancy due to
concerns about foetal toxicity, creating

additional treatment challenges when
resistant infections occur.

Rural and peri-urban communities
often face compounded vulnerabilities
due to limited access to alternative water

sources, reduced healthcare
infrastructure, and delayed access to
advanced medical care. These
communities frequently depend on

untreated or minimally treated water
sources with higher contamination risks.

Healthcare System Implications

The presence of antibiotic-resistant E.
coli in drinking water creates multiple
challenges for healthcare systems:

Resource allocation pressures
intensify as MDR infections require
increased use of intensive care units,

isolation facilities, and specialized
medical equipment. The need for
extended monitoring and complex
treatment regimens strains staffing

resources and increases per-patient care
costs.

Laboratory capacity requirements
expand significantly, as effective
management of resistant infections

depends on rapid, accurate diagnostic
testing. Healthcare systems must invest
in antimicrobial susceptibility testing
capabilities, molecular diagnostic
platforms, and specialized laboratory
personnel training. Treatment protocol
complexity increases as clinicians and
must navigate limited therapeutic
options while considering patient-
specific factors such as renal function,
drug interactions, and allergy profiles.
Empirical therapy decisions become
more challenging when local resistance
patterns are poorly characterized.
Surveillance infrastructure demands
grow as healthcare systems must
implement integrated monitoring
approaches that link environmental
contamination data  with  clinical
resistance patterns. This integration
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requires sophisticated data management
systems and interdisciplinary
collaboration. Healthcare worker safety
concerns arise as resistant organisms
may pose occupational exposure risks,
requiring enhanced infection control
measures, personal protective
equipment, and occupational health
monitoring programs.

Real-World Impact Examples

The 2011 German E. coli 0104:H4
outbreak provides a stark illustration of
the potential for rapid spread and severe
consequences of resistant strains. This
outbreak resulted in over 4,000 cases
and 50 deaths, demonstrating how
antibiotic-resistant E. coli can overwhelm
healthcare systems and cause
widespread public health emergencies
[22].

Regional surveillance data from Sub-
Saharan Africa show strong correlations
between MDR E. coli prevalence in water
sources and increased childhood
diarrheal mortality rates. Communities
with over 60% E. coli contamination in
drinking water sources experience 2-3
times higher rates of severe diarrheal
disease requiring hospitalization.
Healthcare system strain during resistant
E. coli outbreaks in resource-limited
settings has been documented in
multiple countries, with reports of
intensive care unit capacity being
exceeded, antibiotic stock-outs, and
temporary suspension of elective
procedures to manage outbreak
responses [23].

Geographic Risk Stratification

Public health risks vary significantly
across geographical regions based on
multiple intersecting factors: High-risk
regions include areas with over 50% E.
coli contamination rates combined with
limited healthcare infrastructure,

primarily in Sub-Saharan Africa and
South Asia. These regions face the dual
challenge of high exposure rates and
limited treatment capacity.

Emerging risk areas encompass
regions experiencing rapid urbanization
without corresponding improvements in
sanitation infrastructure, including peri-
urban areas of rapidly growing cities in
LMICs. These areas often experience the
highest contamination rates due to
inadequate waste management combined
with high population density.

Surveillance gaps exist in countries
with limited participation in global AMR
monitoring systems, creating blind spots
in resistance tracking and early warning
capabilities. = These gaps impede
coordinated response efforts and limit
the effectiveness of regional control
strategies [23].

Environmental and Policy Gaps

The current water safety frameworks
and regulatory approaches often operate
in isolation from antimicrobial resistance
surveillance systems, creating critical
gaps in our ability to detect, monitor, and
respond to resistant pathogen threats in
drinking water supplies. This
disconnection between environmental
monitoring and clinical surveillance
represents a fundamental weakness in
current public health preparedness.

Regulatory Framework Limitations

Most national water quality standards
focus on traditional microbial indicators
without incorporating antimicrobial
resistance monitoring requirements. This
regulatory gap means that water systems
may meet current safety standards while
harbouring significant populations of
antibiotic-resistant bacteria.

Integration Challenges
The lack of standardized protocols for
linking environmental monitoring data
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with clinical resistance surveillance
results in missed opportunities for early
outbreak detection and prevention.
Healthcare systems and water
management authorities often operate
with separate data systems and
communication channels.

Capacity Building Needs

Many LMICs lack the Ilaboratory
infrastructure and technical expertise
required for comprehensive AMR
surveillance in environmental samples.
This limitation results in underreporting
of resistance prevalence and delayed

recognition of resistance

threats.

emerging

Global Surveillance Participation

Participation in international AMR
monitoring initiatives such as the WHO's
Global Antimicrobial Resistance and Use
Surveillance System (GLASS) remain
uneven, with many countries lacking the
resources or institutional capacity to
contribute meaningful environmental
surveillance data. This participation gap
limits the effectiveness of global early
warning systems and coordinated
response efforts [24].

Table 4 Recommendations for water safety and AMR surveillance integration

Implement routine testing of drinking water

Regular Water Qualit . . . .
gu S Quality sources for microbial contaminants and High
Monitoring . . .
resistance genes using standardized protocols
Link environmental monitoring data with
Integration with AMR national AMR surveillance frameworks like Hich
Surveillance Systems  GLASS through shared databases and reporting &
protocols
. o Improve access to safe sewage systems, clean
h . ST ’ .
Strengthening Sanitation toilets, and waste treatment facilities to reduce Medium
Infrastructure o
contamination at source
Raise awareness about hygiene practices,
Public Education antibiotic misuse consequences, and the Medium
Campaigns importance of clean water through community-
based programs
Regulate antibiotic use in human health,
Antimicrobial agriculture, and animal husbandry through Hich
Stewardship Policies licensing, prescription monitoring, and &
enforcement mechanisms
Capacity Building and Invest in laboratory infrastructure, technical
Laboratory training, and data-sharing networks for AMR High
Strengthening detection and analysis
Develop integrated surveillance systems that
One Health Approach °l0b Ies ysk .
. monitor resistance across human, animal, and Medium
Implementation .
environmental sectors
International Strengthen cross-border collaboration for
Cooperation surveillance data sharing and coordinated Low
Enhancement response to resistance threats
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Resource Allocation Challenges

Limited funding for environmental
health surveillance often forces public
health agencies to prioritize immediate
clinical needs over longer-term
environmental monitoring programs.
This short-term focus can result in
missed opportunities for prevention and
early intervention. Table 4 presents
comprehensive recommendations for
addressing these policy and surveillance
gaps through integrated approaches that
strengthen both water safety monitoring
and antimicrobial resistance surveillance
capabilities.

Technological and
Advances

Methodological

Recent technological developments
offer promising opportunities for
enhanced surveillance and more effective
resistance monitoring in drinking water
systems. These advances span detection
methodologies, data integration
platforms, and predictive modeling
approaches.

Rapid Diagnostic Technologies

Point-of-care diagnostic devices are
being developed that can detect both E.
coli presence and resistance gene
markers in water samples within hours
rather than days. These technologies
could enable real-time monitoring of
water quality and immediate response to
contamination events.

Metagenomic Surveillance

Advanced sequencing technologies
allow for comprehensive
characterization of microbial
communities and their associated
resistomes in water samples. This
approach  provides insights into
resistance gene diversity, transfer
potential, and ecological relationships

that traditional culture-based methods
cannot capture.

Artificial Intelligence Applications

Machine learning algorithms are being
developed to predict resistance patterns

based on environmental variables,
seasonal factors, and historical
surveillance data. These predictive

models could enable proactive rather
than reactive responses to resistance
threats.

Sensor Technology Integration

Smart sensor networks capable of
continuous monitoring of water quality
parameters are being deployed in pilot
programs, offering the potential for
automated early warning systems and
real-time contamination detection [25].

Future Research Directions

Several critical research gaps require
urgent attention to advance our
understanding and management of
antibiotic-resistant E. coli in drinking
water:

Climate Change Interactions

The effects of rising temperatures,
altered precipitation patterns, and
extreme weather events on resistance
gene prevalence and dissemination
patterns require systematic
investigation. = Understanding  these
interactions is crucial for developing
climate-resilient surveillance and control
strategies.

Horizontal Gene Transfer Dynamics

Research into the environmental
factors that promote or inhibit horizontal
gene transfer between bacterial species
in aquatic environments could inform
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targeted interventions to reduce the
dissemination of resistance gene.

Treatment Technology Effectiveness

A systematic evaluation of water
treatment technologies for their ability to
remove or inactivate antibiotic-resistant
bacteria and resistance genes is needed
to guide infrastructure investment
decisions.

Community-Based Interventions

The development and evaluation of
community-level interventions that can
effectively reduce exposure to resistant
bacteria in resource-limited settings
represent a critical research priority.

Conclusion

The  escalating  prevalence  of
antibiotic-resistant E. coli in drinking
water sources represents one of the most
pressing challenges at the intersection of
environmental and public health. This
comprehensive review has documented
the global scope of this problem, with
resistance rates exceeding 40% for
multiple antibiotic classes in many
regions, and particularly alarming trends
in low- and middle-income countries
where water infrastructure is
inadequate. The transformation of E. coli
from a simple contamination indicator to
a significant vector for antimicrobial
resistance gene dissemination reflects
broader changes in the global microbial
ecosystem. The presence of clinically
relevant resistance genes such as
bla<sub>TEM</sub>, bla<sub>CTX-
M</sub>, and gnr variants in
environmental isolates creates direct
pathways for resistance transfer to
pathogenic bacteria, undermining the
effectiveness of critical antibiotics used
in clinical practice. The public health
implications are profound and
multifaceted. Treatment failure rates of

25-40% for MDR E. coli infections,
combined with 2-3-fold increases in
healthcare costs and elevated mortality
risks, demonstrate the immediate clinical

consequences of environmental
resistance. Vulnerable populations—
including immunocompromised

individuals, children under 5 years,
elderly adults, and pregnant women—
face disproportionate risks that are
compounded by limited access to
alternative treatment options in many
regions. The current surveillance
frameworks suffer from critical gaps in
integration  between environmental
monitoring and clinical resistance
tracking. The lack of standardized
protocols for resistance gene detection in
water samples, combined with uneven
participation in global surveillance
initiatives, creates blind spots that
impede effective early warning and
response systems. However, emerging
technological advances offer hope for
more effective surveillance and control
strategies. Rapid diagnostic technologies,
metagenomic  approaches, artificial
intelligence applications, and smart
sensor networks provide unprecedented
opportunities for real-time monitoring
and predictive modelling of resistance
patterns.

Priority Actions Required:

1. Immediate integration of
antimicrobial resistance monitoring into
routine water quality surveillance
programs globally

2. Enhanced laboratory capacity in
LMICs to support molecular surveillance
of resistance genes in environmental
samples

3. Strengthened international
cooperation through expanded
participation in GLASS and other global
surveillance initiatives
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4, Investment in infrastructure to
improve sanitation systems and reduce
contamination at source
5. Implementation of one health
approaches that integrate human, animal,
and environmental surveillance systems
The fight against antimicrobial
resistance cannot be won in hospitals
and clinics alone—it must extend to the
environmental reservoirs where
resistance genes persist, evolve, and
disseminate. Protecting drinking water
from resistant pathogens must become a
cornerstone of comprehensive AMR
control strategies. The window of
opportunity for effective action is
narrowing rapidly. Without coordinated
global response that addresses both
immediate public health threats and
longer-term environmental drivers of
resistance, we face the prospect of a post-
antibiotic era where common infections
become untreatable. The evidence
presented in this review demonstrates
that the technology, knowledge, and
frameworks needed for effective action
exist—what remains is the political will
and resource commitment to implement
them at the scale and speed required. A
coordinated, evidence-based approach
that integrates environmental
surveillance with clinical monitoring,
strengthens laboratory capacity, and
addresses  underlying infrastructure
deficits will be essential to mitigate the
growing threat of antibiotic-resistant E.
coli in drinking water and protect public
health worldwide.
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