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[bookmark: _Toc216595134]ABSTRACT
This study assessed the microbial quality, antibiotic resistance patterns, and plasmid profiles of bacteria isolated from Kwalkwalawa River. Biochemical characterization identified both environmental and fecal-associated bacteria, including Bacillus pumilus, Bacillus laterosporus, Serratia marcescens, Enterobacter cloacae, and Escherichia coli. The presence of E. coli indicates fecal contamination and potential health risks for communities utilizing the river. Coliform enumeration using the Most Probable Number (MPN) method revealed severe contamination at sampling point KWA (1100 MPN/100 mL) compared to KWB (75 MPN/100 mL), far exceeding WHO’s recommended limit of zero coliforms in potable water. Antibiotic susceptibility testing showed widespread resistance to beta-lactam antibiotics, with all isolates resistant to Ampicillin and Amoxicillin, whereas fluoroquinolones, including Ciprofloxacin and Ofloxacin, remained highly effective. Plasmid analysis indicated that only one E. coli isolate carried a detectable plasmid, suggesting plasmid-mediated resistance, while other isolates may possess chromosomal resistance determinants. These findings highlight significant microbial pollution and the presence of antibiotic-resistant bacteria in the river, emphasizing the need for improved water quality monitoring and public health interventions.
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[bookmark: _Toc216595135]CHAPTER ONE
1.0 INTRODUCTION
[bookmark: _Toc216595136]1.1 Background of the Study
Escherichia coli is a Gram-negative, facultative anaerobic bacterium commonly found in the intestinal tract of humans and animals, where most strains exist as harmless commensals that support normal gut function (Madigan et al., 2021). However, several strains have acquired genetic elements that confer pathogenicity or antimicrobial resistance, enabling them to cause significant infections in humans and animals (Kaper et al., 2020). River systems often serve as reservoirs for both commensal and resistant E. coli because they continuously receive inputs from domestic waste, agricultural runoff, and fecal contamination from humans and livestock (World Health Organization [WHO], 2021). Contamination of surface waters with resistant E. coli has become a global public health concern because such environments facilitate the transfer of resistance determinants between bacterial strains and across species (Centers for Disease Control and Prevention [CDC], 2022).
Antimicrobial resistance is now recognized as one of the most urgent threats to global health, largely driven by the misuse and overuse of antibiotics in clinical, agricultural, and environmental settings (WHO, 2020). Bacteria frequently develop resistance through chromosomal mutations or through the acquisition of mobile genetic elements, with plasmids being the most prominent drivers of horizontal gene transfer (Martínez & Baquero, 2021). Plasmids are extrachromosomal DNA molecules capable of self-replication and transfer between bacteria, and they frequently carry genes that encode resistance to multiple antibiotic classes such as beta-lactams, tetracyclines, aminoglycosides, and fluoroquinolones (Partridge et al., 2018). The pervasive circulation of plasmid-harboring E. coli strains in river water increases the possibility of community exposure and poses risks for environmental spread of resistance genes (Manaia, 2022).
Kwalkwalawa River, located near populated academic and residential communities in Sokoto State, is routinely used for domestic, agricultural, and recreational activities, which may expose the water to fecal contamination and subsequent microbial pollution (Afolabi et al., 2021). Rivers situated near settlements often receive untreated wastewater and agricultural effluents that introduce high microbial loads, including E. coli and other pathogenic enteric bacteria (Odonkor & Ampofo, 2021). The isolation and characterization of E. coli from such a river thus provide critical information on environmental safety and the potential for the river to act as a conduit for antimicrobial resistance dissemination (Iwu & Okoh, 2020). Understanding whether plasmids contribute to the resistance profiles of E. coli strains from this river is essential because plasmid-mediated resistance typically spreads more rapidly than chromosomal resistance (Rawat & Nair, 2020).
Evaluating resistant E. coli isolates from environmental water not only highlights the ecological distribution of resistance genes but also informs risk assessment and local health planning (Berendonk et al., 2019). Determining whether these isolates harbor plasmids allows researchers to understand the mechanisms driving their resistance patterns and the likelihood that resistance traits can be transferred to other bacteria within the environment or to human pathogens (Carattoli, 2019). Such information is valuable in regions where water sources serve both domestic and agricultural functions, as resistant E. coli may enter food chains, irrigation systems, or human contact pathways (Hendriksen et al., 2019).
Given the public health relevance of resistant E. coli in environmental waters, assessing the plasmid profiles of isolates from Kwalkwalawa River provides essential insight into the genetic basis of antimicrobial resistance within this ecosystem (Manaia, 2022). This study therefore focuses on isolating E. coli from the river, determining their antibiotic susceptibility patterns, and evaluating whether plasmid DNA contributes to observed antimicrobial resistance.

[bookmark: _Toc216595137]1.2 Statement of the Problem
Environmental water bodies have increasingly become reservoirs of multidrug-resistant bacteria due to escalating contamination from untreated sewage, animal waste, and indiscriminate antibiotic usage (WHO, 2020). Kwalkwalawa River, which is close to residential communities and agricultural activities, is vulnerable to such contamination, raising concerns about the presence of resistant E. coli in the water used by local populations (Afolabi et al., 2021). Although E. coli is widely recognized as an indicator organism for fecal pollution, the extent to which isolates from this river harbor antimicrobial resistance genes remains insufficiently documented (Odonkor & Ampofo, 2021). More critically, the role of plasmids in mediating resistance in these isolates has not been thoroughly investigated, despite evidence that plasmid-borne resistance accelerates the spread of multidrug resistance across environmental and clinical settings (Carattoli, 2019).
Without clear characterization of the resistance mechanisms in river-derived E. coli, communities relying on the river may be at increased risk of exposure to harmful, resistant strains, and local health authorities may lack the evidence needed to develop effective monitoring programs (Iwu & Okoh, 2020). This gap underscores the need for a systematic assessment of antimicrobial resistance and plasmid profiles in E. coli isolated from Kwalkwalawa River.
[bookmark: _Toc216595139]1.3 Justification of the Study
The increasing emergence of multidrug-resistant E. coli in environmental waters necessitates routine surveillance to protect public health and prevent the spread of resistance within communities (WHO, 2021). Understanding whether plasmids mediate resistance in local isolates provides essential insight into the mechanisms driving antimicrobial resistance in the region (Martínez & Baquero, 2021). This information can support environmental monitoring programs, guide local water safety policies, and contribute to national and global efforts aimed at reducing the spread of plasmid-borne resistance (Berendonk et al., 2019). Furthermore, data generated from this study may assist future researchers in understanding resistance dynamics in similar ecological settings and inform intervention strategies (Hendriksen et al., 2019).
[bookmark: _Toc216595138]1.4 Aim and Objectives of the Study
Aim
The aim of this study is to assess plasmid-mediated antimicrobial resistance in Escherichia coli isolated from Kwalkwalawa River.
Objectives
The objectives of the study are to 
1. isolate and identify E. coli from water samples collected from Kwalkwalawa River
2. determine the antibiotic susceptibility patterns of the isolates using standardized methods
3. evaluate whether plasmid DNA contributes to observed antimicrobial resistance through plasmid extraction and agarose gel electrophoresis
[bookmark: _Toc216595140]1.5 Scope and Limitations
This study focuses on the isolation and biochemical identification of Escherichia coli from water samples collected at selected points along Kwalkwalawa River and evaluates their antimicrobial susceptibility profiles using standardized antibiotic discs (CLSI, 2021). It further assesses the presence of plasmid DNA in resistant isolates using plasmid extraction and agarose gel electrophoresis techniques (Sambrook & Russell, 2020). The study is limited to bacterial isolates obtained during the sampling period and does not evaluate seasonal variations, molecular typing, sequencing of resistance genes, or environmental physicochemical parameters, which may influence microbial distribution or resistance outcomes (Manaia, 2022). Additionally, resource constraints restrict the study to phenotypic resistance testing and plasmid profiling without assessing chromosomal resistance determinants (Partridge et al., 2018).



[bookmark: _Toc216595141]CHAPTER TWO
2.0 LITERATURE REVIEW
2.1 Antimicrobial Resistance
Antimicrobial resistance has evolved into one of the most significant biological challenges of the twenty-first century, largely due to constant exposure of microorganisms to selective pressures created by clinical, veterinary, and environmental antibiotic use (Martínez & Baquero, 2021). Bacteria respond to these pressures through genetic adaptations that arise either from spontaneous chromosomal mutations or from the acquisition of foreign genetic elements that confer resistance traits (Partridge et al., 2018). The capacity of bacteria to exchange genetic material through horizontal gene transfer profoundly influences how resistance emerges and spreads across microbial populations in natural environments, including rivers and other freshwater systems (Carattoli, 2019).
Rivers act as dynamic ecosystems that receive inputs from human settlements, animal production facilities, and agricultural fields, making them hotspots for the introduction and dissemination of resistant bacteria (Manaia, 2022). When untreated or poorly treated wastewater enters river systems, it introduces high loads of fecal microorganisms, including Escherichia coli, which serve as indicators of fecal pollution and potential carriers of resistance determinants (World Health Organization [WHO], 2021). These riverine environments provide favorable conditions for the exchange of mobile genetic elements such as plasmids, transposons, and integrons that facilitate rapid spread of antimicrobial resistance genes (Berendonk et al., 2019).
Plasmids are particularly important in this context because they often carry genes encoding resistance to several classes of antibiotics. Their ability to replicate independently and transfer between bacterial cells through conjugation accelerates the dissemination of resistance traits within natural microbial communities (Carattoli, 2019). The presence of plasmid-bearing E. coli in rivers therefore signals a heightened risk of environmental and public health exposure to multidrug-resistant organisms (Hendriksen et al., 2019). Such plasmids may carry genes for beta-lactamases, efflux pumps, aminoglycoside-modifying enzymes, or extended-spectrum resistance mechanisms that compromise the effectiveness of commonly used antimicrobial agents (Partridge et al., 2018).
The examination of resistance profiles in E. coli isolated from river water is especially relevant because E. coli is not only an indicator organism for fecal contamination but also a well-studied model bacterium whose resistance mechanisms are representative of broader resistance patterns among enteric species (Kaper et al., 2020). Studying its antimicrobial susceptibilities and plasmid content provides insight into the ecological and epidemiological dynamics of resistance in freshwaters (Iwu & Okoh, 2020). Additionally, global health authorities consistently emphasize the importance of environmental surveillance in identifying reservoirs of resistance and informing strategies for antimicrobial stewardship (WHO, 2020).
The theoretical framework for this study therefore rests on the understanding that environmental waters function as both sinks and conduits for resistant bacteria. It also emphasizes the central role of plasmids in mediating antimicrobial resistance and the value of assessing plasmid presence in environmental E. coli isolates as a means of understanding how resistance traits persist and spread within natural ecosystems (Martínez & Baquero, 2021). 
[bookmark: _Toc216595142]2.1.1 Escherichia coli: Taxonomy, Physiology, and Environmental Relevance
Escherichia coli is a member of the family Enterobacteriaceae and is taxonomically classified as a Gram-negative, rod-shaped, facultative anaerobe that inhabits the gastrointestinal tract of humans and warm-blooded animals (Madigan et al., 2021). Its taxonomic identity is well established through biochemical, molecular, and phylogenetic analyses that position it as one of the most widely studied bacterial species because of its clinical, ecological, and biotechnological importance (Kaper et al., 2020). The species demonstrates remarkable genetic diversity, with strains ranging from harmless commensals to highly pathogenic variants that possess virulence factors enabling them to cause gastrointestinal and extraintestinal diseases (Croxen et al., 2019).
Physiologically, E. coli is adapted to survive in a broad range of environments due to its metabolic versatility. It grows optimally at 37 degrees Celsius but is capable of persisting in aquatic environments where nutrient and temperature conditions fluctuate (Madigan et al., 2021). The organism possesses multiple transport systems and metabolic pathways that enable it to utilize a wide array of carbon sources, promote rapid growth, and maintain fitness in habitats outside the intestinal tract (Lloyd & Allen, 2021). The ability to switch between aerobic and anaerobic respiration further contributes to its survival in rivers where oxygen levels may vary across microhabitats (Iwu & Okoh, 2020).
Although E. coli is primarily a gut commensal, its presence in environmental waters such as rivers, lakes, and streams is widely recognized as a reliable indicator of fecal contamination (WHO, 2021). Freshwater bodies receiving runoff from residential areas, agricultural activities, and wastewater discharges often contain high loads of E. coli that originate from human and animal waste (Odonkor & Ampofo, 2021). Because of this link to fecal pollution, health agencies routinely use E. coli counts to assess water quality and evaluate the likelihood of pathogen presence in environmental waters (CDC, 2022).
E. coli also plays a significant role in monitoring antimicrobial resistance in aquatic ecosystems. Environmental strains frequently acquire resistance genes due to exposure to antibiotic residues from wastewater, livestock effluents, and agricultural runoff (Hendriksen et al., 2019). These selective pressures promote the survival of resistant populations and facilitate horizontal gene transfer among bacterial communities in rivers (Berendonk et al., 2019). Plasmid exchange among E. coli and other enteric species occurs readily in such environments, increasing the prevalence of multidrug resistance and enabling resistance genes to spread into clinically relevant bacterial populations (Carattoli, 2019).
The environmental relevance of E. coli therefore extends beyond its role as a water quality indicator. It is a key player in the ecology of resistance, functioning both as a reservoir and a conduit for antimicrobial resistance genes in natural waters (Manaia, 2022). The detection of plasmid-bearing E. coli in rivers signals elevated risks for the dissemination of resistance determinants through environmental, agricultural, and human exposure pathways (Iwu & Okoh, 2020). 
[bookmark: _Toc216595143]2.1.2 Riverine Microbial Ecology and Fecal Contamination Sources
Riverine ecosystems support complex microbial communities that play essential roles in nutrient cycling, organic matter degradation, and ecological balance, making them dynamic environments where bacteria constantly interact, compete, and exchange genetic material (Iwu & Okoh, 2020). The microbial composition of rivers is influenced by hydrological conditions, surrounding land use, and the influx of microorganisms from terrestrial and anthropogenic sources, with freshwater bodies serving as both habitats and transport pathways for a wide range of bacteria, including commensal, pathogenic, and antibiotic-resistant strains (Manaia, 2022). Because rivers receive runoff and effluents from multiple origins, they are recognized as major reservoirs where microbial populations from natural and human-influenced environments converge (Berendonk et al., 2019).
Fecal contamination is one of the most significant contributors to microbial loads in rivers, stemming from domestic sewage, agricultural runoff, livestock operations, and open defecation in regions with limited sanitation infrastructure (WHO, 2021). The discharge of untreated or partially treated wastewater introduces high concentrations of enteric bacteria such as Escherichia coli, which serves as a reliable indicator of recent fecal contamination because of its abundance in the intestines of warm-blooded animals (CDC, 2022). Rivers situated near agricultural settlements often receive animal waste through direct deposition or surface runoff, further increasing the microbial burden and introducing resistant bacteria originating from livestock treated with antibiotics (Odonkor & Ampofo, 2021). These contamination pathways create sustained inputs of fecal microbes that reshape the microbial composition of river systems.
Once introduced into river water, fecal bacteria interact with indigenous aquatic microorganisms, creating opportunities for genetic exchange that can enhance environmental persistence and resistance traits (Hendriksen et al., 2019). Rivers often contain antibiotic residues, heavy metals, and other pollutants that exert selective pressure on bacterial communities, favoring the survival and proliferation of resistant strains (Martínez & Baquero, 2021). In this context, resistance genes carried by fecal bacteria may be transferred to other aquatic microorganisms through horizontal gene transfer mechanisms, particularly via plasmids and integrons that facilitate the spread of resistance determinants across diverse taxa (Carattoli, 2019). These interactions contribute to the formation of environmental resistomes, defined as collections of resistance genes present in natural ecosystems, many of which can potentially be mobilized into human pathogens (Partridge et al., 2018).
Hydrological factors also influence microbial survival and transport. Flow velocity, sedimentation, temperature fluctuation, and sunlight exposure all affect the persistence of fecal bacteria, with sediments often serving as microhabitats where E. coli can survive for extended periods (Lloyd & Allen, 2021). Sediment-associated bacteria may later be resuspended into the water column during rainfall or turbulent flow events, creating periodic spikes in microbial contamination levels (Iwu & Okoh, 2020). These dynamic processes highlight the complexity of riverine microbial ecology and underscore the importance of understanding environmental influences when assessing contamination and resistance patterns.
[bookmark: _Toc216595144]2.1.3 Antibiotic Resistance Mechanisms in Bacteria
Antibiotic resistance in bacteria arises from genetic and biochemical strategies that enable cells to withstand the inhibitory or lethal effects of antimicrobial agents, allowing resistant populations to persist and proliferate under selective pressure (Martínez & Baquero, 2021). These mechanisms are broadly categorized into intrinsic and acquired forms of resistance. Intrinsic resistance refers to naturally occurring traits that make certain bacterial species inherently insensitive to specific antibiotics, while acquired resistance arises through mutations or through horizontal gene transfer of resistance determinants from other bacteria (Partridge et al., 2018). The latter represents a major driver of multidrug resistance in both clinical and environmental settings and is strongly influenced by mobile genetic elements such as plasmids, transposons, and integrons that facilitate rapid dissemination of resistance traits (Carattoli, 2019).
One of the most common mechanisms of resistance is enzymatic inactivation of antibiotics. Many Gram-negative bacteria, including Escherichia coli, produce beta-lactamases that hydrolyze the beta-lactam ring of penicillins, cephalosporins, and related antibiotics, thus rendering them ineffective (Bush & Bradford, 2020). Extended-spectrum beta-lactamases (ESBLs) and carbapenemases represent advanced variants of these enzymes and are frequently encoded on plasmids that promote their spread across bacterial populations (Rawat & Nair, 2020). Other enzymes such as aminoglycoside-modifying enzymes chemically alter aminoglycosides, reducing their ability to bind to bacterial ribosomes and inhibit protein synthesis (Partridge et al., 2018).
Another widespread resistance mechanism involves the alteration of antibiotic targets within the bacterial cell. Mutations in genes encoding penicillin-binding proteins, ribosomal RNA, DNA gyrase, or RNA polymerase can reduce the affinity of antibiotics for their targets, diminishing therapeutic effectiveness (Martínez & Baquero, 2021). For example, fluoroquinolone resistance in E. coli commonly results from mutations in the gyrA and parC genes, which encode components of DNA gyrase and topoisomerase IV (Kaper et al., 2020). Target modification may also be mediated by the acquisition of alternative target enzymes, such as the mecA gene in methicillin-resistant Staphylococcus aureus, although target replacement is less common in E. coli (Rawat & Nair, 2020).
Efflux pump overexpression is another important resistance strategy. Efflux pumps actively expel antibiotics from the cell, lowering intracellular drug concentrations to sublethal levels (Partridge et al., 2018). In E. coli, the AcrAB-TolC efflux system plays a major role in multidrug resistance by extruding a wide range of structurally diverse antimicrobial compounds (Croxen et al., 2019). Exposure to environmental contaminants such as heavy metals and biocides may induce efflux pump expression and contribute to cross-resistance, allowing bacteria to withstand multiple stresses encountered in aquatic habitats (Hendriksen et al., 2019).
Modifications of membrane permeability also contribute to resistance. Gram-negative bacteria can reduce antibiotic uptake by altering or downregulating outer membrane porins, thereby limiting the entry of hydrophilic antibiotics such as beta-lactams (Bush & Bradford, 2020). These alterations often act synergistically with other resistance mechanisms, enhancing bacterial survival under antibiotic exposure.
Horizontal gene transfer is central to the spread of resistance mechanisms across environmental ecosystems. Conjugation allows plasmids carrying resistance genes to move between bacterial cells, even across species boundaries, making it one of the most impactful contributors to the rise of multidrug resistance in rivers and other freshwater systems (Carattoli, 2019). Transformation and transduction also facilitate the exchange of DNA fragments and bacteriophage-mediated transfer of resistance genes, although conjugation is considered the dominant mechanism for plasmid dissemination among Enterobacteriaceae such as E. coli (Partridge et al., 2018). These processes are enhanced in riverine environments where diverse microbial communities coexist and where pollutants create selective pressures that favor resistant strains (Manaia, 2022).

[bookmark: _Toc216595145]2.1.4 Plasmid-Mediated Antimicrobial Resistance
Plasmid-mediated antimicrobial resistance represents one of the most significant drivers of the rapid spread of resistance traits among bacterial populations in both clinical and environmental settings (Carattoli, 2019). Plasmids are extrachromosomal, self-replicating DNA molecules that often carry genes encoding resistance to multiple classes of antibiotics, enabling bacteria to survive under selective pressures imposed by antimicrobial compounds (Partridge et al., 2018). Because plasmids can transfer horizontally between bacterial cells through conjugation, they facilitate the dissemination of resistance determinants across species and even across genus boundaries, contributing to the emergence of multidrug-resistant strains in riverine ecosystems and other aquatic habitats (Martínez & Baquero, 2021).
The genes carried on resistance plasmids frequently encode enzymes that modify or degrade antibiotics. Many plasmids in Escherichia coli and related Enterobacteriaceae harbor beta-lactamase genes such as blaTEM, blaSHV, and blaCTX-M, which confer resistance to a wide range of beta-lactam antibiotics including third-generation cephalosporins (Bush & Bradford, 2020). Some plasmids also carry carbapenemase genes, which are particularly concerning because they inactivate carbapenems, a last-resort class of antibiotics (Rawat & Nair, 2020). In addition to beta-lactamases, plasmids may encode aminoglycoside-modifying enzymes, chloramphenicol acetyltransferases, tetracycline efflux proteins, and sulfonamide-resistant dihydropteroate synthase variants, enabling bacteria to resist several major antibiotic groups (Partridge et al., 2018).
Beyond mediating enzymatic inactivation, plasmids may carry genes involved in target modification and protection. For example, qnr plasmid genes encode proteins that protect DNA gyrase from fluoroquinolone inhibition, contributing to resistance even in the absence of chromosomal mutations (Kaper et al., 2020). Similarly, plasmid-encoded methyltransferases modify ribosomal targets, reducing the effectiveness of macrolides and other protein-synthesis inhibitors (Croxen et al., 2019). The presence of such resistance genes allows environmental E. coli to survive low-level exposure to antibiotic residues commonly found in rivers affected by wastewater and agricultural runoff (Hendriksen et al., 2019).
Plasmids also frequently carry genetic elements that enhance their mobility and persistence. These include insertion sequences, transposons, and integrons that facilitate the capture and rearrangement of resistance gene cassettes, enabling bacteria to rapidly accumulate multiple resistance traits under antibiotic pressure (Carattoli, 2019). Class 1 integrons, often located on conjugative plasmids, are especially important in environmental settings because they integrate diverse resistance genes and contribute to multidrug resistance phenotypes (Partridge et al., 2018). Their prevalence in river water reflects the continuous mixing of bacteria from human, animal, and environmental sources and the selection pressures created by contaminants such as antibiotics, heavy metals, and disinfectants (Manaia, 2022).
Environmental waters such as rivers provide ideal conditions for plasmid-mediated resistance dissemination. High bacterial densities, diverse species interactions, biofilm formation, and intermittent exposure to sublethal antibiotic concentrations collectively enhance conjugation rates and promote plasmid stability in bacterial populations (Berendonk et al., 2019). Biofilms in particular act as hotspots for horizontal gene transfer, protecting bacterial cells from environmental stress while promoting close cell-to-cell contact that favors plasmid exchange (Lloyd & Allen, 2021). Thus, plasmid-bearing E. coli in river water not only survive but can serve as donors of resistance genes to other environmental or pathogenic bacteria.
Because plasmid-mediated resistance is highly transmissible and often associated with multidrug resistance, its detection in environmental isolates carries important public health implications (WHO, 2021). The presence of resistance plasmids in E. coli isolates from Kwalkwalawa River may indicate ongoing horizontal gene transfer events in the ecosystem and reflect contamination from human or animal sources with high antibiotic exposure. 
[bookmark: _Toc216595146]2.2 Conceptual Framework
The conceptual framework for this study is built on the understanding that environmental waters act as both reservoirs and transmission pathways for antimicrobial resistant bacteria, particularly Escherichia coli originating from human and animal sources. This framework integrates ecological, microbiological, and molecular perspectives to explain how resistance emerges, persists, and spreads in riverine environments affected by fecal contamination and anthropogenic activities (Iwu & Okoh, 2020). It positions Kwalkwalawa River as a dynamic ecosystem where bacterial interactions and selective pressures create conditions favorable for the proliferation and exchange of resistance determinants (Manaia, 2022).
At the core of the framework is the relationship between fecal contamination and the introduction of E. coli into the river. Fecal matter from domestic waste, runoff from livestock operations, and wastewater discharges introduces large numbers of enteric bacteria into the aquatic environment, including strains that may carry antimicrobial resistance genes (WHO, 2021). These bacterial populations encounter pollutants such as antibiotic residues, heavy metals, and disinfectants that exert selective pressure, enabling resistant cells to survive and replicate more effectively than susceptible ones (Martínez & Baquero, 2021). This selective process forms the ecological basis for the persistence of resistant E. coli within the river.
The framework also incorporates molecular mechanisms that drive resistance dissemination. Plasmids, which frequently carry genes for resistance to multiple antibiotic classes, play a central role in the spread of antimicrobial resistance in aquatic ecosystems. Their ability to transfer between bacterial cells through conjugation enables rapid horizontal gene transfer, even in environments with diverse microbial communities (Carattoli, 2019). In river water, high bacterial density, biofilm formation, and interspecies interactions increase opportunities for plasmid exchange, allowing resistance genes to pass from commensal E. coli to other environmental or pathogenic bacteria (Berendonk et al., 2019). This process enhances the environmental resistome and contributes to the spread of multidrug resistance within and beyond the river system.
Within this conceptual structure, the isolation and identification of E. coli from Kwalkwalawa River provide insight into the extent of fecal contamination and the potential for the river to serve as a reservoir for resistant strains (Odonkor & Ampofo, 2021). Antibiotic susceptibility testing of these isolates reveals phenotypic resistance patterns and helps identify strains that may harbor genetic determinants associated with drug resistance (CLSI, 2021). The subsequent extraction and electrophoretic analysis of plasmid DNA enable the detection of plasmid presence and approximate plasmid size, which is important for determining whether resistance traits may be linked to plasmid-mediated mechanisms (Partridge et al., 2018).
The conceptual framework therefore links contamination sources, ecological dynamics, bacterial physiology, and molecular genetics into a cohesive model for understanding resistance distribution in the river. It explains how resistant E. coli strains enter the aquatic environment, how selective pressures promote their survival, and how plasmids facilitate resistance transfer within the bacterial community (Hendriksen et al., 2019). 



[bookmark: _Toc216595147]CHAPTER THREE
3.0 MATERIALS AND METHODS
[bookmark: _Toc216595148]3.1 Study Area
This study was conducted at Kwalkwalawa River, a freshwater body located at the second gate of Usmanu Danfodiyo University, Sokoto. The river lies within the semi-arid region of northwestern Nigeria, where seasonal changes influence water flow, pollutant concentration, and microbial distribution (Abubakar et al., 2021). The surrounding area includes student residential zones, footpaths, farmlands, and informal waste disposal points, all of which contribute to the introduction of organic matter and fecal contaminants into the river. Such activities are typical sources of microbial pollution in Nigerian surface waters and increase the likelihood of detecting enteric bacteria such as Escherichia coli (Lawal et al., 2020). The river serves local uses that range from washing to irrigation, and these interactions create conditions that favor the survival and transmission of environmental bacteria. Freshwater systems in this region have been reported to harbor antimicrobial resistant organisms due to continuous exposure to domestic effluents, agricultural runoff, and naturally occurring microbial communities (Olorunfemi et al., 2022). These factors make Kwalkwalawa River a suitable location for investigating the presence of Escherichia coli and assessing whether detected antimicrobial resistance traits may be associated with plasmid DNA.
[bookmark: _Toc216595149]3.2 Sample Collection
Water samples were collected from the riverbank following standard microbiological sampling procedures recommended for environmental water quality assessment (APHA, 2020). Each sample was collected in sterile 250 milliliter bottles that had been autoclaved prior to use to prevent contamination from external microorganisms. Bottles were labeled with sample codes corresponding to the locations used for laboratory analysis. During collection, each bottle was opened only at the point of sampling and immersed slightly below the water surface to avoid capturing surface debris. Samples were collected in the morning, since early sampling minimizes the effects of temperature fluctuations, human activity, and sediment disturbance, which are known to influence microbial distribution in freshwater bodies (Olorunfemi et al., 2022). After collection, samples were stored in an insulated ice container at approximately four degrees Celsius to limit bacterial growth and maintain the natural microbial composition until processing. All samples were transported to the laboratory and analyzed within two hours of collection to ensure accuracy and reduce the risk of post-collection microbial alteration (APHA, 2020). 
[bookmark: _Toc216595150]3.3 Materials, Reagents, and Instruments
This study employed standard microbiological materials and reagents suitable for the isolation, characterization, and molecular analysis of bacteria from environmental water samples. All culture media, biochemical test reagents, antibiotic discs, and plasmid extraction kits were obtained from reputable manufacturers to ensure accuracy and reliability. Instruments used throughout the study were routinely calibrated and maintained according to laboratory guidelines to minimize methodological errors. Table 3.1 provides an overview of the primary materials and reagents used, while Table 3.2 summarizes the major laboratory instruments employed in the study.
Environmental microbiology requires high precision, particularly when evaluating antimicrobial resistance and plasmid profiles, since contamination or equipment malfunction can significantly distort outcomes (Green & Sambrook, 2021). For this reason, all materials were handled under aseptic conditions, and disposable items were used whenever possible to reduce contamination risk. Culture media such as MacConkey agar and Eosin Methylene Blue agar were prepared according to the manufacturer’s instructions and sterilized by autoclaving at 121°C for fifteen minutes. Biochemical test reagents were freshly prepared or reconstituted as appropriate, and antibiotic discs were stored at recommended refrigeration temperatures to preserve their potency.
Table 3.1 Materials and Reagents Used in the Study
	Material / Reagent
	Manufacturer

	MacConkey agar
	HiMedia Laboratories, India

	Eosin Methylene Blue agar
	Oxoid, UK

	Nutrient agar
	HiMedia Laboratories, India

	Mueller Hinton agar
	Oxoid, UK

	IMViC test reagents
	Sigma Aldrich, USA

	Catalase reagent (3 percent H₂O₂)
	BDH Chemicals, UK

	Urease test medium
	HiMedia Laboratories, India

	Citrate utilization medium (Simmons)
	Merck, Germany

	Sugar fermentation media
	HiMedia Laboratories, India

	Antibiotic discs (tetracycline, ampicillin, levofloxacin, amoxicillin, contricin, ciprofloxacin, ofloxacin)
	Oxoid, UK

	Trans Plasmid Extraction Kit
	TransGen Biotech, China

	Agarose powder
	Promega Corporation, USA

	Ethidium bromide
	Sigma Aldrich, USA

	1 kb DNA ladder
	New England Biolabs, USA





Table 3.2 Laboratory Instruments Used in the Study
	Instrument
	Model / Manufacturer

	Autoclave
	Astell Scientific, UK

	Incubator
	Memmert, Germany

	Hot air oven
	Genlab, UK

	Analytical balance
	Mettler Toledo, USA

	Micropipettes
	Eppendorf, Germany

	UV Transilluminator
	Bio-Rad, USA

	Electrophoresis tank and power pack
	Major Science, Taiwan

	Colony counter
	Stuart Scientific, UK

	Refrigerator (4°C)
	LG, Korea



[bookmark: _Toc216595151]3.4 Isolation and Identification of Escherichia coli
The isolation of Escherichia coli from the collected river water samples followed standard microbiological protocols recommended for analyzing environmental samples (CLSI, 2021). Each sample was first homogenized by gentle shaking to ensure even distribution of microorganisms before inoculation. A measured volume of the water sample was streaked onto MacConkey agar plates, which selectively support the growth of Gram negative enteric bacteria while differentiating lactose fermenters from non-fermenters. Plates were incubated at 37°C for twenty-four hours. Colonies that appeared pink to red on MacConkey agar were considered presumptive lactose fermenters, which include Escherichia coli and related coliforms (Cheesbrough, 2019).
Presumptive colonies were subcultured on Eosin Methylene Blue agar to enhance selectivity and provide visual confirmation. Escherichia coli typically produces dark colonies with a characteristic green metallic sheen on this medium due to vigorous lactose fermentation and acid production, which precipitate the dyes (Forbes et al., 2020). Colonies with these features were further purified on nutrient agar to obtain discrete single colonies suitable for biochemical testing.
[bookmark: _Toc216595152]3.5 Antibiotic Susceptibility Testing
Antibiotic susceptibility testing of the confirmed Escherichia coli isolates was carried out using the Kirby Bauer disk diffusion method, which remains the most widely accepted approach for routine antimicrobial sensitivity profiling in clinical and environmental microbiology (CLSI, 2021). The procedure was performed on Mueller Hinton agar because it supports reproducible diffusion of antimicrobial agents and is recommended by international standards for evaluating bacterial susceptibility patterns.
Fresh overnight cultures of each isolate were prepared in nutrient broth and adjusted to match the turbidity of the 0.5 McFarland standard, which corresponds to an approximate concentration of 1.5 × 10⁸ colony forming units per milliliter. This standardization ensured uniform inoculum density, since variations in bacterial concentration can significantly affect zone diameter and lead to misinterpretation of susceptibility results (Forbes et al., 2020). The standardized suspension was evenly spread over the surface of the Mueller Hinton agar using a sterile swab, ensuring complete coverage of the medium.
Commercially prepared antibiotic discs were aseptically placed on the inoculated agar surface at adequate distances to prevent overlapping of inhibition zones. The antibiotics tested were tetracycline, ampicillin, levofloxacin, amoxicillin, contricin, ciprofloxacin, and ofloxacin. These antibiotics were selected to provide a broad assessment of the resistance profile, since they represent commonly used agents in clinical and community settings where environmental contamination may occur (Olorunfemi et al., 2022). Plates were incubated at 37°C for eighteen to twenty-four hours.
[bookmark: _Toc216595153]3.6 Plasmid Extraction
Plasmid DNA was extracted from the confirmed Escherichia coli isolate using the Trans Plasmid Extraction Kit, which applies a modified alkaline lysis procedure optimized for rapid recovery of high-quality plasmid DNA from Gram negative bacteria. Kit-based extraction methods are routinely employed in microbiology laboratories because they improve reproducibility, reduce contamination risk, and yield plasmid DNA suitable for downstream applications such as electrophoresis and molecular characterization (Green & Sambrook, 2021). The extraction was performed according to the manufacturer’s instructions to ensure consistency and reliability.
A fresh overnight culture of the target Escherichia coli isolate was grown in nutrient broth at 37°C to obtain actively dividing cells, which yield stronger plasmid recovery. One milliliter of the broth culture was transferred into a sterile microcentrifuge tube and centrifuged to pellet the bacterial cells. The supernatant was discarded, and the pellet was resuspended in the kit-provided resuspension buffer to ensure uniform breakdown of the cell mass. Lysis buffer was then added, causing disruption of the bacterial cell wall and membrane through alkaline denaturation. This step released plasmid DNA along with chromosomal DNA and cellular proteins.
Neutralization buffer was applied to precipitate chromosomal DNA, proteins, and cell debris while allowing plasmid DNA to remain solubilized. The mixture was centrifuged to obtain a clarified supernatant containing plasmid DNA. The supernatant was carefully transferred to a silica-based spin column, which selectively binds plasmid DNA through ionic interactions. The column was washed with the provided wash buffer to remove salts and residual proteins. Finally, plasmid DNA was eluted in a low-salt elution buffer and stored at 4°C until electrophoresis was performed.

[bookmark: _Toc216595154]3.7 Agarose Gel Electrophoresis
Agarose gel electrophoresis was conducted to confirm the presence and approximate size of plasmid DNA extracted from the Escherichia coli isolate. Electrophoresis is a standard molecular technique used to separate nucleic acids based on size, allowing clear visualization of plasmid bands under ultraviolet illumination (Green & Sambrook, 2021). A one percent agarose gel was prepared by dissolving agarose powder in Tris Acetate EDTA buffer and heating the mixture until the solution became clear. The agarose solution was allowed to cool slightly before ethidium bromide was added to a final concentration suitable for nucleic acid staining. Ethidium bromide intercalates with DNA and fluoresces under UV light, making it one of the most commonly used stains for DNA visualization in molecular microbiology (Forbes et al., 2020).
The molten agarose was poured into a gel casting tray fitted with a comb to create wells and left at room temperature to solidify. Once solidified, the gel was placed into the electrophoresis tank and submerged in Tris Acetate EDTA running buffer. Plasmid DNA samples were mixed with loading dye to increase sample density and enhance visualization during loading. A one kilobase DNA ladder was loaded into the first well to serve as a molecular size marker, enabling estimation of plasmid size based on the migration pattern of reference fragments.
The electrophoresis run was carried out at standard voltage for approximately forty-five minutes. During electrophoresis, DNA fragments migrated toward the positive electrode at rates inversely proportional to their molecular weight. At the end of the run, the gel was transferred to a UV transilluminator for visualization. 



[bookmark: _Toc216595155]CHAPTER FOUR
4.0 RESULTS, DISCUSSIONS, CONCLUSION AND RECOMMENDATION
[bookmark: _Toc216595156]4.1 Results
The microbiological analysis of water samples collected from Kwalkwalawa River led to the isolation and characterization of several bacterial species. A total of six isolates were recovered from the different sampling points and were subjected to Gram staining and a series of biochemical tests in order to establish their identity. The results showed a mixed population of Gram positive and Gram-negative organisms, with two isolates confirmed as Escherichia coli. These findings are consistent with the expected microbial diversity of surface waters exposed to domestic and agricultural activities (Odonkor & Ampofo, 2013; WHO, 2020).
[bookmark: _Toc216595157]4.1.1 Biochemical Identification of Isolates
The full biochemical profile of the isolates is presented in Table 4.1. Based on Gram morphology, sugar fermentation patterns, IMViC reactions, and other confirmatory tests, the organisms were identified as Bacillus pumilus, Serratia marcescens, Bacillus laterosporus, Escherichia coli, and Enterobacter cloacae. Two of these isolates were confirmed as E. coli, one from the small colony variant of KWB-II and another designated KW-II.









Table 4.1: Biochemical Identification of Bacteria Isolated from Kwalkwalawa River
	Sample Code
	Gram Reaction
	Catalase
	Lactose
	Glucose
	Sucrose
	Citrate
	Motility
	Indole
	Urease
	MR
	VP
	H2S
	GGS
	Spore
	Starch Hydrolysis

	KWA-I (large)
	+ve rod
	+
	-
	+
	+
	+
	+
	-
	-
	+
	-
	-
	+
	+
	Bacillus pumilus

	KWB-II (small)
	-ve rod
	+
	-
	+
	+
	+
	+
	-
	-
	+
	-
	-
	-
	-
	Serratia marcesceus

	KWB-I (large)
	+ve rod
	+
	-
	+
	+
	-
	+
	-
	-
	+
	-
	-
	+
	-
	Bacillus laterosporus

	KWB-II (small)
	-ve rod
	+
	+
	+
	+
	-
	+
	+
	-
	+
	-
	-
	+
	-
	Escherichia coli

	KW-I (coliform)
	-ve rod
	+
	+
	+
	+
	+
	+
	-
	-
	+
	-
	-
	+
	-
	Enterobacter cloacae

	KW-II (coliform)
	-ve rod
	+
	+
	+
	+
	+
	+
	+
	-
	+
	-
	-
	+
	-
	Escherichia coli


These results indicate the presence of both environmental and fecal-associated bacteria in the river. The identification of E. coli specifically suggests fecal contamination, which poses public health concerns for communities using the river for domestic or agricultural purposes (Edberg et al., 2021).
[bookmark: _Toc216595158]4.1.2 Most Probable Number (MPN) of Coliforms
The enumeration of coliforms using the MPN method produced high coliform counts in both sampling points, with sample KWA showing an MPN of 1100, while KWB recorded a lower value of 75. 



Table 4.2: MPN of Coliforms from Water Samples
	Sample Code
	3 of 10 ml Positive
	3 of 1 ml Positive
	3 of 0.1 ml Positive
	MPN Coliform

	KWA
	3
	3
	2
	1100

	KWB
	3
	1
	1
	75


The high coliform count in sample KWA indicates heavy microbial contamination at that location, particularly suggestive of recent fecal pollution. According to WHO (2020), potable water should have zero coliforms per 100 ml, making these values far above acceptable limits.
[bookmark: _Toc216595159]4.1.3 Antibiotic Susceptibility Profiles of Isolates
Antimicrobial susceptibility testing revealed varying resistance patterns among the bacterial isolates. All isolates demonstrated resistance to Ampicillin and Amoxicillin, while fluoroquinolones such as Ciprofloxacin, Ofloxacin, and Levofloxacin showed higher levels of activity. The E. coli isolate exhibited resistance to several antibiotics but remained sensitive to fluoroquinolones.
Table 4.3: Antibiotic Susceptibility Patterns of Isolates

Figure 4.1 Antibiotic Susceptibility Patterns of Isolated micro-organisms.
The resistance to beta-lactams observed in all isolates aligns with global trends in environmental antimicrobial resistance, often driven by selective pressure from human and agricultural waste discharge (Ventola, 2015; Odonkor & Addo, 2018).
[bookmark: _Toc216595160]4.1.4 Plasmid Profile Analysis
Agarose gel electrophoresis of plasmid extractions revealed that only one of the E. coli isolates carried a visible plasmid band. This suggests that plasmid-mediated resistance may contribute to the antibiotic resistance profile observed in this isolate. The absence of plasmids in the second isolate may indicate chromosomally encoded resistance or a lack of detectable plasmid under the experimental conditions used.

[image: ]
[bookmark: _Toc216595161]Figure 4.2 Gel electrophoresis result.

[bookmark: _Toc216595162]4.2 Discussion 
The findings of this study demonstrate that Kwalkwalawa River harbors a diverse population of bacteria, including environmental species such as Bacillus pumilus and Bacillus laterosporus, as well as clinically relevant Gram-negative organisms, particularly Escherichia coli, Serratia marcescens, and Enterobacter cloacae. The recovery of multiple coliform organisms, including two confirmed E. coli isolates, aligns with established evidence that surface waters receiving runoff, waste effluents, or human activity tend to exhibit microbial indicators of fecal pollution (Odonkor & Ampofo, 2013; Edberg et al., 2021). The presence of E. coli in particular is regarded globally as a key marker of recent fecal contamination, and its detection in two independent samples suggests that the river is exposed to continual fecal input, likely from surrounding settlements, agricultural activities, or open defecation practices common in many rural communities (WHO, 2020).
The high MPN coliform count recorded in sample KWA, which reached 1100, provides further confirmation of significant microbial contamination at this point. WHO guidelines stipulate that drinking water should contain no detectable coliforms in 100 ml, which positions the observed values far outside acceptable thresholds (WHO, 2020). Studies in similar rural water systems in West Africa have reported comparably elevated coliform loads, attributing them to inadequate waste management and direct discharge of domestic wastewater into open water bodies (Ezugworie et al., 2021; Egbueri, 2020). The lower count recorded in sample KWB may reflect differences in hydrodynamics, pollution sources, or human activity patterns between sampling sites, which is consistent with environmental microbiology observations that microbial load can fluctuate significantly over short distances (Leclerc et al., 2021).
The antimicrobial susceptibility patterns of the isolates reveal widespread resistance to commonly used antibiotics, particularly beta-lactams such as Ampicillin and Amoxicillin. All isolates demonstrated complete resistance to these antibiotics, an outcome consistent with global trends showing a rise in beta-lactamase mediated resistance among both environmental and clinical bacteria (Ventola, 2015; Odonkor & Addo, 2018). The susceptibility of several isolates, including E. coli, to fluoroquinolones such as Ciprofloxacin and Ofloxacin suggests that these antibiotics retain activity against some environmental strains. However, their continued effectiveness should be interpreted with caution, as fluoroquinolone resistance has been increasing in Sub-Saharan Africa, driven in part by unregulated antibiotic access and extensive agricultural use (Ayandele et al., 2020; Tadesse et al., 2021).
The detection of a plasmid in one of the E. coli isolates provides molecular evidence suggesting that the resistance phenotype observed in this organism may be plasmid mediated. Plasmids are recognized as major drivers of horizontal gene transfer among bacteria, enabling rapid dissemination of antibiotic resistance genes within environmental water systems (Martínez, 2020; Lanza et al., 2018). The presence of a plasmid in only one isolate suggests heterogeneity in the genetic basis of resistance within the microbial population. This finding aligns with research showing that environmental E. coli populations often exhibit mixed resistance mechanisms, with some strains relying on plasmid-borne genes while others harbor chromosomal mutations or intrinsic resistance determinants (Hernando-Amado et al., 2020). That the second E. coli isolate showed no detectable plasmid may mean that its resistance arises from chromosomal mechanisms or that the plasmid present was too small, low-copy, or structurally unstable to be visualized under the conditions used.
Taken together, the findings highlight a concerning interplay between environmental contamination and antimicrobial resistance in Kwalkwalawa River. The presence of resistant coliforms and plasmid-bearing E. coli raises public health concerns for individuals relying on the river for domestic activities, irrigation, or livestock watering. Similar observations have been reported in several Nigerian rivers, where resistant coliforms and plasmid-mediated resistance genes have been detected at levels surpassing global safety guidelines (Chinweuba et al., 2022; Igbinosa et al., 2021). Such environmental reservoirs of resistance contribute to the wider problem of antimicrobial resistance by supplying resistant bacteria to humans and animals through recreational or domestic exposure.
[bookmark: _Toc216595163]4.3 Implications of Findings
The findings of this study carry important implications for environmental health, public safety, and antimicrobial resistance management in communities surrounding Kwalkwalawa River. The confirmed presence of Escherichia coli and other coliforms in multiple samples suggests that the river is subjected to significant fecal contamination. This contamination poses direct risks to individuals who rely on the river for domestic activities such as washing, bathing, or irrigation. Previous studies have demonstrated that exposure to fecal microorganisms in untreated water increases the likelihood of gastrointestinal infections, skin conditions, and the spread of enteric pathogens such as Salmonella, Shigella, and diarrheagenic E. coli (WHO, 2020; Edberg et al., 2021). The high MPN coliform count reinforces the argument that the river is unsuitable for any activity involving direct human contact without prior treatment.
The antimicrobial susceptibility results further extend the public health implications. The widespread resistance to Ampicillin and Amoxicillin across all isolates indicates that commonly available and affordable antibiotics may be ineffective in treating potential infections acquired from the river. Such resistance patterns mirror the growing burden of antimicrobial resistance in Nigeria, where beta-lactamase production and multidrug-resistant Enterobacteriaceae are increasingly common in both clinical and environmental isolates (Ayandele et al., 2020; Igbinosa et al., 2021). This suggests that environmental exposure could serve as a reservoir for resistant bacteria, contributing to community-level spread and complicating empirical treatment strategies in local health facilities.
The detection of plasmid-mediated resistance in one E. coli isolate adds a genetic dimension to these implications. Plasmids are major vectors for horizontal gene transfer, enabling resistance genes to move rapidly between unrelated bacterial species in shared environments (Lanza et al., 2018; Martínez, 2020). Their presence in a river environment creates an ecological hotspot where resistance traits can accumulate and disseminate. Environmental plasmids have been documented to carry extended-spectrum beta-lactamase genes, tetracycline resistance determinants, and fluoroquinolone resistance markers, all of which pose significant challenges to both treatment outcomes and infection control (Hernando-Amado et al., 2020). Thus, the plasmid-positive E. coli detected in this study may act as a genetic reservoir capable of transferring resistance to other bacteria inhabiting or entering the river.
The combined presence of resistant and plasmid-bearing organisms highlights a need for continuous environmental surveillance. Rural rivers in Nigeria serve as primary water sources for large populations, and changes in their microbial ecology can have rapid and far-reaching effects. The study’s findings support the necessity of integrating antimicrobial resistance monitoring into routine water quality assessment programs. They also underscore the importance of improving sanitation infrastructure and discouraging practices such as open defecation and direct wastewater discharge into natural water bodies, which are known to exacerbate contamination levels and contribute to resistance circulation (Egbueri, 2020; Chinweuba et al., 2022).
[bookmark: _Toc216595164]4.4 Conclusion
This study assessed antimicrobial plasmids in Escherichia coli isolated from Kwalkwalawa River and revealed clear evidence of fecal contamination, antimicrobial resistance, and the presence of plasmid-mediated resistance mechanisms within the river’s microbial population. The isolation of two E. coli strains, combined with high MPN coliform counts, confirms that the river receives substantial fecal input, likely from surrounding human and agricultural activities. Antibiotic susceptibility testing demonstrated widespread resistance to commonly used beta-lactam antibiotics, showing a resistance pattern that mirrors national and global trends in environmental antimicrobial resistance. The detection of a plasmid in one E. coli isolate provides further evidence that the resistance observed may partly be enabled by horizontal gene transfer within the aquatic environment. These findings indicate that Kwalkwalawa River is not only microbiologically unsafe for domestic contact but also serves as a potential reservoir for disseminating resistant bacteria and resistance genes. The study highlights the urgent need for improved sanitation, active environmental surveillance, and better antibiotic stewardship practices to prevent further spread of resistant organisms in communities depending on the river.
[bookmark: _Toc216595165]4.5 Recommendations
The results of this study support several important recommendations that should guide environmental management and public health interventions. There is a pressing need to improve sanitation around the river environment by preventing direct discharge of domestic waste and minimizing open defecation, as these practices contribute significantly to coliform contamination and increase the risk of resistant bacterial spread. It is essential that communities relying on the river for domestic use adopt basic water treatment practices such as boiling or filtration, since the absence of these measures places users at risk of waterborne infections. Local authorities should incorporate antimicrobial resistance monitoring into routine water quality assessments because rivers serve as dynamic reservoirs where resistance genes can accumulate and spread among diverse microbial populations. More structured community health education programs are needed to raise awareness about the dangers of using untreated river water and the growing threat of antimicrobial resistance. On a broader scale, antibiotic use in both human medicine and agriculture should be regulated more carefully, with emphasis on reducing unnecessary prescriptions and discouraging the misuse of over-the-counter antibiotics. Finally, future research should incorporate larger sample sizes, molecular characterization of resistance genes, and seasonal monitoring to provide a more complete picture of resistance dynamics within Kwalkwalawa River.
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