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ABSTRACT
The rise in the incidence of antimicrobial resistance (AMR) mediated by extended-spectrum beta-lactamase (ESBL)-producing bacteria in food, poses a consequential risk to the public health sector. This study investigated the patterns surrounding antimicrobial resistance and ESBL production in Escherichia coli isolated from frozen fish sold in markets across Enugu State, Nigeria. Thirty fish samples were collected from Abakpa, Eke Emene, and Old Park markets. Standard microbiological techniques were employed for isolation, identification, and biochemical characterization of E. coli. Antimicrobial susceptibility was evaluated using the Kirby-Bauer disk diffusion method, and ESBL production was confirmed phenotypically. A total of 16 E. coli isolates were identified, with 68.8% exhibiting ESBL activity. Antibiotic susceptibility results showed high resistance to piperacillin/tazobactam (87.5%) and ceftazidime (68.8%), while ciprofloxacin was the most effective, with 81.3% susceptibility. Multiple Antibiotic Resistance Index (MARI) values ranged from 0.00 to 1.00, indicating varying exposure to high-risk contamination sources. Although ESBL-positive isolates exhibited higher MARI scores, statistical analysis showed no significant difference between ESBL-positive and negative groups (p=0.68).  These results indicates that frozen fish sold in markets within Enugu metropolis harbor multi-drug-resistant Escherichia coli, therefore, there is need for awareness  for better hygiene in fish handling, proper use of antibiotics in aquaculture, and regular monitoring of resistance to protect public health and ensure food safety.
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CHAPTER ONE
INTRODUCTION
1.1 Background of the Study
The increase in the rate of antimicrobial resistance (AMR) poses a global health risk which makes it difficult to treat bacterial infections effectively. A key concern within this broader issue is multi-drug resistance (MDR), whereby resistance occurs among bacteria and they are able to withstand the effect of at least one antibiotic from three or more different drug categories (Magiorakos et al., 2012). One of the more troubling resistance mechanisms is the manufacture of Extended Spectrum Beta-Lactamases (ESBLs), organic catalysts that can break down and deactivate many beta-lactam antibiotics, including penicillin, cephalosporins, and monobactams (Paterson & Bonomo, 2005). Bacteria such as   E. coli and K. pneumoniae often produce ESBL enzymes. Crucially, these Gram-negative pathogens carry resistance genes on plasmids, tiny extra chromosomal DNA structures that let bacteria share resistance traits rapidly. This plasmid utilizes a shuttle-like system that allows dangerous resistance to spread through microbial communities (Rawat & Nair, 2010).
Today, multidrug-resistant (MDR) and ESBL-producing bacteria plague hospitals and communities alike. Their increased incidence   has made infections far harder to treat, driving up illness, deaths, and healthcare costs (WHO, 2020).  These has been linked to heavy antibiotic overuse in human medicine, farming, and aquaculture which is spearheaded the rapid evolution and spread of these MDR ‘superbugs’ (Laxminarayan et al., 2016).
ESBLs-producing pathogen are quite notorious, they break down beta-lactam antibiotics, very popular drug-of-choice for severe infections. With beta-lactams losing potency, medical practitioners increasingly rely on last-resort carbapenems (Paterson & Bonomo, 2005). Alarmingly, resistance even to carbapenems are been observed in clinical settings; a nightmare scenario pushing us toward untreatable infections (Doi et al., 2017). Against this backdrop, studying resistance in Gram-negative bacteria is not just urgent but critical. These pathogens have shown to keep developing mechanism that enables them outsmart even the most potent antibiotics (Paterson & Bonomo, 2005).
 In addition to ESBL production, Gram-negative bacteria employ efflux pumps, porin mutations, and biofilm formation to resist antibiotics (Nikaido, 2009). These mechanisms are especially worrisome in foodborne pathogens, as the ingesting of infested food products can directly introduce resistant bacteria into the human gastrointestinal tract, where they can take over and potentially transfer resistance genes to human microbial flora  (Van Boeckel et al., 2015).
Frozen fish, like other food products, can serve as reservoirs for MDR and ESBL-producing bacteria. The global nature of the seafood supply chain, combined with aggressive misuse antibiotics in fish production,  has increased the likelihood of contamination by resilient bacteria (Cabello et al., 2013). Fish, particularly those imported from regions with lax regulatory frameworks, can carry pathogens that have been exposed to subtherapeutic levels of antimicrobials, leading to the incident of microbial resistance.  Studies show frozen fish can carry antibiotic-resistant bacteria like Salmonella, Vibrio, and Aeromonas. These pathogens often withstand multiple drugs, making potential human infections harder to control (Sharma et al., 2015).
For this reason, tracking multidrug-resistant (MDR) and ESBL-producing bacteria in frozen fish, especially in places like Enugu State, matters so much. The identification of these resistant strains, will uncover the mechanisms through which frozen food fuels antibiotic resistance spread. It is expected that the data obtained from investigation of this sort, will directly shape food safety rules and health policies. (Van Boeckel et al., 2015).

The infiltration of resistant bacteria into food supply chain indicates a serious public health concern. This is because if these pathogens reach humans, they can colonize guts or cause stubborn infections. The WHO flags this as a top global threat, noting food animals are major carriers of resistant bacteria to people (WHO, 2019). Eating contaminated food may trigger infections that drag on, demand more medical care, and raise death risks (Schroeder et al., 2017).
What’s even more worrisome is that these resistant bacteria in food can share their resistance genes with other gut microbes (Marshall & Levy, 2011). Mobile genetic elements act like transfer agents spreading these traits fast through bacterial populations, fueling the global AMR crisis (Wang et al., 2019). The remote causes of these resistance trends has been linked to heavy antibiotic overuse in fisheries and farming. Antimicrobial agents used to spur growth or prevent disease in animals breed resistant strains that leap to humans via food (Aarestrup, 2015).
The societal implication of microbial resistance is quite grave; it entails tough infections which needs costly treatments, straining hospitals capacity and nation’s economies especially those that are underdeveloped and still developing (Founou et al., 2016). Worse scenarios could mean total failure of antibiotics, making as routine surgeries or cancer treatments riskier as there won’t be t infection shields (Laxminarayan et al., 2013). To this end, Fighting AMR in even food systems isn’t optional, it demands serious collaboration from relevant stakeholders such as government, industry, and consumers (WHO, 2019).
This approach becomes very important as microorganisms don’t respect borders between humans, animals, and ecosystems.  For instance, in fish farms:; dumping antibiotics into water doesn’t just breed resistance in fish, it pollutes entire aquatic environments (Cabello et al., 2013).  The investigation of ESBL and multidrug-resistant bacteria in frozen fish within the Enugu state contributes the One Health framework. the intention is to provide sufficient dara that will guide policymakers to establish implementable food safety policies rules, Design smarter antibiotic use guidelines and effectively block resistant bacteria from invading the food chain. The possible outcomes from this, have the potential for tremendous impact as it can drastically reduce minimizes the rate of untreatable infections and preserves potent antibiotics for the future generations. This outcome perfectly aligns with global effort to mitigate AMR and reduce 10 million annual deaths by 2050 as predicted by WHO (WHO, 2019).
1.2	Statement of the Problem
The affordability, availability, and the proteinaceous nature of frozen fish has made it  popular among households in Enugu and beyond. However, it is sold via unhygienic means , handled poorly making it a hot bed for contamination, excellent reservoir for pathogenic microbes including drug resistant E. coli . This poses a grave public health risk and incidentally Enugu has almost no local data on this threat. We barely know if resistant E. coli lurks in local frozen fish, let alone how widespread ESBL strains are. Without these answers, health professional and policy makers are not armed with the correct data to build effective systems and policies to mitigate this risk.
1.3	Justification of the Study
Frozen fish is not just consumed by people in Enugu state; it is a vital source of protein. However, the lack of local production has increased demand   leading to an inadvertent reliance to imports, which keeps raising question about their safety especially within the context of resistant pathogenic bacteria. (Okonko et al., 2010). Therefore, the investigation of 
drug-resistant bacteria in frozen fish sold within Enugu metropolis is significant for the following reasons First, there are little or no systems that monitors food safety. This is common to many developing regions, (Eze et al., 2019). This implies that frozen fish is handled or stored poorly and could easily spread resistant microbes to consumers. Secondly, although have high fish consumption rate , most population in cities doesn’t have access to fresh fish, this explains why many consume frozen fish. This means that the elderly, and people with weak immunity face real danger. It has been shown that know frozen fish can harbor bacteria that are recalcitrant to antibiotics (Rebouças et al., 2011). Furthermore, Antibiotics used in fish farms breed resistance not just in fish, but in water and soil too (Cabello et al., 2013). Humans then get exposed via contaminated food and water.
1.4	Aim of the Study
The primary aim of this study is to ascertain the antibiotic resistance patterns and Extended Spectrum Beta-Lactamase (ESBL) production in Escherichia coli isolated from frozen fish sold within Enugu metropolis.
 Specific objectives are to: 
i. isolate Escherichia coli from frozen fish samples collected from selected local markets in Enugu metropolis 
ii. determine the antibiotic susceptibility profile of E. coli isolates using the Kirby-Bauer disk diffusion method.
iii. detect ESBL production among selected E. coli isolates using phenotypic confirmatory tests.









                                                   
CHAPTER TWO
LITERATURE REVIEW
2.1	Overview of Antimicrobial Resistance (AMR)
The compendium of the global health challenge will not be complete without antimicrobial resistance (AMR) making the list. The reason for the this , is not far-fetched, as this deadly phenomenon undermine the clinical management and therapy of parasitic, viral and fungal infections. AMR occurs when pathogenic microorganisms develop resistance to antimicrobial agents that were previously effective. This evolving adaptive capacity enables pathogens to proliferate despite therapeutic intervention, resulting in fruitless therapy,  prolonged illness, elevated mortality, and unsustainable burdens on global  healthcare systems (World Health Organization, 2020). Multi-drug resistant (MDR) microorganisms, which are resistant to multiple antibiotic classes present particularly grave concerns due to severely limited treatment options. 
The mechanisms through which these microbes exert resistance against therapeutic agents differs. One of such mechanisms includes Chromosomal mutations. This entails unprovoked changes at the microbial genome level that alter the morphology of drug target sites, thereby minimizing the potency of  the antimicrobial agents. A good example is the alteration of the structure of the binding proteins of the microbial cell wall, where Penicillin and realetd antibiotics are supposed to bind. These mutations leads to resistance of the Beta-latam anatibiotic therapy (Blair et al., 2015).
Horizontal Genes Transfer (HGT) have been noted to contribute to AMR in bacteria.  Bacteria acquire resistance genes via conjugation, transformation and transduction. Conjugation entails plasmid-mediated transfer of resistant genes between bacterial cells, Transformation involves the uptake of DNA coding for resistant genes from the environment while bacteriophage-mediated transfer is indicted in Transduction. Regardless of the means, with regards this context, HGT enables rapid and spontaneous dissemination of resistance across diverse microbial populations (Munita & Arias, 2016).
Enzymatic Inactivation is often depicted by microbes which possess enzymes as their virulence factors. These microorganisms produce Enzymes such as Extended-Spectrum Beta-Lactamases (ESBLs) that hydrolyze beta-lactam antibiotics (e.g., penicillins, cephalosporins), rendering them impotent. This mechanism has been is not unconnected to  the global rise of ESBL-producing Escherichia coli and Klebsiella pneumoniae that complicates treatment of severe infections (Paterson & Bonomo, 2005).
Some other microbes utilizes efflux systems which consists of membrane transport proteins that actively expel antibiotics from bacterial cells, reducing intracellular drug concentrations to sub-inhibitory levels, too low to exert any therapeutic effect (Li & Nikaido, 2009). Gram-negative bacteria possess an outer membrane that restricts antibiotic penetration, these membrane permeability barriers intrinsically limiting drug access to cellular targets (Nikaido, 2009).
 The biofilm formation ability of certain pathogenic bacteria ensures that structured microbial communities get encased in extracellular polymeric matrices enabling them to exhibit enhanced antibiotic tolerance. When these biofilms are found on medical devices or tissues, they cause persistent, treatment-resistant infections (Flemming et al., 2016).
Human activities have been noted to be the major drivers of the increased incidence of microbial resistance to antimicrobials. These activities include indiscriminate self-prescription practices, the inappropriate routine of antibiotics in agricultural practices as well as patient skeletal, careless adherence to antibiotic treatment regime.  The aforementioned scenarios heighten microbial selective pressures and forces the evolution of susceptible strains to recalcitrant strains (Laxminarayan et al., 2016). Consequently these have increased the amount treatable infections evading control, prolong illness duration, escalate healthcare costs, and elevate mortality risks. This health threat has assumed a global crisis dimensions as 
the World Health Organization  has released a gut-wrenching caveat stating that AMR will soon herald a  post-antibiotic era where common infections may prove fatal due to limited or non-existent  therapeutic options (WHO, 2020). Gram-negative pathogens such as  Escherichia coli, Klebsiella pneumoniae, and Pseudomonas aeruginosa depicts a  particular concern, as they elicit  resistance to multiple antibiotic classes, including last-resort drug-of-choice, carbapenems (Doi et al., 2017). Carbapenem-Resistant Enterobacteriaceae (CRE) heightens this crisis, with  their prevalence on a steady increase  s across Asia and Africa. India and China specifically report severe CRE burdens, substantially complicating clinical management (Liu et al., 2018).
Limited access to standard medical diagnostics, poor or non-existent prophylactic healthy systems as well as increased self-prescription practices have increasingly compounded the challenges of nations with under-developed or developing economies (Okeke et al., 2005). For instance, sub-Saharan Africa, >50% of clinical E. coli and K. pneumoniae isolates resist third-generation cephalosporins, which are hitherto known as first-line therapies for severe infections (Tansarli et al., 2013). Rising ESBL-producer prevalence has been noted not just in healthcare systems but also in community settings, effectively setting the stage for further increase in disease severity and mortality (Paterson & Bonomo, 2005).
AMR, the deadly phenomenon has found itself slipping into food systems in effectively sponsored by antibiotic misuse cum abuse in agriculture/aquaculture. Multidrug-resistant bacteria such as ESBL-producing E. coli have been noted to contaminate poultry, meat, and frozen fish, demonstrating transmission risk through the food chains (Okonko et al., 2010).
Effectively mitigating AMR and its concomitant risks requires the adoption of the One Health perspective. This imperative approach fully acknowledges the significant interconnectedness of   the health of humans, animals, and environmental.  To be more explicit, antibiotic overuse in livestock breeding(animal health) fosters resistant strains transmissible (to humans) via food/environmental routes. Global food trade exacerbates this by dispersing resistant bacteria across borders, thereby necessitating coordinated strategies spanning human medicine, veterinary practice, and environmental stewardship (Robinson et al., 2016).
2.2	Gram-Negative Bacteria and Food Safety
Gram-negative bacteria (GNB)  represents a group of microbes that are characterized by their nature and content of their cell wall. Their cell wall morphology is plays a huge role in their virulence mechanisms and their capacity to persist in the environment. This explains their significance in food safety, especially with regards, food products with its origin from the aquatic habitat.  This is because they are greatly indicted in serious outbreak of foodborne diseases, hence their threat to public health. 
2.2.1	Characteristics of Gram-Negative Bacteria
The morphology of A gram-negative bacterium is made of major entities which includes;  an inner cytoplasmic membrane, a thin structural  layer of peptidoglycan, and an outer membrane made up of lipopolysaccharides (LPS) (Ghosh et al., 2022)
This morphology underpins four defining characteristics:
	Characteristic
	Functional Significance
	Reference

	i. Barrier Function
	The outer membrane excludes hydrophobic compounds (e.g., antibiotics, detergents) resisting the impact of environmental stressors. The limited peptidoglycan layer provides minimal structural support compared to Gram-positive bacteria.
	Ghosh et al. (2022)

	ii.Staining Response
	Due to outer membrane porosity, lacks capacity to retain the primary dye of Gram’s stain;crystal violet. Rather it is often counterstained with safranin, appearing pink when viewed under the microscope
	Baker et al. (2023)

	iii. Endotoxin Activity
	During cell lysis, LPS is released, thereby triggering severe inflammatory responses (fever, septic shock) in humans. Contaminated food ingestion could also exert similar effects and thus carries significant clinical risk.
	Raetz & Whitfield (2021)

	iv. Intrinsic Resistance
	The impermeability of the LPS laden outer membrane naturally undermines the penetration of certain   antimicrobial leading to complications in the  clinical therapy  of gram-negative infections.
	   Pérez et al. (2022)


	v.Diversity
	The Gram-negative group encompasses a wide variety of bacteria, including both pathogenic and non-pathogenic species, found in diverse environments ranging from soil to aquatic ecosystems.
	(Ghosh et al., 2022)



2.2.2	Common Gram-Negative Bacteria Associated with Fish and Aquatic Environments
Fish and aquatic environments are natural reservoirs for several Gram-negative bacteria, some of which are important in the context of food safety. Notable general common gram-negative bacteria associated with fish and aquatic environments include:
i.	Escherichia coli:  Escherichia coli, a prominent member of the Enterobacteriaceae family, is widely utilized as a biological indicator of fecal contamination in food and water sources. Although most strains are non-pathogenic and part of the normal gut flora, specific variants such as E. coli O157 are capable of causing serious gastrointestinal diseases. In aquatic systems, particularly those used for aquaculture, E. coli can thrive due to elevated nutrient levels that support its growth (López et al., 2023).
ii.	Klebsiella spp.: Klebsiella species, which are environmental opportunistic pathogens, are frequently isolated from soil and water sources. These bacteria are known to cause various infections in humans, particularly affecting the respiratory and urinary tracts. Within aquaculture settings, Klebsiella pneumoniae has been identified as a contaminant in fish and shellfish, posing potential risks for foodborne disease transmission. Its capacity to form biofilms significantly contributes to its persistence and resilience in aquatic environments (Nobrega et al., 2022).
iii.	Pseudomonas spp.: Pseudomonas aeruginosa is a siginificant  pathogen not just because of its nosocomial nature or its ability to  can thrive in aquatic environments but also for its ability to resist an array of antimicrobials. Furthermore, it has been consistently indicted in the spoilage aquatic food products, which is responsible for economic losses in the related industries. Their incidence is indicative of poor sanitary quality of water and hygiene. (Baker et al., 2023).
iv.	Vibrio spp.: Although not exclusively Gram-negative, Vibrio species are notable due to their association with seafood-related illnesses. Vibrio cholerae, V. parahaemolyticus, and
V. vulnificus are of particular concern. These bacteria thrive in warm, brackish waters and can cause serious gastroenteritis and septicemia in susceptible individuals (Feng et al., 2024).
2.2.3 Implications of Escherichia coli for Food Safety
In the context of public health and foods safety, it is always worrisome to find E. coli in food products including frozen fish. This is because its presence is indicative of fecal contamination and it has been shown to harbour AMR genes in its genome. (Scharff, 2012; Tadesse et al., 2012). Points of harvesting, processing, storage and retail points are critical points of contamination within the frozen fish supply chain (Newell et al., 2010). 
The aftermaths of this particular contamination by E. coli contamination in frozen fish are grave and diverse. First, they pose a serious health care risk. This is true as harmful strains such as Shiga toxin-producers/STEC have been indicted in fatal food poisioning eliciting symptoms ranging from  mild diarrhea to life-threatening kidney failure (Hemolytic Uremic Syndrome-HUS) (Karmali, 2004).  These strains carry expressive AMR genes and cause very recalcitrant infections in vulnerable individuals such as young children, elderly, or immunocompromised individuals like AIDS and autoimmune disease patients (Gould et al., 2013). 
Moreoso, contaminations of this sort contribute to the spread of AMR genes often carried by the pathogen -E.coli. They achieve this by the production of certain virulent enzymes such as the Extended Spectrum Beta-Lactamases (ESBLs). These enzymes destroy common antibiotics like penicillins (Cantón et al., 2012). When resistant strains are found frozen fish, they help mediate antibiotic resistance through the food chain , creating wider and more potent  health threats (Marshall & Levy, 2011; Founou et al., 2016).

Furthermore, the incidence of antibiotic antibiotic-resistant E. coli in frozen fishhave serious economic implications as it can trigger product recalls, Import/export bans as well as corrode consumer trust (Kaferstein et al., 1997). In some quarters, regulators may be motivated to slam aqua-related businesses with stricter rules and costly sanctions which could dissuade local investments and international trade (Bumbangi et al., 2018).
2.3	Extended Spectrum Beta-Lactamase (ESBL) Production
ESBLs are enzymes made by bacteria that destroy penicillin-type antibiotics. Their spread creates serious treatment challenges, especially in hospitals. Understanding how they work is crucial for controlling infections.
2.3.1	Resistance Strategies of ESBLs
The primary mechanisms of beta-lactamases, including ESBLs, is to disintegrate the unique ring-like structure of Beta lactams which is responsible for their potency against their microbial targets. The strength of this mechanism lies in the presence of the serine residues in the active site of the beta-lactamase enzyme. It bonds covalently to the antibiotic and forms a weakened acyl-enzyme complex, which is readily destroyed via hydrolysis, thereby opening up the ring initially held by hydrogen bonds. This eventually leads to the ultimate, irreversible deacrtivation of the antibiotic (Bush and Jacoby, 2010). Other mechanisms includes :
Broad spectrum potency
Unlike older enzymes, ESBLs  are known by their unsual capacity to destroy advanced, choice antibiotics such as cefotaxime,ceftazidime and even cefepime lately. They evolve structurally enabling them increase its enzyme affinity and catalytic potency against broad spectrum antimicrobials. (Patel et al., 2017)
Possession of Mobile Resistance Genes
ESBL encoding genes such as  blaCTX-M, blaTEM, blaSHV are often found on plasmids. This makes it easier for these bacteria to share these genes through direct contact (conjugation), environmental uptake (transformation), or via the aid of phages virus transfer (transduction) (Poire et al., 2012). 
iv. Extra Defenses
Most ESBL-producing bacteria also possess other mechanisms of antibiotic resistance. They could shrink the external permeability of their cells and increase the activity of their efflux pump system. The activation of these mechanisms or any the combinations makes it difficult for antibiotics to reach their target sites thereby undermining the therapeutic capacity of such drug when administered (Perez et al., 2019)
2.3.2 Clinical Implication of ESBL -Producing E. coli
ESBL-producing E. coli undermine the therapeutic capacity of beta-lactam anatimbiots such as penicillin-type antibiotics. This present serious grave challenge to the health care systems , leading to the following outcomes 
i. Treatment Failures & complications
Infections, regardless of their location ranging from bloodstream, urinary tract or even the abdominal cavity become deadlier. The reasons are not far-fetched -the failure of Standard antibiotics. In some unfortunate cases  even carbapenems, the drug-of-choice in some quarters s sometimes becomes useless, impotent  due to emerging resistance (ECDC, 2022; WHO, 2021). This leads to serious complications which could lead to increased fatality rates of hitherto common infections (Tacconelli et al., 2020; López-Cerero et al., 2021).
ii. Cost & Hospital Burden
Antibiotic resistance mediated by ESBL-producing E.coli prolong duration of infection.  This often necessitates intensive repeated diagnostic investigation, trial of different antibiotic treatment regimen. All these incur unbearable cost on the patients and extra stress on the healthcare practitioners and overwhelm the entire health care system in some quarters (Castanheira et al., 2021; Tamma & Holmes, 2020).
v. Increased Community and Nosocomial prevalence 
Originally , ESBL-producing E.coli are often found in clinical settings alone . however their constant evolution due to selective pressure, there is now an elevated incidence of community acquired E.coli. In the context of public health, this is critical and very alarming, especially due to the rapid nature of the spread (Matsumura et al., 2021; Daga et al., 2020).
iv. Infection Control and Transmission Dynamics
The uncanny ability of ESBL-producing E. coli to thrive on unconventional surfaces such as  medical equipment or any other surfaces in nosocomial settings makes it more difficult to control. To this end, if there are strong systems that enforce strict prophylaxis protocols, syetmatic and consistence antimicrobial stewardship, there would be a nosocomial spread of these resistant strains among patients and also healthworkers.   (Tande et al., 2020; Elnahriry et al., 2021).
vi. Emergence of Multi-Drug and Carbapenem Resistance
The failure of first line antibiotics to resistant strains has led to the inadvertent dependence on  
carbapenems as the preferred drug as ESBL mediated infections. This continuous selective pressure, aimed at solving a problem has created another problem in the form of carbapenem-resistant Enterobacteriaceae (CRE). This is worrisome as certain strains of E. coli depict AMR by producing both ESBL and also carbapemenases. What makes this phenomenon dangerous is that it narrows therapeutic options and creates life threatening outcomes in the clinic settings (Zhang et al., 2020; Rodríguez-Baño et al., 2021).
2.4	Multi-drug Resistance in Escherichia coli 
Multidrug-resistant (MDR) E. coli poses a growing global health threat as they undermine infection treatment regimen in clinical and environmental contexts. These strains exhibit  their recalcitrance across diverse classes of  antibiotic classes thereby skyrocketing  morbidity and mortality rates.  The mechanisms through which this Gram-negative bacterium rapidly acquires resistance are diverse and are not limited to enzymatic destruction (e.g., ESBLs), efflux pumps, membrane alterations, and target-site mutations. The undeniable aftermath is that they immensely contribute to the exacerbating antimicrobial resistance (AMR) burdens at the global scale (Rodríguez-Baño et al., 2021).
Clinically, like other related antibiotic-resistant strains, MDR E. coli infections have also been linked to prolonged hospitalizations, bloated costs of healthcare, and unintended reliance on last-resort antibiotics like carbapenems and colistin. Even at that, in some clinical scenarios, some of these E. coli strains develop resistance to these carbapenems, limiting treatment options and endangering the lives of patients and future generations.  (Zhang et al., 2020; Rodríguez-Baño et al., 2021).
Apart from clinical sources, another significant and critical reservoir are agricultural systems particularly the aquaculture environments. Antibiotic misuse in fish farming selects for resistant strains that contaminate seafood. Studies confirm MDR E. coli transmission to humans via contaminated fish ingestion or handling, with resistance genes spreading through horizontal transfer (Zhang et al., 2020; Elnahriry et al., 2021).
2.5 Frozen Fish as an MDR/ESBL Vector
Global seafood consumption, particularly frozen fish, raises food safety concerns due to contamination with MDR and ESBL-producing E. coli. These pathogens resist β-lactams, fluoroquinolones, tetracyclines, and aminoglycosides as well as other classes of antibiotics that play a huge role in veterinary and human medicine. (Uddin et al., 2021; Igbinosa et al., 2020).
The possession of mobile genetic elements that facilitate resistance gene dissemination in aquatic environments by these resistant strains makes the situation even more dire (Mahmud et al., 2021; Mainda et al., 2020).

There are regional studies that depict significant contamination of frozen fish with resistant bacteria. A good example is Egyptian research which confirmed ESBL-producing E. coli in frozen fish samples, with isolates showing high resistance to third-generation cephalosporins (Abdelhamid et al., 2020). A similar trend was observed in a Nigerian investigation. It was a comparative study of both locally processed frozen foods and imported frozen foods. The findings revealed the occurrence OF MDR E. coli in both samples, affirming these foods as vector to these resistant strains (Adelowo et al., 2020). These resistant strains undermine the cold storage s conditions and still persist in these food products, these buttresses the urgency and need for  heightened surveillance and firm regulation over these food products in order to protect public health (Al-Harbi & Uddin, 2020; Elbediwi et al., 2021). 
Possible Routes of Contamination and Impact on Public Health
The pathways through which MDR E. coli find their way into fish products are quite diverse. The primary route of contamination, which is quite popular is the incessant overuse of antibiotics in aquacultural systems. These antibiotics are used in unregulated concentration for prophylactic purposes  and also for growth enhancements. This practice mounts selective pressures on these strains and forces an evolution that leads to the proliferation of recalcitrant E. coli strains. (Founou et al., 2021). These strains find their way in the aqua-food products chain and multiply in fish tissues, form structured communities and produce biofilms even within the aquatic ecosystems. These features makes them very difficult to eliminate even through the physiologically rigorous processing condition characterized with cold temperatures. (Elbediwi et al., 2021). 
Secondly, the lack or poor adherence of hygienic measures during the processing and the packaging of these frozen products. These microbes enter the foods via the contaminated equipment and via the handlers as well. (Sapkota et al., 2021). Furthermore, the fluctuation of storage, processing and transport temperatures especially in developing colonies where power are not stable are still unreliable can facilitate the entrance and persistence of these pathogens into these frozen food products (Mahmud et al., 2021). It is important to note that freezing does not have bactericidal effect on MDR bacterial strains rather it slows down their metabolic activity. Studies have shown that pathogens such as E. coli, Salmonella spp., and Listeria monocytogenes can survive freezing temperatures and start proliferating, utilizing the rich nutrients in fishes once they are thawed and they keep repeating this phenomenon in cycles. This makes them very dangerous to human health when consumed carelessly (Sow et al., 2020; Mahmud et al., 2021).
The implications of consuming MDR E. coli contaminated frozen foods are diverse and very grave. These resistant strains cause foodborne illnesses, urinary tract infections, gastrointestinal diseases that are difficult to treat due to limited potent antimicrobials. They also trigger septicemia and also other aggressive immunological response (Founou et al., 2021). These strains can transfer AMR encoding genes natural flora of the gut orchestrating a dangerous pathologic condition (Sow et al., 2020).
There is an international dimension of the outcomes of transmission of these resistant bacteria via importation, new resistant strains are being introduced into new territories, this has great impact on healthcare systems. It is even worse for poor and middle-income countries with healthcare systems and less advanced diagnostic infrastructure and stewardship related antimicrobial programs (Elbediwi et al., 2021; WHO, 2020).
The requirements to effectively mitigate these risks would entail coordinated, synergistic interventions which incorporates effective policy and systematic implementation that restricts unguided use of antimicrobials in agriculture and aquaculture. These policy and implementation will also capture protocols that guides the basic requirement for the processing, storage, transport  and retail of these frozen fishes. (Elbediwi et al., 2021; Founou et al., 2021, WHO, 2020).
CHAPTER THREE
MATERIALS AND METHODS
3.1. Materials
3.1.1 Media and Antibiotics
Nutrient Agar (Himedia Laboratories, India), Nutrient Broth (Himedia Laboratories, India), Macconkey Agar (Himedia Laboratories, India), Amoxicillin Clavulanic Acid (GlaxoSmithKline, UK), Cefotaxime cid (GlaxoSmithKline, UK), Ceftazidime cid (GlaxoSmithKline, UK), Ciprofloxacin cid (GlaxoSmithKline, UK), Gentamicin cid (GlaxoSmithKline, UK), Salmonella Shigella Agar (Himedia, India), Simmons Citrate (BD Biosciences, USA), Muller Hinton Agar (Oxoid, UK)
3.1.2 Equipment
Autoclave, Incubator, Weighing balance [Model XP205, Mettler Toledo, Switzerland], Pressure pot [Model 4560Parr Instrument Company, USA], Bunsen burner, Refrigerator [Panasonic Model NR- B53V1, Japan]
Methods
3.2 Study Area
The study was conducted in Enugu State, located in the southeastern part of Nigeria. Samples were collected from different cold stores and fish markets in Enugu Metropolis. This area was chosen because it has high commercial activity, and many people depend on frozen fish as a source of protein (Cheesbrough, 2009).
3.3 Sample Collection
A total of thirty (30) frozen fish samples were collected from selected stores. Ten samples were chosen from each of three species of fish: mackerel (Scomber scombrus), tilapia (Oreochromis niloticus), and sardine (Sardinella spp.). Each fish sample was placed in sterile bags and 
transported to the Microbiology Laboratory at Godfrey Okoye University, Enugu, keeping them cool in ice-filled containers to prevent changes in the microbial content (Cheesbrough, 2009).
3.3.1 Preparation of Sample Homogenate
For each fish sample, 25 grams of fish tissue was cut out and placed in 225 mL of sterile peptone water. The mixture was blended using a stomacher to make a homogeneous mixture that served as the sample for further testing (ICMSF, 2002).
3.3.2 Aerobic Plate Count (APC)
To assess the total microbial load, ten-fold serial dilutions of the homogenized sample were prepared, ranging from 10⁻¹ to 10⁻⁶. A 1.0 mL aliquot from each dilution was transferred onto sterile Petri dishes and overlaid with Plate Count Agar (PCA). The plates were incubated at 35 °C for 48 hours. After incubation, colony-forming units (CFU) were counted.
3.3.3 Coliform Count
To determine the presence of coliform bacteria, 1.0 mL of the diluted sample was inoculated onto MacConkey Agar and incubated at 37 °C for 24 hours. Red or purple colonies were counted as presumptive coliforms. Further confirmation was done by subculturing five suspected colonies in Brilliant Green Lactose Bile Broth and checking for gas production (APHA, 2017).
3.4 Isolation and Identification of Escherichia coli
3.4.1 Pre-enrichment
The homogenized fish tissue in peptone water was incubated at 37 °C for 18–24 hours to recover any stressed or injured bacteria, enhancing the likelihood of isolating viable E. coli.
3.4.2 Selective Plating
Following pre-enrichment, 0.1 mL of the culture was streaked onto MacConkey agar and Eosin Methylene Blue (EMB) agar plates. After 24-hour incubation at 37 °C, colonies with a pink appearance on MacConkey and metallic green sheen on EMB were considered presumptive E. coli and subcultured for purity.
3.4.3 Biochemical Tests 
The following biochemical tests were carried out for further further characterization and isolation of the microorganisms isolated:
Gram Staining
The microbial isolates were characterized using gram staining test. The gram staining procedure was carried out as follows: A drop of distilled water was placed on a clean, grease-free slide, and a thin smear of each bacterial sample was prepared using a sterile wire loop. The loop, sterilized by flaming until red hot, was used to collect the bacteria, which was then mixed into the water drop. The smear was spread thinly, allowed to air-dry, and then heat-fixed by briefly passing the underside of the slide through a flame. The slide was then stained with crystal violet for 60 seconds, gently rinsed with water, and immediately treated with Lugol’s iodine for another 60 seconds. The iodine was washed off gently with water and then 95% ethanol was applied for 15 seconds until slide appears free from violet stain. The slides were gently rinsed with water and flooded safranin for 30 seconds after which the slides were gently rinsed with water and air dried. The slides were examined under x100 oil immersion objective lens of a light microscope. All examined isolates turned out to be gram negative by retaining the pink colour of the safranin which is a one of the unique characteristics of members of the enterobacteriaceae family. Gram positive organisms do retain the purple colour of the Crystal violet (Hunt et al., 2018).
Citrate utilization test:
The citrate utilization test checks whether a bacterium can grow using sodium citrate as its only source of carbon, and ammonium dihydrogen phosphate as its only source of nitrogen (Tankeshwar., 2013). In the citrate utilization test, the citrate medium most commonly used is the formula of Simmons. The isolates were inoculated into test tubes containing prepared Simmons citrate agar. They were incubated at 35°C to 37°C for 18 to 24 hours (Luke et al., 2006).
Bacteria that can use citrate produce an enzyme called citrase, which breaks citrate down into oxaloacetic acid and acetic acid. If carbon dioxide is released during this process, it reacts with the medium to form alkaline compounds. This causes the pH indicator, bromthymol blue, to shift from green to blue signaling a positive result. If the color stays green, the test is negative (Kingsley et al., 2013).
Catalase Test
A glass was used to take several colonies of the test organisms and immersed it into test tube containing 3ml of hydrogen peroxide or absence of bubbles. Active bubbles show positive catalase and absences of bubbles show negative catalase (Jerry, 2016).
Indole test
The indole test checks whether a bacterium can break down the amino acid tryptophan to produce indole. This reaction is carried out by the enzyme tryptophanase, which splits tryptophan into several byproducts, including indole. To detect indole, Kovac’s or Ehrlich’s reagent is added. These reagents contain a chemical that reacts with indole to form a red-colored compound, indicating a positive result (Lanter et al.,2018). 
The traditional tube method was used for the indole test. In this method, either a broth culture or a colony of the test organism was mixed into tryptophan broth. The tube was then incubated at 37°C for 24 to 28 hours under normal air conditions. After incubation, 0.5 ml of Kovac’s reagent was added. A pink ring at the top of the broth indicated a positive result, while no color change signified a negative result (Oddey et al., 2013).


Urease test
The urease test helps identify bacteria that can break down urea using the enzyme urease. When urea is broken down, it produces ammonia, which raises the pH of the medium. If the pH goes above 8.4, the phenol red indicator changes color from yellow to pink, showing a positive result (Jerry, 2016). 
Christensen’s urea agar was used for the test, prepared following the manufacturer's instructions. A generous amount of bacteria from a fresh 18–24-hour culture was streaked across the surface of the slant. The tubes were loosely capped and incubated at 35°C. Color changes on the slant were checked after 6 and 24 hours. If the medium stayed yellow, it meant the result was negative. A color change to magenta indicated a positive result (Tankeshwar, 2013).
Methyl Red (MR) and Voges-Proskauer Test (MRVP)
The Methyl Red (MR) test was used to check if the microorganism carries out mixed acid fermentation when given glucose. The types and amounts of acids produced during glucose fermentation are important for distinguishing between different groups of enteric bacteria. MR-VP broth was used for both the MR and VP tests—the difference lies only in the reagent added. Two tubes of MR-VP broth were inoculated with the test organism and incubated at 35°C for up to four days. After incubation, about five drops of methyl red indicator were added to one of the tubes. A red color change within a few minutes indicated a positive result, while no change suggested a negative result. (For the VP test, Barritt’s reagent was added to the second tube.)
3.5 Antimicrobial Susceptibility Testing
The antibiotic resistance of E. coli isolates was tested using the disk diffusion method on Mueller-Hinton agar. The antibiotics used in the test included ampicillin (10 µg), ciprofloxacin (5 µg), tetracycline (30 µg), gentamicin (10 µg), cefotaxime (30 µg), ceftazidime (30 µg), amoxicillin-clavulanic acid (20/10 µg), and meropenem (10 µg). After incubating the plates at 37 °C for 16 to 18 hours, the clear zones around the antibiotic disks (zones of inhibition) were measured to assess sensitivity (Jorgensen & Ferraro, 2009).
3.6 Detection of Extended-Spectrum Beta-Lactamase (ESBL) Production
The double-disk synergy test was used as a phenotypic method for identifying ESBL production. Disks containing ceftazidime, cefotaxime, and clavulanic acid were used. Enhanced inhibition zones near clavulanic acid confirmed ESBL production (Jarlier et al., 1988).
3.7 Multiple Antibiotic Resistance Index (MARI) Analysis
The MARI was calculated using the formula:
MARI = a/n
Where ‘a’ = number of antibiotics the isolate is resistant to, and ‘n’ = total antibiotics tested. A value above 0.2 suggests the isolate originated from a high-risk environment with extensive antibiotic use.
3.8 Data Analysis
Data were analyzed using SPSS version 25. Microbial counts were reported as means ± standard deviation. Categorical variables were analyzed with the Chi-square test, and significance was set at p < 0.05.

 





CHAPTER FOUR
RESULTS
4.1 Aerobic plate counts (CFU/g) of bacteria from Fish across selected markets in Enugu Metropolis
The aerobic plate count for frozen fish samples collected from the three major markets in Enugu, Abakpa, Eke Emene, and Old Park, showed differences in bacterial load. Samples from Abakpa Market had the highest average count of 62.4 × 10³ CFU/g (ranging from 48 × 10³ to 78 × 10³ CFU/g), while Eke Emene and Old Park both had mean counts around 42 × 10³ CFU/g. The range for Eke Emene was 37 × 10³ to 51 × 10³ CFU/g, and for Old Park, 38 × 10³ to 46 × 10³ CFU/g.
The summary statistics in (Table 4.1) show that each market had 10 samples (n = 10). Abakpa had the largest standard error (SE = 3.55 × 10³), while both Eke Emene and Old Park had smaller SE values of 1.58 × 10³, indicating more consistent counts.
Morphological and biochemical tests were used to identify the bacterial isolates. As the stated in Table 4.2 all 16 isolates fermented lactose on MacConkey agar (producing pink colonies), and formed green metallic sheen colonies on EMB agar. All were indole and methyl red positive, catalase positive, and Gram-negative. They were negative for oxidase and citrate tests. This confirmed the presence of Escherichia coli in all samples.
Table 4.3 presents the antibiotic resistance profiles of E. coli isolates based on their market of origin and fish type (Titus or Mackerel). Each isolate was tested for susceptibility to six antibiotics: piperacillin/tazobactam (TZP), ciprofloxacin (CIP), ceftazidime (CAZ), cefotaxime (CTX), cefuroxime (CRO), and gentamicin (GEN).
The lowest MARI (0.00) was recorded by isolate AMB3 (Abakpa Mackerel Belly), which was sensitive to all six drugs. On the other hand, three isolates; OTB3 (Old Park Titus Belly), OMB2 and OMB3 (Old Park Mackerel Belly); had the highest MARI of 1.00, showing resistance to all antibiotics tested. Intermediate MARI values ranged from 0.17 to 0.83. For instance, isolate ETM1 (Eke Emene Titus Mouth) was only resistant to TZP (MARI = 0.17), while ATM3 (Abakpa Titus Mouth) was resistant to five antibiotics (MARI = 0.83).
These patterns reflect varying degrees of drug resistance across different markets and fish types, indicating the presence of both single-drug and multidrug-resistant E. coli strains.













Table 4.1: Aerobic plate counts (CFU/g) of bacteria from Fish across selected markets in Enugu Metropolis
	Site
	Sample Code
	    Bacteria Count (CFU/g ×10³)
                Mean ± SD

	Abakpa Market 
	AM1
	62.4 ± 11.17

	
	AM2
	62.4 ± 11.17

	
	AM3
	62.4 ± 11.17

	
	AM4
	62.4 ± 11.17

	
	AM5
	62.4 ± 11.17

	
	AM6
	62.4 ± 11.17

	
	AM7
	62.4 ± 11.17

	
	AM8
	62.4 ± 11.17

	
	AM9
	62.4 ± 11.17

	
	AM10
	62.4 ± 11.17

	  Eke Emene
	EE1
	42.7 ± 5.17

	
	EE2
	42.7 ± 5.17

	
	EE3
	42.7 ± 5.17

	
	EE4
	42.7 ± 5.17

	
	EE5
	42.7 ± 5.17

	
	EE6
	42.7 ± 5.17

	
	EE7
	42.7 ± 5.17

	
	EE8
	42.7 ± 5.17

	
	EE9
	42.7 ± 5.17

	
	EE10
	42.7 ± 5.17

	Old Park
	OP1
	42.2 ± 5.14

	
	OP2
	42.2 ± 5.14

	
	OP3
	42.2 ± 5.14

	
	OP4
	42.2 ± 5.14

	
	OP5
	42.2 ± 5.14

	
	OP6
	42.2 ± 5.14
	

	
	OP7
	42.2 ± 5.14
	

	
	OP8
	42.2 ± 5.14
	

	
	OP9
	42.2 ± 5.14
	

	
	OP10
	42.2 ± 5.14
	








	Site
	n
	Mean ± SD
	SE

	Abakpa Market
	10
	62.4
	11.17

	Eke Emene
	10
	              42.7
	5.17

	Old Park
	10
	42.2
	5.14


Table 4.1b. Summary statistics of Aerobic Plate Counts (CFU/sample) across selected locations in Enugu Metropolis (n, mean ± SD, SE) with group comparisons











[bookmark: _Hlk201057701]4.2 Isolation and Identification of Escherichia coli
Table 4.1: Morphological and biochemical features of probable E. coli isolated from Frozen Fishes Samples on MacConkey and EMB Agar
	SAMPLE
	COLONY FEATURES
	IND
	OXI
	MR
	CIT
	CAT
	GRAM REACTION
	PROBABLE ORGANISM

	ATB1
	Pink, smooth, moist (MacConkey); green sheen (EMB)
	+
	–
	+
	–
	+
	Gram-negative rods
	Escherichia coli

	ATB2
	Pink, smooth, moist (MacConkey); green sheen (EMB)
	+
	–
	+
	–
	+
	Gram-negative rods
	Escherichia coli

	ATB3
	Pink, smooth, moist (MacConkey); green sheen (EMB)
	+
	–
	+
	–
	+
	Gram-negative rods
	Escherichia coli

	AMB1
	Pink, smooth, moist (MacConkey); green sheen (EMB)
	+
	–
	+
	–
	+
	Gram-negative rods
	Escherichia coli

	AMB2
	Pink, smooth, moist (MacConkey); green sheen (EMB)
	+
	–
	+
	–
	+
	Gram-negative rods
	Escherichia coli

	AMB3
	Pink, smooth, moist (MacConkey); green sheen (EMB)
	+
	–
	+
	–
	+
	Gram-negative rods
	Escherichia coli

	ETB1
	Pink, smooth, moist (MacConkey); green sheen (EMB)
	+
	–
	+
	–
	+
	Gram-negative rods
	Escherichia coli

	ETB2
	Pink, smooth, moist (MacConkey); green sheen (EMB)
	+
	–
	+
	–
	+
	Gram-negative rods
	Escherichia coli

	EMB1
	Pink, smooth moist (MacConkey); Green sheen (EMB)
	+
	–
	+
	–
	+
	Gram-negative rods
	Escherichia coli

	EMB2
	Pink, smooth moist (MacConkey); Green sheen (EMB)
	+
	–
	+
	–
	+
	Gram-negative rods
	Escherichia coli

	OTB1
	Pink, smooth moist (MacConkey); Green sheen (EMB)
	+
	–
	+
	–
	+
	Gram-negative rods
	Escherichia coli

	OTB2
	Pink, smooth moist (MacConkey); Green sheen (EMB)
	+
	–
	+
	–
	+
	Gram-negative rods
	Escherichia coli

	OTB3
	Pink, smooth moist (MacConkey); Green sheen (EMB)
	+
	–
	+
	–
	+
	Gram-negative rods
	Escherichia coli

	OMB1
	Pink, smooth moist (MacConkey); Green sheen (EMB)
	+
	–
	+
	–
	+
	Gram-negative rods
	Escherichia coli

	OMB2
	Pink, smooth moist (MacConkey); Green sheen (EMB)
	+
	–
	+
	–
	+
	Gram-negative rods
	Escherichia coli

	OMB3
	Pink, smooth moist (MacConkey); Green sheen (EMB)
	+
	–
	+
	–
	+
	Gram-negative rods
	Escherichia coli



Key: IND = Indole Test;  CIT = Citrate Utilization ,  CAT = Catalase test;  MR = Methyl Red,  OXI = Oxidase Test; ‘+’     =Positive reaction; ‘–’    = Negative reaction;  ATM = Abakpa Titus Belly; AMB = Abakpa Mackerel Belly; ETM = Emene Titus Belly; EMB = Emene Mackerel Belly
OTB = Oldpark Titus Belly; OMB = Oldpark Mackerel Bell
Table 4.3 Antibiogram of selected E. coli isolates from frozen fish samples 
		Isolates
	TZP (30μg)
	CIP (5μg)
	CAZ (30μg)
	CTX (30μg)
	CRO (30μg)
	GEN (10μg)
	MARI

	E. coliATM1
	R
	S
	I
	R
	R
	S
	0.50

	E. coli ATM2
	I
	S
	R
	R
	R
	R
	0.67

	E. coli ATM3
	R
	S
	R
	R
	I
	R
	0.83

	E. coli AMB1
	R
	S
	R
	I
	R
	S
	0.50

	E. coli AMB2
	R
	S
	R
	R
	I
	I
	0.50

	E. coli AMB3
	I
	S
	S
	S
	S
	I
	0.00

	E. coli ETM1
	R
	S
	S
	S
	S
	I
	0.17

	E. coli ETM2
	R
	S
	I
	I
	R
	R
	0.50

	E. coli EMB1
	R
	S
	R
	S
	R
	R
	0.67

	E. coli EMB2
	R
	S
	R
	S
	I
	R
	0.50

	E. coli OTB1
	R
	S
	R
	S
	R
	R
	0.67

	E. coli OTB2
	R
	S
	R
	I
	R
	I
	0.50

	E. coli OTB3
	R
	R
	R
	I
	R
	R
	1.00

	E. coli OMB1
	R
	S
	S
	S
	R
	R
	0.50

	E. coli OMB2
	R
	R
	R
	I
	R
	R
	1.00

	E. coli OMB3
	R
	R
	R
	R
	R
	R
	1.00






KEY:	
CIP: Ciprofloxacin     
CTX: Cefotaxime      
CRO: Cefuroxime     
GEN: Gentamycin       
CAZ: Ceftazidime   
TZP: Piperacillin/ Tazobactam     






Table 4.4 summarizes the percentage resistance and susceptibility of all 16 E. coli isolates to the tested antibiotics. Piperacillin/Tazobactam (TZP) and Ceftazidime (CAZ) had the highest resistance rates, with 87.5% of the isolates showing resistance (14 out of 16). Cefuroxime also showed a high resistance rate. On the other hand, Ciprofloxacin (CIP) had the highest susceptibility rate, with 81.25% (13 out of 16) of isolates being sensitive to it. Only 18.75% of isolates were resistant to CIP, making it the most effective antibiotic in this study.
Table 4.5 outlines the sample source, ESBL status (positive or negative), resistance pattern, and MARI value of each isolate. Out of the 16 isolates, 11 were ESBL-positive. The simplest resistance pattern was observed in isolate ETM1 from Eke Emene Titus Fish, which only resisted TZP and had a MARI of 0.17. The most complex resistance pattern was seen in isolate OMB3 from Old Park Mackerel Fish, which resisted all six antibiotics and had a MARI of 1.00. This table clearly shows that ESBL-positive isolates generally had higher MARI scores, pointing to a link between ESBL production and multidrug resistance
Table 4.6 presents the statistical analysis comparing the MARI scores of ESBL-positive and ESBL-negative isolates. The overall mean MARI for all isolates was 0.59 ± 0.28. ESBL-positive isolates had a mean MARI of 0.58 ± 0.31, while ESBL-negative ones had a slightly higher mean of 0.63 ± 0.22. However, a Welch's t-test showed that the difference in MARI between these two groups was not statistically significant (p = 0.68). This suggests that even non-ESBL-producing isolates can show considerable resistance, though ESBL production is still commonly associated with high MARI values.




Table 4.4: Antibiotic susceptibility (Percentage) of selected E. coli species isolated from frozen fish samples 
	Antibiotic
	Resistant (%)
	Intermediate (%)
	Susceptible (%)

	TZP (30μg)
	87.50
	12.50
	0.00

	CIP (5μg)
	18.75
	0.00
	81.25

	CAZ (30μg)
	68.75
	12.50
	18.75

	CTX (30μg)
	31.25
	31.25
	37.50

	CRO (30μg)
	68.75
	18.75
	12.50

	GEN (10μg)
	62.50
	25.00
	12.50























Table 4.5 ESBL- producing activity and Multidrug resistance pattern of selected E. coli isolated from frozen fish samples sold within Enugu metropolis
	LOCATION
	SAMPLE SOURCE
	ISOLATE
	PROBABLE
IDENTITY
	ESBL - PRODUCING
ACTIVITY
	MULTI-DRUG RESISTANCE PATTERN OF ISOLATES
	MARI

	ABAKPA MARKERT
	Titus Fish
	ATM1
	E. coli
	+
	TZP, CTX, CRO
	0.50

	
	Titus Fish
	ATM2
	E. coli
	+
	CAZ, CTX, CRO, GEN
	0.67

	
	Titus Fish6
	ATM3
	E. coli
	+
	TZP, CAZ, CTX, CRO, GEN
	0.83

	 
	Mackerel Fish
	AMB1
	E. coli
	+
	TZP, CAZ, CRO
	0.50

	
	Mackerel Fish
	AMB2
	E. coli
	-
	TZP, CAZ, CTX
	0.50

	
	Mackerel Fish
	AMB3
	E. coli
	+
	None
	0.00

	EKE EMENE
	Titus Fish
	ETM1
	E. coli
	+
	TZP
	0.17

	
	Titus Fish
	ETM2
	E. coli
	-
	TZP, CRO, GEN
	0.50

	
	Mackerel Fish
	EMB1
	E. coli
	-
	TZP, CAZ, CRO, GEN
	0.67

	
	Mackerel Fish
	EMB2
	E. coli
	-
	TZP, CAZ, GEN
	0.50

	      OLD PARK 
	Titus Fish
	OTB1
	E. coli
	+
	TZP, CAZ, CRO, GEN
	0.67

	
	Titus Fish
	OTB2
	E. coli
	-
	TZP, CAZ, CRO
	0.50

	
	Titus Fish
	OTB3
	E. coli
	+
	TZP, CIP, CAZ, CRO, GEN
	1.00

	
	Mackerel Fish
	OMB1
	E. coli
	+
	TZP, CRO, GEN
	0.50

	
	Mackerel Fish
	OMB2
	E. coli
	-
	TZP, CIP, CAZ, CRO, GEN
	1.00

	
	Mackerel Fish
	OMB3
	E. coli
	+
	TZP, CIP, CAZ, CTX, CRO, GEN
	1.00







Table 4.6: Statistical Summary of MARI and ESBL-Status in E. coli from Frozen Fish

	
	All Isolates (n = 16)
	ESBL⁺ 
(n = 11)
	ESBL⁻ 
(n = 5)
	p-value

	MARI (mean ± SD)
	0.59 ± 0.28
	0.58 ± 0.31
	0.63 ± 0.22
	0.68

	ESBL-producing count (%)
	11 (68.8%)
	11 (100%)
	0 (0%)
	

	ESBL-non-producing count (%)
	5 (31.2%)
	0 (0%)
	5 (100%)
	















CHAPTER FIVE
DISCUSSION, CONCLUSION AND RECOMMDENDATION 
5.1 Discussion
The aerobic plate count results from the three major markets in Enugu State showed noticeable differences in the level of bacterial contamination. Fish samples from Abakpa Market recorded the highest bacterial load (62.4 × 10³ CFU/g), while those from Eke Emene and Old Park had much lower counts (about 42 × 10³ CFU/g). The higher count at Abakpa may be due to poor handling practices such as lack of proper cold storage, repeated thawing and refreezing, and dirty display environments. These findings are similar to those from East African markets, where unhygienic handling was linked to high microbial loads (Akoll et al., 2021). Although the bacterial counts recorded are still within the acceptable limits set by FAO/WHO (2004), they can still pose health risks, especially if the fish are not properly cooked or if there is cross-contamination during processing.
All the bacteria isolated from the frozen fish displayed common characteristics of Escherichia coli. On MacConkey agar, they produced pink colonies, while on EMB agar, they formed colonies with a green metallic shine. They gave positive results for indole and methyl red tests, and were negative for both citrate utlization and the Voges-Proskauer test. These characteristics are widely known to be associated with E. coli and confirm fecal contamination of the fish. The source of this contamination may include the use of dirty water for washing fish, poor hygiene by the sellers, or unclean surfaces used during fish handling (Nwankwo et al., 2020).
This study uncovered alarming drug resistance in frozen fish from Enugu markets. Every E. coli isolate resisted at least one β-lactam antibiotic with piperacillin/tazobactam failing against 87.5% of strains. Ceftazidime and cefuroxime almost followed suit  (68.8% resistance each), while cefotaxime showed moderate resistance (31.3%). However, Ciprofloxacin remained effective (81.3% susceptibility), and gentamicin worked for 37.5% of isolates.
5.2 Conclusion
More disturbing is that 68.8% of the isolates in this study produced ESBLs, shredding β lactams (even inhibitor-combined drugs like piperacillin/tazobactam). These ESBL-positive strains all carried very high MARI values (≥0.50, some even hitting 1.00) which is quite alarming. It is also indicative of antibiotic-saturated environments like aquaculture farms as opined by Adibe-Nwafor et al. (2023) and seen Saudi studies (Elhadi, 2016) which links frozen fish to ESBL- producing bacteria spread.
Conclusively, frozen fish sold within Enugu metropolis pose a dual threat to public health bacterial contamination and multi-drug resistant ESBL E. coli. While ciprofloxacin/gentamicin still effective for now , rampant β-lactam resistance demands immediate intervention.
5.3 Recommendations
1. Overhaul Aquaculture Antibiotics
There should be a ban on prophylactic β-lactam/cephalosporin use in Nigerian fish farms. In its stead adopt vaccines or competitive exclusion probiotics instead. A good success story is that of Vietnam’s 2022 aquaculture reforms, where antibiotic use cuts, shrank resistance to 40% in 18 months.
2.  Enforce Cold-Chain Monitoring and Accountability
Mandate temperature logs and sanitization audits at Enugu’s distribution hubs. Most stalls lack functional freezers. It would be good to link market licensing to compliance 



3. Monthly ESBL Surveillance
Fish samples from major markets should be tested quarterly using CLSI breakpoints. Findings should be published via state Ministry of Health then monitored for commensurate actions.
4. Train Stallholders and Stakeholders 
There should be Mobile workshops; teaching ice-refresh cycles and glove-use. Thers are critical gaps and points of contamination we observed during sampling.
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