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Abstract

:

Antimicrobials serve as crucial treatments in both veterinary and human medicine, aiding in the control and prevention of infectious diseases. However, their misuse or overuse has led to the emergence of antimicrobial resistance, posing a significant threat to public health. This review focuses on extended-spectrum beta-lactamase (ESBL)-producing Escherichia coli in animals and their associated food products, which contribute to the proliferation of antimicrobial-resistant strains. Recent research has highlighted the presence of ESBL-producing E. coli in animals and animal-derived foods, with some studies indicating genetic similarities between these isolates and those found in human infections. This underscores the urgent need to address antimicrobial resistance as a pressing public health issue. More comprehensive studies are required to understand the evolving landscape of ESBLs and to develop strategic public health policies grounded in the One Health approach, aiming to control and mitigate their prevalence effectively.
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1. Introduction


Infectious diseases caused by bacteria have long posed significant challenges to societies, not only due to their rapid and widespread transmission but also because of their high rates of mortality and morbidity. The treatment of many of these infections often relies on the therapeutic application of antimicrobials [1]. Antimicrobials serve as vital tools in both veterinary and human medicine, playing key roles in the treatment, control, and prevention of infectious diseases. However, the excessive and repeated use of antimicrobials can lead to unforeseen adverse consequences, such as the development of antimicrobial resistance (AMR) among bacteria, particularly towards modern beta-lactam antimicrobials [2,3]. Extended-spectrum beta-lactamases (ESBLs) are enzymes produced by certain bacteria capable of hydrolyzing extended-spectrum cephalosporins [4,5]. Consequently, they exhibit ineffectiveness against beta-lactam antimicrobials such as ceftazidime, ceftriaxone, cefotaxime, and oxyimino-monobactam. These enzymes may either be inherent to the organism, carried on bacterial chromosomes, or plasmid-mediated, with the potential for conjugation between bacterial populations [6].



ESBLs encompass a range of types, with the most prevalent being the SHV, TEM, and CTX-M [7]. Other noteworthy clinically significant types include VEB, PER, BEL-1, BES-1, SFO-1, TLA, and IBC [8]. These enzymes are primarily synthesized by Gram-negative organisms of the Enterobacteriaceae family, notably Klebsiella pneumoniae and Escherichia coli [6,9]. Certain pathotypes of E. coli have been linked to various intestinal and extraintestinal diseases, including diarrhea, urinary tract infections, septicemia, and neonatal meningitis [10]. Moreover, the escalating antimicrobial resistance among enteric pathogens poses a substantial public health challenge [11].



The aim of this review is to deepen our comprehension of E. coli strains producing ESBLs in animals and animal-derived foods, which are key contributors to the emergence of antimicrobial-resistant strains, thus presenting a significant public health concern.




2. ESBL-Producing E. coli in Farm Animals


E. coli assumes a significant role as a bacterial commensal inhabiting the intestinal microbiota of diverse animal species, including human beings. Within this association, E. coli maintains a harmonious coexistence with its hosts, typically manifesting as a symbiotic relationship devoid of pathogenicity. However, it is imperative to recognize that E. coli also emerges as a prominent etiological agent responsible for instigating a myriad of prevalent bacterial infections afflicting both human and animal populations alike. It is crucial to underscore the nuanced nature of E. coli strains, as not all variants exhibit benign characteristics; indeed, certain strains harbor virulence factors capable of eliciting disease manifestations in susceptible hosts, encompassing mammals and avian species alike. This dualistic nature underscores the necessity for comprehensive surveillance and vigilant monitoring of E. coli populations, facilitating the prompt identification and containment of pathogenic strains to mitigate the associated public health risks posed by this ubiquitous bacterial species [3,4,12]. Additionally, E. coli plays a significant ecological role and can serve as a bioindicator for antimicrobial resistance. As E. coli is harbored in the intestinal tract of all animal species used for food production and this bacterium demonstrates great genetic versatility and adaptability to constantly changing environments, it can acquire numerous mechanisms of antimicrobial resistance, such as enzymes encoded by plasmids [3].



The utilization of antimicrobial agents has precipitated the proliferation of antimicrobial-resistant strains of E. coli within the commensal microbiota, engendering a potential hazard to human health via the consumption of contaminated foods [13], notably animal-derived foods. Antimicrobial substances are frequently enlisted in animal husbandry practices with the overarching objectives of disease prevention, infection control, and optimization of animal growth rates. Although the practice of employing antimicrobials as growth promoters has been phased out in jurisdictions such as the European Union, the United States of America, and Canada, it continues to persist unabated in various other regions across the globe [14].



The excessive and inappropriate use of antimicrobials has resulted in a surge in antimicrobial-resistant microorganisms [15], contributing to the global challenge of antimicrobial resistance [16], including the emergence of ESBL production. In food animals, particularly among enterobacteria isolated from them, genes associated with ESBL production such as blaTEM, blaSHV, and blaCTX-M are frequently detected [17]. Recent studies conducted in rural communities in Ecuador have targeted domesticated animals that share close proximity with humans. These investigations unveiled the existence of ESBL-producing E. coli strains, which possess considerable pathogenic potential. This discovery has sparked concerns regarding the concurrent presence of these strains in both animal and human populations, as well as the potential transmission of multidrug-resistant (MDR) strains from animals to humans [18]. In another study of ESBL-producing E. coli, plasmid analysis showed that the plasmid backbones across various lineages exhibit significant similarity and can be nearly identical among animals such as chickens, cattle, and swine, with similarities to plasmids isolated from humans [19]. However, research from Reunion Island in the Southwest Indian Ocean suggested that animals might not serve as the primary reservoir for ESBL-producing E. coli detected in humans on the island. The authors advocated for policy measures aimed at prioritizing the mitigation of human-to-human transmission to prevent infections within the population [20].



The prevalence of antimicrobial resistance in commensal bacteria can serve as a valuable indicator of the selective pressure exerted by antimicrobial agents, offering an early warning sign of the emergence of resistance in pathogens [3]. A comprehensive review of global cattle production revealed the widespread occurrence of intestinal colonization and clinical manifestations due to ESBL-producing Enterobacteriaceae (E-ESBLs) among cattle in Europe, the Americas, Asia, Africa, and Oceania. This occurrence in six of the seven major world cattle producers suggests a significant contribution of E-ESBLs to the dissemination of these bacteria and ESBL genes throughout ecosystems. Cattle production serves as a crucial ecological niche for the selection of commensal bacteria harboring antimicrobial resistance traits within the microbiota [21]. In a notably intriguing study, researchers collected twenty-four samples of cattle manure from four farms and isolated ceftiofur or cefotaxime-resistant E. coli. Following this, the genomes of 18 isolates were sequenced, and all of them were found to carry at least one β-lactamase bla gene, namely TEM-1, TEM-81, CTX-M115, CTX-M15, OXA-1, or CMY-2, and each of them harbored antimicrobial resistance plasmids associated with classic Inc groups. Consequently, it is evident that storing dairy cow manure for a brief period could serve as a reservoir for resistance genes and potentially virulent strains of E. coli, posing a risk of dissemination to other bacteria within the same environment. Such a phenomenon, as elucidated by this study, underscores the pressing need for further investigations to comprehensively gauge and mitigate the associated risks [22].



Within the dairy production chain, ESBL-producing E. coli has been identified across various age groups, with specific strains of certain sequence types (ST) dominant in calves, such as ST362, known for its robust biofilm formation capacity, posing challenges. Recommendations have been made for enhancing hygiene practices to prevent biofilm formation in nipple buckets and for ensuring appropriate antimicrobial usage in treating calf diarrhea [23]. Furthermore, sheep and goats are also recognized as reservoirs for pathogenic E. coli strains, posing risks not only to animals but also to humans along the food chain [24,25]. A study examining ESBL-producing E. coli in sheep and goats revealed antimicrobial resistance patterns in both healthy and diarrheic animals [26]. Furthermore, there are reports of some strains potentially capable of producing Shiga toxin and carrying genes associated with ESBL production in these animals [27].



The unregulated and excessive use of antimicrobials in aquatic environments has also been identified as a significant driver of antimicrobial resistance, particularly in E. coli strains producing ESBLs. Aquatic animals such as fish and shrimp can serve as reservoirs for antimicrobial resistance genes [28,29], which pose a threat to human health through the consumption of raw seafood, thus contributing to a public health crisis [30]. ESBL-producing Enterobacterales have been observed to transfer the blaCTX-M gene to E. coli, suggesting a role in the transfer to native gut E. coli in humans following the ingestion of contaminated fish [31].



Notably, discharge from bovine and poultry slaughterhouses and farms can introduce ESBL-producing microorganisms into aquatic ecosystems, facilitating their dissemination among animal and human populations [32,33,34]. Moreover, improper effluent disposal, particularly when contaminated with human feces, leads to high levels of aquatic contamination by ESBL-producing E. coli, underscoring the urgency of preventing the spread of these isolates to human and animal populations [35]. Of particular concern are wastewater discharges from hospitals and healthcare facilities, which have been strongly implicated in the dissemination of ESBL-producing enterobacteria [36,37] (Figure 1). Given these risks, the importance of monitoring freshwater environments for antimicrobial-resistant bacteria or genes, especially in areas susceptible to contamination from human or animal waste, highlights the critical need for enhanced surveillance efforts [38,39].



Recent studies have established the widespread presence of E. coli producing ESBL and AmpC β-lactamase (pAmpC) in all stages of broiler production systems [40], as well as in swine populations [41].



Isolates of multidrug-resistant (MDR) E. coli originating from commercial, healthy poultry have been identified, exhibiting a notable prevalence of the IncC and IncFIA plasmids. The majority of these resilient isolates harbored plasmid-mediated resistance genes, encompassing aph(3″)-Ib, aph(6)-Id, blaCMY-2, floR, sul1, sul2, tet(A), and tet(B). Notably, these genetic elements were sourced from E. coli strains potentially pathogenic to avian hosts and also belonging to the category of extraintestinal pathogenic E. coli (ExPEC). The findings of this investigation suggest that the presence of multiple antimicrobial-resistant E. coli isolates retrieved from ostensibly healthy broiler chickens can pose pathogenic threats and serve as reservoirs for antimicrobial resistance determinants [42]. Notably, a high incidence of ESBL-producing bacteria was observed in commercial chickens (Gallus gallus domesticus) and, to a lesser extent, in wild birds in Pakistan [43], likely attributable to the use of antimicrobials during chicken rearing. Conventional chicken farms that employ antimicrobial treatments exhibit elevated levels of ESBL E. coli compared to organic farms. This discrepancy may be due to the absence of antimicrobial interventions in organic farming practices, coupled with outdoor exposure that minimizes contact with litter, potentially harboring resistant bacteria [44]. In Canada, there has been a notable decrease in the occurrence of ESBL-producing E. coli in animals, food, and humans. This decline, observed between 2012 and 2017, is believed to be influenced by a measure implemented by the poultry industry, which banned the preventive application of ceftiofur in chickens in 2014 [45]. Furusawa et al. (2024) have proposed, based on modeling studies in poultry farms, that reducing the presence of ESBL-producing E. coli in parent stock and broiler farm environments to less than one percent through improved farm management could effectively reduce their subsequent prevalence in humans [46].



The administration of antimicrobials during the early stages of pig farming has been linked to the detection of ESBL-producing E. coli during the final fattening stages, thereby heightening the risk of transmission to humans through the pork production chain. In the European Union, there has been an increasing trend in the prevalence of ESBL-producing E. coli in fattening pigs in the last decade, although differences in occurrence between different countries exist due to distinct approaches to the use of antimicrobials in pork production across countries [47,48]. Additionally, ESBL-producing commensal E. coli with potential ExPEC pathogenicity have been identified in healthy pigs, underscoring the importance of prevention and transmission reduction efforts from a One Health perspective [49].




3. ESBL-Producing E. coli in Animal-Derived Foods


Food contamination by pathogenic microorganisms poses a significant public health threat and results in substantial economic losses globally. The presence of E. coli in food serves as an indicator of potential fecal contamination and the presence of other enteropathogenic bacteria. In addition, certain groups of E. coli are inherently pathogenic and can be transmitted through food, and even small quantities can pose significant risks, particularly under conducive environmental conditions that promote their proliferation.



As mentioned above, antimicrobial resistance is widely observed among commensal bacteria from food-producing animals worldwide, raising concerns regarding the impact of antimicrobial usage in animals and the potential transmission of these resistant bacteria to humans through the food chain [3]. The use of antimicrobials critically important in human medicine in food-producing animals has been linked to the emergence of new strains of resistant bacteria, including strains of multidrug-resistant foodborne bacteria such as ESBL-producing E. coli [3]. Extensive antimicrobial usage has been documented across various food-producing animals, particularly involving tetracyclines, fluoroquinolones, β-lactams, and aminoglycosides, indicating the widespread presence of AMR in the environment. This, in turn, facilitates the transmission of multidrug-resistant pathogens to humans through the consumption of animal-derived foods [50] and the presence of ESBL-producing bacteria in food waste [51].



Animal-derived products should be acknowledged as a significant source of clinically relevant ESBL-producing bacteria capable of spreading through the food supply chain [52]. The presence of ESBL E. coli strains resistant to multiple drugs in street foods derived from animals raises substantial concerns regarding both food safety and public health [53]. Foods originating from animals can harbor antimicrobial-resistant pathogens, a potential source of infections in humans, as demonstrated in a study of ESBL-producing E. coli found in retail meats and shrimp at a local market in Vietnam [54]. This underscores the need for the continued monitoring of AMR and public health interventions targeting food safety to control the dissemination of ESBL-producing bacteria in communities.



Moreover, a study conducted in China revealed the contamination of various foods, such as pork, beef, chicken, and shrimp, with ESBL-producing E. coli strains [55]. Another study in China identified ESBL-producing Enterobacteriaceae predominantly from frozen chicken meat and, to a lesser extent, frozen pork, cold noodles in sauce, cucumber, raw chicken meat, frozen pasta, brine-soaked chicken, and tomato [56]. In samples of commercial chicken meat in Hong Kong, an estimated 80% prevalence of ESBL-producing E. coli was reported, with a high frequency of the blaCTX-M-1 gene [57].



The presence of ESBL-producing E. coli has been documented in various food items across different regions, for example, milk samples in India [58], dairy products in Turkey and Mexico [59,60], meats, sushi, and sashimi in Northern Portugal [31,61], and poultry, cattle, swine, and vegetables in Germany [62]. Furthermore, ESBL-producing E. coli strains belonging to ST10 have been identified in meats, rectal swab samples from healthy individuals, and even human blood cultures [3]. This ST is a high-risk clonal lineage generally found in humans, and this lineage is also found in animals or food products of animal origin [3]. This evidence highlighted the wide distribution and potential for transmission of ESBL-producing bacteria through various sources, including food and human carriers.



In animal isolates, the prevalent genes linked to this resistance include blaCTX-M-1, blaCTX-M-2, blaCTX-M-14, blaCTX-M-15, blaTEM-52, and blaSHV-12. Additionally, genes conferring resistance to quinolones, aminoglycosides, macrolides, tetracyclines, sulfonamides, trimethoprim, and chloramphenicol have been found in association with blaCTX-M-containing plasmids. The successful combinations of these genetic elements, along with the co-occurrence of blaCTX-M genes with other resistance determinants, likely played a role in the widespread dissemination of CTX-M enzymes, contributing to the current uncontrolled pandemic scenario [3]. When examining the global distribution of genes associated with resistance to extended-spectrum cephalosporins, CTX-M-15 and CTX-M-14 stand out as being the most important. They are widely distributed in both food-producing animals and humans and are frequently detected in clinically important pathogens. Overall, among food-producing animals, the most commonly reported genes encode for CTX-M-type enzymes, including CTX-M-1, -2, -9, -14, -15, -32, and -55. Following CTX-M enzymes, SHV-12 and TEM-52 ESBLs are also frequently observed [3].



The findings from various studies indicate that consumers could potentially be exposed to ESBL-producing E. coli through multiple food chains. For instance, Ye et al. (2018) showed that various retail foods can serve as reservoirs for the spread of β-lactam resistance, with resistance genes potentially being transmitted to humans through the food chain [56]. These results, combined with data collected from animal production and human populations in other studies, enable a more comprehensive analysis of foodborne pathways. This analysis should take into consideration the transmission of ESBL-producing bacteria from livestock populations to food at retail establishments and ultimately to consumers.



The involvement of humans as potential sources of contamination of animal-origin products by ESBL-producing E. coli cannot be ignored, as several studies have revealed the detection of food handlers carrying isolates with this potential. In Kuwait, a study found that 18.8% of E. coli isolates from food handlers could produce ESBL [63]. Similarly, in Nigeria, a high frequency of ESBL-producing E. coli was detected on the hands of retailers (40.6%) and butchers (75.0%) who handled pork [64]. Comparable findings were reported among food handlers in Ethiopia [65,66] and Egypt [67]. In Tunisia, stool samples collected from 2135 food handlers revealed that 419 (19.63%) E. coli isolates were considered ESBL producers, with a notable prevalence of strains belonging to ST131. The most common genes found in these cases were the blaCTX-M-15 gene (60%), the blaCTX-M-1 gene (16.8%), and the blaCTX-M-27 gene (12.8%) [68].



Thus, it is evident that not only animals but also food handlers themselves can serve as potential sources of contamination for animal-origin foods traded globally. Consequently, rigorous hygienic practices must be adopted throughout the entire food production chain to prevent the spread of ESBL-producing E. coli and minimize the impact on public health.




4. ESBL-Producing E. coli and Public Health


Antimicrobial-resistant bacteria pose a significant global challenge, underscoring the urgent need for surveillance and effective preventive strategies. According to the World Health Organization [16], the spread of antimicrobial-resistant bacteria has escalated across all regions worldwide, emerging as a leading cause of mortality on a global scale. Clinical and public health concerns stemming from multidrug-resistant (MDR) bacterial infections have intensified in recent years, with ESBL-producing E. coli being prevalent in animals. The risk of transmission of ESBL-encoding genes to humans has emerged as a significant issue. A study in Europe, as cited by Ramos et al. (2020), documented approximately 300,000 infections and 9000 deaths attributed to ESBL-producing E. coli [3].



Globally, there has been an eightfold increase in the prevalence of ESBL-producing E. coli intestinal carriage within communities over the past two decades [69]. Infections caused by these ESBL-producing microorganisms are associated with elevated mortality rates [70] and prolonged hospitalization periods, particularly in cases of bloodstream infections originating from the urinary tract [71]. Furthermore, it is believed that the COVID-19 pandemic may have contributed to a heightened dissemination of ESBL-producing Enterobacteriales [72].



In the current landscape, CTX-M enzymes have emerged as the most prevalent type of ESBLs, with a significant proportion of ESBL-producing isolates being E. coli strains expressing CTX-M β-lactamases. Notably, these strains have transitioned from hospital settings to community environments, raising substantial concerns about their pandemic spread. Of worry is the dissemination of CTX-M-15-producing E. coli belonging to ST131, which falls within the highly virulent phylogenetic group B2 of ExPEC. This clonal lineage is associated with a range of severe infections, including urinary tract infections, bacteremia, urinary sepsis, and neonatal sepsis [3].



The prevalence of food-producing animals carrying E. coli strains producing CTX-M-type ESBLs has substantially increased, prompting inquiries into the potential role of animals and food as reservoirs for this phenomenon [3]. Furthermore, the zoonotic potential of ESBL-producing bacteria, coupled with the co-resistance often observed with CTX-M expression, poses direct implications for human health by limiting treatment options. Hence, careful consideration of the use of fluoroquinolones, colistin, or third- and fourth-generation cephalosporins in animals is essential, given their critical importance in treating systemic or invasive Gram-negative bacterial infections in humans [3].



Numerous studies have documented the global spread of ESBL-producing E. coli within communities. Investigations focusing on chickens and pigs, as well as their corresponding meat products, healthy individuals, and patients suffering from urinary tract infections (UTIs), have consistently revealed resistant E. coli isolates. These isolates exhibit resistance to antimicrobials such as ampicillin, streptomycin, and tetracycline. Notably, the resistance patterns observed in isolates from UTI patients closely resemble those found in various types of meat and animals. These findings underscore the role of food and animals as significant sources of antimicrobial-resistant pathogens, posing a risk to both UTI patients and the broader community [73].



The food reservoir encompasses both food-producing animals and food products, with a wide array of AMR plasmids documented. Specific combinations of AMR genes and plasmids were found to be more prevalent in food and food-producing animals. These plasmids serve as significant carriers of ESBL/AmpC-, carbapenemase-, and colistin-resistance genes, including types IncF, IncI1, IncN, and IncHI1. Moreover, subtypes of IncF plasmids like F2:A-:B-, F33:A-:B-, or F31:A4:B- have been extensively distributed across samples from foods and food-producing animals [74]. Plasmid-mediated ESBL and AmpC β-lactamase (ESBL/pAmpC)-producing bacteria have been detected across all levels of the broiler production chain. Instances of ESBL E. coli urinary tract infections (UTIs) in women who had not been exposed to antimicrobials were linked to isolates sharing the same clonal lineage found in both urine and fecal samples [40]. Additionally, ESBL-producing E. coli strains isolated from swine and healthy human hosts may act as reservoirs for community-acquired antimicrobial resistance [41]. These findings emphasize the potential transmission of foodborne contamination to humans, highlighting the importance of minimizing transmission between hosts to control the spread of ESBL-producing E. coli in community settings. Enhanced monitoring of ESBL-E. coli epidemiology in food, animals, and humans is imperative [74].



The emergence of ESBL-producing strains is directly correlated with the widespread use of beta-lactam antimicrobial agents. Therefore, measures to control the overuse of third-generation cephalosporins are crucial to mitigating the emergence of drug-resistant strains [54]. Moreover, efforts to develop new antimicrobials capable of combating the rise in antimicrobial-resistant organisms are being actively pursued [75]. Preventing the dissemination of such strains may necessitate the implementation of novel therapeutic and public health strategies [3]. The high prevalence of ESBL-producing E. coli, along with their resistance genes and epidemiologically significant clonal lineages found in humans, animals, and environments, underscores the importance of implementing comprehensive antimicrobial resistance surveillance within a One Health framework. Such strategies should include safeguarding the integrity of the water supply chain, implementing biosecurity measures on farms, and strengthening infection prevention and control protocols at both household and facility levels [76,77].




5. Conclusions


This comprehensive review offers invaluable insights into the prevalence of ESBL-producing E. coli in animals and animal-derived foods. By shedding light on their pivotal role in the development of antimicrobial-resistant strains and the resultant public health implications, it serves as a crucial wake-up call to the escalating threat posed by antimicrobial resistance—a pressing issue in the realm of public health. Thus, it underscores the imperative for vigilant surveillance of ESBL prevalence trends and the adoption of tailored public health interventions. These measures are indispensable for proactively addressing the challenges posed by antimicrobial resistance, thereby facilitating effective risk mitigation strategies and the containment of its spread.







Author Contributions


Conceptualization, L.F.R., N.M.N., G.A.M.R. and J.M.F.; writing—original draft, L.F.R., N.M.N., G.A.M.R. and J.M.F.; writing—review and editing, L.F.R., N.M.N., G.A.M.R. and J.M.F. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Aminov, R.I. A brief history of the antibiotic era: Lessons learned and challenges for the future. Front. Microbiol. 2010, 1, 134. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Wang, H.; McEntire, J.C.; Zhang, L.; Li, X.; Doyle, M. The transfer of antibiotic resistance from food to humans: Facts, implications and future directions. Rev. Sci. Tech. Off. Int. Epiz. 2012, 31, 249–260. [Google Scholar] [CrossRef] [PubMed]

	



Ramos, S.; Silva, V.; Dapkevicius, M.L.E.; Caniça, M.; Tejedor-Junco, M.T.; Igrejas, G.; Poeta, P. Escherichia coli as Commensal and Pathogenic Bacteria among Food-Producing Animals: Health Implications of Extended Spectrum β-Lactamase (ESBL) Production. Animals 2020, 10, 2239. [Google Scholar] [CrossRef] [PubMed]

	



Bradford, P.A. Extended spectrum beta-lactamases in the 21st century: Characterization, epidemiology and the detection of this important resistance threat. Clin. Microbiol. Rev. 2001, 14, 933–951. [Google Scholar] [CrossRef]

	



Paterson, D.L.; Bonomo, R.A. Extended-spectrum β-lactamases: A clinical update. Clin. Microbiol. Rev. 2005, 18, 657–686. [Google Scholar] [CrossRef] [PubMed]

	



Dhillon, R.H.; Clark, J. ESBLs: A Clear and Present Danger? Crit. Care Res. Pract. 2012, 2012, 625170. [Google Scholar] [CrossRef] [PubMed]

	



Rupp, M.E.; Fey, P.D. Extended spectrum β-lacta- mase (ESBL)-producing Enterobacteriaceae: Considerations for diagnosis, prevention and drug treatment. Drugs 2003, 63, 353–365. [Google Scholar] [CrossRef] [PubMed]

	



Jacoby, G.A.; Munoz-Price, L.S. The new beta- lactamases. N. Engl. J. Med. 2005, 352, 380–391. [Google Scholar] [CrossRef] [PubMed]

	



Falagas, M.E.; Karageorgopoulos, D.E. Extended- spectrum β-lactamase-producing organisms. J. Hosp. Infect. 2009, 73, 345–354. [Google Scholar] [CrossRef] [PubMed]

	



Kaper, J.B.; Nataro, J.P.; Mobley, H.L.T. Pathogenic Escherichia coli. Nat. Rev. Microbiol. 2004, 2, 123–140. [Google Scholar] [CrossRef]

	



Geser, N.; Stephan, R.; Hähler, H. Occurrence and characteristics of extended-spectrum b-lactamase (ESBL) producing Enterobacteriaceae in food producing animals, minced meat and raw milk. BMC Vet. Res. 2012, 8, 21. [Google Scholar] [CrossRef] [PubMed]

	



Dho-Moulin, M.; Fairbrother, J.M. Avian pathogenic Escherichia coli (APEC). Vet. Res. 1999, 30, 299–316. [Google Scholar]

	



Aarestrup, F.M.; Seyfarth, A.M.; Emborg, H.D.; Pedersen, K.; Hendriksen, R.S.; Bager, F. Effect of abolishment of the use of antimicrobial agents for growth promotion on occurrence of antimicrobial resistance in fecal enterococci from food animals in Denmark. Antimicrob. Agents Chemother. 2001, 45, 2054–2059. [Google Scholar] [CrossRef] [PubMed]

	



Bonnet, C.; Diarrassouba, F.; Brousseau, R.; Masson, L.; Topp, E.; Diarra, M.S. Pathotype and antibiotic resistance gene distributions of Escherichia coli isolates from broiler chickens raised on antimicrobial-supplemented diets. Appl. Environ. Microb. 2009, 75, 6955–6962. [Google Scholar] [CrossRef] [PubMed]

	



Collignon, P.J.; McEwen, S.A. One Health-Its Importance in Helping to Better Control Antimicrobial Resistance. Trop. Med. Infect. Dis. 2019, 4, 22. [Google Scholar] [CrossRef] [PubMed]

	



World Health Organization (WHO). Antimicrobial Resistance: Global Report on Surveillance; WHO: Geneva, Switzerland, 2014; Available online: https://iris.who.int/bitstream/handle/10665/112642/?sequence=1 (accessed on 12 March 2024).

	



Tseng, C.-H.; Liu, C.-W.; Liu, P.-Y. Extended-Spectrum β-Lactamases (ESBL) Producing Bacteria in Animals. Antibiotics 2023, 12, 661. [Google Scholar] [CrossRef] [PubMed]

	



Bastidas-Caldes, C.; Cisneros-Vásquez, E.; Zambrano, A.; Mosquera-Maza, A.; Calero-Cáceres, W.; Rey, J.; Yamamoto, Y.; Yamamoto, M.; Calvopiña, M.; de Waard, J.H. Co-Harboring of Beta-Lactamases and mcr-1 Genes in Escherichia coli and Klebsiella pneumoniae from Healthy Carriers and Backyard Animals in Rural Communities in Ecuador. Antibiotics 2023, 12, 856. [Google Scholar] [CrossRef] [PubMed]

	



Ewers, C.; de Jong, A.; Prenger-Berninghoff, E.; El Garch, F.; Leidner, U.; Tiwari, S.K.; Semmler, T. Genomic Diversity and Virulence Potential of ESBL- and AmpC-β-Lactamase-Producing Escherichia coli Strains from Healthy Food Animals across Europe. Front. Microbiol. 2021, 12, 26774. [Google Scholar] [CrossRef] [PubMed]

	



Miltgen, G.; Martak, D.; Valot, B.; Kamus, L.; Garrigos, T.; Verchere, G.; Gbaguidi-Haore, H.; Cimon, C.B.; Ramiandrisoa, M.; Picot, S.; et al. One Health compartmental analysis of ESBL-producing Escherichia coli on Reunion Island reveals partitioning between humans and livestock. J. Antimicrob. Chemother. 2022, 77, 1254–1262. [Google Scholar] [CrossRef] [PubMed]

	



Palmeira, J.D.; Ferreira, H.M.N. Extended-spectrum beta-lactamase (ESBL)-producing Enterobacteriaceae in cattle production—A threat around the world. Heliyon 2020, 6, e03206. [Google Scholar] [CrossRef] [PubMed]

	



Rehman, M.A.; Yin, X.; Lepp, D.; Laing, C.; Ziebell, K.; Talbot, G.; Topp, E.; Diarra, M.S. Genomic Analysis of Third Generation Cephalosporin Resistant Escherichia coli from Dairy Cow Manure. Vet. Sci. 2017, 4, 57. [Google Scholar] [CrossRef] [PubMed]

	



Homeier-Bachmann, T.; Kleist, J.F.; Schütz, A.K.; Bachmann, L. Distribution of ESBL/AmpC-Escherichia coli on a Dairy Farm. Antibiotics 2022, 11, 940. [Google Scholar] [CrossRef] [PubMed]

	



Shabana, I.I.; Zaraket, H.; Suzuki, H. Molecular studies on diarrhea-associated Escherichia coli isolated from humans and animals in Egypt. Vet. Microbiol. 2013, 167, 532–539. [Google Scholar] [CrossRef] [PubMed]

	



Shabana, I.I. Escherichia coli pathotypes associated with diarrhea in human and domestic animals. Am. J. Animal Veterinary Sci. 2014, 9, 155–161. [Google Scholar] [CrossRef]

	



Shabana, I.I.; Al-Enazi, A.T. Investigation of plasmid-mediated resistance in E. coli isolated from healthy and diarrheic sheep and goats. Saudi J. Biol. Sci. 2020, 27, 788–796. [Google Scholar] [CrossRef] [PubMed]

	



Ramatla, T.; Tutubala, M.; Motlhaping, T.; Wet, L.; Mokgokong, P.; Thekisoe, O.; Lekota, K. Molecular detection of Shiga toxin and extended-spectrum beta-lactamase (ESBL)-producing Escherichia coli isolates from sheep and goats. Mol. Biol. Rep. 2024, 51, 57. [Google Scholar] [CrossRef]

	



Sultan, I.; Siddiqui, M.T.; Gogry, F.A.; Haq, Q.M.R. Molecular characterization of resistance determinants and mobile genetic elements of ESBL producing multidrug-resistant bacteria from freshwater lakes in Kashmir, India. Sci. Total Environ. 2022, 827, 154221. [Google Scholar] [CrossRef] [PubMed]

	



Young, K.M.; Isada, M.J.; Reist, M.; Uhland, F.C.; Sherk, L.M.; Carson, C.A. A scoping review of the distribution and frequency of extended-spectrum β-lactamase (ESBL)-producing Enterobacteriaceae in shrimp and salmon. Epidemiol. Infect. 2023, 151, e1. [Google Scholar] [CrossRef] [PubMed]

	



Silva, V.; Nunes, J.; Gomes, A.; Capita, R.; Alonso-Calleja, C.; Pereira, J.E.; Torres, C.; Igrejas, G.; Poeta, P. Detection of Antibiotic Resistance in Escherichia coli Strains: Can Fish Commonly Used in Raw Preparations such as Sushi and Sashimi Constitute a Public Health Problem? J. Food Prot. 2019, 82, 1130–1134. [Google Scholar] [CrossRef] [PubMed]

	



Jinnai, M.; Yamaguchi, T.; Minh, D.T.N.; Hoang, O.N.; Thi, H.L.; Thanh, P.N.; Hoai, P.H.; Do, P.N.; Van, C.D.; Kumeda, Y.; et al. Edible river fish-derived extended-spectrum β-lactamase (ESBL)-producing Enterobacterales harboring transferable plasmids encoding blaCTX-M-15, blaCTX-M-27, and blaCTX-M-55. One Health 2024, 18, 100685. [Google Scholar] [CrossRef]

	



Ramaite, K.; Ekwanzala, M.D.; Momba, M.N.B. Prevalence and Molecular Characterisation of Extended-Spectrum Beta-Lactamase-Producing Shiga Toxin-Producing Escherichia coli, from Cattle Farm to Aquatic Environments. Pathogens 2022, 11, 674. [Google Scholar] [CrossRef] [PubMed]

	



Savin, M.; Bierbaum, G.; Schmithausen, R.M.; Heinemann, C.; Kreyenschmidt, J.; Schmoger, S.; Akbaba, I.; Käsbohrer, A.; Hammerl, J.A. Slaughterhouse wastewater as a reservoir for extended-spectrum β-lactamase (ESBL)-producing, and colistin-resistant Klebsiella spp. and their impact in a “One Health” perspective. Sci. Total Environ. 2022, 804, 150000. [Google Scholar] [CrossRef] [PubMed]

	



Sardari, M.; Manouchehrifar, M.; Hasani, K.; Habibzadeh, N.; Doghaheh, H.P.; Azimi, T.; Arzanlou, M. Molecular characterization and prevalence of β-lactamase-producing Enterobacterales in livestock and poultry slaughterhouse wastewater in Iran. J. Water Health 2024, 22, 572–583. [Google Scholar] [CrossRef]

	



Li, Q.; Zou, H.; Wang, D.; Zhao, L.; Meng, M.; Wang, Z.; Wu, T.; Wang, S.; Li, X. Tracking spatio-temporal distribution and transmission of antibiotic resistance in aquatic environments by using ESBL-producing Escherichia coli as an indicator. J. Environ. Manag. 2023, 344, 118534. [Google Scholar] [CrossRef]

	



Zaatout, N.; Bouras, S.; Slimani, N. Prevalence of extended-spectrum β-lactamase (ESBL)-producing Enterobacteriaceae in wastewater: A systematic review and meta-analysis. J. Water Health 2021, 19, 705–723. [Google Scholar] [CrossRef] [PubMed]

	



Garba, Z.; Bonkoungou, I.O.J.; Millogo, N.O.; Natama, H.M.; Vokouma, P.A.P.; Bonko, M.A.; Karama, I.; Tiendrebeogo, L.A.W.; Haukka, K.; Tinto, H.; et al. Wastewater from healthcare centers in Burkina Faso is a source of ESBL, AmpC-β-lactamase and carbapenemase-producing Escherichia coli and Klebsiella pneumoniae. BMC Microbiol. 2023, 23, 351–358. [Google Scholar] [CrossRef] [PubMed]

	



Cho, S.; Jackson, C.R.; Frye, J.G. Freshwater environment as a reservoir of extended-spectrum β-lactamase-producing Enterobacteriaceae. J. Appl. Microbiol. 2023, 134, lxad034. [Google Scholar] [CrossRef] [PubMed]

	



Seethalakshmi, P.S.; Ru, V.P.N.; Prabhakaran, A.; Prathiviraj, R.; Pamanji, R.; Kiran, G.S.; Selvin, J. Genomic investigation unveils high-risk ESBL producing Enterobacteriaceae within a rural environmental water body. Curr. Res. Microb. Sci. 2024, 6, 100216. [Google Scholar] [CrossRef] [PubMed]

	



Dame-Korevaar, A.; Fischer, E.; van der Goot, J.; Velkers, F.; van den Broek, J.; Veldman, K.; Ceccarelli, D.; Mevius, D.; Stegeman, A. Effect of challenge dose of plasmid-mediated extended-spectrum β-lactamase and AmpC β-lactamase producing Escherichia coli on time-until-colonization and level of excretion in young broilers. Vet. Microbiol. 2019, 239, 108446. [Google Scholar] [CrossRef] [PubMed]

	



Seenama, C.; Thamlikitkul, V.; Ratthawongjirakul, P. Multilocus sequence typing and blaESBL characterization of extended-spectrum beta-lactamase-producing Escherichia coli isolated from healthy humans and swine in Northern Thailand. Infect. Drug Resist. 2019, 12, 2201–2214. [Google Scholar] [CrossRef] [PubMed]

	



Rehman, M.A.; Rempel, H.; Carrillo, C.D.; Ziebell, K.; Allen, K.; Manges, A.R.; Topp, E.; Diarra, M.S. Virulgence genotype and phenotype of multiple antimicrobial-resistant Escherichia coli isolates from broilers assessed from “One-health” Perspective. J. Food Prot. 2022, 85, 336–354. [Google Scholar] [CrossRef] [PubMed]

	



Saeed, M.A.; Khan, A.U.; Ehtisham-ul-Haque, S.; Waheed, U.; Qamar, M.F.; Rehman, A.u.; Nasir, A.; Zaman, M.A.; Kashif, M.; Gonzalez, J.-P.; et al. Detection and Phylogenetic Analysis of Extended-Spectrum β-Lactamase (ESBL)-Genetic Determinants in Gram-Negative Fecal-Microbiota of Wild Birds and Chicken Originated at Trimmu Barrage. Antibiotics 2023, 12, 1376. [Google Scholar] [CrossRef] [PubMed]

	



Musa, L.; Casagrande Proietti, P.; Branciari, R.; Menchetti, L.; Bellucci, S.; Ranucci, D.; Marenzoni, M.L.; Franciosini, M.P. Antimicrobial Susceptibility of Escherichia coli and ESBL-Producing Escherichia coli Diffusion in Conventional, Organic and Antibiotic-Free Meat Chickens at Slaughter. Animals 2020, 10, 1215. [Google Scholar] [CrossRef] [PubMed]

	



Primeau, C.A.; Bharat, A.; Janecko, N.; Carson, C.A.; Mulvey, M.; Reid-Smith, R.; McEwen, S.; McWhirter, J.E.; Parmley, E.J. Integrated surveillance of extended-spectrum beta-lactamase (ESBL)-producing Salmonella and Escherichia coli from humans and animal species raised for human consumption in Canada from 2012 to 2017. Epidemiol. Infect. 2023, 151, e14. [Google Scholar] [CrossRef] [PubMed]

	



Furusawa, M.; Widgren, S.; Evers, E.G.; Fischer, E.A.J. Quantifying health risks from ESBL-producing Escherichia coli in Dutch broiler production chains and potential interventions using compartmental models. Prev. Vet. Med. 2023, 224, 106121. [Google Scholar] [CrossRef] [PubMed]

	



Lima, T.; Fernandes, L.; Matias, M.; Mateus, A.; Silveira, E.; Domingues, S.; Pomba, C.; Da Silva, G.J. Longitudinal Study Detects the Co-Carriage of ESBL and mcr-1 and -4 Genes in Escherichia coli Strains in a Portuguese Farrow-to-Finish Swine Herd. Animals 2022, 12, 2209. [Google Scholar] [CrossRef] [PubMed]

	



Bergšpica, I.; Kaprou, G.; Alexa, E.A.; Prieto, M.; Alvarez-Ordóñez, A. Extended Spectrum β-Lactamase (ESBL) Producing Escherichia coli in Pigs and Pork Meat in the European Union. Antibiotics 2020, 9, 678. [Google Scholar] [CrossRef] [PubMed]

	



Bonvegna, M.; Tomassone, L.; Christensen, H.; Olsen, J.E. Whole Genome Sequencing (WGS) Analysis of Virulence and AMR Genes in Extended-Spectrum β-Lactamase (ESBL)-Producing Escherichia coli from Animal and Environmental Samples in Four Italian Swine Farms. Antibiotics 2022, 11, 1774. [Google Scholar] [CrossRef] [PubMed]

	



Silva, A.; Silva, V.; Pereira, J.E.; Maltez, L.; Igrejas, G.; Valentão, P.; Falco, V.; Poeta, P. Antimicrobial Resistance and Clonal Lineages of Escherichia coli from Food-Producing Animals. Antibiotics 2023, 12, 1061. [Google Scholar] [CrossRef]

	



Periasamy, J.; Krishnamoorthy, S.; Nagarethinam, B.; Sivanandham, V. Food wastes as a potential hotspot of antibiotic resistance: Synergistic expression of multidrug resistance and ESBL genes confer antibiotic resistance to microbial communities. Environ. Monit. Assess. 2023, 195, 783. [Google Scholar] [CrossRef] [PubMed]

	



Alegría, Á.; Arias-Temprano, M.; Fernández-Natal, I.; Rodríguez-Calleja, J.M.; García-López, M.-L.; Santos, J.A. Molecular Diversity of ESBL-Producing Escherichia coli from Foods of Animal Origin and Human Patients. Int. J. Environ. Res. Public Health 2020, 17, 1312. [Google Scholar] [CrossRef] [PubMed]

	



Sivakumar, M.; Abass, G.; Vivekanandhan, R.; Anukampa; Singh, D.K.; Bhilegaonkar, K.; Kumar, S.; Grace, M.R.; Dubal, Z. Extended-spectrum beta-lactamase (ESBL) producing and multidrug-resistant Escherichia coli in street foods: A public health concern. J. Food Sci. Technol. 2021, 58, 1247–1261. [Google Scholar] [CrossRef] [PubMed]

	



Le, Q.P.; Ueda, S.; Nguyen, T.N.; Dao, T.V.; Van Hoang, T.A.; Tran, T.T.; Hirai, I.; Nakayama, T.; Kawahara, R.; Do, T.H.; et al. Characteristics of Extended-Spectrum β-Lactamase-Producing Escherichia coli in Retail Meats and Shrimp at a Local Market in Vietnam. Foodborne Pathog. Dis. 2015, 12, 719–725. [Google Scholar] [CrossRef] [PubMed]

	



Liu, X.; Li, R.; Zheng, Z.; Chen, K.; Xie, M.; Chan, E.W.-C.; Geng, S.; Chen, S. Molecular characterization of Escherichia coli isolates carrying mcr-1, fosA3, and extended-spectrum- β-lactamase genes from food samples in China. Antimicrob. Agents Chemother. 2017, 61, e00064-17. [Google Scholar] [CrossRef] [PubMed]

	



Ye, Q.; Wu, Q.; Zhang, S.; Zhang, J.; Yang, G.; Wang, J.; Xue, L.; Chen, M. Characterization of Extended-Spectrum β-Lactamase-Producing Enterobacteriaceae From Retail Food in China. Front. Microbiol. 2018, 9, 1709. [Google Scholar] [CrossRef] [PubMed]

	



Hasib, F.M.Y.; Magouras, I.; St-Hilaire, S.; Paudel, S.; Kamali, M.; Lugsomya, K.; Lam, H.K.; Elsohaby, I.; Butaye, P.; Nekouei, O. Prevalence and characterization of antimicrobial-resistant Escherichia coli in chicken meat from wet markets in Hong Kong. Front. Vet Sci. 2024, 15, 1340548. [Google Scholar] [CrossRef] [PubMed]

	



Batabyal, K.; Banerjee, A.; Pal, S.; Dey, S.; Joardar, S.N.; Samanta, I.; Isore, D.P.; Singh, A.D. Detection, characterization, and antibiogram of extended-spectrum beta-lactamase Escherichia coli isolated from bovine milk samples in West Bengal, India. Vet. World 2018, 11, 1423–1427. [Google Scholar] [CrossRef] [PubMed]

	



Gücükoğlu, A.; Uyanik, T.; Çadirci, O.; Ugurtay, E.; Kanat, S.; Bolukbas, A. Determination of extended spectrum β-lactamase-producing Enterobacteriaceae in raw water buffalo milk and dairy products by conventional multiplex and real-time PCR. Int. Dairy J. 2023, 140, 105581. [Google Scholar] [CrossRef]

	



Loeza-Lara, P.D.; Medina-Estrada, R.I.; Bravo-Monzón, A.E.; Jiménez-Mejía, R. Frequency and characteristics of ESBL-producing Escherichia coli isolated from Mexican fresh cheese. Food Sci. Technol. 2023, 43, e108222. [Google Scholar] [CrossRef]

	



Clemente, L.; Leão, C.; Moura, L.; Albuquerque, T.; Amaro, A. Prevalence and Characterization of ESBL/AmpC Producing Escherichia coli from Fresh Meat in Portugal. Antibiotics 2021, 10, 1333. [Google Scholar] [CrossRef] [PubMed]

	



Kaesbohrer, A.; Bakran-Lebl, K.; Irrgang, A.; Fischer, J.; Kämpf, P.; Schiffmann, A.; Werckenthin, C.; Busch, M.; Kreienbrock, L.; Hille, K. Diversity in prevalence and characteristics of ESBL/pAmpC producing E. coli in food in Germany. Vet. Microbiol. 2019, 233, 52–60. [Google Scholar] [CrossRef] [PubMed]

	



Moghnia, O.H.; Rotimi, V.O.; Al-Sweih, N.A. Monitoring antibiotic resistance profiles of faecal isolates of Enterobacteriaceae and the prevalence of carbapenem-resistant isolates among food handlers in Kuwait. J. Glob. Antimicrob. Resist. 2021, 25, 370–376. [Google Scholar] [CrossRef]

	



Egbule, O.S.; Iweriebor, B.C.; Odum, E.I. Beta-Lactamase-Producing Escherichia coli Isolates Recovered from Pig Handlers in Retail Shops and Abattoirs in Selected Localities in Southern Nigeria: Implications for Public Health. Antibiotics 2021, 10, 9. [Google Scholar] [CrossRef] [PubMed]

	



Diriba, K.; Awulachew, E., II; Tekele, L.; Ashuro, Z. Fecal Carriage Rate of Extended-Spectrum Beta-Lactamase-Producing Escherichia coli and Klebsiella pneumoniae among Apparently Health Food Handlers in Dilla University Student Cafeteria. Infect Drug Resist. 2020, 13, 3791–3800. [Google Scholar] [CrossRef] [PubMed]

	



Amare, A.; Eshetie, S.; Kasew, D.; Moges, F. High prevalence of fecal carriage of Extended-spectrum beta-lactamase and carbapenemase-producing Enterobacteriaceae among food handlers at the University of Gondar, Northwest Ethiopia. PLoS ONE 2022, 17, e0264818. [Google Scholar] [CrossRef] [PubMed]

	



Ahmed, H.A.; Elsohaby, I.; Elamin, A.M.; El-Ghafar, A.E.A.; Elsaid, G.A.; Elbarbary, M.; Mohsen, R.A.; El Feky, T.M.; El Bayomi, R.M. Extended-spectrum β-lactamase-producing E. coli from retail meat and workers: Genetic diversity, virulotyping, pathotyping and the antimicrobial effect of silver nanoparticles. BMC Microbiol. 2023, 23, 212. [Google Scholar] [CrossRef] [PubMed]

	



Sallem, N.; Hammami, A.; Mnif, B. Trends in human intestinal carriage of ESBL- and carbapenemaseproducing Enterobacterales among food handlers in Tunisia: Emergence of C1-M27-ST131 subclades, blaOXA-48 and blaNDM. J. Antimicrob. Chemother. 2022, 77, 2142–2152. [Google Scholar] [CrossRef] [PubMed]

	



Bezabih, Y.M.; Sabiiti, W.; Alamneh, E.; Bezabih, A.; Peterson, G.M.; Bezabhe, W.M.; Roujeinikova, A. The global prevalence and trend of human intestinal carriage of ESBL-producing Escherichia coli in the community. J. Antimicrob. Chemother. 2021, 76, 22–29. [Google Scholar] [CrossRef] [PubMed]

	



Ling, W.; Furuya-Kanamori, L.; Ezure, Y.; Harris, P.N.A.; Paterson, D.L. Adverse clinical outcomes associated with infections by Enterobacterales producing ESBL (ESBL-E): A systematic review and meta-analysis. JAC Antimicrob. Resist. 2021, 3, dlab068. [Google Scholar] [CrossRef]

	



Handal, N.; Whitworth, J.; Lyngbakken, M.N.; Berdal, J.E.; Dalgard, O.; Jørgensen, S.B. Mortality and length of hospital stay after bloodstream infections caused by ESBL-producing compared to non-ESBL-producing E. coli. Infect. Dis. 2024, 56, 19–31. [Google Scholar] [CrossRef] [PubMed]

	



Mai, H.T.T.; Espinoza, J.L. The Impact of COVID-19 Pandemic on ESBL-Producing Enterobacterales Infections: A Scoping Review. Antibiotics 2023, 12, 1064. [Google Scholar] [CrossRef] [PubMed]

	



Jakobsen, L.; Kurbasic, A.; Skjøt-Rasmussen, L.; Ejrnæs, K.; Porsbo, L.J.; Pedersen, K.; Jensen, L.B.; Emborg, H.; Agersø, Y.; Olsen, K.E.P.; et al. Escherichia coli Isolates from Broiler Chicken Meat, Broiler Chickens, Pork, and Pigs Share Phylogroups and Antimicrobial Resistance with Community-Dwelling Humans and Patients with Urinary Tract Infection. Foodborne Pathog. Dis. 2010, 7, 537–547. [Google Scholar] [CrossRef] [PubMed]

	



Madec, J.Y.; Haenni, M. Antimicrobial resistance palsmid reservoir in food and food-producing animals. Plasmid 2018, 99, 72–81. [Google Scholar] [CrossRef] [PubMed]

	



Cottreau, J.M.; Christensen, A.B. Newly Approved Antimicrobials. Orthop. Nurs. 2020, 39, 53–58. [Google Scholar] [CrossRef]

	



Islam, M.d.S.; Rahman, A.M.M.T.; Hassan, J.; Rahman, M.d.T. Extended-spectrum beta-lactamase in Escherichia coli isolated from humans, animals, and environments in Bangladesh: A One Health perspective systematic review and meta-analysis. One Health 2023, 16, 100526. [Google Scholar] [CrossRef] [PubMed]

	



Muleme, J.; Musoke, D.; Balugaba, B.E.; Kisaka, S.; Makumbi, F.E.; Buregyeya, E.; Isunju, J.B.; Wambi, R.; Mugambe, R.K.; Kankya, C.; et al. Epidemiology of extended-spectrum beta-lactamase-producing Escherichia coli at the human-animal-environment interface in a farming community of central Uganda. PLoS Global Public Health 2023, 3, e0001344. [Google Scholar] [CrossRef] [PubMed]








[image: Pathogens 13 00346 g001] 





Figure 1. The epidemiology of extended-spectrum beta-lactamase (ESBL)-producing E. coli encompasses a multifaceted landscape, elucidating intricate transmission pathways implicated in antimicrobial use within animal husbandry settings, spanning from farms to food industries. Moreover, this complex web extends to encompass the involvement of food handlers, thus amplifying the potential dissemination routes of ESBL-producing E. coli strains. Additionally, environmental contamination emerges as a critical facet, with the aquatic ecosystem serving as a reservoir for ESBL dissemination, fueled by a confluence of factors including farm, industrial, and hospital sewage. This comprehensive understanding underscores the far-reaching ramifications of ESBL prevalence and underscores the imperative for holistic intervention strategies targeting various nodes along the transmission continuum to effectively mitigate the burgeoning threat posed by antimicrobial resistance. 
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