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Abstract

:

Antimicrobial resistance of Escherichia coli is a growing problem in both developed and developing countries. This study aimed to investigate the phenotypic antimicrobial resistance of E. coli isolates (n = 260) isolated from the stool specimen of patients attending public health facilities in Addis Ababa and Hossana. This study also aimed to characterize phenotypically confirmed extended-spectrum beta-lactamase (ESBL)-producing E. coli isolates (n = 22) using whole-genome sequencing. Resistance to 18 different antimicrobials was assessed using the disc diffusion method according to the European Committee on Antimicrobial Susceptibility Testing (EUCAST) guidelines. The highest resistance rate among the E. coli isolates was found for ampicillin (52.7%), followed by trimethoprim-sulfamethoxazole (29.6%). Of all isolates, 50 (19.2%) were multidrug-resistant and 22 (8.5%) were ESBL producers. ESBL genes were detected in 94.7% of the sequenced E. coli isolates, and multiple β-lactamase genes were detected in 57.9% of the isolates. The predominant ESBL gene identified was blaCTX-M-15 (78.9%). The blaTEM-1B gene was detected in combination with other ESBL genes in 57.9% of the isolates, while only one of the sequenced isolates contained the blaTEM-1B gene alone. The blaCTX-M-3 gene was detected in three isolates. The genes blaCTX-M-15 and blaTEM-1B as well as blaCTX-M-15 and blaTEM-169 were confirmed to coexist in 52.6% and 10.5% of the sequenced E. coli isolates, respectively. In addition, blaOXA-1 was identified together with blaCTX-M-15 and blaTEM-1B in one isolate, and in one isolate, blaTEM-169 together with blaCTX-M-15 and blaTEM-1B was found. The results obtained show that measures need to be taken to reduce the spread of drug resistance and ensure the long-term use of available antimicrobials.
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1. Introduction


Antimicrobial resistance (AMR) is a serious public health problem. It is rapidly becoming one of the major health problems that could seriously affect the functioning of health systems [1]. Every year, increasing numbers of multidrug-resistant (MDR) bacterial strains cause life-threatening infections and the deaths of thousands of people [2]. The World Health Organization’s (WHO) global report on AMR has shown that bacterial resistance to common antimicrobials has reached alarming levels in many parts of the world, suggesting that many of the available treatments for common infections are becoming ineffective in some areas [3]. In 2019, an estimated 4.95 million deaths associated with bacterial AMR strains were reported [4]. Six pathogens were responsible for 73.4% of deaths attributable to bacterial AMR strains. The most prevalent pathogen among the six was Escherichia coli [4]. E. coli is one of the most important human pathogens known to cause a wide range of intestinal and extra-intestinal infections. AMR in E. coli is reported worldwide, and the increasing resistance rates in E. coli is a growing problem in both developed and developing countries [5]. E. coli and other members of the Enterobacteriaceae family are on the WHO list of antibiotic-resistant “priority pathogens” that pose the greatest threat to human health [6]. The antimicrobial resistance of E. coli in developing countries, including Ethiopia, is a major burden for patients and healthcare systems. Studies conducted in Ethiopia showed high rates of MDR E. coli [7]. More than 50% of E. coli isolates are resistant to commonly used antimicrobials (including third-generation cephalosporins) [8].



The most common mechanism by which bacteria acquire resistance to β-lactam antibiotics is through the expression of β-lactamases. Currently, over 1150 chromosomal, plasmid- and transposon-mediated β-lactamase genes are known [9]. Critical β-lactamases are enzymes whose genes are encoded on mobile genetic elements that are transferable from strain to strain and between bacterial species. The three major categories of β-lactamases are plasmid-mediated extended-spectrum β-lactamases (ESBLs), AmpC cephalosporinases and carbapenemases [10]. E. coli is one of the predominant ESBL-producing Enterobacteriaceae strains [11]. ESBL production in E. coli is usually associated with resistance genes encoded by blaTEM, blaSHV and blaCTX-M [12]. Currently, more than 187 variants of TEM types, more than 141 variants of SHV, and 119 variants of CTX-M have been identified [9]. The number of ESBL-producing E. coli has increased enormously worldwide, and infections associated with these strains are a major problem in clinical practice due to the limited therapeutic options for their treatment [13]. The prevalence of ESBL-producing pathogens in Ethiopia is alarmingly high [14]. The prevalence of ESBL-producing bacteria varies between 41.2% and 59.0% [15,16,17]. As carbapenems and other alternative antimicrobials are expensive and difficult to find in developing countries, infections caused by ESBL-producing bacteria often result in a high mortality rate [16]. According to Tufa et al., the mortality rate for infections caused by ESBL-producing bacteria is 86% [16]. Understanding the burden of AMR is critical to making informed decisions, particularly with regard to antimicrobial stewardship, and could help to develop guidelines for the empirical treatment of E. coli. In addition, E. coli is known to serve as a reservoir for several antimicrobial resistance genes and is capable of horizontally transferring these genes to other pathogenic and commensal organisms. Therefore, understanding the antimicrobial susceptibility of E. coli may provide an indication of the burden of antimicrobial resistance in other Gram-negative organisms circulating in a given community [5]. However, there are limited data on the antimicrobial susceptibility patterns and genomic characteristics of ESBL-producing E. coli in Ethiopia, although E. coli resistance to common antimicrobial agents used for treatment continues to increase. The aim of this study was to evaluate the phenotypic antimicrobial susceptibility of E. coli from patients attending public health centers in Addis Ababa city and Hossana town, Ethiopia, and to bioinformatically characterize ESBL-producing isolates based on the whole-genome sequences obtained.




2. Results


2.1. Study Participants


Table 1 lists the sociodemographic characteristics of the patients from whom E. coli isolates were obtained. The median income and age of participants with an interquartile range are 106.38 (70.92–153.37) USD and 22 (9–32) years, respectively.




2.2. Antimicrobial Susceptibility of E. coli Isolates


The antimicrobial susceptibility of the studied E. coli isolates is summarized in Table 2 and Table S1. One hundred and nineteen (45.8%) E. coli isolates were susceptible to all antimicrobials tested: seventy-one (48.3%) from Addis Ababa and forty-eight (42.5%) from Hossana. The highest resistance rates among the E. coli isolates were found for ampicillin and trimethoprim-sulfamethoxazole, followed by amoxicillin-clavulanic acid, cefuroxime, ceftriaxone, and cefotaxime. A very high percentage (86.9%) of E. coli strains were sensitive to increased exposure to cefuroxime. The E. coli isolates in the patients from Hossana town showed a higher resistance rate to all other antimicrobials, except for ampicillin and amoxicillin-clavulanic acid. All isolates were susceptible to carbapenems (ertapenem, imipenem, and meropenem) and amikacin. In addition, all E. coli isolates from Addis Ababa were susceptible to tobramycin, in contrast to 2.7% of tobramycin-resistant isolates from Hossana.



Chi-square analysis revealed a statistically significant difference in antimicrobial susceptibility patterns in Addis Ababa and Hossana (p < 0.05). Resistance to aztreonam (p = 0.045), ciprofloxacin (p = 0.023), cefotaxime (p = 0.033), cefepime (p = 0.041), and levofloxacin (p = 0.020) was significantly higher in Hossana than in Addis Ababa (Table 2).




2.3. Antimicrobial Resistance Patterns of E. coli Isolates


The antimicrobial resistance patterns observed in the E. coli tested are summarized in Table 3. Resistance to one or more antimicrobials was detected in 54.2% of the isolates. Of the resistant isolates, 24.1% were resistant to a single agent, such as ampicillin and trimethoprim-sulfamethoxazole. MDR was detected in 50 (19.2%) isolates. Resistance to six or more antimicrobials was detected in 27 (10.4%) isolates: 16 from Hossana and 11 from Addis Ababa. Thirteen (5.0%) isolates were resistant to all cephalosporins tested. The results of this study showed that the proportion of MDR in E. coli was significantly higher in isolates from Hossana than in isolates from Addis Ababa (X2 = 5.27, p = 0.022). Nearly 62% of MDR isolates were from Hossana town. Males and those in the age group between 20 and 45 years contributed to 59.2% and 44.9% of the MDR E. coli isolates, respectively. Of the MDR isolates, 100.0% were resistant to ampicillin, 75.5% were resistant to trimethoprim-sulfamethoxazole, 71.4% were resistant to ceftriaxone, and 69.4% were resistant to cefotaxime. The isolates had widely varying resistance patterns. A total of 33 resistance patterns were observed among the E. coli isolates: 20 in Addis Ababa, 25 in Hossana, and 12 common to both. The most frequently detected MDR pattern was AM, AMC, SXT, followed by AM, CIP, LVX, SXT (Table 3).




2.4. ESBL-Producing E. coli Isolates


This study found that 22 (8.5%) of the strains were ESBL producers. ESBL-producing E. coli showed 100% resistance to ampicillin, ceftriaxone, and cefuroxime and 95.5% resistance to cefotaxime. In addition, ESBL-producing strains showed 22.7–63.6% resistance to amoxicillin-clavulanic acid, levofloxacin, ciprofloxacin, aztreonam, ceftazidime, cefepime, and trimethoprim-sulfamethoxazole. ESBL-producing E. coli showed the lowest resistance to piperacillin-tazobactam (9.1%), gentamicin (9.1%), and tobramycin (4.5%). Of the ESBL-producing E. coli strains, 59.1% were from the Hossana site. However, there was no significant difference in the distribution of ESBL-producing E. coli between the strain from Addis Ababa and Hossana (X2 = 2.39, p = 0.122). Sixteen resistance patterns were observed among the ESBL-producing E. coli strains for the tested antimicrobials (Table 3).




2.5. Whole-Genome Sequencing Analysis of ESBL-Producing E. coli Isolates


Of the 22 phenotypically confirmed ESBL-producing E. coli isolates, 19 were subjected to whole-genome sequencing on the Illumina platform to identify the ESBL gene profile (unfortunately, three strains could not be revived). All assemblies passed the QC threshold of N50 > 15 Kb and <500 contigs. At least one known ESBL gene was detected in 94.7% of the sequenced isolates, and 57.9% harbored two or more β-lactamase genes. The predominant ESBL gene identified was blaCTX-M-15 (78.9%). The blaTEM-1B gene was detected in combination with other ESBL genes in 57.9% of the isolates, while only one of the sequenced isolates contained the blaTEM-1B gene alone. The blaCTX-M-3 gene was detected in three isolates. In this study, the coexistence of blaCTX-M-15 and blaTEM-1B, as well as of blaCTX-M-15 and blaTEM-169, was confirmed in 52.6% and 10.5% of the sequenced E. coli isolates, respectively. In addition, blaOXA-1 was identified together with blaCTX-M-15 and blaTEM-1B in one isolate, and blaTEM-169 was confirmed together with blaCTX-M-15 and blaTEM-1B in one isolate. Eight (80.0%) of the ten ESBL-producing E. coli isolates from Hossana harbored one or two β-lactamase genes in addition to blaCTX-M-15 (Table 4).





3. Discussion


Antimicrobial resistance is one of the greatest threats to humanity in the 21st century [18]. This study investigated the antibiotic resistance profiles of E. coli isolated from the stools of patients and characterized ESBL-producing E. coli isolates. Unfortunately, we were not able to obtain any information about the clinical situation or diagnosis of patients, which is a limitation of the study.



3.1. Antimicrobial Resistance of Studied E. coli Isolates


This study found that 54.1% of E. coli strains were resistant to at least one or more of the antimicrobial agents tested. This is comparable to previous reports of pathogenic E. coli strains isolated from children in Wolaita Sodo, southern Ethiopia [19], and a meta-analysis in Ethiopia [7], where 61.7% and 45.4% of strains were resistant to at least one antimicrobial agent, respectively.



Ampicillin and trimethoprim-sulfamethoxazole are widely used antimicrobial agents for the treatment of infections in humans and animals. The isolates from the present study had high resistance to ampicillin (52.7%), which is comparable to other studies on E. coli obtained from outpatients in hospitals in Lagos State, from animal handlers in abattoirs, poultry farmers, and open markets in Lagos, Nigeria (59.1%) [20], and from poultry farmers in Lusaka, Zambia (46.8%) [21]. However, it is lower compared to previous reports of pathogenic E. coli strains isolated from children in Wolaita Sodo, southern Ethiopia (70.6%) [19], diarrheagenic E. coli isolates in Trans-Nzoia County, Kenya (83.9%) [22], and E. coli isolated from diarrheic patients in public health centers in Eastern Cape, South Africa (88%) [23]. In addition, our study showed a high percentage (29.6%) of E. coli isolates resistant to trimethoprim-sulfamethoxazole, which is lower than the resistance rate from previous studies on E. coli from children under five years of age with diarrhea at Sodo Christian Hospital in Wolaita Sodo, southern Ethiopia (67.6%) [19], in patients at Kitale County Referral Hospital in Trans-Nzoia County, Kenya (95.7%) [22], in diarrheic patients at a public health center in Eastern Cape, South Africa (78%) [23], in outpatients at hospitals in Lagos State and among livestock farmers at abattoirs, poultry farmers, and open markets in Lagos, Nigeria (61.5%) [20], and among poultry farmers in Lusaka, Zambia (48.3%) [21]. This could be due to the fact that the genes responsible for ampicillin and trimethoprim-sulfamethoxazole resistance probably co-occur due to the same mobile genetic elements [24,25]. As a result, resistance to multiple antimicrobials develops simultaneously, leading to a high level of resistance.



Relatively low proportions of E. coli isolates in the current study were resistant to amoxicillin-clavulanic acid (14.2%). However, in previous studies, a high percentage of resistance to amoxicillin-clavulanic acid was found in E. coli from diarrheic patients in Ethiopia (64.4%) [26] and in E. coli from different clinical samples from patients in different teaching hospitals in Sudan (50.4%) [27]. This may be due to the fact that amoxicillin-clavulanic acid is the most commonly used antibiotic for self-medication and is widely prescribed by healthcare providers. It is inexpensive and is considered first-line therapy in many low- and middle-income countries [28,29,30].



In this study, resistance to levofloxacin was detected in 6.9% of isolates and to ciprofloxacin in 7.3% of isolates. This is comparable to the rate of resistance to ciprofloxacin reported in a study on E. coli from Congolese students in Madibou, Brazzaville (4%) [31], and children under five years of age in a study in the pediatric clinic of the commune of Abomey-Calavi, Benin (9.5%) [32]. In contrast, a study conducted in Nigeria found a high percentage of resistance to ciprofloxacin in humans (21.9%), among poultry workers, chickens, and their environment in poultry farms/markets [33]. This could be due to the fact that fluoroquinolones are one of the most commonly prescribed antimicrobial classes in human and veterinary medicine in Nigeria, which could be responsible for the selection pressure that favors the development of quinolone resistance in E. coli isolates [34].



Aztreonam is among the last-resort antibiotics currently available for the treatment of these infections [35]. In the present study, 7.7% of the E. coli isolates were resistant to aztreonam. In contrast, in a study conducted in the pediatric clinic of the commune of Abomey-Calavi in Benin, children under five years of age showed 100% resistance to aztreonam [32]. This indicates a serious threat to human health as very few effective antibiotics are available for the clinical treatment of infections caused by aztreonam-resistant strains.



The resistance of E. coli to gentamicin (1.9%) in this study was consistent with previous findings in Eastern Cape, South Africa, from diarrheic patients attending a public health center (2%) [23]. In addition, resistance to tobramycin in this study was 1.2%, which was lower than the resistance rate found in an Egyptian study on E. coli strains isolated from children with diarrhea from Assiut Children’s Hospital (68%) [36]. Interestingly, no resistance to carbapenems (ertapenem, meropenem, and imipenem) and amikacin was detected in the current study. In contrast, resistance to imipenem (1%) and amikacin (3%) was detected in E. coli from diarrheic patients attending a public health center in Eastern Cape, South Africa [23]. The most important factors contributing to the emergence of resistance to these antibiotics could be the availability and use of these antimicrobials in the treatment of infectious diseases in South Africa.



Cephalosporins are one of the limited available therapies for the treatment of severe bacterial infections in humans. The third, fourth, and fifth-generation cephalosporins are classified by the WHO as “critically important antimicrobials” in human medicine [37]. However, they are among the most frequently prescribed drugs for the treatment of infections caused by Enterobacteriaceae, which increases the selection pressure for resistant organisms. Resistance rates to cefepime (1.6%) in E. coli isolated from outpatients in Lagos State hospitals (Nigeria) and from animal caretakers in abattoirs, poultry farms, and open markets (1.6%) [20], and resistance rates to cefotaxime in Lusaka, Zambia (8.6%) in E. coli isolated from poultry farmers [21], were almost as low as in this study. However, high rates of resistance to this class of antibiotics were found in previous studies conducted in Benin on E. coli isolated from children under five years of age in the pediatric clinic in the commune of Abomey-Calavi (cefotaxime, 100%) [32], and E. coli isolated from Congolese students in Madibou, Brazzaville (ceftazidime, 65%) [31].




3.2. MDR and ESBL-Producing E. coli among Studied Isolates


ESBL-producing E. coli are a major cause of antimicrobial-resistant infections and pose a major threat worldwide as they can cause infections that are difficult to treat in animals and humans [38]. The overall percentage of ESBL-producing E. coli strains in this study was 8.5%. This result is lower than previous reports of ESBL-producing E. coli in children hospitalized in Ghana (61%) [39]. This could be due to differences in antimicrobial use among the regions or the study population. All children who participated in the Ghanaian study had contact with free-roaming chickens in town, and chicken meat was part of their regular diet. ESBL-producing bacteria are commonly isolated from poultry [39]. The genetic linkage of ESBL-producing E. coli between poultry and human populations was also demonstrated in the same study, which could indicate a potential risk of transmission of ESBL-producing bacteria between poultry products and humans and increase the incidence rate in the study population [39].



The MDR rate in the current study was 19.2%, of E. coli, which is comparable to the result of a previous study in Ethiopia on E. coli isolates from diarrheic patients at Selam Health Center, Addis Ababa (15.1%) [26] and E. coli from poultry farmers in Lusaka, Zambia (29.3%) [21]. The result of the current study is very low compared to a meta-analysis of resistance patterns of Gram-negative bacterial pathogens in Ethiopia (78.2%) [40] and other studies on E. coli isolated from the stool of hospitalized patients in Kenya [22] and community outpatients and animal caregivers in Lagos, Nigeria (69.6%) [20]. The difference might be related to the study population, sample size, and geographical location. Unlike the current study, where patients are those who come from the community, other studies were conducted among hospitalized patients with a high chance of being exposed to MDR organisms.



A higher percentage of MDR (61.2%) and ESBL-producing E. coli (59.1%) in the current study was obtained among the Hossana isolates, in which agricultural and animal husbandry are the common practices of the community. This could be related to the imprudent use of antimicrobials in humans and agriculture, which is considered to be one of the most important factors contributing to the emergence and spread of resistant bacteria [41]. The low socioeconomic status in Hossana, poor sanitation, and unhygienic conditions may also have contributed to the easy circulation of resistant organisms and resistant genetic markers. The inappropriate use of antimicrobials in agriculture can lead to selection pressure on microorganisms in food, water, and the environment, which can serve as a source of infection with MDR organisms for humans and animals [42].



The blaCTX-M-15 gene is the most widely distributed gene encoding ESBLs associated with human infections [43]. It is mainly found in international high-risk clones [44]. This gene was the dominant genotype among the ESBL-positive isolates in our study. This is in line with the report from Ethiopia, where a study investigated the genome-based epidemiology of ESBL-producing E. coli among patients seeking medical care at a tertiary hospital in Jimma [45] and a study on the fecal carriage of ESBL-producing Enterobacteriaceae in young children in Tanzania [46]. In addition, the predominance of blaCTX-M-15 in E. coli was also found in bacteriemic patients in two teaching hospitals in Bamako, Mali [47]. These higher rates of the blaCTX-M-15 gene may be associated with incompatibility group FII conjugative plasmids which carry this gene and play a great role in the spread and acquisition of resistance genes in E. coli [48]. In contrast to the present study, blaTEM was found to be the predominant β-lactamase gene in a study with children under five years of age in Ethiopia [49] and in diarrheic patients in Ghana [50]. Several variants of the blaCTX-M and blaTEM genes have been identified on both plasmids and chromosomes [9,51]. ESBL genes located on plasmids spread rapidly between and within bacterial species, whereas ESBL genes integrated into chromosomes are mostly stable and persist without antibiotic selection pressure [51].



E. coli-encoding blaCTX-M-15 is often characterized as multidrug-resistant and a co-producer of OXA-1 or TEM-1B [52,53]. The co-existence of blaCTX-M-15 and blaTEM-1B was observed in 52.6% of E. coli with ESBL genes in this study. In agreement with the current study, the coexistence of these genes in E. coli isolates was found in a study in Burkina Faso in ESBL-producing Enterobacteriaceae among clinical isolates [54] and in Cameroon in ESBLs in Enterobacteriaceae isolates in the community [55]. The E. coli isolates in our study, which possess blaCTX-M-15 genes, also encode blaOXA-1 and blaTEM-169 β-lactamase genes. This finding is consistent with a previous study from Pakistan that investigated the frequency of resistance to third-generation cephalosporin and the distribution of key genetic determinants of ESBL-producing clinical isolates. This study showed the co-existence of blaCTX-M-15, blaOXA-1, and blaTEM-1 in 7% of ESBL-producing E. coli [56]. The result showed a high rate of co-existence of β-lactamase genes in isolates from Hossana compared to isolates from Addis Ababa, suggesting a high rate of co-selection of plasmids with different resistance genes due to the overuse of antimicrobials in Hossana.





4. Conclusions


Resistance to ampicillin and trimethoprim-sulfamethoxazole was high in the current study, and none of the isolates were resistant to carbapenems and amikacin. A high rate of ESBL-producing E. coli strains was detected, most of which were encoded by blaCTX-M-15 and a combination of other ESBL genes in E. coli. Overall, MDR- and ESBL-producing isolates were frequently detected among the isolates from Hossana, indicating a high level of irrational use of antimicrobials, leading to high selection pressure. These findings suggest that prudent use of antimicrobials is advisable to reduce the burden of drug resistance and ensure the long-term use of available antimicrobials.




5. Materials and Methods


5.1. Study Design and Sample Collection


A health institution-based cross-sectional study was conducted in Addis Ababa city and Hossana town. Addis Ababa is the capital of Ethiopia, and it has an estimated population of 5,461,000. The city is home to 23.8% of all urban residents in Ethiopia, and it has an estimated density of 5936 per square kilometer. The majority of the population, especially the urban poor, lives in a slum area of Addis Ababa, and they are exposed to water and sanitation-related diseases [57]. The other study area, Hossana town, is located in the Hadiya zone, 230 km southwest of Addis Ababa, with a total estimated population of 75,963. Hadiya Zone is one of the central zones in the central Ethiopia region. The zone is one of the most densely populated areas in Ethiopia. The population density of the zone is 415 people per square kilometer.



Seventeen public health centers (primary healthcare units) in Ethiopia (thirteen randomly selected health centers from Addis Ababa city and all four health centers from Hossana town) were included in this study. This study included patients of all ages who visited the health centers at the time of data collection and had not taken any antimicrobial agents in the fifteen days prior to the study. Patients who met these inclusion criteria were informed of the purpose and procedures of the study and gave their informed consent before providing a fresh stool sample in a dry, sterile container with Cary–Blair transport medium. A total of 260 samples were collected from December 2021 to September 2022. Each stool sample was carefully labeled with a unique identifier and placed in a cool box (4 °C) with cold packs for transport to the microbiology laboratory for isolation of E. coli. Unfortunately, we were not provided with any information about the clinical situation and the diagnosis of patients.




5.2. Isolation and Identification of E. coli


For the isolation of E. coli, approximately 1 g of stool sample was pre-enriched in 9 mL of buffered peptone water (BPW) (Becton-Dickinson, Sparks, MD, USA) and incubated overnight at 37 °C. It was then streaked on eosin methylene blue agar (EMB) (Oxoid, Basingstoke, UK), and the plates were incubated at 37 °C for 24 h. Colonies that exhibited a metallic green sheen were further examined with biochemical tests (indole, citrate, and urease). A reference strain, E. coli ATCC 25922, was used as a positive control for biochemical analysis. After confirmation, E. coli isolates (only one from each stool sample) were frozen in a nutrient broth containing 20% glycerol and stored. A total of 260 strains were randomly selected using a computer-generated random sampling technique and exported on slant agars to Slovenia for further analysis, where each strain was streaked on MacConkey agar (BD MacConkey II Agar, Becton Dickinson, Germany) for revitalization. Matrix-assisted laser desorption ionization time of flight (MALDI-TOF) mass spectrometry (Microflex LT with regularly updated BruckerMS library, Brucker Daltonics, Bremen, Germany) was used to confirm E. coli before antimicrobial susceptibility testing.




5.3. Antimicrobial Susceptibility Testing


Antimicrobial susceptibility testing was performed using the disk diffusion method according to the European Committee on Antimicrobial Susceptibility Testing (EUCAST) guidelines [58]. The following antimicrobial discs were used: ampicillin (Am 10 μg), amoxicillin-clavulanic acid (AMC 20/10 μg), piperacillin-tazobactam (TZP 30/6 μg), cefuroxime (CXMP 30 μg), cefotaxime (CTX 5 μg), ceftriaxone (CRO 30 μg), ceftazidime (CAZ 10 μg), cefepime (FEP 30 μg), ertapenem (ETP 10 μg), meropenem (MEM 10 μg), imipenem (IPM 10 μg), gentamicin (GM 10 μg), amikacin (AN 30 μg), ciprofloxacin (CIP 5 μg), levofloxacin (LVX 5 μg), trimethoprim-sulfamethoxazole (SXT 1.25/23.75 μg), aztreonam (ATM 30 μg), and tobramycin (NN 10 μg). The results were interpreted according to EUCAST guidelines [59]. Multidrug resistance (MDR) was defined as resistance to at least one agent in three or more antimicrobial groups [60]. Extended-spectrum β-lactamase (ESBL) production among the strains was phenotypically determined using the double disk diffusion method suggested by the EUCAST [61]. The presence of ESBL was confirmed by a synergy test between a disk with amoxicillin-clavulanic acid and cephalosporins (cefotaxime and ceftazidime).




5.4. DNA Extraction and Whole-Genome Sequencing


Whole-genome sequencing was performed for 21 phenotypically confirmed ESBL-producing E. coli isolates. Genomic DNA was extracted using the QIAamp DNA Mini Kit (Qiagen, Hilden, Germany) [62] or STARMag 96 × 4 Universal Cartridge Kit (Seegene Inc. Walnut Creek, CA, USA) [63]. Genomic libraries were prepared using the Illumina DNA Prep (Illumina, San Diego, CA, USA). Isolates were sequenced on the NextSeq 2000 system (Illumina) using 2 × 149 bp paired-end reads chemistry [64].



5.4.1. Raw Data Pre-Processing


Trimmomatic was used to trim raw reads from adapter sequences and low-quality reads [65]. The quality of both raw and trimmed reads was assessed using FastQC v0.11.9 [66]. Species identification was confirmed using KmerFinder v3.0.2 based on trimmed reads.




5.4.2. De Novo Assembly and QC


The assembly of trimmed reads into contigs was carried out with SPAdes v3.15.3 [67] using the default K-Kmer values and the “--isolate” parameters. Quast v5.2.0 was used for the quality assessment of the assemblies [68]. To determine the coverage of the assembly, fastq files were converted into .bam using samtools. Subsequently, «samtools depth» was used to obtain base coverages, which were then averaged and reported.




5.4.3. AMR Identification


Resistance genes were detected with ResFinder 4.1 [69] with the default parameters (80% identity over 60% of the length of the target gene), using assembled sequences as input. Gene prediction was confirmed if the assembled sequence had at least 97% nucleotide match and 100% coverage with genes in the curated Escherichia coli database.





5.5. Statistical Analysis


Descriptive statistical analysis was performed using WHONET software version 2022, and a chi-square test was used to investigate the association between different variables using SPSS version 25.0. A p-value of <0.05 was considered an indicator of statistically significant association.
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Table 1. Sociodemographic characteristics of the study participants.
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	Characteristics
	Response Category
	Number (%)





	Location of the health facilities
	
	



	
	Addis Ababa
	147 (56.5)



	
	Hossana
	113 (43.5)



	Sex
	
	



	
	Female
	110 (42.3)



	
	Male
	150 (57.7)



	Age group
	
	



	
	0–4 years
	27 (10.4)



	
	5–9 years
	43 (16.5)



	
	10–14 years
	31 (11.9)



	
	15–19 years
	21 (8.1)



	
	20–45 years
	121 (46.5)



	
	46–65 years
	16 (6.2)



	
	>65 year
	1 (0.4)



	Marital status
	
	



	
	Single
	164 (63.1)



	
	Married
	95 (36.5)



	
	Divorced
	1 (0.4)










 





Table 2. Antimicrobial susceptibility of studied E. coli isolates.
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Antibiotic

	
Antibiotic Class

	
S (Susceptible, Standard Dosing Regimen)

	
I (Susceptible, Increased Exposure)

	
R (Resistant)




	
Total Isolates (n = 260)

	
Addis Ababa Strains (n = 147)

	
Hossana Strains (n = 113)

	
Total Strains (n = 260)

	
Addis Ababa Strains (n = 147)

	
Hossana Strains (n = 113)

	
Total Strains (n = 260)

	
Addis Ababa Strains (n = 147)

	
Hossana Strains (n =113)




	
n (%)

	
n (%)

	
n (%)

	
n (%)

	
n (%)

	
n (%)

	
n (%)

	
n (%)

	
n (%)






	
AM

	
Penicillin

	
123 (47.3)

	
73 (49.7)

	
50 (44.2)

	
0

	
0

	
0

	
137 (52.7)

	
74 (50.3)

	
63 (54.3)




	
AMC

	
β-lactam + inhibitors

	
223 (85.8)

	
123 (83.7)

	
100 (88.5)

	
0

	
0

	
0

	
37 (14.2)

	
24 (16.3)

	
13 (11.5)




	
TZP

	
Antipseudomonal penicillin + β-lactam inhibitors

	
257 (98.8)

	
145 (98.6)

	
112 (99.1)

	
0

	
0

	
0

	
3 (1.2)

	
2 (1.4)

	
1 (0.9)




	
CXMp

	
Non-extended spectrum cephalosporins

	
0

	
0

	
0

	
226 (86.9)

	
133 (90.5)

	
93 (82.3)

	
34 (13.1)

	
14 (9.5)

	
20 (17.7)




	
CTX

	
Extended spectrum cephalosporins

	
226 (86.9)

	
133 (90.5)

	
93 (82.3)

	
1 (0.4)

	
1 (0.7)

	
0

	
33 (12.7)

	
13 (8.8)

	
20 (17.7) *




	
CRO

	
226 (86.9)

	
133 (90.5)

	
93 (82.3)

	
0

	
0

	
0

	
34 (13.1)

	
14 (9.5)

	
20 (17.7)




	
CAZ

	
232 (89.2)

	
137 (93.2)

	
95 (84.1)

	
6 (2.3)

	
1 (0.7)

	
5 (4.4)

	
22 (8.5)

	
9 (6.1)

	
13 (11.5)




	
FEP

	
234 (90.0)

	
138 (93.9)

	
96 (85.0)

	
8 (3.1)

	
3 (2.0)

	
5 (4.4)

	
18 (6.9)

	
6 (4.1)

	
12 (10.6) *




	
ETP

	
Carbapenems

	
260 (100)

	
147 (100)

	
113 (100)

	
0

	
0

	
0

	
0

	
0

	
0




	
IPM

	
260 (100)

	
147 (100)

	
113 (100)

	
0

	
0

	
0

	
0

	
0

	
0




	
MEM

	
260 (100)

	
147 (100)

	
113 (100)

	
0

	
0

	
0

	
0

	
0

	
0




	
ATM

	
Monobactams

	
227 (87.3)

	
133 (90.5)

	
94 (83.2)

	
13 (5.0)

	
7 (4.8)

	
6 (5.3)

	
20 (7.7)

	
7 (4.8)

	
13 (11.5) *




	
AN

	
Aminoglycosides

	
260 (100)

	
147 (100)

	
113 (100)

	
0

	
0

	
0

	
0

	
0

	
0




	
GM

	
255 (98.1)

	
146 (99.3)

	
109 (96.5)

	
0

	
0

	
0

	
5 (1.9)

	
1 (0.7)

	
4 (3.5)




	
NN

	
257 (98.8)

	
147 (100)

	
110 (97.3)

	
0

	
0

	
0

	
3 (1.2)

	
0

	
3 (2.7)




	
CIP

	
Fluoroquinolones

	
238 (91.5)

	
140 (95.2)

	
98 (86.7)

	
3 (1.2)

	
1 (0.7)

	
2 (1.8)

	
19 (7.3)

	
6 (4.1)

	
13 (11.5) *




	
LVX

	
240 (92.3)

	
140 (95.2)

	
100 (88.5)

	
2 (0.8)

	
2 (1.4)

	
0

	
18 (6.9)

	
5 (3.4)

	
13 (11.5) *




	
SXT

	
Folate pathway inhibitors

	
183 (70.4)

	
109 (74.1)

	
74 (65.5)

	
0

	
0

	
0

	
77 (29.6)

	
38 (25.9)

	
39 (34.5)








AM—ampicillin, AMC—amoxicillin-clavulanic acid, AN—amikacin, ATM—aztreonam, CAZ—ceftazidime, CIP—ciprofloxacin, CRO—ceftriaxone, CTX—cefotaxime, CXMp—cefuroxime-parenteral, ETP—ertapenem, FEP—cefepime, GM—gentamicin, IPM—imipenem, LVX—levofloxacin, MEM—meropenem, NN—tobramycin, SXT—trimethoprim-sulfamethoxazole, TZP—piperacillin-tazobactam, and * indicates statistically significant resistance (p < 0.05).













 





Table 3. Antimicrobial resistance patterns of E. coli isolates.
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Antimicrobial Resistance Pattern

	
Resistant Isolates (n = 141)

Addis Ababa (n = 77); Hossana (n = 64)

	
ESBL-Producing Isolates (n = 22)

Addis Ababa (n = 9); Hossana (n = 13)




	
No. of Antimicrobial Groups in Resistance Pattern

	
No. of Isolates with This Resistance Pattern

n (%)

	
No. of Isolates with This Resistance Pattern from Addis Ababa

n (%)

	
No. of Isolates with This Resistance Pattern from Hossana

n (%)

	
No. of ESBL-Producing Isolates with This Resistance Pattern

n (%)

	
No. of ESBL Isolates with This Resistance Pattern from Addis Ababa

n (%)

	
No. of ESBL Isolates with This Resistance Pattern from Hossana

n (%)






	
AM

	
1

	
30 (21.3)

	
16 (20.8)

	
14 (21.9)

	
0

	
0

	
0




	
SXT

	
1

	
4 (2.8)

	
2 (2.6)

	
2 (3.1)

	
0

	
0

	
0




	
AM, SXT

	
2

	
37 (26.2)

	
22 (28.6)

	
15 (23.4)

	
0

	
0

	
0




	
AM, AMC

	
2

	
20 (14.2)

	
17 (22.1)

	
3 (4.7)

	
0

	
0

	
0




	
AM, AMC, TZP

	
3

	
1 (0.7)

	
1 (1.3)

	
0

	
0

	
0

	
0




	
AM, AMC, SXT

	
3

	
7 (5.0)

	
3 (3.9)

	
4 (6.3)

	
0

	
0

	
0




	
AM, CIP, LVX, SXT

	
3

	
5 (3.5)

	
1 (1.3)

	
4 (6.3)

	
0

	
0

	
0




	
AM, SXT, CXMp, CRO

	
4

	
1 (0.7)

	
1 (1.3)

	
0

	
1 (4.5)

	
1 (11.1)

	
0




	
AM, AMC, GM, SXT

	
4

	
1 (0.7)

	
0

	
1 (1.6)

	
0

	
0

	
0




	
AM, ATM, SXT, CAZ

	
4

	
1 (0.7)

	
1 (1.3)

	
0

	
0

	
0

	
0




	
AM, GM, CXMp, CTX, CRO

	
4

	
1 (0.7)

	
0

	
1 (1.6)

	
1 (4.5)

	
0

	
1 (7.7)




	
AM, SXT, CXMp, CTX, CRO

	
4

	
4 (2.8)

	
2 (2.6)

	
2 (3.1)

	
2 (9.1)

	
1 (11.1)

	
1 (7.7)




	
AM, CIP, GM, LVX, NN

	
3

	
1 (0.7)

	
0

	
1 (1.6)

	
0

	
0

	
0




	
AM, CXMp, CTX, CRO, FEP

	
3

	
1 (0.7)

	
0

	
1 (1.6)

	
1 (4.5)

	
0

	
1 (7.7)




	
AM, SXT, GM, CTX, CXMp, CRO

	
5

	
1 (0.7)

	
1 (1.3)

	
0

	
1 (4.5)

	
1 (11.1)

	
0




	
AM, AMC, CXMp, CTX, CRO, FEP

	
4

	
2 (1.4)

	
1 (1.3)

	
1 (1.6)

	
2 (9.1)

	
1 (11.1)

	
1 (7.7)




	
AM, ATM, CXMp, CTX, CRO, CAZ

	
4

	
2 (1.4)

	
1 (1.3)

	
1 (1.6)

	
0

	
0

	
0




	
AM, SXT, CXMp, CTX, CRO, CAZ

	
4

	
2 (1.4)

	
1 (1.3)

	
1 (1.6)

	
1 (4.5)

	
0

	
1 (7.7)




	
AM, CIP, LVX, CXMp, CTX, CRO

	
4

	
1 (0.7)

	
1 (1.3)

	
0

	
1 (4.5)

	
1 (11.1)

	
0




	
AM, SXT, CXMp, CTX, CRO, CAZ, FEP

	
4

	
1 (0.7)

	
1 (1.3)

	
0

	
0

	
0

	
0




	
AM, ATM, SXT, CXMp, CTX, CRO, CAZ

	
5

	
2 (1.4)

	
0

	
2 (3.2)

	
2 (9.1)

	
0

	
2 (15.4)




	
AM, ATM, CXMp, CTX, CRO, CAZ, FEP

	
4

	
1 (0.7)

	
0

	
1 (1.6)

	
1 (4.5)

	
0

	
1 (7.7)




	
AM, ATM, SXT, CXMp, CTX, CRO, CAZ, FEP

	
5

	
3 (2.1)

	
1 (1.3)

	
2 (3.2)

	
2 (9.1)

	
1 (11.1)

	
1 (7.7)




	
AM, ATM, CIP, LVX, CXMp, CTX, CRO, FEP

	
5

	
1 (0.7)

	
0

	
1 (1.6)

	
1 (4.5)

	
0

	
1 (7.7)




	
AM, AMC, SXT, CIP, LVX, CXMp, CTX, CRO

	
6

	
1 (0.7)

	
0

	
1 (1.6)

	
0

	
0

	
0




	
AM, ATM, CIP, LVX, CXMp, CTX, CRO, CAZ, FEP

	
5

	
1 (0.7)

	
0

	
1 (1.6)

	
0

	
0

	
0




	
AM, AMC, TZP, ATM, CXMp, CTX, CRO, CAZ, FEP

	
6

	
1 (0.7)

	
1 (1.3)

	
0

	
1 (4.5)

	
1 (11.1)

	
0




	
AM, AMC, ATM, CIP, LVX, CXMp, CTX, CRO, CAZ, FEP

	
6

	
1 (0.7)

	
0

	
1 (1.6)

	
0

	
0

	
0




	
AM, ATM, SXT, CIP, LVX, CXMp, CTX, CRO, CAZ, FEP

	
6

	
3 (2.1)

	
2 (2.6)

	
1 (1.6)

	
3 (13.6)

	
2 (22.2)

	
1 (7.7)




	
AM, AMC, ATM, SXT, CIP, LVX, CXMp, CTX, CRO, CAZ

	
7

	
1 (0.7)

	
1 (1.3)

	
0

	
0

	
0

	
0




	
AM, AMC, TZP, ATM, SXT, CIP, LVX, CXMp, CTX, CRO, CAZ, FEP

	
8

	
1 (0.7)

	
0

	
1 (1.6)

	
1 (4.5)

	
0

	
1 (7.7)




	
AM, AMC, ATM, SXT, CIP, LVX, NN, CXMp, CTX, CRO, CAZ, FEP

	
8

	
1 (0.7)

	
0

	
1 (1.6)

	
1 (4.5)

	
0

	
1 (7.7)




	
AM, AMC, ATM, SXT, CIP, LVX, GM, NN, CXMp, CTX, CRO, CAZ, FEP

	
8

	
1 (0.7)

	
0

	
1 (1.6)

	
0

	
0

	
0








AM—ampicillin, AMC—amoxicillin-clavulanic acid, ATM—aztreonam, CAZ—ceftazidime, CIP—ciprofloxacin, CRO—ceftriaxone, CTX—cefotaxime, CXMp—cefuroxime-parenteral, FEP—cefepime, GM—gentamicin, LVX—levofloxacin, NN—tobramycin, SXT—trimethoprim-sulfamethoxazole, and TZP—piperacillin-tazobactam.













 





Table 4. Phenotypic resistance pattern and associated genetic markers among ESBL-producing E. coli isolates.
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	Strain Designation
	Pattern of ESBL Phenotype
	Type of β-Lactamase Genes Detected
	Origin of Isolate





	13
	AM, ATM, SXT, CXMp, CTX, CRO, CAZ, FEP
	blaTEM-1B, blaCTX-M-15
	Hossana



	39
	AM, SXT, CXMp, CRO
	blaCTX-M-15
	Addis Ababa



	63
	AM, SXT, CXMp, CTX, CRO
	blaCTX-M-15
	Addis Ababa



	69
	AM, CIP, LVX, CXMp, CTX, CRO
	blaCTX-M-15
	Addis Ababa



	75
	AM, AMC, TZP, ATM, SXT, CIP, LVX, CXMp, CTX, CRO, CAZ, FEP
	blaTEM-1B, blaCTX-M-15, blaTEM-169
	Hossana



	85
	AM, AMC, CXMp, CTX, CRO, FEP
	blaCTX-M-3
	Addis Ababa



	86
	AM, ATM, SXT, CIP, LVX, CXMp CTX, CRO, CAZ, FEP
	blaCTX-M-15
	Addis Ababa



	92
	AM, SXT, CXMp, CTX, CRO, CAZ
	blaTEM-1B, blaCTX-M-15
	Addis Ababa



	197
	AM, ATM, SXT, CXMp, CTX, CRO, CAZ
	#
	Hossana



	200
	AM, AMC, TZP, ATM, CXMp CTX, CRO, CAZ, FEP
	#
	Addis Ababa



	205
	AM, ATM, SXT, CIP, LVX, CXMp CTX, CRO, CAZ, FEP
	blaTEM-1B, blaCTX-M-15
	Addis Ababa



	232
	AM, GM, CXMp, CTX, CRO
	blaTEM-1B, blaCTX-M-15
	Hossana



	244
	AM, ATM, SXT, CXMp, CTX, CRO, CAZ
	blaTEM-1B
	Hossana



	260
	AM, ATM, SXT, CXMp, CTX, CRO, CAZ, FEP
	blaTEM-1B, blaCTX-M-15
	Hossan