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Abstract

:

The increased use of antibiotics in food animals has resulted in the selection of drug-resistant bacteria across the farm-to-fork continuum. This study aimed to investigate the molecular epidemiology of antibiotic-resistant Escherichia coli from intensively produced poultry in the uMgungundlovu District, KwaZulu-Natal, South Africa. Samples were collected weekly between August and September 2017 from hatching to final retail products. E. coli was isolated on eosin methylene blue agar, identified biochemically, and confirmed using polymerase chain reaction (PCR). Susceptibility to 19 antibiotics was ascertained by the Kirby–Bauer disc diffusion method. PCR was used to test for resistance genes. The clonal similarity was investigated using enterobacterial repetitive intergenic consensus polymerase chain reaction (ERIC-PCR). In total, 266 E. coli isolates were obtained from all the samples, with 67.3% being non-susceptible to at least one antibiotic tested and 6.7% multidrug resistant. The highest non-susceptibility was to ampicillin (48.1%) and the lowest non-susceptibility to ceftriaxone and azithromycin (0.8%). Significant non-susceptibility was observed to tetracycline (27.4%), nalidixic acid (20.3%), trimethoprim-sulfamethoxazole (13.9%), and chloramphenicol (11.7%) which have homologues used in the poultry industry. The most frequently observed resistance genes were blaCTX-M (100%), sul1 (80%), tetA (77%), and tetB (71%). ERIC-PCR grouped isolates into 27 clusters suggesting the spread of diverse clones across the farm-to-fork continuum. This reiterates the role of intensive poultry farming as a reservoir and a potential vehicle for the transmission of antibiotic resistance, with potentially severe public health implications, thus, requiring prompt and careful mitigation measures to protect human and environmental health.
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1. Introduction


Poultry farmers have been using antibiotics since the 1940s when it was discovered that the application of antibiotics at subtherapeutic levels resulted in better feed conversion and reduced bird mortality [1]. Antibiotics reduced diseases such as necrotic enteritis and colibacillosis [2,3] as well as the incidence of human illness from chicken products such as enteritis caused by Salmonella, Campylobacter, or pathogenic strains of Escherichia coli [2,4]. However, the use of these therapeutic agents in the poultry industry has increased drastically in recent years due to an increased demand for animal protein, which has led to an intensification of poultry farming to provide for the demand [5].



Intensive farming involves much higher stocking densities than extensive or subsistence farming, resulting in close contact between animals and increased stress levels [6]. These factors lower the immunity of the animals, predisposing them to disease development and the spread of disease due to close contact [7]. Measures such as good husbandry practices, good biosecurity and immunization programs help to prevent disease outbreaks in flocks [8]. Where these measures are not in place, antibiotics are used to compensate and maintain production [9]. Despite the beneficial effects of antibiotic use in ensuring the animals are healthy, and meat production is optimized, one major drawback is the development of resistance to these antibiotics by bacteria. This has resulted in intensive poultry farms becoming potential reservoirs of antibiotic-resistant bacteria (ARB), and antibiotic resistance genes (ARGs) that can be transferred to humans through the food chain [10].



Antibiotic resistance has become among the top threats to humans globally, with devastating public health consequences and enormous economic loss [11]. To adequately address this problem, it is imperative to understand the extent to which humans, animals and the environment contribute to the spread of ARB and ARGs. However, many studies conducted in this regard, specifically in food-producing animals, have focused on a single point such as the farm [12], abattoir [13], or the retail point [14].



Although necessary, in their respect, such studies did not provide a full picture of the entire production chain. To achieve such a holistic picture, a farm-to-fork approach that takes into consideration all the critical points from the farm to the final packaging is necessary. In addition, isolation of specific pathogens, such as Campylobacter, could be hindered by the complexity and the unique requirements for their laboratory isolation. However, some organisms, such as Escherichia coli, for which the mechanism of antimicrobial resistance are well understood, are considered to be suitable indicator organisms [15]. E. coli, particularly Avian Pathogenic E. coli (APEC), causes colibacillosis in poultry, which is a significant cause of economic losses in broiler and layer production [16]. The organism is ubiquitous and can be transferred among humans, animals, and the environment and has been shown to transfer plasmids and other mobile genetic elements easily [17]. Therefore, E. coli is a good indicator bacterium in antibiotic resistance surveillance in poultry. Thus, the current study aimed to delineate the molecular epidemiology of antibiotic-resistant E. coli from farm-to-fork in an intensive poultry production system in the uMgungundlovu District, KwaZulu-Natal, South Africa. The results of such a study would provide intensive poultry farmers and the public health sector with information necessary to develop mitigating measures against the spread of antimicrobial resistance in the poultry industry and to humans.




2. Results


2.1. Enumeration of Escherichia coli


Three hundred and forty-five (345) putative E. coli isolates were cultured from a total of 162 samples collected from the different sources along the continuum over the five weeks (samples from the farm, transport, and abattoir). Of these, 266 (77%) were confirmed as E. coli by biochemical analyses and real-time PCR (Table A1, Appendix A). No isolates were cultured from the Week 1 litter and truck samples. For ease of presentation, the colony forming units per mL (CFU/mL) of sample were log10 transformed. The abundance of E. coli varied per sampling point, with the farm (Week 2) recording the overall highest number of CFU/mL (9.0) and cecal samples having the highest at the abattoir (8.7) (Figure 1).




2.2. Antibiotic Susceptibility


2.2.1. Overall Susceptibility Profile


One hundred and sixty-seven (67.3%) of the 266 isolates tested showed non-susceptibility to at least one of the antibiotics included in this study (Figure 2). The highest non-susceptibility was observed to ampicillin (48.1%), while the lowest was to ceftriaxone (0.8%) and azithromycin (0.8%). Significant non-susceptibility was also observed to tetracycline (27.4%), nalidixic acid (20.3%), trimethoprim-sulfamethoxazole (13.9%), and chloramphenicol (11.7%). All isolates tested were 100% susceptible to ceftazidime, imipenem, meropenem and tigecycline.



There was an increased percentage of ampicillin-resistant isolates in Week 2 and Week 5 as well as in the carcass rinsate and wastewater samples (Figure 3). A similar trend was observed in nalidixic acid. High percentages of tetracycline-resistant isolates were recorded in Weeks 3 to 5 and the highest percentage was in cecal samples. For trimethoprim-sulfamethoxazole, the highest percentage of resistant isolates was observed in Week 2, cecal and wastewater samples, while for chloramphenicol this was recorded in Week 2 and wastewater. The frequency of resistance to chloramphenicol was lower for the remaining samples. Overall, the percentage of resistant isolates in retail meat was lower for all antibiotics as compared with that in the fecal, carcass rinsate, cecal, and wastewater samples.




2.2.2. Antibiotic Susceptibility Profiles and Multidrug Resistance Patterns


Grouping of the non-susceptible isolates yielded 33 different antibiotic susceptibility profiles (Table 1). The largest group was made up of isolates with non-susceptibility to a single antibiotic (119), with the largest proportion being non-susceptibility to ampicillin alone (56). In addition, 17 (6.7%) isolates were non-susceptible to antibiotics in three or more different antibiotic classes and were classified as multidrug resistant (MDR) (Table 1). Among these MDR isolates, the highest percentage was recorded in the farm (wastewater) samples, while none was recorded in transport samples. Interestingly, retail meat samples (abattoir) also recorded 9.4% MDR isolates (Table S1 in Supplementary Materials).




2.2.3. Detection of Antibiotic Resistance Genes


Apart from the quinolone resistance gene, qnrS, all the genes tested in the current study were amplified in at least one of the studied isolates (Table 2). The predominant resistance genes were the blaCTX-M (100%), sul1 (80%), tetA (77%), and tetB (71%).





2.3. Determination of Clonality


Isolates could be divided into 27 clusters based on a 75% fingerprint similarity, with several isolates sharing greater than 90% similarity (Figure 4). Among the 27 clusters, eight contained isolates from the same sample, and two of these clusters contained five isolates each. Cluster A contained isolates from Week 1 feces from the hatchling trays, all of which displayed different antibiotic susceptibility profiles. Cluster F were all from Week 3 fecal samples but as compared with cluster A there were some similarities in susceptibility profiles, with all isolates being non-susceptible to tetracycline and three to ampicillin.



The largest cluster had thirteen isolates from three samples (that is, Week 2 litter with ten isolates, Week 2 feces with two isolates, and Week 3 litter with one isolate). Three isolates from Week 2 litter and one from Week 2 feces had the same antibiotic susceptibility profile, AMP-NAL-SXT-CHL. All the isolates were non-susceptible to ampicillin. The rest of the antibiotic susceptibility profiles varied.



There were only a few instances in which isolates from different samples demonstrated the same antibiotic susceptibility profiles and appeared in the same cluster. One cluster had a crate sample CR6 which showed greater than 90% similarity to a carcass rinsate sample from the abattoir RI12, and both had the same antibiotic susceptibility profile, AMP-SXT. In another cluster, both a litter sample from Week 2 and litter sample from Week 3 showed resistance to tetracycline. Cluster P also had a Week 2 litter and a Week 3 litter sample with ampicillin non-susceptibility and >85% similarity.





3. Discussion


This study investigated antibiotic resistance in Escherichia coli, from hatching to the final retail product, over six weeks in a flock of intensively produced chickens in the uMgungundlovu District, KwaZulu-Natal, South Africa. E. coli was isolated at all stages of the farm-to-fork continuum (farm, transport, and abattoir). Over 60% of the isolates obtained across all sampling points showed resistance to at least one of the antibiotics tested. Multidrug-resistant isolates were also recorded along the continuum and isolates harbored genes that confer resistance to tetracycline, quinolones, and extended-spectrum β-lactams. Although the clonality did not show a likelihood of relatedness between the isolates from the different sources, resistance to most antibiotics was observed at almost every sampling point, thus demonstrating the role of intensive poultry farming as a significant reservoir and potential vehicle for the transmission of antibiotic-resistant bacteria to humans and the environment.



3.1. Enumeration of Escherichia coli


Escherichia coli is a normal flora in the intestine of humans and animals; thus, it has been used as a suitable indicator of fecal pollution in different matrices. This explains the high E. coli counts observed in the fecal and cecal samples in the present study. However, other strains of this organism have evolved to cause infections in humans [18] and animals, including chickens [19]. In addition, Ewers et al. [20] reported that E. coli isolated from chicken intestine had zoonotic potentials. This meant that farm workers needed to observe strict personal protective measures within the farms, especially during the cleaning of farmhouses that could contain highly contaminated fecal matter, as recorded in the current study. More worrisome was the fact that retail portions (neck and thigh) and whole chicken samples at the packaging stage harbored up to 108 E. coli counts. This high count could be due to cross-contamination between the chicken intestine, carcass, the environment, and meat portions, as described in the poultry-processing microbial risk assessment model proposed by Nauta and colleagues [21]. Although not tested in the present study, this high E. coli count may include pathogenic strains that could cause infection to consumers if the meat is not adequately cooked. However, such risk would need to be determined using appropriate risk assessment tools [22], and improved hygienic conditions should be implemented within abattoirs.




3.2. Antibiotic Susceptibility


The World Health Organization (WHO) has recommended the use of E. coli, among other bacteria, as a priority organism for the global surveillance of antimicrobial resistance [15]. The present study tested the susceptibility of 266 E. coli isolates to 19 antibiotics and recorded a 67.29% non-susceptibility to at least one of the tested antibiotics. This overall percentage non-susceptibility was, however, lower than that recorded in two other studies on E. coli from poultry in South Africa [19,23]. The differences in susceptibility between the current study and the previous ones could be because of several factors such as the study design, whether the studied birds were antibiotic fed, the antibiotic panel used, the number of isolates tested, and the susceptibility testing method used. Neither of these studies used the farm-to-fork testing protocol but focused on a single sampling point along the continuum. For example, Theobald et al. examined cecal samples at processing, and these were from chickens that had received continuous antibiotic treatment [23]. Similarly, Oguttu et al. only analyzed specific E. coli strains that were isolated from sick chickens (colibacillosis samples) [19]. Again, colibacillosis samples would be expected to have higher frequencies of resistance due to increased incidence of therapeutic antibiotic use, that is, for the treatment of clinically ill birds [24]. Therefore, the low antibiotic resistance, in this study, could be due to reduced use of therapeutic antibiotics as the birds were mostly healthy, and good biosecurity. The flock in the current study received growth promoters in feed, consisting of salinomycin and zinc bacitracin (ZB). Both compounds were incorporated into the starter, grower, and finisher feed, while no ionophores nor antibiotics were present in the post-finisher feed. According to farm management, no therapeutic antibiotics were used in this flock. However, although it has been reported that E. coli is intrinsically resistant to ZB, other components of the feed, like zinc, have been shown to co-select for antibiotic resistance to tetracycline, chloramphenicol, and beta-lactams [25], and thus could have influenced the resistance recorded in the current study.



While some microorganisms show resistance to single antibiotics, some others have developed complex mechanisms allowing them to resist treatment with antibiotics from different classes. This has prompted international bodies such as the WHO and Centers for Disease Control to call for a global war against multidrug-resistant microorganism [26]. In the current study, MDR E. coli isolates were isolated in the farm, and abattoir but not in the transport samples (Table S1). There was an increase in the percentages of multidrug-resistant isolates over the farm-to-fork continuum with the highest percentage recorded in the wastewater (farm) and cecal (abattoir) samples, followed by a decrease in retail meats samples. The higher MDR percentage observed in the wastewater samples was not surprising, as the isolates would have been exposed to the poultry environment for longer periods and more environmental stressors, despite the withdrawal of the feed additives at some stages before slaughter. Additionally, although some studies have reported that salinomycin was safe as a feed additive [27], a study in Canada revealed that E. coli isolated from chickens fed with salinomycin-supplemented feed showed MDR. It was suggested that there could be an association between its use and the co-selection of several resistance genes for tetracycline, sulfonamides, chloramphenicol, and aminoglycosides, all of which are often found on class 1 integrons [28]. However, the detection of MDR in the retail meat samples, even though at a relatively low percentage, calls for the institution of measures to prevent the spread of such bacteria to humans through the food chain.



The overall higher non-susceptibility and MDR recorded in the wastewater and cecal samples were matched by the presence of resistance genes, with percentages of most of the genes being higher in cecal and wastewater samples (Table 2). Seventy-four percent of isolates tested positive for at least one of the resistance genes investigated in this study. However, resistance could not be attributed to these genes in all isolates and may have been caused by other mechanisms that were not investigated in the current study. The majority of tetracycline non-susceptible isolates contained either tetA or tetB genes, similar to other reported studies [29,30,31]. It has also been reported that other factors, such as ribosomal protective proteins (RPP) or mono-oxygenase enzymes, could inactivate tetracycline [32]. These could explain the tetracycline non-susceptibility observed in the remaining isolates that harbored neither of the tet genes investigated.



Resistance to sulfonamides, quinolones, and extended-spectrum cephalosporins is also a major concern globally [15]. In the present study, the sul3 gene was more detected than the sul2, contrary to previous studies that have reported an opposite trend, i.e., the sul1, sul2 and sul3 encode resistance to sulfamethoxazole [29,30,33]. Zinc bacitracin has also been associated with an increase in the prevalence of the sul1 and sul2 resistance genes, which were found in this study [28]. A few mobile quinolone resistance genes were also detected in this study, notably the 16 qnrB and one aac(6)-lb-cr gene. The other mechanism of resistance for quinolones is mutations to DNA gyrase in Gram-negative bacteria and an increase in efflux or porin loss [34,35]. These were not, however, tested in the present study. Furthermore, all isolates with third and fourth generation cephalosporin non-susceptibility were screened for blaTEM, blaCTX-M, and blaSHV genes. All isolates tested contained blaCTX-M, which was higher than other reported rates [36,37]. Among these, 4/14 were found in retail meat samples, and therefore could indicate a public health risk of transfer to humans via the food chain.




3.3. Determination of Clonality


There was no evidence of the dissemination of bacterial clones across the farm-to-fork continuum, as evident from the diversity in clusters, antibiotic susceptibility profiles, and resistance genes. Instead, there appeared to be a de novo emergence of resistance traits at different time points, possibly through the loss or acquisition of mobile genetic elements throughout the study period, from hatching to final processing. Similar findings were seen in a study of E. coli from different stages of processing of chicken carcasses conducted by Geornaras and Hastings (2001), in which clonality (amplified fragment length polymorphism) did not correspond to plasmid profiles nor antibiotic susceptibility profiles [38]. Focusing on the resistance patterns of the isolates, the diverse clonality shown by the enterobacterial repetitive intergenic consensus polymerase chain reaction (ERIC-PCR) results suggests that (1) the same clones might not have been transmitted across the farm-to-fork continuum; (2) isolates might have lost or gained resistance genes or plasmids over time across the production line; and (3) external factors such as birds from different farmhouses processed by the same abattoir, might not be ignored.



Although it is generally accepted that the use of antibiotics promotes the selection for antibiotic-resistant isolates [9,10,39,40], other factors not investigated in the current study could have influenced the recorded non-susceptibility. For example, resistance may also be introduced from the environment, with hatchlings’ guts being colonized within a few hours of hatching [41,42]. This could lead to horizontal gene transfer between bacteria in the hatchery or house and bacteria in the chickens’ guts [42]. In addition, the studied farm operated an all-in/all-out system in which flocks from one house were not mixed with others but were, instead, all sent to the slaughter at the same time. This was followed by complete cleaning and disinfection of the whole house before the introduction of a new flock. Thus, if not properly disinfected, some bacteria may survive and serve as a source of resistance to the next flock entering [23]. This could be assumed in the current study given that the highest percentage of MDR isolates and resistance genes were from wastewater after cleaning of the house. Biosecurity is another source of resistance; flies and rodents have been known to carry resistant organisms, which can be transferred to poultry if houses are not sealed. The same applies to workers in the house. Furthermore, the observed resistance profiles could be due to the historical use of antibiotics such as doxycycline, sulfadiazine, trimethoprim, enrofloxacin, olaquindox, avilamycin, tylosin, and kitasamycin tartrate, in the poultry industry.



Therefore, it is suggested that future studies investigate these aspects to determine the extent of their involvement in the detection of non-susceptible bacteria in poultry and poultry environments. Nevertheless, the observed non-susceptibility to clinically relevant antibiotics, including those mentioned in the WHO priority list, is an alert to the potential human health hazards associated with poultry and requires adequate attention.





4. Materials and Methods


4.1. Ethical Considerations


This study formed part of a larger project for which ethical clearance had been obtained from the Animal Research Ethics Committee (reference AREC 073/016PD) and the Biomedical Research Ethics Committee (reference BCA444/16) of the University of KwaZulu-Natal. The study was also placed on record with the South African National Department of Agriculture, Forestry, and Fisheries (reference 12/11/1/5 (879)).




4.2. Study Population, Sampling, and Sample Processing


The sampling protocol recommended by the World Health Organization Advisory Group on the Integrated Surveillance of Antimicrobial Resistance (AGISAR) was used. A detailed description of the sampling site, the sampling protocol, and sample processing have previously been described [43,44]. Briefly, one batch of one-day-old Cobb chickens was followed from hatching, in a single farm in the uMgungundlovu District of South Africa, to slaughter and final retail product, using a farm-to-fork methodology. The sampling took place in August and September of 2017. Sampling points included the farm (litter, feces, and wastewater collected on the last week from washing the birds’ house), transport (truck and crates); abattoir (carcass rinsate, cecal, neck and thigh portions, and whole chickens). Samples from each sampling round were transported to the laboratory on ice and analyzed within 6 h from the collection.




4.3. Bacterial Isolation, Purification, and Identification


Following processing, 100 µL of each sample dilution was pour-plated onto eosin methylene blue (EMB) agar (Sigma-Aldrich, St. Louis, MO, USA) and incubated for 18 to 24 h at 37 °C. Colonies with characteristic green metallic sheen were counted and recorded as colony forming units per mL (CFU/mL) of the processed sample.



Then, twenty presumptive E. coli isolates were selected from each EMB plate and subcultured onto sorbitol MacConkey agar with 5-bromo-4-chloro-3-indolyl beta-d-glucuronide (BCIG) (Oxoid, Basingstoke, UK) to obtain pure colonies. Plates were incubated at 37 °C for 18 to 24 h. A single colony that displayed a blue-purple appearance, typical of E. coli, was selected from each plate, subcultured further on Nutrient Agar (Neogen, Lansing, MI, USA) and incubated for a further 18 to 24 h at 37 °C.



Following incubation on nutrient agar, isolates were subjected to a battery of biochemical tests. The isolates were first subjected to the string test [45], and those that were Gram-negative were then tested for oxidase and catalase production [46]. Oxidase-negative and catalase-positive isolates were then inoculated into triple sugar iron (TSI) agar slants. Isolates with typical TSI slant results (acid in base and on slant with gas production) were presumed to be E. coli [47] and stored in 10% glycerol TSB (tryptone soya broth; Oxoid) solution at −80 °C until needed for further testing.




4.4. DNA Extraction and Molecular Confirmation of Isolates


Colonies were suspended in 300 µL of distilled water and boiled for 20 min. Then, samples were placed on ice for 5 min before being centrifuged at 13,000 rpm for 3 min. The supernatant was extracted and used as template DNA for molecular confirmation of the isolates using real-time polymerase chain reaction (PCR) targeting the uidA gene. All primers were purchased from Inqaba Biotechnical Industries (Pty) Ltd. (Pretoria, South Africa). The primer sequences and controls used are shown in Table A2 (Appendix A).



PCR was conducted on a QuantStudio 5 Real-Time PCR System (Thermo Fischer Scientific, Johannesburg, South Africa). All reactions were conducted in a total volume of 10 uL which consisted of 5 µL of PowerUpTM SYBR® Green Master Mix (Thermo Fisher Scientific, Johannesburg, South Africa) 0.5 µL of the forward and reverse primers at a final concentration of 0.5 mM, 1 µL of molecular grade nuclease-free water, and 3 µL of template DNA. Cycling conditions included an initial Uracil-DNA glycosylase (UDG) activation at 50 °C for 2 min and Dual-LockTM polymerase activation at 95 °C for 2 min. This was followed by 35 cycles of denaturation (95 °C for 15 s), annealing (60 °C for 15 s), and extension (72 °C for 10 s). A final extension was achieved at 72 °C for 5 min [48]. A high-resolution melting curve analysis was performed by ramping up the temperature from 65 °C to 95 °C on a continuous mode [43]. E. coli ATCC 25922 was used as a positive control, and nuclease-free water was used as no template control.




4.5. Antibiotics Susceptibility Testing (AST)


Antibiotic sensitivity testing was done using the Kirby–Bauer disc diffusion assay according to Clinic and Laboratory Standards Institutes (CLSI) guidelines, and isolates were categorized as susceptible or non-susceptible using CLSI or the European Committee on Antimicrobial Susceptibility Testing (EUCAST) clinical breakpoints, depending on the disc concentration [49,50]. The following antibiotics were tested: ampicillin 10 µg, cefepime 30 µg, cefotaxime 30 µg, ceftazidime 30 µg, cefoxitin 30 µg, cefalexin 30 µg (EUCAST), gentamicin 10 µg, imipenem 10 µg, meropenem 10 µg, nalidixic acid 30 µg, ciprofloxacin 5 µg, tigecycline 15 µg (EUCAST), amoxycillin-clavulanic acid 20 µg + 10 µg, amikacin 30 µg, chloramphenicol 30 µg, azithromycin 15 µg, tetracycline 30 µg, trimethoprim-sulfamethoxazole 1.25 µg + 23.75 µg, ceftriaxone 30 µg, based on the WHO AGISAR recommended list [51]. All antibiotics were purchased from Thermo Fisher, Johannesburg (Oxoid) and Davies Diagnostics (Pty) Ltd. (Mast).




4.6. Antibiotic Resistance Genes Detection


According to the phenotypic resistance displayed by each isolate after the AST, a total of 120 isolates that showed resistance to at least one antibiotic in the tetracyclines, quinolones, sulfonamides, or cephalosporin classes were selected and tested further for the presence of genes conferring resistance to these antibiotics. Real-time PCR was used to detect the following genes: tetA, tetB, qnrB, qnrS, aac(6)-lb-cr, sul1, sul2, sul3, blaSHV, and blaCTX-M, except for the blaTEM gene.



PCR conditions included a UDG activation at 98 °C for 50 s. This was followed by 30 cycles of denaturation (95 °C for 10 s), annealing (62 °C for 30 s), and extension (72 °C for 20 s). A final extension was achieved at 72 °C for 5 min. Then, a melting curve was generated, as mentioned previously for the molecular confirmation of isolates.



Conventional PCR, on a BIO-RAD T100 Thermal Cycler (Bio-Rad, Johannesburg, South Africa) was used to test for the blaTEM resistance gene. Conditions were as follows: an initial activation of 94 °C for 3 min followed by 34 cycles of denaturation (94 °C for 1 min), annealing (55 °C for 1 min), and extension (72 °C for 1 min and 30 s). A final extension was achieved at 72 °C for 7 min [48].



PCR products from conventional PCR were subject to electrophoresis in a 1% agarose gel containing 5 µL ethidium bromide at 100V for 45 min in a 1X Tris-Acetate EDTA (TAE) buffer. A New England Biolabs Quick-LoadTM 1 kb ladder Quick-load (Inqaba Biotechnical Industries (Pty) Ltd., Pretoria, South Africa) was used as the standard. Gels were visualized using the Gel Doc™ XR+ imaging system (Bio-Rad, Johannesburg, South Africa). The product size was 980 bp.




4.7. Determination of Clonality


Representative isolates were selected for the clonality experiment based on antibiotic susceptibility profiles, where isolates from different sources belonging to the same antibiotic susceptibility profile were subjected to ERIC-PCR. A total of 138 isolates were selected from samples across the farm-to-fork continuum, and DNA was extracted using the GeneJET Genomic DNA purification kit (ThermoFisher Scientific, Johanessburg, South Africa) following the manufacturer’s guidelines. The PCR mixture was made up of 12.5 µL of DreamTaq Green PCR Master Mix (2X) (ThermoFisher Scientific, Johanessburg, South Africa), 0.1 µL of each forward and reverse primers (final concentration 1 µM), 3.3 µL of nuclease-free water and 4 µL of template DNA in a final reaction volume of 20 µL. PCR was run on Bio-Rad T100TM Thermal Cycler (Bio-Rad, Johanessburg, South Africa) with the following conditions: initial denaturing at 95 °C for 2 min followed by 34 cycles of denaturation (90 °C for 30 s), annealing (52 °C for 1 min) and extension (65 °C for 8 min) and a final extension of 65 °C for 16 min. PCR products were subjected to electrophoresis in a 1% agarose gel at 75V for 150 min in a 1X Tris-Acetate EDTA (TAE) buffer. A New England Biolabs Quick-LoadTM 1 kb ladder Quick-load (Inqaba Biotechnical Industries (Pty) Ltd., Pretoria, South Africa) was used as the standard. Gels were stained in ethidium bromide solution for 15 min, destained for 10 to 30 min in distilled water, and visualized using a Gel Doc™ XR+ imaging system (Bio-Rad, Johannesburg, South Africa). Captured gel images were analyzed using the BioNumerics software version 6.6 (Applied Maths NV, Sint-Martens-Latem, Belgium). A band tolerance of 10% was used for inputting gel images. Cluster generation used Pearson correlation with a 1% optimization and an unweighted pair group with arithmetic averages (UPGMA) to create a dendrogram. Clusters were determined using a 75% similarity cut-off.



All primer, primer sequences, and controls used for the detection of AGRs and clonality are shown in Table A2 (Appendix A).





5. Conclusions


The present study revealed the abundance of E. coli at all points of the farm-to-fork continuum, with an overall 67.29% non-susceptibility. Multidrug resistance was also recorded at the farm and abattoir. As the only antibiotics used in the studied flock were growth promoters, it is postulated that co-selection of resistance genes and horizontal gene transfer may have contributed to this observed non-susceptibility. Non-susceptible isolates harbored one or more resistance genes, although these genes could not fully explain the overall non-susceptibility observed, suggesting that other factors not investigated in the current study could have also contributed. The clonality analysis through the ERIC-PCR also revealed a high diversity of clones across the farm-to-fork continuum, suggesting that the isolates might have acquired de novo resistance genes or lost some, especially plasmid-borne ones, over time. Nevertheless, the observed non-susceptibility to clinically relevant antibiotics, including those mentioned in the WHO priority list, is an alert to the potential human health hazards associated with poultry and requires adequate attention. It should, however, be noted that the current study only involved a single flock in a single farm, and results should not be over-generalized. Therefore, further studies that consider more flocks from many farms, the farmworkers, the poultry environment (including flies and rodents), and utilizing advanced tools such as whole-genome sequencing, could provide an in-depth understanding of the molecular epidemiology of antibiotic resistance in intensive poultry farming.
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Table A1. Putative and confirmed Escherichia coli across the farm-to-fork continuum.
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	Sample
	Putative E. coli
	Confirmed E. coli





	Week 1
	41
	19



	Week 2
	40
	28



	Week 3
	40
	37



	Week 4
	39
	37



	Week 5
	50
	40



	Truck
	0
	0



	Crate
	20
	19



	Carcass rinsate
	20
	15



	Cecal
	20
	9



	Retail meat
	62
	53



	Wastewater
	13
	9



	Total
	345
	266
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Table A2. Primers and control strains for each of the resistance genes.
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	Target
	Gene
	Primers Sequence 5′–3′
	Control Strain 1
	Reference





	E. coli
	uidA-F

uidA-R
	AAAACGGCAAGAAAAAGCAG ACGCGTGGTTAACAGTCTTGCG
	E. coli ATCC 25922
	[52]



	Resistance genes
	tetA-F tetA-R
	GTAATTCTGAGCACTGTCGC CTGCCTGGACAACATTGCTT
	Klebsiella pneumonia strain GCKP12
	[53]



	
	tetB-F tetB-R
	CTCAGTATTCCAAGCCTTTG ACTCCCCTGAGCTTGAGGGG
	E. coli strain PN091E1Il
	[53]



	
	qnrB-F qnrB-R
	GGAATCGAAATTGGCCACTG TTTGCCGTTCGCCAGTCGAA
	K. pneumonia strain KP224
	[31]



	
	qnrS-F qnrS-R
	CACTTTGATGTCGCAGAT CAACATACCCAGTGCTT
	K. pneumonia strain KP230
	[31]



	
	aac(6)-lb-cr-F aac(6)-lb-cr-R
	GATGCTCTATGGGTGGCTAA GGTCCGTTTGGATCTTGGTGA
	K. pneumonia strain GCKP12
	[31]



	
	sul1-F sul1-R
	CTTCGATGAGAGCCGGCGGC GCAAGGCGGAAACCGCGCC
	C. freundii
	[54]



	
	sul2-F sul2-R
	TCGTCAACATAACCTCGGACAC GTTGCGTTTGATACCGGCAC
	C. freundii
	[54]



	
	sul3-F sul3-R
	GAGCAAGATTTTTGGAATCG CATCTGCAGCTAACCTAGGGCTTTGGA
	C. freundii
	[54]



	
	SHV-F SHV-R
	TTAACTCCCTGTTAGCCA GATTTGCTGATTTCGCCC
	K. pneumoniae

(950117510)
	[55]



	
	CTXM-F CTXM-R
	GGTTAAAAAATCACTGCGTC TTGGTGACGATTTTAGCCGC
	K. pneumoniae (945169659)
	[55]



	
	TEM-F TEM-R
	AAAATTCTTGAAGACG TTACCAATGCTTAATCA
	K. pneumoniae (945169659)
	[55]



	Clonality
	ERIC 1

ERIC 2
	ATGTAAGCTCCTGGGGATTCAC AAGTAAGTGACTGGGGTGAGCG
	E. coli ATCC 25922
	[56]







1 All non-ATCC strains were inhouse strains that were verified by whole-genome sequencing. Accession numbers are given in brackets.
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Figure 1. Quantification of Escherichia coli per sampling point. For the farm samples (Week 1–5), F, feces and L, litter. At the abattoir, CR, carcass rinsate and WC, whole chicken. 
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Figure 2. Percentage non-susceptibility of all isolates to the antibiotics tested. CRO, ceftriaxone; AZM, azithromycin; FOX, cefoxitin; FEP, cefepime; CTX, cefotaxime; AMK, amikacin; GEN, gentamicin; AMC, amoxycillin-clavulanic acid; CIP, ciprofloxacin; LEX, cefalexin; CHL, chloramphenicol; SXT, trimethoprim-sulfamethoxazole; NAL, nalidixic acid; TET, tetracycline; AMP, ampicillin. 
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Figure 3. Percentage non-susceptibility of isolates to selected antibiotics stratified by sample source. AMP, ampicillin; NAL, nalidixic acid; TET, tetracycline; SXT, trimethoprim-sulfamethoxazole; CHL, chloramphenicol. 
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Figure 4. Dendrogram showing the clonal relationship among isolates with antibiotic susceptibility profiles and resistance genes. 
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Table 1. Number of isolates per antibiotic susceptibility profile stratified by source.
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	Antibiotic Susceptibility Profiles
	Farm (n = 170)
	Transport (n = 19)
	Abattoir (n = 77)
	Total (n = 266)





	Susceptible
	50
	9
	28
	87



	AMP
	47
	1
	8
	56



	AZM
	1
	0
	1
	2



	CHL
	1
	1
	0
	2



	CIP
	0
	0
	1
	1



	GEN
	0
	0
	2
	2



	LEX
	2
	0
	2
	4



	NAL
	2
	0
	7
	9



	SXT
	2
	1
	2
	5



	TET
	33
	4
	1
	38



	AMP-AMK
	1
	0
	0
	1



	AMP-CHL
	3
	0
	0
	3



	AMP-LEX
	2
	0
	1
	3



	AMP-NAL
	2
	1
	0
	3



	AMP-SXT
	0
	0
	1
	1



	AMP-TET
	1
	0
	0
	1



	LEX-TET
	1
	0
	0
	1



	NAL-TET
	0
	1
	9
	10



	SXT-CHL
	6
	1
	2
	9



	TET-CHL
	1
	0
	0
	1



	TET-GEN
	1
	0
	0
	1



	TET-SXT
	1
	0
	4
	5



	AMP-LEX-CHL
	1
	0
	0
	1



	AMP-NAL-GEN
	0
	0
	1
	1



	AMP-NAL-TET
	0
	0
	2
	2



	AMP-TET-SXT
	1
	0
	2
	3



	NAL-TET-SXT
	3
	0
	2
	5



	AMP-TET-SXT-CHL
	2
	0
	0
	2



	NAL-CIP-TET-SXT
	0
	0
	1
	1



	AMP-CTX-TET-SXT-CHL
	1
	0
	0
	1



	AMP-LEX-CRO-CTX-CHL
	1
	0
	0
	1



	AMP-AMC-FOX-SXT-CHL-AMK
	1
	0
	0
	1



	AMP-AMC-LEX-FOX-NAL-CIP
	1
	0
	0
	1



	AMP-LEX-CRO-CTX-NAL-TET-CHL
	1
	0
	0
	1







CRO, ceftriaxone; AZM, azithromycin; FOX, cefoxitin; FEP, cefepime; CTX, cefotaxime; AMK, amikacin; GEN, gentamicin; AMC, amoxycillin-clavulanic acid; CIP, ciprofloxacin; LEX, cefalexin; CHL, chloramphenicol; SXT, trimethoprim-sulfamethoxazole; NAL, nalidixic acid; TET, tetracycline; AMP, ampicillin.
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Table 2. Number of positive samples (%) for each of the antibiotic resistance genes stratified by source 1.
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	ARG
	Farm
	Wastewater
	Transport
	Carcass Rinsate
	Cecal
	Retail Meat
	Total





	tetA
	14 (58%)
	4 (80%)
	3 (100%)
	2 (67%)
	5 (100%)
	11 (100%)
	39 (77%)



	tetB
	13 (56%)
	3 (60%)
	2 (67%)
	2 (67%)
	5 (100%)
	11 (100%)
	36 (71%)



	qnrB
	1 (5.6%)
	4 (100%)
	1 (33%)
	1 (17%)
	2 (67%)
	7 (78%)
	16 (37%)



	qnrS
	0 (0%)
	0 (0%)
	0 (0%)
	0 (0%)
	0 (0%)
	0 (0%)
	0 (0%)



	aac(6)-lb-cr
	0 (0%)
	0 (0%)
	0 (0%)
	0 (0%)
	1 (33%)
	0 (0%)
	1 (2%)



	sul1
	7 (64%)
	4 (80%)
	1 (50%)
	1 (50%)
	2 (100%)
	9 (100%)
	24 (80%)



	sul2
	2 (20%)
	4 (80%)
	0 (0%)
	0 (0%)
	1 (50%)
	4 (44%)
	11 (37%)



	sul3
	5 (50%)
	3 (60%)
	1 (50%)
	0 (0%)
	1 (50%)
	6 (67%)
	16 (53%)



	SHV
	8 (62%)
	0 (0%)
	NT
	1 (100%)
	NT
	2 (50%)
	11 (58%)



	CTX-M
	13 (100%)
	1 (100%)
	NT
	1 (100%)
	NT
	4 (100%)
	19 (100%)



	TEM
	0 (0%)
	0 (0%)
	NT
	0 (0%)
	NT
	1 (25%)
	1 (5%)



	Per Sample
	61 (36%)
	23 (58%)
	8 (38%)
	8 (25%)
	17 (68%)
	56 (64%)
	174 (46%)







1 NT, not tested and ARG, antibiotic resistance gene.
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