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Abstract

:

Shiga toxin-producing Escherichia coli (STEC) are zoonotic enteric pathogens linked to human gastroenteritis worldwide. To aid the development of pathogen control efforts, the present study characterized the genotypic diversity and pathogenic potential of STEC recovered from sources near agricultural fields in Northwest Mexico. Samples were collected from irrigation river water and domestic animal feces in farms proximal to agricultural fields and were subjected to enrichment followed by immunomagnetic separation and plating on selective media for the recovery of the STEC isolates. Comparative genomic analyses indicated that the recovered STEC with the clinically relevant serotypes O157:H7, O8:H19, and O113:H21 had virulence genes repertoires associated with host cell adherence, iron uptake and effector protein secretion. Subsequent phenotypic characterization revealed multidrug resistance against aminoglycoside, carbapenem, cephalosporin, fluoroquinolone, penicillin, phenicol, and tetracycline, highlighting the need for improved surveillance on the use of antimicrobials. The present study indicated for the first time that river water in the agricultural Culiacan Valley in Mexico is a relevant key route of transmission for STEC O157 and non-O157 with a virulence potential. In addition, feces from domestic farm animals near surface waterways can act as potential point sources of contamination and transport of diverse STEC with clinically relevant genotypes.
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1. Introduction


The increased consumption of fresh produce in the United States (U.S.) has contributed to a high demand for year-round availability, and import trade agreements have helped increase the supply of products that are out of season [1,2]. To meet this demand for fresh produce, Mexico has become a leading supplier of agricultural products ($43.4 billion USD) to the U.S. [3], supplying over 65% of the total value of U.S. fresh produce imports [4,5,6]. The Culiacan Valley in the state of Sinaloa in Northwest Mexico has become the single most important region for various fresh produce commodities to be exported to the U.S. [4,7,8]. For the growth of horticultural products in the Culiacan Valley, the Culiacan River provides most of the irrigation water and is formed at the City of Culiacan by the junction of the Tamazula and Humaya Rivers flowing from the Sierra Madre Occidental mountains [9]. In addition, irrigation water is provided from reservoirs on the Humaya and Tamazula Rivers. The wide bed near the Culiacan River and at the entrance to the Gulf of California reflects massive floodwaters sometimes occurring during heavy rainy seasons, resulting in areas near the river overflowing frequently with loss of crops.



The consumption of fresh fruits and vegetables has steadily increased due to their health benefits; however, the increase in fresh produce consumption has correlated with a higher incidence of outbreaks associated with foodborne enteric pathogens [2,10,11]. As a leading cause of foodborne illness worldwide, the enteric zoonotic pathogen Shiga-toxin-producing Escherichia coli (STEC) has been linked to outbreaks from foodborne and waterborne sources [12,13,14]. STEC causes severe gastroenteritis, hemorrhagic colitis, and in rare cases, the life-threatening hemolytic uremic syndrome (HUS) in humans, which has been attributed to the production of Shiga toxins (Stx) by these bacterial pathogens [15,16]. In particular, the Stx family has been categorized into two major toxin types, Stx1 and Stx2. To date, Stx1 contains four toxin subtypes (Stx1a, Stx1c–Stx1d), and the Stx2 group consists of a heterogeneous and diverse group of fourteen toxin subtypes (Stx2a–Stx2m, Stx2o) [17,18,19]. Epidemiological studies have suggested that STEC strains harboring genes encoding subtypes stx2a, stx2c or stx2d are associated with enhanced virulence and severe human illness [20,21,22,23]. By contrast, the other subtypes of stx1 and stx2 appear to be associated with mild disease or asymptomatic carriage [17,20,24,25,26,27].



Hundreds of different STEC serotypes have been documented; however, serotype O157:H7 has been the one best characterized and reported due to its strong association with the onset of severe disease symptoms in humans [13,14,15]. Subsequent epidemiological data have demonstrated that other non-O157 serogroups are significantly linked with human illnesses [28,29,30,31,32]. In particular, six non-O157 serogroups, O26, O45, O103, O111, O121, and O145, have been reported to contribute significantly to enteric infections in humans worldwide and have been subjected to monitoring and surveillance by regulatory and public health agencies. Moreover, evidence has indicated STECs of serogroups O8, O91, O104, O113, and O128 have been reported to be significant causes of human infections worldwide, and these findings have highlighted the need to recognize non-O157 STECs as emerging pathogens since they are potentially as virulent as O157:H7 [28,29,30,31,32,33].



Given many STEC strains producing Stx do not always cause severe disease symptoms in humans, this evidence demonstrates that additional virulence determinants other than Stx contribute to the clinical significance of STEC [13,14,28,32,34]. The diverse virulence potential among distinct serotypes has been attributed to genes on genomic pathogenicity islands, such as the locus for enterocyte and effacement (LEE) and the non-LEE regions. In particular, the LEE-encoded eae gene is required for attachment to intestinal epithelial cells, and the type III secretion system effectors, Esc-Esp, are implicated in host colonization and disease. Moreover, disease severity in non-O157 STEC has been attributed to nle effectors not encoded by the LEE region, and these effectors contribute to altering the host cell response and have been linked to a variety of functions including inhibition of host cell phagocytosis, invasion, cytotoxicity, and bacterial attachment by altering the signal transduction pathways in the mammalian host cell. In addition to these pathogenicity islands, a collection of chromosomal and plasmid-borne virulence genes, encoding adhesins (saa, csg, fim), cytotoxins (east, subA, toxB), and proteases (espP), are thought to enable the attachment and colonization of the human epithelium and consequently contribute to STEC pathogenic potential [13,14,34,35,36]. Screening for these virulence genes in zoonotic and environmental STEC isolates would thus enable a better characterization of risk factors that could potentially lead to sporadic and outbreak-related human illness.



Recently, published reports have documented a significant increase in antimicrobial resistance in STEC O157 and non-O157, harboring virulence profiles and causing serious problems in healthcare settings worldwide [37,38,39]. The burden of antimicrobial resistance among bacterial pathogens is considered a major health problem contributing to almost 5 million deaths worldwide and 192 million disability-adjusted life years. Moreover, resistance to fluoroquinolones and β-lactams, antibiotics used as first-line treatment for human infections, was responsible for over 70% of these deaths due to increased resistance to these agents in recent years [37,38,39]. Excessive and inappropriate use of antibiotics in treating humans and use of antibiotics as growth promoters in animal feed has created conditions promoting antimicrobial resistance among bacterial populations [40,41,42,43]. Consequently, bacteria of the same or different species are capable of transferring resistance genes via horizontal or lateral gene transfer, thereby contributing to an increase in the resistance to multiple classes of antimicrobials. While usage of antibiotics as a growth promoter is banned in Mexico, a recent survey revealed continued usage of antibiotics in agricultural settings for treating plant diseases and for promoting animal growth [42,43,44,45]. Although some surveillance studies have examined the prevalence of STEC from animal reservoirs and environmental sources [46,47,48], more information is still needed on the potential key routes of transmission of STEC, harboring virulence and antimicrobial resistance genes near agricultural fields for exporting produce from Northwest Mexico. To better identify sources of pathogenic STEC, the present study examined the virulence and antimicrobial resistance profiles of STEC O157 and non-O157 isolates recovered from animal fecal samples and river water used for irrigation in the agricultural Culiacan Valley region to aid the development of pathogen control efforts in a region important for fresh produce production.




2. Materials and Methods


2.1. Fecal and Environmental Sample Collection


The river water and fecal samples (n = 94) were collected from October to December 2016 and June to August 2017 at different sampling sites in the agricultural Culiacan Valley in the Northwest of Mexico. The three sampling sites, Agua Caliente de los Monzon (site A), Jotagua (site B), and San Pedro de Rosales (site C), were selected to be 17–33 km apart and to represent the study area in the Culiacan Valley (Figure 1). Sites A and B were located in the mountain hillsides with a semi-humid climate. Site C was in close proximity to the urban areas of Navolato and Culiacan municipalities and had a semiarid climate.



The fecal samples were collected from available species of animal present at each sampling site. In detail, each sampling site was visited biweekly from October to December of 2016, and the collected samples were 33% (18/54) from river water (Sites A to C) and 67% (36/54) from animal feces. The animal fecal samples corresponded to 50% (18/36) from cattle feces (Sites A to C), 33% (12/36) from chicken feces (Sites B and C), and 17% (6/36) from sheep feces (Site C). During 2017, each sampling site was visited biweekly in June and once in July and August. The collected samples were 30% (12/40) from river water (Sites A to C) and 70% (28/40) from animal feces. The animal fecal samples corresponded to 43% (12/28) from cattle feces (Sites A to C), 43% (12/28) from chicken feces (Sites A to C), and 14% (4/28) from sheep feces (Site C). Approximately 100 g of fecal samples from asymptomatic cattle and sheep and 30 g of fecal samples from chicken were collected from different areas within each sampling site by using a sterile spatula and gloves; they were placed into labeled sterile plastic bags, as documented in previous studies [46]. River water samples were collected with cotton gauze swabs (“Moore swabs”) by anchoring them in a water source to a monofilament line and retrieving them 3–4 days later [49,50]. All collected samples from the various sampling sites were transported immediately under refrigeration to the Microbiology Laboratory (Autonomous University of Sinaloa, Mexico) and then processed within the next 6 h.




2.2. Recovery of Bacterial Isolates from Environmental Samples


For the recovery of bacterial isolates from animal fecal samples from distinct geographical locations in the agricultural Culiacan Valley, a total of 10 g of animal feces were removed with a sterile spatula and placed in a sterile plastic bag [46]. River water samples collected from “Moore swabs” were also placed in a sterile plastic bag [49,50]. The samples in the sterile plastic bags were homogenized manually for 5 to 10 min, followed by addition of 90 mL of tryptic soy broth (TSB) (Becton Dickinson-Bioxon, Nuevo Leon, Mexico). The enrichment cultures were incubated with constant shaking (200 rpm) for 2 h at 25 °C, then at 42 °C for 8 h to enhance the recovery efficiency of stressed STEC isolates from the environmental samples [49,50]; they were held at 4 °C until the following morning without shaking. A 500 µL sample of the enrichment culture and 500 µL of 1× phosphate-buffered solution (PBS) were incubated with 10 µL of Dynabeads® anti-E. coli O157 magnetic beads (Life Technologies, Grand Island, NY, USA) for 30 min with constant mixing. The magnetic beads were then washed twice with PBS containing 0.05% Tween-20 by using a Dynal BeadRetriever Tube Rack (Life Technologies) and finally resuspended in 100 µL of PBS. A 50 µL sample was plated on CHROMagar™ O157 (CHROMagar, Paris, France). Agar plates were subsequently incubated for 18–24 h at 37 °C. Presumptive colonies were selected based on different colony color on CHROMagar, as in previous studies [49].




2.3. Virulence Factor Identification in the Initial Screening of Presumptive STEC Colonies


A total of 21 presumptive STEC isolates were initially screened by PCR amplification for identifying stx1 and stx2 subtypes [51]. All oligonucleotides for the PCR amplifications were purchased from Eurofins Genomics (Louisville, KY, USA). As a template for the PCR reaction, bacterial cultures of the isolates were grown aerobically in TSB broth (Becton Dickinson-Bioxon) for 24 h with constant shaking (200 rpm) at 37 °C, and genomic DNA was extracted using a Wizard Genomic DNA purification kit (Promega Corporation, Madison, WI, USA). The DNA was assessed by fluorometric measurement using a Qubit 4.0 fluorometer (Invitrogen, Carlsbad, CA, USA). PCR amplifications were performed in a 25 µL reaction mixture, each containing 5 µL of DNA template, 0.5 µM of each primer and 12.5 µL of 2× GoTaq® Green Master Mix (Promega Corporation). The reaction mixtures were placed in a Dyad Peltier Thermal Cycler (Bio-Rad Laboratories, Hercules, CA, USA) using the cycling conditions for each targeted gene [51]. Amplified products were analyzed in 1% agarose gels containing 0.04 µL/mL GelRed Nucleic Acid Stain (Phenix Research, Candler, NC, USA), and DNA sequencing analysis (Elim Biopharmaceuticals, Hayward, CA, USA) was performed to verify the amplicon nucleotide sequence for the targeted gene.




2.4. Antimicrobial Susceptibility Testing


The Kirby–Bauer disk diffusion method was performed to test 13 antimicrobials, representing 10 distinct classes, which are commonly used in Mexico for animal food production and human infection treatments [39,52,53,54,55]. Inoculums from each STEC strains were grown aerobically in 5 mL Mueller–Hinton (MH) broth (Becton Dickinson-Bioxon) and incubated at 37 °C to reach a turbidity equal to a McFarland 0.5 standard, according to guidelines provided by the Clinical and Laboratory Standards Institute (CLSI) [56]. MH agar plates were surface inoculated with each STEC culture using sterile cotton swabs, and antimicrobial paper disks (Becton Dickinson-Bioxon) were placed on surface of inoculated MH agar plates. After incubation at 37 °C for 16–18 h, the diameter of the zone of microbial growth inhibition around the antimicrobial disk was measured in millimeters [55]. As a positive control for the antimicrobial susceptibility tests, the E. coli strain ATCC 25,922 (American Type Culture Collection, Manassas, VA, USA) was employed [55]. The minimum inhibitory concentration (MIC) was then determined according to the interpretive criteria established by CLSI to classify the STEC strains as sensitive, intermediate, or resistant to the tested antimicrobial agent [56].




2.5. Phylogenetic and Multilocus Sequence Typing


Multilocus sequence typing (MLST) was performed as previously described [57]. Amplicons of internal fragments of seven housekeeping genes (adk, fumC, gyrB, icd, mdh, purA, recA) were generated by the specific primers with amplification conditions of: 2 min at 95 °C, 30 cycles of 1 min at 95 °C, 1 min at 54 °C (adk, fumC, icd, purA) or 58 °C (recA) or 60 °C (gyrB, mdh), and 2 min at 72 °C, followed by a final extension of 5 min at 72 °C. Sequences for the primers for each target amplification were previously described [57]. Amplicons were analyzed in 1% agarose gels containing 0.04 µL/mL Gel Red Nucleic Acid Stain (Phenix Research). PCR amplicons were purified by using the MinElute® PCR purification kit (QIAGEN, Valencia, CA, USA), and the DNA concentration was quantified using a NanoDrop® ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). The sequence of the amplicons was determined on both strands by DNA sequencing analysis (Elim Biopharmaceuticals). Allelic profiles and the corresponding sequence types (STs) were assigned using the E. coli MLST database [58]. Concatenated sequence data with a sequence length of 3423 bp of each distinct representative ST were imported into the Mega X package [59]. An evolutionary phylogeny was constructed using the neighbor-joining method [60], and the topology was validated by bootstrapping (1000 replicates). The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) is shown next to the branches [61]. The evolutionary distances were computed using the maximum composite likelihood method [62].




2.6. Whole-Genome Sequencing and Annotation


The concentration and quality of the genomic DNA extracted from the recovered STEC strains was determined by using a NanoDrop ND-1000 spectrophotometer and a Qubit 4 fluorometer (Thermo Fisher Scientific, Waltham, MA USA). The long-read genome sequencing was performed using a MinION device (Oxford Nanopore Technologies, Oxford, UK). The sequencing libraries were prepared using a total of 400 ng per STEC strain using a Rapid Barcoding Sequencing kit SQK-RBK-004 (Oxford Nanopore Technologies), following the manufacturer’s workflow recommendations and procedures (http://community.nanoporetech.com/protocols/rapid-barcoding-sequencing-sqk-rbk004/checklist_example.pdf (accessed on 1 March 2022)). The prepared libraries were subsequently sequenced on FLO-MIN106 (R9.4.1, active pore number ≥1100) flow cells (Oxford Nanopore Technologies) for a total of 48 h. The raw sequencing reads were base-called, trimmed, and demultiplexed with Guppy version 3.4.4 software using the high-accuracy-mode configuration file entitled “dna_r9.4.1_450bps_hac.cfg”, which was installed on a high-performance desktop workstation (Dell Precision 3630, Dell Technologies, Round Rock, TX, USA) using a Linux Ubuntu version 18.04.6 operating system. Subsequently, the error correction and assembly of the sequencing reads were performed with Flye version 2.9 [63] software by using the recommended preset options for sequencing reads obtained with the Oxford Nanopore Technologies sequencing platform, resulting in assembled genomes with a minimum of 20× depth of coverage for subsequent analysis of gene sequence data [64]. To identify STEC serotypes, the resulting contigs were submitted to the SeroTypeFinder version 2.0 server with the Center for Genomic Epidemiology (available at https://cge.food.dtu.dk/ (accessed on 1 July 2022)) [65].



The assembled genomes of the examined STEC stains, harboring the clinically relevant serotypes O8:H19, O113:H21 and O157:H7 [14,30,32,33], were subsequently examined for the presence of genes encoding putative virulence factors by entering them as input into software ABRicate version 1.0.1 [66] by selecting the parameter cutoffs of 90% coverage and 95% nucleotide identity for screening the matches against entries in the Virulence Factor Database version 2021-03-27 [67]. The ABRicate output for each STEC genome was then represented on a clustered heatmap depicting the presence or absence of the virulence gene profiles, and the heatmap was constructed and displayed with a hierarchical clustering of the genomes based on virulence data using the “Clustermap” function in the python package termed seaborn [68]. The ABRicate output led to an additional subsequent analysis of nucleotide sequences related to the type II secretion system [69], the type III secretion system [70,71], the type VI secretion system [72], and nle effectors [73], and the nucleotide sequences were aligned with the contigs of the reference strains E. coli strain EDL-933 (Accession No. NZ_CP008957), Shigella dysenteriae strain 1617 (Accession No. CP006736), and E. coli O127:H6 strain 2348/69 (Accession No. NC_011601) using the progressiveMauve module [74] in Geneious software version 9.1.8 (Biomatters, Auckland, New Zealand). Additionally, the program MacSyFinder version 2.1.2 with the TXSScan model version 1.1.1 [75] was used to search for components and effectors of the type V secretion system [76] using default parameters and a statistical threshold of significance with a maximal E-value of 0.001 for the analysis.




2.7. Statistical Analyses


Statistical analyses were performed by conducting Fisher’s exact test using R Statistical Software (version 4.2.0; R Foundation for Statistical Computing, Vienna, Austria) [77]. Probability values (p-values) lower than 0.05 were considered significant.





3. Results


3.1. Isolation and Initial Characterization of STEC from River Water and Feces of Farm Animals in the Agricultural Culiacan Valley


The Culiacan Valley in Northwest Mexico is an important region of intensive agriculture (130,000 hectares of crops/42,000 km2 of intensive agriculture) of various fresh produce commodities to be exported to the United States, including tomatoes, peppers, and cucumbers [4,7,8]. The water used for irrigation on these agricultural farms in the Culiacan Valley is provided by a series of canals derived from both the Humaya River and Tamazula River, which merge to become the Culiacan River [78]. These three rivers, Humaya, Tamazula, and Culiacan, are the major rivers in the Culiacan Valley supporting agricultural activities [9]. Given that livestock likely co-mingle near agricultural fields and can contribute as potential point sources of contamination and transport, the present study sampled river water as well as feces from domestic farm animals that were in close proximity to surface waterways serving as a source of irrigation water to agricultural fields. Moreover, the fecal samples were from domestic animals in small farms located in rural communities near rivers used for irrigation, and the primary purpose of raising livestock by these small farms is exclusively for local consumption. The objective of the present study was to identify the primary sources of STEC to enable the development of pathogen control efforts to be prioritized and focused strategically on preventing specific populations from loading the agricultural fields for export produce with foodborne pathogens.



As shown in Figure 1, animal fecal and river water samples were recovered from three sampling sites in small communities at Agua Caliente de los Monzón (site A), Jotagua (site B), and San Pedro de Rosales (site C) along the Humaya River, Tamazula River, and Culiacan River, respectively, in the agricultural Culiacan Valley. The recovery and isolation of presumptive STEC colonies were performed by subjecting the environmental samples to an enrichment step (Figure 2). After an overnight incubation, enrichment broths were subjected to immunomagnetic separation with beads conjugated to anti-O157 antibody [46,50], followed by subsequent plating on selective chromogenic agar (Figure 2), a method developed to enable the recovery of a diverse STEC population with distinctive colonies from environmental samples.



Presumptive STEC colonies were recovered from 17% (16/94) of the total of the collected samples after plating on indicator solid media. In particular, presumptive STEC colonies were recovered after the enrichment steps in 17% (5/30) of the river samples and 17% (11/64) of animal fecal samples when examining all three sampling sites. Further analysis of the fecal samples indicated that presumptive STEC colonies were predominantly detected in 30% (9/30) of the cattle fecal samples and in 8% (2/24) of the chicken fecal samples. No positive samples were obtained from sheep fecal samples. When analyzing sampling sites (Figure 1), presumptive STEC colonies were recovered predominantly from Jotagua (site B) with 38% (9/24) prevalence, followed by Agua Caliente (site A) and San Pedro (site C), each with a prevalence of 10% for Agua Caliente (3/30) and San Pedro (4/40).



The plating of the selected enrichment broths on the chromogenic and selective solid media resulted in the recovery of 21 presumptive STEC with diverse colony color morphology (Table 1). Most recovered STEC colonies from all sampling sites and sources were 43% (9/21) mauve, while 29% (6/21) of colonies were blue, 24% (5/21) were pink, and 9.5% (2/21) were pink with a blue center (Figure 2). Although the recovery of presumptive STEC isolates from chicken feces predominantly resulted in blue colonies on the selective chromogenic agar, there was no statistically significant correlation between the characteristics of the presumptive colonies and the sampling source for the recovered isolates in the present study.



To conduct a preliminary categorization, the presumptive STEC isolates were initially examined for the presence of wxz or wxy genes in the O-antigen gene clusters of common serogroups as well as the flagellin antigen fliC genes. Among the non-O157 isolates, the clinically relevant serotype O8:H19 was detected in 43% (9/21) of the presumptive STEC isolates and was the most predominant among the isolates recovered from cattle (Table 1). A less prevalent detection of isolates harboring serotype O113:H21 was also identified, corresponding to 14% (3/21) of the isolates, and chicken feces were found to be the main source of serotype O113:H19. The present study also identified other non-O157 STEC serogroups, O17 and O185, not previously implicated in human illness [33]. Moreover, only 9.5% (2/21) of the recovered isolates were serotype O157:H7 (Table 1), which has been commonly associated with the development of severe human illness [14,15,79], and river water represented the predominant source of this serotype.



To determine the presence of the key virulence factors in STEC, the Shiga toxin subtypes, including the stx1 subtypes (stx1a, stx1c, stx1d) and stx2 subtypes (stx2a − stx2g), were screened in the recovered isolates (Table 1). Interestingly, the results indicated a high prevalence of the stx1a subtype in 91% (19/22) of the isolates from all sources. Moreover, 69% (9/13) of the cattle STEC isolates were found to harbor the clinically relevant stx2a subtype, while none of the chicken or water isolates were positive for stx2a, indicating a statistically significant correlation between toxin subtype and source (Fisher’s exact test, p-value = 0.0017). The stx2a subtype was not identified in any STEC isolate recovered from river water or chicken fecal samples. By contrast, the STEC strains recovered from river water and animal feces samples in the Culiacan Valley were PCR-negative for the stx subtypes stx1c, stx1d, stx2b, stx2e, stx2f, or stx2g.




3.2. Profiles of Antimicrobial Resistance in the Recovered STEC Isolates


Previous findings have demonstrated that the inappropriate use of antibiotics in the public, private, and agricultural sectors in Mexico has contributed to antimicrobial resistance among enteric bacterial pathogens [39,40,42,80]. Furthermore, surveillance studies in Mexico have provided evidence for an apparent increase in antimicrobial resistance of pathogenic E. coli over the recent years [48,52,55,80]. In the present study, a total of 13 antibacterial agents belonging to various antimicrobial classes (Table S1 in the Supplementary Materials) were selected since these agents are commonly used in Mexico and have been linked to emerging antimicrobial resistance among bacterial pathogens, which are responsible for human illnesses and death [39,52,53,54,55]. Antimicrobial resistance was examined in the recovered STEC isolates by employing the disk diffusion method, a phenotypic method that would enable the relatively unbiased assessment of both the resistance and susceptibility against the tested antimicrobials [81,82]. All of the examined STEC isolates showed susceptibility to two antimicrobials, amoxicillin–clavulanic acid (AMC) and colistin (CST), and the vast majority of the tested STEC strains [95% (20/21)] showed susceptibility to the following antimicrobials: amikacin (AMK), chloramphenicol (CHL), imipenem (IPM), nalidixic acid (NAL), and trimethoprim–sulfamethoxazole (SXT) (Table 2 and Table S2 in the Supplementary Materials). Susceptibility to all tested antimicrobials was observed in the non-O157 isolates BAAL1103 and BAAL1120, recovered from river water and BAAL1112 and BAAL1114, recovered from cattle feces (Table S2).



Further analysis of antimicrobial non-susceptibility, representing intermediate and resistant categories [55], was observed when testing six antimicrobials: ampicillin (AMP), cephalothin (CEF), ciprofloxacin (CIP), gentamicin (GEN), kanamycin (KAN), and tetracycline (TET). In particular, the results indicated that 14% (3/21) of the STEC isolates were non-susceptible to either AMP or GEN, while an increased percentage, 24% (5/21) of the isolates were susceptible to TET (Table S2). Interestingly, the highest proportion, 33% (7/21) of the O157 and non-O157 STEC isolates, was found to display non-susceptibility to CEF or KAN (Table S2), antimicrobials belonging to agent classes most prescribed in Mexico [48]. To better characterize multidrug resistance profiles to classes of antimicrobials also commonly used in Mexico, such as aminoglycosides, tetracyclines, cephalosporins, and penicillins [52,53,54,55], statistical analyses were conducted to determine a significant correlation between antimicrobial resistance and either location or source. In the present study, the results indicated that a significant correlation was found between STEC O113:H21 isolates BAAL1005 and BAAL1006, recovered from chicken feces, and resistance to at least one of the tested antimicrobials, AMK, GEN, or KAN, belonging to the aminoglycoside antimicrobial category (Fisher’s exact test, p-value = 0.013) (Table 2). Moreover, the analysis revealed the chicken O113:H21 isolate BAAL1106, the O8:NT isolate BAAL1108, and the O8:H33 isolate BAAL1119 from cattle were found to also display multidrug resistance, indicating non-susceptibility to more than three agents in different classes [55,83]. Interestingly, the cattle isolate BAAL1119 showed multidrug resistance to five different classes of antimicrobials (Table 2), and these findings highlight the need for surveillance of the antimicrobial resistance patterns in foodborne pathogens in a major agricultural region for fresh produce.




3.3. Genetic Relatedness of the Recovered STEC Isolates


To characterize the genetic relatedness among the recovered isolates, MLST was performed to enable a better discrimination among the recovered isolates. To further examine the relationships among the detected STs, the amplified sequences of the housekeeping genes (see Section 2) were concatenated to generate a phylogenetic tree (Figure 3). The results indicated the recovered STEC isolates were classified into nine different STs (Table 1). The MLST analysis revealed that ST-2385 was identified in 43% (9/21) of the recovered STEC isolates, predominantly with serotype O8:H19 (Figure 3), and among those isolates belonging to ST-2385, 78% (7/9) of the isolates were recovered at the Jotagua sampling site. Previous reports and information in the public databases [58] documented that strains belonging to ST-2385 were previously recovered from different sample types, including cattle/manure, irrigation ditch water, river water, and fresh produce [58,84].



Interestingly, ST-233 was the next most common ST detected among the recovered STEC O113:H21 isolates and was found to be significantly correlated with chicken isolates from the Jotagua sampling site (Fisher’s exact test, p-value = 0.0006). Moreover, ST-747 was only detected in cattle O17:H45 isolates from the Agua Caliente sampling site and was previously identified in STEC isolates recovered from various leafy greens in the U.S. including spinach, spring mix, and kale [58]. ST-11 was only identified in O157:H7 STEC isolates BAAL1002 and BAAL1004 recovered from river water in the Jotagua sampling site. Previous reports documented ST-11 as a very common ST with over 14,000 entries in public databases, including over 1700 O157:H7 strains [58]. In the present study, ST-11 was only identified in stx2c-positive isolates belonging to serotype O157:H7; however, a significant correlation between ST and virulence profile was not identified among the isolates recovered. Further analysis of branch lengths on the phylogenetic tree indicated isolates with ST-747, ST-6475, and ST-3910 were genetically similar with less than a 0.5% nucleotide difference between them. By contrast, ST-747, ST-6475, and ST-3910, identified in the isolates recovered from Agua Caliente and San Pedro sampling locations, had an almost 2.0% difference to other STs, identified in the isolates recovered from Jotagua (Figure 3).




3.4. Comparative Virulence Profiling of STEC Isolates with Clinically Relevant Serotypes


To conduct more comprehensive analyses of the virulence potential of STEC harboring serotypes O157:H7, O8:H19, and O113:H21 with clinical relevance [14,30,32,33], the present study employed the use of high-resolution sequencing to further characterize the virulence profiles of the examined isolates. As shown in Figure 4, the analysis of the genomic content in all of the examined isolates with clinically relevant serotypes revealed the presence of genes implicated in adhesion (csg, ecpE, fde, fimA, ykgK), invasion (ibe, ompA) and iron uptake (ent, fep, fes). The analysis also revealed that the mandatory effectors of the type V (yadA, pfam03797) and VI (hcp, tss, vgrG) secretion systems were identified in all of the examined STEC isolates with clinically relevant serotypes (Figure 4).



Further analysis revealed that the virulence gene profile of the O157:H7 strains differed significantly when compared to the O8:H19 and O113:H21 isolates (Figure 4). In particular, a statistically significant association was observed in the O157:H7 river isolates when examining the presence of the adherence factors, eae and paa genes, as well as the invasion factor, aslA (Fisher’s exact test, p-value = 0.022), adhesins critical for host colonization [13,28,35]. Additionally, the chu operon, encoding for components of the heme utilization system and (along with the katP and stcE genes) encoding proteases [13,36], was significantly correlated with the O157:H7 strains (Fisher’s exact test, p-value = 0.022). Furthermore, numerous genes related to the type III secretion system were exclusively identified in the river O157:H7 strains including the ces genes, encoding chaperones, the esc genes involved in structural components of the secretion system, and the esp genes coding for effector proteins of the type III secretion system [36,70]. The translocated intimin receptor gene tir and the nle genes (Figure 4), as non-LEE effector genes present in the pathogenicity islands of OI-122 and OI-71 [28,73], were also observed to have a significant association (Fisher’s exact test, p-value = 0.022). Virulence factors statistically correlated with the O8:H19 and O113:H21 strains include the cfaA gene, the colonization factor antigen I, which is a well-characterized fimbrial structure implicated in adherence to receptors on human intestinal epithelial cells and with a role in promoting long-term survival in water [85]. Additionally, type II secretion system effectors, gspC–gspL genes forming a general secretion pathway type 2 (Fisher’s Exact Test, p-value = 0.022), were also identified. Finally, enterohemolysin ehxA has been frequently associated with diarrheal symptoms and hemolytic uremic syndrome [86] and was detected in the O113:H21 and most of the O8:H19 isolates examined in the virulence profiling analyses.



Interestingly, the chicken O113:H21 and the river O157:H7 STEC isolates were found only to harbor the astA gene, encoding the enteroaggregative E. coli heat-stable enterotoxin 1 (EAST1) with a potential virulence role, leading to diarrheal disease in humans [87,88]. Although the EAST-1 toxin was originally identified in a subset of enteroaggregative E. coli, additional reports showed that the astA gene was present in other pathotypes of E. coli and bacterial species, indicating that this virulence determinant may be prevalent among enteric bacterial pathogens. Moreover, relevant virulence determinants were exclusively detected in the cattle O8:H19 strains, such as the autoagglutinating adhesion gene saa and the subtilase toxin subunit gene subA. Saa, a plasmid-encoded adhesin, was shown to be involved in the attachment of STEC to eukaryotic cells [35,89]. The subA gene encodes the catalytic subunit A of the toxin, belonging to the family of AB5 toxins, and the internalization of the SubA subunit into the epithelial target cells leads to cell death (apoptosis) in eukaryotic cells [90,91]. Both virulence markers, saa and subA, were originally identified in STEC O113:H21 and were negative for the LEE region [32]. By contrast, the present study only identified saa and subA in serotype O8:H19 isolates, and these results were in agreement with the virulence profile of STEC O8:H19 from an earlier survey [51], potentially indicating a prevalent genotype for isolates with the O8:H19 serotype in this agricultural region in the Northwest of Mexico. In summary, the comparative genomic analyses conducted in the present study indicated that the recovered STEC with the clinically relevant serotypes O157:H7, O8:H19, and O113:H21 had virulence gene repertoires associated with host cell adherence, iron uptake, and effector protein secretion.





4. Discussion


The findings from the present study revealed the presence of diverse STEC recovered from animal feces and agricultural river water within a major agricultural region for export produce. The identification of a high prevalence of positive samples from cattle feces collected at various sites in the Culiacan Valley is consistent with the fact that cattle is a primary animal reservoir for STEC. The colonization of cattle by STEC is typically asymptomatic; however, the levels of colonization can vary significantly among cattle since some animals can have high levels of STEC carriage (“supershedders”) in their gastrointestinal tract for lengthy time periods [14,34]. Interestingly, the present study detected presumptive STEC in the fecal samples from chickens collected at small farms in rural communities in the Culiacan Valley. Although reports have documented isolates of STEC strains previously identified from some retail chicken products and chicken farms in rural communities [92], chickens are not generally considered a prominent animal reservoir for STEC [14,34]. However, animal inoculation experiments have shown that STEC O157 can colonize chickens, and STEC can be shed in chicken feces for up to a year [93]. Although ovine ruminants are considered significant reservoirs of STEC in certain geographical locations such as Australia, New Zealand and Brazil [12,14,94], the present study did not detect any positive samples from sheep fecal samples collected at the small rural farms in Northwestern Mexico. One possible explanation for the lack of STEC detection in sheep in the current survey may be due to a heterogenous STEC distribution in fecal matter as well as greater environmental exposure after excretion, previously shown to contribute to some bacterial decay and an underestimation of the actual STEC prevalence [94]. The results obtained in the present study highlighted that both chickens and cattle could serve as relevant animal reservoirs and should be considered as significant risk factors for STEC in these small rural farms in Northwestern Mexico.



The research findings from the present study demonstrated the recovery of STEC strains with clinically relevant serotypes, O8:H19, O113:H21, and O157:H7, indicating evidence with implications for public health since these relevant serotypes have been previously implicated in disease outbreaks and severe symptoms in humans, such as hemorrhagic colitis and HUS [32,33,95]. In addition, the detection of stx1 and stx2 subtypes demonstrated the presence of important pathogenicity determinants among the recovered STEC isolates from river water and domestic animals. Based on research findings obtained with cultured mammalian cells, the functional activity of the different stx1 and stx2 subtypes has been associated with various levels of virulence [51,96,97]. In particular, the present study identified the stx1a subtype to be highly prevalent among the recovered isolates from all sources. Previous reports have demonstrated that STEC strains expressing Stx1a can potentially result in the development of HUS [17,98,99,100,101]. Furthermore, the stx2 subtyping assays conducted in the present study also identified the subtypes stx2a, stx2c and stx2d, which have been previously linked to severe human illnesses such as bloody diarrhea and HUS [17,98,99,100,101]. The stx subtyping results obtained in the present study indicated that the STEC isolates recovered in the agricultural Culiacan Valley harbored relevant pathogenicity determinants that could potentially lead to the development of severe human illness with significant clinical consequences.



This study also identified effectors associated with the adherence, invasion and colonization of the target host cell, iron uptake, and effector protein secretion. Among the identified virulence determinants, Csg, the curli fimbriae, and the outer membrane protein A, OmpA, have been well characterized in STEC. In particular, curli has been well characterized in pathogenic E. coli and Salmonella enterica and has a role in biofilm formation as well as attachment to the extracellular matrix to enable the successful colonization of the mammalian host cells [102,103]. Recent studies in enterohemorrhagic E. coli have demonstrated OmpA to play an important role in the regulation of multiple pathogenic phenotypes, including attachment on distinct surfaces, biofilm formation, motility, and colonization and invasion of mammalian host cells [104]. Moreover, the presence of the siderophore enterobactin and ferric transport genes highlighted that the examined STEC isolates harbored the determinants for acquisition of iron, an essential nutrient for bacteria growth and increased virulence potential in enteric pathogens [105].



The identification of mandatory effectors of the type V and type VI secretion systems indicated the presence of secretion machineries, which are characteristic virulence pathways required for cell–cell interactions through the adhesion to receptors on the target cell surface, for mediating bacterial competition, and for enabling bacterial colonization and survival by nutrient acquisition [72,76]. Given that these STEC O157:H7 from river water were shown to harbor type III secretion system effectors located on the enterocyte effacement pathogenicity island [36,70,71], these findings indicated these STEC isolates could form attaching and -effacing (A/E) lesions on intestinal mucosa, an essential characteristic of pathogenesis. The detection of the gsp operon as part of the type 2 secretion pathway revealed the encoding of toxins, which includes the heat-labile enterotoxin and a range of hydrolytic enzymes, including proteases, lipases, and carbohydrate-active enzymes, that are translocated across the outer membrane in enteric bacterial pathogens [69].



Moreover, the present study documented multidrug resistance against aminoglycoside, carbapenem, cephalosporin, fluoroquinolone, penicillin, phenicol, and tetracycline among the STEC isolates recovered from domestic animal fecal samples. The observed multidrug resistance to critical agents among the STEC isolates reported in the present study is a matter of serious concern due to the major impact on public health. In particular, the disease outcomes in patients potentially infected with STEC displaying multidrug resistance would be expected to be worse when compared to patients with bacterial infections that are more susceptible to antimicrobials [106]. Additionally, infections with multidrug-resistant bacteria would consequently have much higher medical costs [106], presenting a challenge to the development of effective strategies for both empiric and definitive therapies. Although some antimicrobials (sulfonamides, quinolones and fluoroquinolones) were previously shown to induce Stx production and subsequently encourage the onset of severe disease symptoms, other agents, including macrolides, tetracyclines, aminoglycosides, fosfomycins, ansamycins and cephems, were effective in treating and combating STEC infections when administered early because they failed to induce Stx production [107]. In the present study, multidrug-resistant strains were also found to have non-susceptibility to tetracyclines and aminoglycosides, agents widely used in agriculture at the global level [43], and indicated the necessity of controlling the use of these agents in agricultural settings to prevent the development of resistance among bacterial pathogens.



The analysis of antimicrobial non-susceptibilities to CEF or KAN among the STEC isolates in this study were found to be in agreement with a previous survey, which identified zoonotic STEC in the agricultural Culiacan Valley with 20–30% intermediate and resistant profiles for the antimicrobials KAN or CEF [55]. Based on these observations, the findings obtained in the present study provided compelling evidence in support of the prevalent antimicrobial resistance among STEC isolates to both antimicrobials CEF and KAN in this major produce production region in Mexico. Due to their potency and effectiveness, CEF and KAN continue to be widely prescribed by physicians for use in clinical settings and for veterinarian applications [43,108]. This continued use of CEF and KAN has resulted in a major public health threat due to antibiotic pollution as detected from sampling of various environmental sources, such as surface and ground waters, soil sediment, and animal and plant production sites [43,108]. The environment is thus considered a relevant reservoir of antimicrobial-resistant bacteria. Strains, either from the same species or different species, are capable of transferring resistance determinants via horizontal gene transfer or lateral gene transfer, and this transmission would thus lead to the distribution of and increase in resistance to multiple classes of agents among bacterial populations [37,39,43,108]. In summary, the findings from this study highlighted the imperative need for judicious use as well as for improved surveillance and monitoring programs of the use of antimicrobials for treating human infections and for animal production.



Although previous findings revealed that rural farms in the agricultural Culiacan Valley region could be considered as potential sources of STEC strains [46], the present study documented for the first time that irrigation water in the agricultural Culiacan Valley in Mexico could act as a potential key route of transmission for STEC O157 and non-O157, harboring relevant virulence and antimicrobial resistance genes. In addition, the sampling of animal feces from small rural farms in the present study at strategic locations in the agricultural Culiacan Valley provided supporting evidence that the presence of livestock at sites upstream continued to be potential point sources of contamination since STEC with the clinically relevant serotypes, O157:H7, O8:H19, and O113:H21, were still predominantly recovered, in agreement with previous observations [44]. The results from the present study emphasize the necessity of routine monitoring in this produce production region due to the potential subsequent transport of pathogenic STEC into holding ponds, other conveyances, and eventually into agricultural fields [46,49,50,109]. Future studies will aim to expand the identification of additional point sources of STEC contamination and transport near agricultural fields. This fundamental information will facilitate outreach to growers, processors, and the livestock community about sources of STEC contamination and strategies to improve water quality and implement science-based strategies to prevent any potential on-farm contamination of fresh produce in the agricultural Culiacan Valley in the Northwest of Mexico.
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Figure 1. Sampling sites of STEC strains O157:H7 and non-O157 isolated from river water and animal feces. Enrichment broths were prepared in tryptic soy broth by adding 10–25 g of fecal samples from cattle, chicken, and sheep or from irrigation river water using Moore swabs, collected at sampling sites Agua Caliente de los Monzón (site A), Jotagua (site B), and San Pedro de Rosales (site C) along the Humaya River, Tamazula River, and Culiacan River, respectively, in the agricultural Culiacan Valley in Northwest Mexico. 
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Figure 2. Culture and isolation methods for efficient STEC recovery. The recovery method for the recovery of STEC isolates from fecal and water samples consisted of an initial enrichment step to resuscitate stressed or injured cells followed by immunomagnetic separation prior to plating on various selective chromogenic media, resulting in the isolation of STEC colonies with a distinctive color morphology. 
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Figure 3. Phylogenetic tree of sequence types (STs) identified in the recovered STEC isolates. The phylogenetic tree was generated with the neighbor-joining method [60], and the evolutionary distances were computed using the maximum composite likelihood method [62]. STs of isolates recovered from river irrigation water and domestic animal fecal samples are shown in different colors. Bootstrap values, shown at internal notes, were generated from 10,000 replications. The scale bar corresponds to 0.5 nucleotide substitutions per 100 nucleotides. 
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Figure 4. Virulence determinants in the STEC isolates with the clinically relevant serotypes O157:H7, O8:H19, and O113:H21. A clustered heatmap indicating the presence (blue) or absence (white) of virulence genes in the selected STEC isolates (Table 1) was constructed with a hierarchical clustering of the data based on input from the Virulence Factor Database [67] version 2021-03-27, with the “Clustermap” function in the Python version 3.10 software and the Seaborn package, version 0.12.0 [68]. The scale bar for the hierarchical clustering of the heatmap corresponds to the number of differences between the examined virulence determinants. 
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Table 1. Bacterial isolates examined in this study and their corresponding multilocus sequence typing (MLST) and Shiga toxin subtypes.
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Strain

NAME

	
Sample

NAME

	
Serotype 1

	
Source

	
Site

	
ST 2

	
MLST Allele Number

	
Shiga Toxin Subtype




	
adk

	
fum

	
gyrB

	
icd

	
mdh

	
purA

	
recA






	
BAAL1102

	
Ba05

	
O157:H7

	
River water

	
Jotagua

	
11

	
12

	
12

	
8

	
12

	
15

	
2

	
2

	
stx2c




	
BAAL1103

	
Ba05

	
O8:H19

	
River water

	
Jotagua

	
2385

	
6

	
359

	
5

	
1

	
9

	
8

	
6

	
stx1a, stx2d




	
BAAL1104

	
Ba06

	
O157:H7

	
River water

	
Jotagua

	
11

	
12

	
12

	
8

	
12

	
15

	
2

	
2

	
stx2c




	
BAAL1105

	
Bp01

	
O113:H21

	
Chicken feces

	
Jotagua

	
223

	
6

	
4

	
4

	
18

	
24

	
8

	
14

	
stx1a, stx2d




	
BAAL1106

	
Bp01

	
O113:H21

	
Chicken feces

	
Jotagua

	
223

	
6

	
4

	
4

	
18

	
24

	
8

	
14

	
stx1a




	
BAAL1107

	
Bp04

	
O113:H21

	
Chicken feces

	
Jotagua

	
223

	
6

	
4

	
4

	
18

	
24

	
8

	
14

	
stx1a




	
BAAL1108

	
Bv01

	
O185:NT

	
Cattle feces

	
Jotagua

	
48

	
6

	
11

	
4

	
8

	
8

	
8

	
2

	
stx1a




	
BAAL1110

	
Bv02

	
O8:H19

	
Cattle feces

	
Jotagua

	
2385

	
6

	
359

	
5

	
1

	
9

	
8

	
6

	
stx1a, stx2a




	
BAAL1111

	
Bv02

	
O8:H19

	
Cattle feces

	
Jotagua

	
2385

	
6

	
359

	
5

	
1

	
9

	
8

	
6

	
stx1a, stx2a




	
BAAL1112

	
Bv03

	
O8:H19

	
Cattle feces

	
Jotagua

	
2385

	
6

	
359

	
5

	
1

	
9

	
8

	
6

	
stx1a, stx2a, stx2d




	
BAAL1113

	
Bv03

	
O8:H19

	
Cattle feces

	
Jotagua

	
2385

	
6

	
359

	
5

	
1

	
9

	
8

	
6

	
stx1a, stx2d




	
BAAL1114

	
Bv04

	
O17:H45

	
Cattle feces

	
Jotagua

	
2385

	
6

	
359

	
5

	
1

	
9

	
8

	
6

	
stx1a, stx2a, stx2d




	
BAAL1115

	
Bv04

	
O8:H19

	
Cattle feces

	
Jotagua

	
2385

	
6

	
359

	
5

	
1

	
9

	
8

	
6

	
stx1a, stx2a, stx2d




	
BAAL1116

	
Av04

	
O17:H45

	
Cattle feces

	
Agua Caliente

	
747

	
52

	
54

	
46

	
48

	
35

	
40

	
38

	
stx1a, stx2a




	
BAAL1117

	
Av04

	
O17:H45

	
Cattle feces

	
Agua Caliente

	
747

	
52

	
54

	
46

	
48

	
35

	
40

	
38

	
stx1a, stx2a




	
BAAL1119

	
Av06

	
O8:H33

	
Cattle feces

	
Agua Caliente

	
3910

	
52

	
403

	
76

	
324

	
35

	
40

	
278

	
stx1a




	
BAAL1120

	
Ca02

	
ONT:H30

	
River water

	
San Pedro

	
8577

	
8

	
7

	
728

	
220

	
8

	
8

	
2

	
stx1a




	
BAAL1121

	
Ca04

	
O185:NT

	
River water

	
San Pedro

	
1146

	
6

	
29

	
4

	
1

	
24

	
8

	
7

	
stx1a




	
BAAL1122

	
Cv02

	
O17:H45

	
Cattle feces

	
San Pedro

	
6475

	
52

	
859

	
46

	
48

	
35

	
8

	
38

	
stx1a, stx2a




	
BAAL1123

	
Cv02

	
O8:H19

	
Cattle feces

	
San Pedro

	
2385

	
6

	
359

	
5

	
1

	
9

	
8

	
6

	
stx1a, stx2c




	
BAAL1124

	
Cv03

	
O8:H19

	
Cattle feces

	
San Pedro

	
2385

	
6

	
359

	
5

	
1

	
9

	
8

	
6

	
stx1a, stx2a, stx2c, stx2d








1 NT, H-antigen non-typeable; ONT, O-antigen non-typeable. 2 ST refers to sequence type, as determined by multilocus sequence typing (MLST) analysis [58].













 





Table 2. Antimicrobial non-susceptible profiles identified in the STEC isolates from different sampling sources and sites.
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	Strain Name
	Sources
	Site
	Antimicrobial Profile 1





	BAAL1122
	Cattle feces
	San Pedro
	AMP



	BAAL1116
	Cattle feces
	Agua Caliente
	KAN



	BAAL1113
	Cattle feces
	Jotagua
	KAN



	BAAL1110, BAAL1111
	Cattle feces
	Jotagua
	CEF



	BAAL1102
	River water
	Jotagua
	CEF



	BAAL1107
	Chicken feces
	Jotagua
	GEN



	BAAL1123
	Cattle feces
	San Pedro
	TET



	BAAL1104
	River water
	Jotagua
	AMP, SXT



	BAAL1117
	Cattle feces
	Agua Caliente
	CEF, KAN



	BAAL1124
	Cattle feces
	San Pedro
	CEF, TET



	BAAL1115
	Cattle feces
	Jotagua
	KAN, TET



	BAAL1105
	Chicken feces
	Jotagua
	AMK, CIP, GEN



	BAAL1121
	River water
	San Pedro
	CEF, GEN, KAN



	BAAL1106
	Chicken feces
	Jotagua
	CIP, IPM, KAN



	BAAL1108
	Cattle feces
	Jotagua
	CIP, NAL, TET



	BAAL1119
	Cattle feces
	Agua Caliente
	AMP, CEF, CHL, KAN, TET







1 The antimicrobial non-susceptible profiles include intermediate and resistant categories, according to CLSI guidelines [56]. The abbreviations for the antimicrobials are as follows: AMK, amikacin; AMP, ampicillin; CEF, cephalothin; CHL, chloramphenicol; CIP, ciprofloxacin; GEN, gentamicin; IPM, imipenem; KAN, kanamycin; NAL, nalidixic acid; SXT, trimethoprim–sulfamethoxazole; TET, tetracycline.
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