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The occurrence and antibiogram profiles of Listeria monocytogenes in environmental waters in the Eastern Cape Province, South Africa, were investigated. Seventy-eight samples from rivers, wastewater, and irrigation water were collected at different geographical locations within the province from February to September 2019. The procedure of the International Organization for Standardization EN ISO 11290:2017 part 1 and 2 was adopted for the isolation of Lm. The counts of presumptive Lm ranged from 2.0 × 103 CFU/100 ml to 3.6 × 105 CFU/100 ml. About 39.74% of the samples were positive for Lm, and the isolates were confirmed as serotype 1/2a (78.95%) and serotype 4b (21.05%). About 68.42% of the isolates demonstrated biofilm-forming potentials. Ten virulence determinants including the plcA, inlA, and inlB were detected in all the isolates; however, inlC (85.97%), inlJ (80.70%), actA (59.65%), prfA (92.98%), plcB (89.47%), hly (80.70%), and mpl (73.68%) were less prevalent. The antibiogram profiles of confirmed Lm isolates revealed high susceptibilities (>50%) to all antibiotics ranging from 52.63% (cefotetan) to 100% (ampicillin) except for sulfamethoxazole (35.09%), erythromycin (26.32%), streptomycin (38.60%), oxytetracycline (45.61%), and amoxicillin (49.12%). Conversely, high resistance rates against sulfamethoxazole (63.16%), oxytetracycline (54.39%), and amoxicillin (50.88%) were observed. Isolates exhibited 52 resistance patterns against 22 antibiotics tested ranging from 1 to 15 antibiotics, and 82.46% showed multidrug-resistance phenotypes against the antibiotics. The antibiotic resistance index (ARI) of river water (0.18) was less than the permissible (0.2) Krumperman threshold, whereas that of irrigation and wastewater were higher than the Krumperman threshold. The multiple/antibiotic resistance index ((M)ARI) of each of the isolates ranged from 0.05–0.68. Resistance determinants (21) encoding resistance against sulphonamides, β-lactamase, phenicols, aminoglycosides, and tetracyclines were detected among the phenotypically resistant Lm isolates investigated which justifies the phenotypic resistance observed in this study. The abundance of resistance determinants in Lm recovered from environmental waters in this study suggests that the aquatic environments may serve as a channel for the dissemination of antimicrobial-resistant Lm to other niches including the food chain.
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INTRODUCTION
The cost of managing infectious diseases is gradually rising as more life-threatening diseases than ever encountered are emerging (Ho and Hendi, 2018). This could be attributed to the exponential increase and ascendancy of antibiotic-resistant bacteria/antibiotic resistance genes (ARB/ARGs) due to the residual impact of antimicrobial agents in the environment (Zhang et al., 2009; Titilawo et al., 2015; Wang et al., 2019). This menace might obliterate humans’ successes in antibiotics discovery and advancements. Although ARB/ARGs predate antibiotics, the unrestricted spread is primarily dependent on the indiscriminate use of antibiotics in humans and animal husbandry (Titilawo et al., 2015). Consequently, ARB/ARGs could impair the efficacy of antibiotics currently used in alleviating microbial infections (Titilawo et al., 2015). Thus, this scenario if not addressed could lead to serious health concerns and the future emergence of superbugs in the environment including the aquatic ecosystem.
Natural water sources are essential resources endowed by nature for biological and human activities including domestic, industrial, recreational, and agricultural purposes (Chigor et al., 2013; Hassan Omer, 2020). However, anthropogenic impacts have immensely impaired their quality and immeasurably contributed to the abundance of pathogenic microbial species in the aquatic milieu (Chigor et al., 2013). As such, contaminated water was identified as one of the prominent reservoirs of pathogenic microbes commonly responsible for about 4 billion diarrhea cases, about 2.2 million deaths in most developing nations, and contributing about 90% of the global disease burden (Ahmed et al., 2020). Despite that ensuring proper sanitation and equal universal access to safe water remains one of the cardinal agendas of the United Nations Sustainable Development Goals (SDGs) (Ait-Kadi, 2016), yet water bodies are still under threats of constant pollution. The World Health Organization identified that a wide range of health-related challenges including gastroenteritis, dermal infections, microbial waterborne infections, and toxic metal–related infections could be attributed to direct or indirect human exposure to contaminated water (Sweileh et al., 2016). Waterborne diseases (infections and intoxications) are often acquired through the consumption of contaminated water; direct person-to-person and fecal-oral contamination could also play significant roles in transmission (Ahmed et al., 2020). More worrisome is the increasing spread of ARB/ARGs in environmental waters (including sewage, wastewater from animal husbandry, hospital effluents, and not limited to the wastewater treatment plant (WWTTP)). These sources may serve as a channel for dissemination of ARB/ARGs to other aquatic ecosystems including streams, lakes, rivers, ponds, or leached into the soil (Zhang et al., 2009; Titilawo et al., 2015). ARB/ARGs could be transmitted to humans via the food chain or in drinking water sources considering that clinical resistance has been linked to various environmental resistant bacteria (Zhang et al., 2009).
Several antibiotic resistance determinants have been identified among microbial communities in water. The detection of tetracycline resistance genes among microorganisms isolated from water (Jacobs and Chenia, 2007; Rahman et al., 2008; Titilawo et al., 2015) and sulphonamide ARGs was reported (Pei et al., 2006; Titilawo et al., 2015). Also, various types of resistance genes including aac (Lee et al., 1998), aad, aph, and str (Mohapatra et al., 2008; Titilawo et al., 2015) were detected in surface water isolates. Furthermore, the β-lactamase (bla and ampC) genes from surface water have been reported (Henriques et al., 2006). Globally, ARB/ARGs are a major environmental contaminant of interest and have been accorded increased attention in recent times. As such, sufficient information on the prevalence of ARB/ARGs of medically important pathogens including Listeria monocytogenes (Lm) would serve as a good rationale for the choice of antimicrobial therapy when required (Okeke et al., 2005; Titilawo et al., 2015).
Lm, a Gram-positive pathogenic bacterium of the family Listeriaceae, is commonly found adapted and isolated from various natural environmental niches (Kayode et al., 2020). Members of the genus Listeria are currently 21, but only two (Lm and Listeria ivanovii) are often regarded as pathogenic species known to infect both humans and animals (Kayode et al., 2020; Quereda et al., 2020). Lm is known for sporadic food-borne outbreaks characterized by high fatalities ranging from 20–30% (Drolia and Bhunia, 2019). Usually, symptoms manifest after food contaminated by the pathogen is ingested. Studies have also shown that the severity of these symptoms could be strain dependent based on the virulence factors including actA, hly, iap, plcB, plcC, prfA, and mpl, inlA, inlcB, and inlC harboured by infecting strains (Montero et al., 2015).
Recent decades have recorded episodes of listeriosis outbreaks globally which might be attributable in part to increasing recreational and tourist activities and high demand for and consumption of wide arrays of fresh produce, especially those that require little or no listericidal treatments before consumption (Aureli et al., 2000; Gaul et al., 2013; Zhu et al., 2017; World Health Organization, 2018; Olanya et al., 2019). For instance, South Africa reported one of the largest listeriosis outbreaks worldwide in 2018 involving 1,060 laboratory-confirmed cases and 216 deaths (Drolia and Bhunia, 2019; Kayode et al., 2020). In this particular reference, this pathogen could have found its way into the food chain as farmers use contaminated water sources for irrigation due to the shortage of natural safe water supply threatened by climatic change and inconsistent rainfall patterns in the region. In this study, the prevalence and antibiogram signatures of Lm in selected environmental waters within the Eastern Cape Province, South Africa (ECPSA), were examined.
METHODOLOGY AND MATERIALS
Study Area, Sampling, and Counts of Presumptive Listeria monocytogenes
The study area included the Amathole, Chris Hani, and Sarah Baartman District Municipalities (DMs) in the ECPSA located within the 32.5842°S, 27.3616°E, 31.8743°S, 26.7968°E, and 33°57′S 25°36′E on the map, respectively. The Amathole DM occupies the central coastal part of the ECPSA, Chris Hani DM is a landlocked district situated at the center of the ECPSA, and the Sarah Baartman DM is situated at the western part of the ECPSA. Environmental water samples including wastewater (n = 21), river water (n = 37 s), and untreated surface water used for irrigation (n = 20) were fetched in 1 L sterile bottles. Wastewater was collected before treatment and downstream of the river serving as a receiving watershed for the final effluent at different geographical locations in the study area. Environmental water samples were collected on a once-off regime between February and September 2019. Anthropogenic activities including animal grazing and waste/refuse disposal were observed on some of the river courses. Samples collected were labelled and conveyed to the laboratory for analyses in an insulated ice-packed container. For the enumeration of presumptive plate counts of Lm, three series of ten-fold (10–1, 10–2, and 10–3) dilution of the environmental water samples were carried out (Adefisoye and Okoh, 2016). A vacuum pump filtration of 100 ml of each dilution through a membrane filter (0.45 μm pores Merck, South Africa) was performed. The filters were aseptically placed on the Chromogenic Listeria Agar (ISO) Base (CM1084 Oxoid Ltd., United Kingdom) supplemented with (ISO OCLA) the differential supplement (SR0244E Oxoid Ltd., United Kingdom) and selective supplements (SR0226E Oxoid Ltd., United Kingdom) and the Brilliance Listeria Agar Base (CM1080 Oxoid Ltd., United Kingdom) supplemented with the Brilliance differential supplement (SR0228E Oxoid Ltd., United Kingdom) and selective supplements (SR0227E Oxoid Ltd., United Kingdom). Incubation was performed at 37°C for 48 (±2) hours in aerobic conditions. Presumptive colonies of Lm (blue/green colonies) obtained were counted and expressed as CFU/100 ml (colony-forming units per 100 ml).
Isolation of Presumptive Listeria monocytogenes
For enrichment purpose, the EN ISO 11290–1:2017 standard method for Lm was adopted in this study (ISO, 2017; Public Health England, 2019). Twenty-five (25 ml) each, of the samples, were aseptically preenriched in 225 ml of the Half Fraser Broth base (CM0895) supplemented with the Half Fraser selective supplement (SR0166E Oxoid Ltd., United Kingdom) and incubated at 30°C for 24 h to resuscitate the cells. After that, 0.1 ml of preenriched broth was added to a 10 ml Fraser broth for secondary enrichment in the selective medium for 48 (±2) hours at 37°C. After incubation, the broths were surface plated on the Chromogenic Listeria Agar (ISO) Base (CM1084 Oxoid Ltd., United Kingdom) supplemented with the OCLA (ISO) differential supplement (SR0244E Oxoid Ltd., United Kingdom) and selective supplement (SR0226E Oxoid Ltd., United Kingdom) and the Brilliance Listeria Agar Base (CM1080 Oxoid Ltd., United Kingdom) supplemented with the Brilliance differential supplement (SR0228E Oxoid Ltd., United Kingdom) and Brilliance selective supplement (SR0227E Oxoid Ltd., United Kingdom). The plates were incubated aerobically at 37°C for 48 (±2) hours. Each sample was analyzed in triplicates, and representative distinct colonies (blue/green colonies with halos) obtained were subcultured on a nutrient agar for purity. Pure cultures of presumptive isolates were stored at −80°C in the tryptic soy broth (TSB) made up of 25% glycerol.
Molecular Identification and Characterization
Extraction of Genomic DNA
DNA extraction was carried out using the direct boiling method (Garrido-Maestu et al., 2020) with modifications. Presumptive Listeria isolates were resuscitated from the glycerol stock in 5 ml of tryptic soy broth (CM0129 Oxoid Ltd., United Kingdom) at 37°C for 18 h. The broths were centrifuged at 16,000 rpm for 5 min in 2 ml Eppendorf tubes using a minispin microcentrifuge. The supernatants were removed, and the pellets were washed in normal saline and resuspended in 300 μL nuclease-free water to boil in a heating block (TECHNE Digital Dri-Block DB-3D, United Kingdom) at 100°C for 10 min and were left to cool on ice for 10 min. The cell debris was removed by centrifugation at 16,000 rpm for 5 min, and the DNA template was transferred into a clean sterile Eppendorf tube and preserved at −20°C for further analysis. DNA was quantified to determine its concentration in a fluorometer (Invitrogen Qubit Fluorometer, Turner BioSystems).
DNA Amplification and Multiplex PCR
A 370 bp segment of the 16S rRNA prs gene was amplified by the polymerase chain reaction (PCR) in a thermal cycler (BIO-RAD T100) using the primer sets F-GCTGAAGAGATTGCGAAAGAAG and R-CAAAGAAACCTTGGATTTGCGG (Doumith et al., 2004). Further classification of the isolates using specific primer sets F-ACAAGCTGCACCTGTTGCAG and R-TGACAGCGTGTGTAGTAGCA that targets the iap gene for Lm was performed (Furrer et al., 1991). The multiplex PCR technique previously documented by Doumith et al. (2004) was adopted for the molecular classification of Lm to various serotypes. Referenced strains of Lm (ATCC 19118 and ATCC 7644) were used as a positive control, while sterile nuclease-free water served as a no-template control.
Detection of Virulence Genes
Ten virulence-associated (inlA, inlB, inlC, inlJ, actA, prfA, hlyA, plcA, and mpl) genes of the confirmed Lm were amplified using the primer sets (as shown in Supplementary Table S1) reported in previous studies by Jung et al. (2009) and Du et al. (2017). The PCR products generated were separated by loading 5 µL amplified DNA products in 1.5% agarose gel stained with ethidium bromide resolved at 100 V for 45 min suspended in a 5 × TBE buffer using an agarose gel electrophoresis system (ADVANCE Mupid™ One Takara, Japan) and detected with an Alliance 4.7 UV transilluminator (Alliance XD-79.WL/26MX, France).
Assessment of Biofilm-Forming Potential
Lm strains were assessed for the ability to form biofilm using the crystal violet (CV) techniques. Freshly grown overnight cultures were centrifuged for 2 min at 7,000 rpm after which the cells recovered were washed and suspended in sterile phosphate-buffered saline (PBS, pH 7.2) and at 0.5 McFarland standards (Basson et al., 2008). The bacterial cell adherence was assessed in a final 200 μL volume comprising sterile 180 μL TSB and 20 μL standardized cell suspensions inoculated into sterile 96-well polystyrene microtiter plates with lids in triplicates (Igbinosa et al., 2015). The TSB or PBS served as negative controls, while Lm strains (ATCC 19118 MediMark ® Europe and ATCC 7644 Mast diagnostics group Ltd., Merseyside, U.K.) served as the positive control. The microtiter plates were incubated covered at 37°C for 72 h. Following incubation, the contents of the microtiter plates were aspirated and washed in PBS (200 μL) thrice to remove cells unattached to the microtiter plates. Cells attached to the wells of the microtiter plates were fixed for 15 min with 98% ethanol and allowed to air dry. The fixed cells (biofilm) were stained for 30 min with 200 μL 2% crystal violet, and the wells were washed in distilled water to remove excess stains and air-dried. After this, 200 μL of 35% acetic acid was added to each well to resolubilize the crystal violet for 30 min on a shaker (Orbit™ 1900 High-Capacity Lab Shaker, Labnet International, Inc., United States) before the absorbance was read at 595 nm (Abs@595) by using a microtiter photometer (SynergyTMMx Monochromator-Based MultiMode Reader w/Time-resolved fluorescence, BioTek Instruments, United States). Abs@595 nm recorded for all positive and negative controls (AbsNC) was computed to obtain the mean and standard deviation. The results obtained were used to categorize Lm isolates as either weak = (AbsNC < Abs@595 nm ≤ 2 × AbsNC), moderate = (2 × AbsNC < Abs@595 nm ≤ 4 × AbsNC), or strong = (4 × AbsNC < Abs@595 nm) biofilm formers (Stepanović et al., 2000).
Antimicrobial Susceptibility Profiling
The Kirby Bauer disc diffusion method was employed according to the standard procedure described by the Clinical and Laboratory Standards Institute (CLSI, 2017) and the European Committee on Antimicrobial Susceptibility Testing (EUCAST, 2020). The isolates were tested against a panel of 22 antibiotic (listed in Supplementary Table S2) discs (Mast Diagnostics, Oxoid, United Kingdom) commonly used for the treatment of microbial infections. A 100 μL fresh culture of each bacterial cell suspension was transferred into a sterile 0.89% saline solution adjusted to 0.5 Mc Farland standard (Mcfarland, 1907) and spread plated on prepared Mueller-Hinton agar plates. Antibiotic discs were dispensed on the surfaces of the inoculated plates, and the plates were incubated at 37°C for 24 h. The zones of inhibition were measured to the nearest millimeters (mm) after incubation. The classification of isolates as resistant (R), intermediate (I), or susceptible (S) to a particular antibiotic was based on the result obtained using standard reference values according to CLSI, 2017; EUCAST, 2020 documents.
Multiple/Antibiotic Resistance Phenotypes and Multiple/Antibiotic Resistance Index
The multiple antibiotic resistance patterns (MARPs) of Lm in respect of the antibiotics tested were applied to each isolate that showed phenotypic resistance against three or more antibiotics and indexed for MARI (Multiple Antibiotic Resistance Index) scores (Krumperman, 1983). The MARI was, thus, computed as follows:
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Furthermore, the antibiotic resistance index (ARI) was calculated for each of the environmental water samples as described by Krumperman (1983). Thus, ARI for the samples was computed as follows: 
[image: image]
The multidrug resistance resistance (MDR) pattern, the frequency of resistance, and the total sum of antibiotics to which the isolates exhibited resistance were described.
Detection of Antimicrobial Resistance Genes Among Listeria monocytogenes Isolates
Various resistance determinants (44) that encode the expression of tetracycline (tetA, B, C, D, E, G, K, L, and M), chloramphenicol (catI, catII, and cmlA1), sulphonamides (sul1 and sul2), and aminoglycosides (strA, aadA, aac (3)-IIa (aacC2)a, aph (3)-Ia(aphA1)a, and aph (3)-IIa (aphA2)a) resistance were screened by the simplex/multiplex PCR techniques. The sequences of primers, PCR protocols, and the amplicon sizes (Supplementary Table S5) were as described in our previous report (Titilawo et al., 2015). Also, genes (22) that encode ampC β-lactamases and extended spectrum of β-lactamases variants (ESBLs) and carbapenemases and the blaTEM and blaZ genes (Supplementary Table S6) were also screened for using the simplex and multiplex PCR techniques as described elsewhere (Dallenne et al., 2010). The PCR protocol for the amplification of the β-lactamase ampC gene includes the following: 94°C–4 min; 30 (94°C–45 s; 60°C–45 s; and 72°C–45 s); and 72°C–7 min. ESBL genes were detected using the following: 94°C–10 min; 30 (94°C–40 s; 60°C–40 s; and 72°C–1 min); and 72°C–7 min. The carbapenem-optimized annealing temperature for the amplification of blaGES and blaOxa-48 genes was 57°C, while blaVIM, blaIMP, and blaKPC genes were amplified at 55°C. The blaTEM gene was amplified using the following outlined PCR protocol: 94°C–4 min; 30 (94°C–45 s; 60°C–45 s; and 72°C 45 s); and 72°C–7 min, while the blaZ PCR protocol reads as follows: 94°C–5 min; 30 (94°C–30 s; 60°C–30 s; and 72°C 1½ min); and 72°C–5 min. All PCR reactions were prepared in a 25 µL final volume including 12.5 µL of master mix (Quick-Load BioLabs, United Kingdom) and 1 µL each of the reverse and forward primers (Inqaba Biotech, SA), 3 µL aliquots of DNA template, 0.5 µL of MgCl2 buffer, and 6.5 µL of sterile nuclease-free water and amplified using a thermal cycler (BIO-RAD T100™ Thermal Cycler, Singapore). The PCR products generated were separated by loading 5 µL amplified DNA products in 1.5% agarose gel (Merck, SA) stained with ethidium bromide (Sigma-Aldrich, United States) suspended in a 5 × TBE buffer and resolved at 100 V for 45 min using an agarose gel electrophoresis system (ADVANCE Mupid™ One Takara, Japan) and detected with an Alliance 4.7 UV transilluminator (Alliance XD-79.WL/26MX, France).
Typing of Listeria monocytogenes by Enterobacterial Repetitive Intergenic Consensus PCR
The molecular diversity of the Lm isolates was determined by ERIC-PCR using the primer sets ERIC-1 5′-ATG​TAA​GCT​CCT​GGG​GAT​TCA​C-3′ and ERIC-2 5′-AAG​TAA​GTG​ACT​GGG​GTG​AGC​G-3′ (Dorneles et al., 2014). The reaction products (5–10 µL) were separated in a 1.5% agarose gel stained with ethidium bromide (3 µL) and suspended in a 5 × buffer (buffer) subjected to 90 V for 240 min using the Bio-Rad electrophoresis machine (Bio-Rad® PowerPac™ Basic Power Supply, Singapore). Five microliters volume of DNA ladder ranging from 100 bp and 10 kb was put in the gel. The gel image was snapped and recorded using an Alliance 4.7 UV transilluminator (Alliance XD-79.WL/26MX, France).
Evaluation of Intraspecies/Strain Multiplicity of Listeria monocytogenes Isolates
Fingerprint images of Lm strains were digitized by a computer-assisted software analysis (GelJ version 2.0). The determination of the molecular weight and occurrence matrices of the ERIC-PCR bands was performed by the UPGMA algorithm (unweighted pair group arithmetic mean) at 1.0% tolerance level for control of quality. The presence/absence of a fingerprint across the isolates formed the basis for the strain homogeneity (associations) assessment. The dendrograms of two matrices were generated by neighbor joining (NJ) through a Jaccard similarity index, and the relative abundance of strains forming a clade was determined.
Statistical Analysis
Data obtained were analyzed statistically to compare Lm counts in water using one-way analysis of variance (ANOVA). The statistical significance of mean ± SD was considered at (p ≤ 0.05). Spearman’s chi-square test was used to measure the prevalence and association between categorical variables (serotypes and genetic virulence determinants). The relationship between the distribution of phenotypic and genotypic resistance of Lm in environmental water was determined using Spearman’s correlation. Significant differences were identified at (p ≤ 0.01) and (p ≤ 0.05) as appropriate. The statistical analysis was performed using IBM SPSS statistical software version 25 and Microsoft Excel spreadsheet.
RESULTS
Presumptive Counts and Confirmation of Listeria monocytogenes
A sum of 78 samples from rivers, wastewater, and irrigation water were collected at different geographical locations within the study area. The presumptive Lm counts of water samples ranged from 2.0 × 103 CFU/100 ml to 3.6 × 105 CFU/100 ml. A comparison of the counts (mean ± SD) using the one-way analysis of variance (ANOVA) revealed that water types significantly influenced the counts (p < 0.05).
Two hundred and seventeen presumptive Lm isolates were recovered from the water samples, and 57 were confirmed as Lm from the presumptive isolates. The largest proportion of Lm was confirmed in wastewater (n = 30, 52.63%), while the distribution of Lm in river water (n = 15, 26.32%) and irrigation water (n = 12, 21.05%) was lower. Lm was detected in (n = 31) samples representing 39.74% of the total environmental water samples collected. The prevalence and distribution of Lm isolates were summarized in Table 1.
TABLE 1 | Occurrence, serotypes, phenotypic, and genotypic determinants of Listeria monocytogenes virulence recovered from environmental waters.
[image: Table 1]Serotypes and Virulence Determinants of Listeria monocytogenes Isolates
Serotypes (4b and 1/2b) were detected among the Lm isolates (Table 2). Serotype 1/2b was the most prevalent (n = 45, 78.95%), while serotype 4b (n = 12, 21.05%) was less prevalent. Also, the prevalence of 10 virulence determinants among the isolates was screened in this study. The plcA, inlA, and inlB were detected in all isolates; the prevalence of inlC (85.97%), inlJ (80.70%), actA (59.65%), prfA (92.98%), plcB (89.47%), hly (80.70%), and mpl (73.68%) varied among the isolates. The genotypic virulence profile of the listeriosis agent recovered from the samples is presented in Table 2. All the LIPI-1 (Listeria pathogenic island 1) virulence genes (including plcA, actA, prfA, plcB, hly, and mpl) were detected among 24 (42.11%) Lm isolates, all internalin virulence genes (including inlA, InlB, inlC, and inlJ) were detected among 37 (64.91%) Lm, and all the LIPI-1 + inl (A, B, C, and J) genes were detected among 20 (35.09%) Lm isolates recovered from environmental water samples. The data obtained were further subjected to a chi-square test to ascertain the frequencies and association of genetic determinants (Table 1). The association between the genetic determinants of serotype 1/2b observed was statistically significant (p > 0.01).
TABLE 2 | Distribution of antibiotic-resistant Listeria monocytogenes isolates recovered from environmental waters.
[image: Table 2]Biofilm-Forming Potential of Listeria monocytogenes Isolates
We observed that 39 (68.42%) of the Lm isolates demonstrated potential for biofilm formation. The classification as weak (n = 13, 22.81%), medium (n = 15, 26.32%), and strong (n = 11, 19.30%) was carried out based on the strength of biofilm forming. Isolates recovered from wastewater were predominantly potential biofilm formers (96.67%). However, biofilm formation among Lm isolates from river water and irrigation water was less prevalent. A detailed description of the distribution of the biofilm-forming isolates in environmental waters was provided in Table 1.
Antibiotic Susceptibility and Distribution of Antimicrobial-Resistant Listeria monocytogenes Recovered From Environmental Waters
Antibiogram profiles and susceptibility patterns of each of the Lm isolates tested against 22 antibiotics were summarized in Supplementary Table S2. High susceptibilities (>50%) were observed to all antibiotics ranging from 52.63% (cefotetan) to 100% (ampicillin) except for sulfamethoxazole (35.09%), erythromycin (26.32%), streptomycin (38.60%), oxytetracycline (45.61%), and amoxicillin (49.12%). Conversely, a high resistance rate against sulfamethoxazole (63.16%), oxytetracycline (54.39%), and amoxicillin (50.88%) was observed. Intermediate resistance (>15%) was recorded for erythromycin (29.82%), clarithromycin (17.54%), and amikacin (15.79%). No intermediate resistance was observed among the β-lactams, carbapenems, glycopeptides, and the tetracyclines antibiotics. Figure 1 shows a heatmap representing the phenotypic antibiotic susceptibility pattern and the variations among each of the isolates examined in the study. This pattern revealed the effectiveness of each antibiotic toward the individual isolate, and it could reflect the genetic characteristics of the isolates. The frequency of Lm isolates that showed phenotypic resistance against various antibiotics tested ranged between 1 and 24 in environmental waters. High frequencies of resistant Lm against penicillin, amoxicillin, streptomycin, cefotetan, sulfamethoxazole, oxytetracycline, and chloramphenicol were observed, particularly in isolates recovered from wastewater (Table 2). The results indicated a statistically significant (p < 0.01) relationship in the distribution of phenotypically antimicrobial-resistant Lm isolates in environmental water samples examined.
[image: Figure 1]FIGURE 1 | The phenotypic antibiotic resistance profiles of Listeria monocytogenes isolates recovered from environmental waters. The color codes indicated resistant, intermediate, and susceptible phenotypes to 22 antibiotics. The code (Rw) denotes isolates recovered from river water, (Iw) for irrigation water, and (Ww) for wastewater.
Assessment of the Multiple/Antibiotic Resistance Phenotypes and Multiple/Antibiotic Resistance Index of Listeria monocytogenes Isolates
Patterns of antibiotic resistance phenotypes was presented in Table 3. Fifty-two different phenotypic resistance patterns ranging from 1 to 15 antibiotics were observed among resistant Lm isolates. Two isolates (3.51%) from the environmental water samples were not resistant against any of the antibiotics, six (10.53%) showed resistance against one antibiotic, 3 of the Lm isolates (5.26%) were resistant against two antibiotics, and 47 (82.46%) showed multidrug-resistant phenotypes (resistance against more than 2 antibiotics) against various antibiotics tested. The ARI of river water (0.18) was less than the permissible (0.2) Krumperman threshold, whereas that of irrigation and wastewater was higher than the Krumperman threshold. This could be an indication of higher antibiotic selection pressures in irrigation and wastewater compared to river water. Isolates with MARI >0.2 were more abundant in wastewater. The (M)ARI of each of the isolates ranged from 0.05 to 0.68 (Supplementary Table S3).
TABLE 3 | Distribution of Multiple/Antibiotic Resistance Phenotypes ((M)ARPs) of Listeria monocytogenes isolates from environmental waters.
[image: Table 3]Distribution of Antimicrobial Resistance Genes Among Listeria monocytogenes Isolates
The genotypic resistance determinants of Lm strains were investigated, and twenty-one (21) resistance genes were detected among environmental water isolates out of 44 genes screened (Table 4). Sulphonamide’s resistance genes were detected in 19 (55.88%) of 34 isolates. The sul2 gene was more prevalent among the isolates (n = 14, 41.18%) compared with the sul1 gene (n = 13, 38.24%). The β-lactamase genes were screened for in about 20 isolates that expressed phenotypic resistance against β-lactam antibiotics, and 15 (75%) were positive for the genes. The isolates were further screened for the ampC, various variants of ESBLs, and carbapenem genes. The blaTEM variants (n = 7, 35%) and blaSHV (15%) were more prevalent among the β-lactam genes encoding resistance against β-lactam antibiotics. Genes encoding tetracycline, phenicols, and aminoglycosides antibiotic resistance were detected among isolates from environmental water. Among the tetracycline resistance genes (tetA, B, C, D, E, G, K, L, and M) screened, the tetA (n = 23, 85.19%) and tetM (19, 70.37%) were more prevalent among the environmental water isolates while tetE and tetL were not detected among tetracycline-resistant isolates. The catI resistance gene was detected among isolates from river (n = 1, 6.67%) and wastewater (n = 7, 46.67%). The prevalence of strA (n = 13, 43.33%), aadA (n = 6, 20%), and aph (3)-IIa (aphA2)a (n = 4, 13.33%) genes was detected among the isolates. The ARGs were more prevalent among isolates recovered from wastewater. The statistical analysis revealed a significant association between the distribution of resistant genes among Lm isolates in environmental water including sul1, sul2, blaTEM, blaZ, tetA, tetM, catI, and strA, at (p < 0.01) and tetG, catI, and blaTEM variants (TEM-1 and TEM-2) at (p < 0.05).
TABLE 4 | Description of the occurrence of resistance genes of Listeria monocytogenes from environmental waters.
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The genotypic resistance profile of listeriosis agents recovered from environmental waters was presented in Supplementary Table S4. Antibiotic resistance genotypic patterns of Lm isolates exhibited 32 patterns ranging from 1–13 resistance genes (Table 5). The sul1, tetA-tetM, and the tetA-tetG-tetM genotypes occurring thrice were the frequently occurring genotype pattern observed. Generally, resistance determinants were detected in 40 (70.12%) of the environmental water isolates. Isolates recovered from wastewater harbor more dual or multiple ARGs compared with irrigation and river water.
TABLE 5 | Genotypic resistance patterns of Listeria monocytogenes isolates recovered from water.
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The genetic diversity of the isolates recovered from environmental waters was studied using the ERIC-PCR assay. The classification of the genetic diversity of the isolates by the dendrogram (Figure 2) was generated from the ERIC-PCR fingerprints using the jelJ software (version 2.0). The dendrogram was clustered into 5 clades (A, B, C, D, and E) of Lm strains. Three of the Lm strains were not clustered with other strains. The clusters formed by isolates in each clade could suggest the origin of the isolates. The clonality cutoff of 50% was used for the diversity study of Lm strains.
[image: Figure 2]FIGURE 2 | A neighbor-joining dendrogram of ERIC-PCR fingerprints of Listeria monocytogenes strains indicating similarities between clustered isolates and their sources.
DISCUSSION
Lm is an important pathogen of medical importance known for sporadic food-borne outbreaks. In this study, we observed a wide distribution of Lm in environmental waters, and this highlights the potential health risk to humans. Although, there is currently no standard guideline regarding the benchmark for Lm counts in environmental waters in South Africa. As such, the estimated infectious dose of 102–1010 CFUs of oral exposures derived from a dose-response model that employed rhesus monkeys as a surrogate since exposure and etiology of listeriosis infection are the same in humans and primates was adopted (Smith et al., 2008). Most of the environmental waters, especially wastewaters, sampled fall short of this limit. The use of such water for irrigation purposes is not encouraged as it could increase the chance of produce contamination.
The prevalence of the pathogen was evaluated, and about 39.74% of the environmental water samples were positive for Lm. The prevalence of Lm observed in our study is lower compared to 59.4% prevalence in environmental waters reported by Mpondo et al. (2021) in a previous study in South Africa. Also, a higher prevalence of 84% free-living and 59–75% planktonic Lm recovered from the effluent of wastewater treatment plant (WWTTP) in South Africa was previously reported by Odjadjare et al. (2010). The prevalence of Lm in environmental waters documented in other regions varies. Lyautey et al. earlier reported a lower prevalence (10%) of Lm recovered from surface water in Ontario, Canada (Lyautey et al., 2007), and 13% was reported in New York (Weller et al., 2015). In Switzerland, Raschle, (2021) documented that 13% of surface water including streams, rivers, and inland canal samples contained Lm. However, a higher prevalence (31%) was reported in Mid Atlantic United States (Sharma et al., 2020). In present study, the prevalence of Lm in wastewater (66.67%) was the highest observed, while the prevalence of Lm in irrigation water (40%) and river (24.32%) was lower. Also, the distribution of confirmed Lm isolates was higher in wastewater (52.14%) compared to the river (26.32%) and irrigation water (21.05%). This observation is consistent with expectations for environmental waters not impacted with wastewater. A similar observation was reported by Dijkstra (1982) noting a higher prevalence of Lm in the effluent of WWTTP and surface waters near cities and towns compared to 21% observed in surface waters in the Netherlands. Furthermore, a previous study reported an 18.5% prevalence of Lm in river water, 83% influent, and 50% in the effluent of WWTTP in Iran (Jalali et al., 2013). The high prevalence of Lm observed in our study could be reflective of the anthropogenic impact in environmental waters.
The serotypes and virulence determinants of Lm isolates were investigated. Serotype 1/2a was the most prevalent (78.95%) compared to serotype 4b (21.05%). Our findings corroborated a similar report of Lm isolates recovered from surface water samples in Canada and Switzerland where strains were either serotype 1/2a or 4b (Lyautey et al., 2007; Raschle et al., 2021). By contrast, another study carried out on a municipal water supply watershed in Nova Scotia, Canada, found serotypes 4b/4d/4e as the most prevalent strains recovered from water (Stea et al., 2015). Our study is in support of previous studies stating that Lm serotypes usually found in various cases of human listeriosis were also found in environmental waters (Raschle et al., 2021). Notably, about 95% of Lm isolated in clinical samples belongs to serotypes 1/2a, 1/2b, 1/2c, and 4b (Doumith et al., 2004; Pontello et al., 2012). This indicates that environmental waters in the studied municipalities could constitute a potential health risk in humans.
Multiple virulence factors enhance Lm cellular invasion and survival considering its survival in the gastrointestinal tract (Raschle et al., 2021). Virulence determinants including the plcA, inlA, and inlB were detected in all environmental water isolates; the prevalence of inlC (85.97%), inlJ (80.70%), actA (59.65%), prfA (92.98%), plcB (89.47%), hly (80.70%), and mpl (73.68%) varied among the isolates. Similarly, the presence of inlA and B among all Lm isolates recovered from water in Switzerland was reported (Raschle et al., 2021). A higher rate (100%) of the internalin C and J genes were recovered from irrigation water (Iwu and Okoh, 2020). Also, a previous study reported the presence of prfA gene in all Lm isolates from water sources (Raschle et al., 2021). The prevalence of actA and plcA reported by Olaniran et al. (2015) was much lower compared to our report. However, a previous study observed a higher rate of the plcB and hly genes (Iwu and Okoh, 2020). The LIPI-1 virulence genes coordinate the major steps of intracellular infections, and the presence of these virulence genes in Lm is known to influence the virulence potential of the pathogen. For instance, cellular adhesion and internalization within the epithelial cell of the host are coordinated by the internalin genes. Metalloprotease (mpl) regulates the activation of plcB and epithelial cell infection and vacuole escape. Furthermore, the actA gene enhances the polymerization of actin and cell-to-cell spread. The hly gene ensures the release of bacterial cells into the host cytoplasm (Alvarez and Agaisse, 2016; Kayode et al., 2020). The presence of the virulence genes strongly suggests that Lm isolates from environmental waters investigated in our study possessed the potentials to cause listeriosis in humans.
Biofilm formation is known to be responsible for the resilience of Lm in food processing plants (Piercey et al., 2016). The biofilm profiles revealed that 68.42% of the isolates were potential biofilm-forming Lm. The classification as weak, medium, and strong was carried out to determine the strength of the biofilm formed. The biofilm formation by Lm in tap water was demonstrated as reported in a previous study by Gião and Keevil (2014). Also, a previous study posited that the capability of Lm isolates for biofilm formation could be attributed to the level of expression of the prfA and agr genes (Gandra et al., 2019; Grudlewska-Buda et al., 2020). In addition, Lm ability for biofilm formation is known to enhance its persistence in the environment and also contribute to higher antimicrobial resistance (Pan et al., 2006; Grudlewska-Buda et al., 2020; Bjergbæk et al., 2021). Although, Herbert-Guillou et al. (2001) put forward that biofilm is usually formed wherever there is water in the environment. However, the prevalence of Lm observed in river water was low, and it could be attributed to the turbulence flow of rivers which do not favor biofilm formation.
The increase in antibiotic-resistant Lm in environmental waters is a threat to humans’ health. Antibiotics act differently in their action against microorganisms; for instance, sulphonamides function by inhibiting folic acid synthesis and tetracyclines inhibit protein synthesis, while β-lactams inhibit the final step of bacterial cell wall synthesis (Stuart and Marshall, 2004). These antibiotics are extremely less toxic, hence their overuse for alleviating microbial infections. The binding of the aminoglycosides to bacterial ribosomes inhibits protein synthesis. Chloramphenicol inhibits the processes of protein translation during protein synthesis. It was banned because of the side effect causing aplastic anemia. The relatively high resistance level against antimicrobial agents is a true reflection of the excessive and indiscriminate usage (Lateef, 2004). Although, Lm was previously susceptible to a wide variety of antibiotics active against Gram-positive bacteria (Charpentier and Courvalin, 1999). Lm strains in this study exhibited a variable level of susceptibility to antibiotics tested. Susceptibility (100%) recorded for ampicillin is encouraging as it ascertains the therapeutic use of ampicillin, the drug of choice recommended for alleviating listeriosis infection is still effective. Susceptibilities >50% were observed to other antibiotics tested ranging from 52.63% (cefotetan) to trimethoprim-sulfamethoxazole (98.25%) except for erythromycin (26.32%), sulfamethoxazole (35.09%), streptomycin (38.60%), oxytetracycline (45.61%), and amoxicillin (49.12%). Susceptibilities to imipenem and vancomycin in our study were lower compared to the report of Manjur et al. (2018). Lm isolates showed varying percentages of resistance against all antibiotics tested except ampicillin for which no resistance was recorded similar to the report by Keet and Rip, (2021). High resistance rates against sulfamethoxazole (63.16%), oxytetracycline (54.39%), and amoxicillin (50.88%) were observed. Contrary to our report, Manjur et al. (2018) reported a high resistance of Lm from surface water in Bangladesh against ampicillin, trimethoprim-sulfamethoxazole, and penicillin and 100% resistance against erythromycin. A higher resistance against tetracycline (a class of oxytetracycline) was documented by Rodas-Suarez et al. (2006). The intermediate resistance (>15%) observed for erythromycin, clarithromycin, and amikacin could be an indication of a gradual increase of Lm resistance against the antibiotics (Supplementary Table S1). Previous studies had earlier reported varying susceptibility patterns to antibiotics tested against Lm recovered from environmental waters (Odjadjare et al., 2010; Olaniran et al., 2015; Iwu and Okoh, 2020; Mpondo et al., 2021). The varying susceptibility patterns of Lm strains in environmental waters may be dependent on antibiotic use in humans and animals and geographical variations. In this study, the distribution of phenotypically resistant Lm isolates in environmental waters was statistically significant (p < 0.01). Fifty-two patterns of antibiotic resistance were observed in our study, and 82.46% showed multidrug resistance (MDR) phenotypes against the antibiotics. Similar trends were observed among Lm isolates recovered from environmental waters in previous studies (Odjadjare et al., 2010; Iwu and Okoh, 2020; Mpondo et al., 2021). MDR in Lm reflected misuse of antibiotics and could lead to antibiotic selection pressures and encourage the emergence of resistance in Lm. Also, industrial and human activities contribute to MDR patterns because environmental waters are primary reservoirs of industrial effluents (Titilawo et al., 2015). As such, community infection due to Lm could result from the aerosolization of environmental waters, particularly wastewater. An earlier report by Fuhrimann et al. (2017) revealed that farmers using wastewater from the To Lich River in Vietnam had a higher burden of gastrointestinal disease. The ARI of river water (0.18) was less than the permissible (0.2) Krumperman threshold, whereas that of irrigation and wastewater was higher than the Krumperman threshold. A high frequency of resistance against penicillin, amoxicillin, streptomycin, cefotetan, sulfamethoxazole, oxytetracycline, and chloramphenicol was observed among Lm, particularly isolates recovered from wastewater. Coupled with the highest ARI score (0.37) observed in wastewater is an indication that wastewater could serve as a reservoir and channel for the dissemination of antibiotic-resistant Lm in the aquatic ecosystem.
The emergence of ARGs in the aquatic milieu is becoming a worldwide challenge. The antibiotic use and the acquisition of resistance genes could speed up the development of antibiotic resistance genes (ARGs) in Lm. Several ARGs encoding resistance against different varieties of antibiotics have been found in microorganisms distributed in drinking water, surface water, groundwater, sewage, wastewater, wastewater from animal husbandry, hospital effluents, and not limited to WWTTP (Zhang et al., 2009). Resistance determinants encoding resistance against such antibiotics as sulphonamides, β-lactams, phenicols, aminoglycosides, and tetracyclines were detected among the phenotypically resistant Lm isolates that were investigated. Sulphonamide resistance genes were detected in 55.88% of the isolates. The sul2 gene was more prevalent among the isolates (41.18%) compared with the sul1 gene (38.24%). The high frequency of these genes among Lm isolates in environmental water suggested a penitential misuse of the drug in the region. The β-lactamase resistance genes including blaZ, blaTEM, blaSHV, blaCTX-M1, blaMOX, blaVEB, and blaOxa-48 were detected among the resistant isolates. The blaTEM variants were the most prevalent (35%) among the β-lactamase resistance genes screened. The prevalence of β-lactamase resistance genes could be traced to their wide therapeutic use as characterized by their low toxicity. The potential health effect of the abundance of these ARGs in Lm cannot be overemphasized. Genes encoding tetracycline (tetA, B, C, D, G, K, and M) were detected, and the tetA gene (85.19%) was the most prevalent among resistant isolates. The abundance of the tetracycline ARGs among Lm isolates in environmental water could be attributed to the wide use of tetracycline antibiotics in human and animal husbandry. The catI, catII, and cmlA1 genes were screened, and only one isolate harbors catI gene. This could reflect the restriction on chloramphenicol antibiotics and the limitation on their excessive use. Furthermore, the aminoglycosides resistance genes strA (43.33%) encoding resistance against streptomycin, aadA (20%), and aph (3)-IIa (aphA2)a (13.33%) genes encoding resistance against neomycin and kanamycin were detected, respectively, among the isolates. Previous studies earlier documented the varying prevalence of ARGs among Lm isolates in environmental waters similar to the prevalence of ARGs observed in our study (Zhang et al., 2009; Iwu and Okoh, 2020; Mpondo et al., 2021). Generally, ARGs were detected in 70.12% Lm isolates recovered from environmental waters, and more worrisome is the fact that some of the isolates harbored more than 1 ARGs including both the ESBLs and other ARGs. The sul1, tetA-tetG-tetM, and the tetA-tetM genotypes occurring thrice were the frequently observed genotype pattern. This scenario observed among MDR Lm calls for serious attention as it could lead to the emergence of superbugs with severe consequences in the health sector. The statistical analysis revealed significant association between the distribution of resistant genes among Lm isolates in environmental water including sul1, sul2, blaTEM, blaZ, tetA, tetM, catI, and strA at (p < 0.01) and tetG, catI, and blaTEM variants (TEM-1 and TEM-2) at (p < 0.05). The abundance of these resistance determinants in Lm suggests that the aquatic environment, especially wastewater, may serve as a reservoir and channel for the dissemination of resistant Lm to other environmental niches including the food chain.
ERIC-PCR typing revealed high genetic diversity among Lm isolates studied. The dendrogram produced by the computer-assisted analysis generating five clades is an indication of the high genetic diversity of the environmental water isolates. Clusters formed by Lm strains from the environmental water samples showed an evolutionary relationship among the isolates. Evidence of genetic diversity among Lm strains isolated from environmental waters was also documented by Maćkiw et al. (2021). The genetic diversity observed among isolates obtained from the environmental water samples collected from different sources revealed the relevance and potential application of this typing technique in source tracking Lm, particularly during outbreak investigations.
CONCLUSION
This study revealed a high prevalence of resistant Lm and ARGs in environmental waters, and this could enhance the dissemination of the pathogen to other environments, including the food chain as farmers employ unconventional water sources in farming operations, especially in developing countries threatened by water scarcity. The presumptive plate counts and the high prevalence of virulence genes among Lm isolates are of epidemiological significance. This highlighted the potential health threat of Lm isolates recovered from environmental water in the catchment area. The prevalence of multidrug-resistant Lm could suggest the emergence of superbugs of clinical relevance and poses a concern to both human and animal health in the future. We, therefore, advise here that sensitization on the health implication of the indiscriminate use of antibiotics should be properly implemented. Also, wastewater should be properly treated before they are discharged into the environment to limit the rate of emergence of ARB/ARGs in environmental waters. Although, our study did not collect treated wastewater samples before discharge or at the point of discharge into receiving watershed as well as river sediments known to act as reservoir of antimicrobial-resistant bacteria. Furthermore, intense research effort should be deployed to investigate the best possible ways to alleviate the residual effects of antibiotic occurrence in the natural environment. Also, adequate regulation of antibiotic usage is necessary to ameliorate and/or reduce the burden of environmental pollution by these agents.
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