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With their large, diverse microbial communities chronically exposed to sub-inhibitory antibiotic concentrations, wastewater treatment works (WWTW) have been deemed hotspots for the emergence and dissemination of antimicrobial resistance, with growing concern about the transmission of antibiotic resistance genes (ARGs) and antibiotic resistant bacteria (ARB) into receiving surface waters. This study explored (1) the prevalence of ARG and ARB in local WWTW, (2) the effect of sub-inhibitory antimicrobial exposure on ARG copy numbers in pure cultures from WWTW, and (3) two WWTW with different treatment configurations. For each WWTW, qPCR determined the prevalence of mcr3, sul1, sul2, and blaKPC during the treatment process, and culture methods were used to enumerate and identify ARB. Bacterial colonies isolated from effluent samples were identified by 16S rDNA sequencing and their respective minimum inhibitory concentrations (MIC) were determined. These were compared to the MICs of whole community samples from the influent, return activated sludge, and effluent of each WWTW. Resistance genes were quantified in 11 isolated cultures before and after exposure to sub-MIC concentrations of target antibiotics. The numbers of ARG and ARB in both WWTW effluents were notably reduced compared to the influent. Sul1 and sul2 gene copies increased in cultures enriched in sub-MIC concentrations of sulfamethoxazole, while blaKPC decreased after exposure to amoxicillin. It was concluded, within the parameters of this study, that WWTW assist in reducing ARG and ARB, but that sub-inhibitory exposure to antimicrobials has a varied effect on ARG copy number in pure cultures.
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INTRODUCTION

Antibiotics have cured many life-threatening bacterial infections and can be used preventatively against the onset of nosocomial infections after surgeries, as well as prophylactically in animal husbandry (Salkind and Rao, 2011; Ling et al., 2015). Their use has been a fundamental part of public health since the mid-1900s (Ling et al., 2015). However, antimicrobial resistance (AMR) emerged as a global health-care crisis, resulting in numerous investigations into factors that promote AMR emergence in the environment. With population growth, urbanization, and the additional crisis of an increased demand for water, with diminished freshwater resources (Visser, 2018), wastewater reclamation for agricultural and industrial processes has become a necessity (Palomo-Briones et al., 2016; Fito and Van Hulle, 2020). Wastewater treatment works (WWTW) are designed to remove a large variety of inorganic and organic matter. Rapid urbanization and densification necessitate upgrades to increase capacity and maintain an adequate standard of water treatment, which includes the elimination of microbes that pose a risk to public health. These environments contain extremely diverse microbial communities due to high, varying nutrient loads and the implementation of microbes in bioremediation (Singh et al., 2006; Osunmakinde et al., 2019), in addition to the entry of microbes from external environments. The AMR has been frequently detected in WWTW and they have consequently been deemed hotspots for AMR dissemination (Hultman et al., 2018; Pazda et al., 2019).

Spreading of antibiotic resistant bacteria (ARB) into environments downstream of WWTW is an ecological concern, as well as a risk for entering the food chain through livestock drinking contaminated water, potentially containing AMR zoonotic pathogens (Sano et al., 2016; Caicedo et al., 2019). Crops being fertilized or irrigated with reclaimed WWTW waste sludge and effluent water create another pathway for AMR into the food chain. In addition, antibiotic resistance genes (ARGs) have been more prevalent in soil treated with poultry and cattle manure compared to untreated soils and transmission pathways of these genes into the food chain from the rhizosphere have been suggested (Hu et al., 2016; Zhang et al., 2019). Multi-drug resistant (MDR) and extensively drug resistant (XDR) diseases are becoming increasingly prevalent (Pérez-Rodríguez and Mercanoglu Taban, 2019). With MDR bacteria also being isolated from WWTW (Adefisoye and Okoh, 2016), the movement of AMR into the food chain has the potential to place significant pressure on the race to develop novel antimicrobial compounds.

Except for studies applying metagenomics, most investigations on AMR in WWTW focus primarily on single species that have been isolated from WWTW, or indicator organisms such as Escherichia coli (Ekwanzala et al., 2018; Fouz et al., 2020). However, less common bacterial species, and multi-species interactions, are likely to influence the outcome of AMR in these diverse environments (Osunmakinde et al., 2019). With different population dynamics, locations and proximity to hospitals, and agriculture or industrial settings, conditions for the effective reduction of ARG and ARB may differ between WWTW. Therefore, the treatment strategies that work for one location may not work for another (Jasim, 2020). Thus, two different WWTW discharges in Cape Town, South Africa (SA) were selected to gain insight into the dissemination of AMR in local contexts, to provide future solutions for preventing AMR transmission through WWTW. This study aimed to determine the persistence of bacterial resistance to four antibiotics [amoxicillin (AMX), gentamicin (GM), sulfamethoxazole (SMX), and colistin (CST)] and associated resistance genes (blaKPC, blaOXA−48, sul1, sul2, and mcr3) within the WWTW, as well as the effect of sub-inhibitory antibiotic concentrations on resistance gene prevalence in resistant isolates from WWTW. Antibiotics were selected for this study based on (1) their frequency of prescription and use in the Western Cape (National Institute for Communicable Diseases, n.d.), (2) their status as “critical” or “highly important” antimicrobials (World Health Organisation, 2011), and (3) the resistance of clinically relevant pathogens to the relevant compounds (National Institute for Communicable Diseases, n.d.). Due to the rise in resistance to β-lactam and last resort antibiotics such as carbapenems and CST, blaKPC, blaOXA−48, and mcr3 resistance genes were selected (Sekyere, 2016). Many HIV positive patients are treated with low doses of co-trimoxazole (a SMX and trimethoprim combination) to prevent opportunistic infections (Kaplan et al., 2009). With 13.5% of the SA population living with HIV (Stats, 2019), sul1 and sul2 are important genes to study in this context.



MATERIALS AND METHODS


Sampling Locations and Procedure

Two WWTW located in Cape Town, SA were selected for this study (Supplementary Figure 1). Both WWTW made use of conventional activated sludge treatment; however, after screening and grit removal, WWTW1 made use of primary sedimentation and a mixed flow bioreactor setup, followed by secondary sedimentation and chlorination, and finally discharged into maturation ponds. In contrast, WWTW2 made use of plug-flow treatment followed by the discharge of clarified water into a maturation pond prior to chlorination. The two WWTW serve approximately 248,000 people and 1,102,000 people respectively as calculated by Archer et al. (2021).

Wastewater grab samples were collected in 100 ml sterile Schott bottles from the influent (post grit screens), return activated sludge (RAS), and treated effluent (post-chlorination in WWTW1; post-chlorination and post-maturation pond in WWTW2). All samples were stored on ice during transport to the laboratory and stored at 4°C until processed, within 2 h of arriving at the laboratory.



Changes in Antibiotic Resistance During Wastewater Treatment
 
Abundance of Target ARG

Plasmid-mediated antibiotic resistance genes conferring resistance to AMX (blaOXA−48, blaKPC), SMX (sul1 and sul2), and CST (mcr3) were quantified with qPCR in influent, RAS, and effluent WWTW samples.


DNA Extraction and Gene Synthesis

Total DNA was extracted from the respective samples using the Quick-DNA Fecal/Soil Microbe Kit (ZymoResearch, n.d.) according to manufacturer's specifications. Positive target gene controls were synthesized according to the sequences obtained from NCBI accession numbers (Supplementary Table 1) that were flanked by the selected primers shown in Table 1. Synthesized genes were inserted into a pBluescript II SK (+) cloning vector, resulting in a 1,498 bp plasmid containing all target genes. All genes, primers, and probes were synthesized by Inqaba Biotech. Gene copies were normalized with 16S rDNA gene copies. The generation of standard curves and calculation of gene copy numbers are described in Supplementary Materials (Supplementary Text S1, Supplementary Table 2).


Table 1. Sequences and references of primers and probes used in both probe-based and SYBR Green-based qPCR assays.
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qPCR Reactions and Cycling Conditions

The sul1, sul2, mcr3, and 16s rDNA genes were quantified from WWTW samples using a SYBR green assay. Samples were run in duplicate and the reaction composition included the following final concentrations: 1X Luna® Universal qPCR Master Mix (New England Biolabs Inc.), 0.25 μM of each primer, 1 μl template DNA (concentrations in Supplementary Table 3), and sterile milli-Q water to make the final reaction volume up to 20 μl. Cycling conditions for the SMX and CST resistance genes were according to the master mix manufacturer's instructions with 50 cycles of the 2-step amplification used. Cycling conditions for 16S rDNA involved an initial denaturation 94°C for 30 s, followed by 25 cycles of 94°C for 20 s, 58°C for 40 s, and 68°C for 90 s. A final extension at 68°C for 5 min was performed (protocol adapted from manufacturers recommendations for OneTaq® 2X Master Mix with Standard Buffer, New England Biolabs, Inc.).

The β-lactam (AMX) resistance genes were quantified using a probe-based assay containing 1X Luna® Universal Probe qPCR Master Mix (New England Biolabs Inc.), 0.4 μM of each primer, 0.2 μM probe, 1 μl template DNA, and sterile milli-Q water to make the final reaction volume up to 20 μl. Three technical repeats and two biological repeats were performed. The cycling conditions were performed according to manufacturer's specifications.

Amplification was conducted using a LightCycler® 96 (Roche) system with excitation/emission wavelengths of 470/514 nm selected for the SYBR green reactions and FAM-labeled probe, and 577/620 nm selected for the CAL Fluor Red 610-labeled probe. Melting peaks for the SYBR green reactions are shown in Supplementary Figures 3–5. Negative controls containing sterile milliQ water instead of template DNA were included in all assays for each resistance gene.




Abundance of ARB

Antibiotic resistant bacteria were enumerated, and representative colonies were isolated and identified from two WWTW using two different methods to reduce potential culture bias and obtain a more diverse range of isolates.


Determination of Antibiotic Concentrations for ARB Selection

To classify a particular organism as antibiotic resistant, its minimum inhibitory concentrations (MIC) to a particular antibiotic needs to be higher than the resistance breakpoint concentration set by the Clinical and Laboratory Standards Institute (Clinical and Laboratory Standards Institute, 2015) and European Committee on Antimicrobial Susceptibility Testing (European Committee on Antimicrobial Susceptibility Testing, 2017). If the MIC is lower than the breakpoint, the organism would be deemed susceptible to that antibiotic. As a result, the CLSI and EUCAST resistance breakpoints were used to select starting concentrations of the selected antibiotics to incorporate into culture media for the selection of antibiotic resistant bacteria. As these documents obtain their values from pure cultures (i.e., laboratory conditions/strains) by microbroth dilution susceptibility assays, there was a need to determine MICs for environmental whole communities to select for highly resistant organisms. A microbroth dilution susceptibility assay was performed in 96-well microtiter plates (Sigma Aldrich). As CST is only active against Gram-negative bacteria, MacConkey (MAC) broth (Merck) (selective for Gram-negative bacteria) was used, while Mueller Hinton Broth (MHB) (Merck) was used for the other broad-spectrum antibiotics. Antibiotic concentrations were sequentially doubled in 5 increments as described by Andrews (2001), for colistin sulfate (CST; 1–16 μg/ml), GM (4–64 μg/ml), AMX (32–512 μg/ml), and SMX (64–1,024 μg/ml). The RAS samples obtained from the two WWTW were diluted in phosphate buffered saline (PBS) to obtain a 0.5 McFarland standard turbidity equivalent and used as the inoculum for the susceptibility testing. After incubation at 37°C for 18–24 h with shaking, optical density was measured at 600 nm, and OD600 ≤ 0.02 indicated the MIC. The antibiotic concentrations that were 2-fold lower than the determined RAS MICs (shown in Supplementary Figure 6) were selected as the sub-MIC concentrations for the enumeration and selection of antibiotic resistant bacteria in WWTW.



Culturing, Enumeration, and Isolation

Five milliliters of the homogenized water samples from the WWTW influent, RAS, and effluent, respectively, were treated with 0.001% cycloheximide (w/v) to inhibit the growth of fungi and were subsequently serially diluted (1:10) with PBS to dilute solid matter in the raw samples. A droplet (20 μl) of each dilution was inoculated in duplicate into 96-well microtiter plates (Sigma Aldrich) containing MAC broth supplemented with 8 μg/ml CST, and MHB supplemented in individual wells with 32 μg/ml GM, 512 μg/ml AMX, and 512 μg/ml SMX, respectively. Blank controls containing only MAC and MHB media were also included. After 18–24 h of incubation at 37°C, the optical density was measured at 600 nm (Bio–Rad XMark microplate absorbance spectrophotometer). Twenty milliliters of the respective cultures obtained in the 10−1 dilution were sub-cultured overnight in fresh broth containing the same antibiotic conditions for enrichment, a total of three times, after which serial dilutions were enumerated on agar plates containing the same antibiotic concentrations and incubated for 18–24 h at 37°C. Four single colonies from each antibiotic plate were selected at random and streaked to purity. They were subsequently cultured in Tryptic Soy Broth (TSB) overnight and DNA was extracted using a method adapted from Crouse and Amorese (1987) (amendments to protocol described in Supplementary Text 2) and stored at −20°C, with long-term storage at −80°C (40% glycerol).

The abundance of antibiotic resistant bacteria in the WWTW effluent was lower than in the influent, in contrast to findings in previous studies which indicated that WWTW promoted the dissemination of AMR (Czekalski et al., 2012; Rizzo et al., 2013; Adefisoye and Okoh, 2016; Sharma and Sharma, 2021). Therefore, a second sampling event was conducted to test the validity of this unexpected result. Samples were collected and processed as previously described, however, only CST and GM were supplemented into MAC and MHB, respectively, to simplify the experiment. In addition to broth enrichment, the samples were spot-plated onto respective antibiotic plates before and after enrichment and incubated for 18–24 h at 37°C to obtain plate counts. AMX and SMX were omitted here to simplify the experiment. Colonies from all plates before and after enrichment were selected at random and DNA was extracted from each pure colony and stored as described previously.



Identification

The DNA extracted from each isolate was thawed and PCR targeting the 16S rDNA gene was performed using universal primers 8F and 1512R (sequences in Table 1). The reaction components were combined to obtain final concentrations of 1.25-units OneTaq Polymerase (New England Biolabs), 200-μM dNTPs, 0.2 μM of each primer mentioned here, 1 × OneTaq Buffer, 4-μl DNA template (concentrations in Supplementary Table 4), and sterile milliQ in a 50-μl volume. Cycling conditions were as described previously for the qPCR reactions. Amplicons were sequenced (3730XL DNA Analyzer; Applied Biosystems) and sequence chromatograms were trimmed and consensus sequences for each primer pair were constructed using BioEdit (v. 7.05); BLASTn was performed for each sequence with the database selected for 16S ribosomal RNA sequences (bacteria and archaea). The species of isolates were identified based on query cover and identity using a threshold of 99%.




Sub-MIC Impact on AMR

Whole community and pure culture MICs were determined to identify the effect of antibiotic exposure in sub-MIC concentrations on the copy number of ARG present in isolates obtained from WWTW.


MIC Determination for Pure Cultures and Whole Communities

Whole-community and pure culture MICs were established. The 30 glycerol stocks previously isolated were revived in TSB overnight at 37°C. Susceptibility testing was performed in duplicate by microbroth dilution as described here; however, the doubling dilution antibiotic concentration ranges used were increased to accommodate highly resistant isolates: CST at 1–512 μg/ml, GM at 2–1,024 μg/ml, and both AMX and SMX at 32–16,384 μg/ml. After overnight incubation at 37°C, the culture from wells containing growth at the highest concentration before inhibition (sub-MIC) was sub-cultured overnight at 37°C in TSB. The DNA was extracted from these cultures as mentioned previously and stored at −20°C.

For whole communities, to avoid initial culturing bias, the collected wastewater samples were used as inoculum. The conventional 0.5 McFarland standard turbidity could not be used to standardize inoculum density in wastewater samples due to the effluent samples having lower turbidity than required, and a large volume would have been required for filtration to concentrate the samples. Inoculum density was made uniform across all wastewater samples (influent, RAS, and effluent), by measuring the OD600 of the effluent (cleanest sample) and diluting the other samples with PBS to obtain a similar OD600 (0.018 ± 0.015). Microbroth dilutions were performed as for the single colonies. The DNA from the remaining influent, RAS, and effluent samples was extracted and stored at −20°C.




qPCR Measuring the Effect of Sub-MIC Concentrations on ARG

The sul1, sul2, and blaKPC genes were quantified in pure cultures isolated during the second sampling event prior to antibiotic exposure, and after sub-MIC antibiotic exposure during the MIC experiments. Quantification was performed with qPCR as described previously to determine gene copy numbers.




Statistical Analysis

Data obtained from culturing was analyzed in GraphPad Prism (v. 6) using a multiple t-test to determine significance between the two WWTW in influent, RAS, and effluent samples. Student's t-tests for independent means were used to determine significant differences in resistance gene copy numbers between WWTW and in single colonies before and after exposure to sub-MIC concentrations of antibiotics. Significance was determined at a confidence interval of 95% (p < 0.05).




RESULTS


Changes in AMR During Wastewater Treatment
 
Abundance of Target ARG

The percentage reduction of target resistance genes between influent and effluent ranged from 69 to 100% as shown in Figure 1. The percentage reductions were higher in WTWW2 effluent compared to WWTW1 for three out of the four target genes, with more than a 99% decrease of mcr3, sul1, and sul2. The mcr3 gene was completely removed from the effluent of WWTW2. The negative percentage reduction observed for blaKPC in WWTW2 indicates an 80.9% increase in gene copies from influent to effluent. All samples were negative for blaOXA−48 genes and are therefore excluded. Copy numbers for each resistance gene are shown in Supplementary Figure 7.


[image: Figure 1]
FIGURE 1. Percentage reduction of target antibiotic resistance genes from influent to effluent in two WWTW. Significant differences (p < 0.05) in percentage reduction between WWTW, identified using a t-test, are shown by the asterisk (*).




Abundance of ARB

The abundance of highly resistant bacteria was similar for all antibiotics within each sample matrix, except for SMX, which had a visibly greater effect on the bacteria within the samples obtained from sampling event 1 (Figures 2A,B). The abundance of ARB in both WWTW effluents was lower compared to the influent and RAS, with the abundance of bacteria resistant to AMX, GM, and CST in WWTW2 effluent lower than in WWTW1 (Figures 2A,B). This is also the case for CST CFU/ml in sampling event 2 (Figures 3A,B). The number of GM-resistant bacteria did not change in sampling event 2 between matrices or WWTW (Figures 3A,B). Upon enrichment in antibiotics, the abundance of ARB to all antibiotics increased in both sampling events 1 (Figures 2C,D) and 2 (Figures 3C,D). Most samples enriched in POS MAC and CST resulted in higher abundance (1.5–2.2) in WWTW1 compared to WWTW2 (0.5–1.8) (Figures 2C,D, respectively). A higher OD600 in POS MAC broth compared to POS MHB was observed for most of the sample matrices (Figures 2A,D).


[image: Figure 2]
FIGURE 2. Abundance of bacteria (OD600) in the presence of AMX (512μg/ml), SMX (512μg/ml), GM (32μg/ml), and CST (8μg/ml) from influent, RAS, and effluent samples in two WWTW [WWTW1: (A,C); WWTW2: (B,D)] in sampling event 1 before (A,B) and after (C,D) being enriched in antibiotics. MacConkey media was used as a positive control (POS MAC) for CST while MHB was used as a positive control (POS MHB) for the other antibiotics. Significant differences (p < 0.0.5) between matrices are indicated by the black bar and asterisk (*).



[image: Figure 3]
FIGURE 3. Viable bacterial cells in the presence of GM (32μg/ml) and CST (8μg/ml) from influent, RAS, and effluent samples in two WWTW [WWTW1: (A,C), WWTW2: (B,D)] in sampling event 2 before (A,B) and after (C,D) being enriched in antibiotics. Significant differences (p < 0.0.5) between matrices are indicated by the black bar and asterisk (*).



Identification of Single Colonies

Of the randomly selected single colonies that were isolated from both sampling events (n = 30), Morganella morganii was the most dominant (20%), followed by Escherichia fergusonii/Shigella flexneri (13.3%), while Citrobacter freundii, Pseudomonas indoloxydans, Klebsiella pneumoniae, Klebsiella quasipneumoniae, and Enterobacter tabaci – each contributed 6.7% to the composition of the selected isolates. The remaining isolates each make up 3.3% of the sample (Figure 4). Figure 4 shows that there was a notable shift in community composition after enrichment in antibiotics.


[image: Figure 4]
FIGURE 4. Percentage of isolated species obtained from effluent samples that were previously exposed to antibiotics (n = 19) and isolates obtained from various parts of the WWTW (n = 11) (exploded slices). Isolates that indicate multiple species, had similar percentage identities to the query sequence when using BLAST.


Species composition varied between WWTW as seen in Figure 5. Of the randomly surveyed species isolated before and after antibiotic exposure, M. morganii was a dominant species in both WWTW, with E. fergusonii/S. flexneri also dominant in WWTW1. Other species isolated from WWTW2 effluent were found in equal proportions.


[image: Figure 5]
FIGURE 5. Species composition from different WWTW effluent samples previously exposed to antibiotics (WWTW1: n = 12; WWTW2: n = 7), and not previously exposed to antibiotics (WWTW1: n = 2; WWTW2: n = 2).





Sub-MIC Impact on AMR
 
MIC Determination for Pure Cultures and Whole Communities

Figure 6 shows that the concentrations of the selected antibiotics (AMX, SMX, and CST) required to inhibit the growth of bacteria in WWTW samples were at least 2-fold lower in the effluent compared to influent and RAS of WWTW2. The MIC for CST and SMX was consistent throughout WWTW1 and between influent and RAS for WWTW2. The AMX MIC in the RAS of WWTW1 (16,384 μg/ml) was double that of the rest of the WWTW samples (8,192 μg/ml). The MIC for GM in WWTW2 effluent was 4-fold lower than that of the other WWTW2 matrices and all WWTW1 matrices.


[image: Figure 6]
FIGURE 6. The MICs of whole communities in influent, RAS, and effluent samples from two WWTW for AMX, SMX, GM and CST. The greater than symbol (>) indicates growth still occurred in the highest concentrations used and as a result the MIC is greater than the value depicted by the bar.


In addition to the whole-community MICs depicted in Figure 6, Supplementary Table 4 shows the individual MICs of AMX, SMX, GM, and CST for the isolates randomly selected during the study. The MICs (Figure 7) for most isolates were higher than CLSI and EUCAST breakpoints for resistance (16,384 μg/ml, 4,096 μg/ml, and 2,048 μg/ml for AMX, SMX, and CST, respectively). The mode MIC for GM is on par with clinical breakpoints, although most of the other isolates have MICs above this value (16 μg/ml) (Figure 7). Comparing the modes of isolate MICs (Figure 7) to whole community MICs (Figure 6), MICs of AMX and CST were higher for isolates than for whole communities, those of GM were lower for isolates than whole communities, and those of SMX were the same for single colonies and whole communities.


[image: Figure 7]
FIGURE 7. The MICs of randomly selected isolates from WWTW, where each data point represents a single isolate. Mode MICs appear where data points cluster. Individual MICs, species identification and antibiotic exposure can be observed in Supplementary Table 2.





qPCR Measuring the Effect of Sub-MIC Concentrations on ARG

The sul1, sul2, and blaKPC genes were observed in all organisms isolated on antibiotic-free media (Figure 8). Except for two isolates showing exponentially higher (1 × 1013) sul2 copies, most isolates cluster around the median. A paired Student's t-test determined that changes in median gene copies after antibiotic exposure for all ARGs were not significant (p > 0.05). However, median gene copy trends were similar between sul1 and sul2 and increased after exposure to sub-MIC concentrations of SMX (average of 1.3 × 108 copies before, increasing to 6.8 × 108 copies after), while sub-MIC exposure to AMX resulted in decreasing trends in the median copy numbers of blaKPC(3.9 × 108 to 1 × 108 gene copies/16S rDNA).


[image: Figure 8]
FIGURE 8. Copy number of antibiotic resistance genes/16S rDNA copies in colonies isolated on antibiotic free media before and after sub-MIC exposure to SMX (sul1 and sul2) and AMX (blaKPC-1). The line for each data set represents the median.






DISCUSSION


Changes in AMR During Wastewater Treatment

Multiple authors state that WWTW are hotspots for the transmission of ARG and ARB (Berendonk et al., 2015; Guo et al., 2017; Dafale et al., 2020). This study shows that while these environments do indeed have waters that are contaminated with ARG and ARB, all tested genes, except blaKPC in WWTW2, were less prominent in the effluent than in the influent (Figure 1). The increase in K. pneumoniae carbapenemase (KPC) is a concern as it confers resistance to carbapenems, which, along with the last resort antibiotics, is of greater concern than AMX (Feil, 2016). However, all other ARG were removed by the WWTW processes. As total DNA was extracted from the WWTW samples, the ARGs detected in this part of the study are not necessarily only from bacterial origin but also potentially from other sources including fungi, algae, protozoa, and viruses as suggested by the DNA extraction kit manufacturers (ZymoResearch, n.d.). Similarly, Figures 2, 3 mostly show no net increase in ARB between the influent and effluent of the WWTW and while not statistically significant, there were notable decreases in ARB abundance. Similar results have been found in other studies (Duong et al., 2008; Lupan et al., 2017). This does not suggest that the ARG and ARB released into the environment from the WWTW effluent do not play a role in the transmission of AMR downstream but demonstrates that the WWTW included in this study led to reduced numbers of ARG and ARB that entered the environment. In this case, without wastewater treatment, ARG and ARB would be more prominent in environmental waters.

The antibiotic concentrations used for ARB selection in this study were selected based on resistance breakpoints (μg/ml range) and, as a result, were much higher than concentrations observed in WWTW. Antibiotic levels in WWTW vary depending on the location, type, and size of the facility, as well as operational efficiency. Antibiotic concentrations in local WWTW range from 1,344.8 ng/L−3,612 ng/L for SMX in WWTW effluent (Suzuki et al., 2015; Archer et al., 2017); 1,400 ng/L for AMX in influent (Watkinson et al., 2009); and 0.019–7.6 ng/L for GM (Löffler and Ternes, 2003; Tahrani et al., 2016), while, to our knowledge, no quantification of CST in WWTW has been published. The concentration of a particular antibiotic that does not select for antibiotic resistance in bacteria is termed the predicted no-effect concentration (PNEC). Some PNECs have been identified by Bengtsson-Palme and Larsson (2016) with respective values for AMX, SMX, GM, and CST of 250, 16,000, 1,000, and 2,000 ng/L. Therefore, it is reasonable to question whether concentrations of antibiotics in WWTW would need to be higher than these PNEC values to drive bacteria to develop resistance mechanisms and select for resistant communities in WWTW – a point that requires further analyses. Figures 2C,D shows that the positive controls (without antibiotics) also had increased abundance of bacteria after enrichment in antibiotic-free media, similar to trends observed for abundance of ARB enriched in antibiotic media. This could be expanded to a WWTW setting where the highly labile nutrient source present is the driving factor for bacterial proliferation that selects for organisms with higher growth rates and opportunists, which multiply rapidly and produce many progenies that are less adapted for their particular environment opposed to extensive proliferation of organisms with ARG when exposed to sub-inhibitory concentrations of antibiotics (Vadstein et al., 2018). A suppressive pressure on whole-community growth rate (OD600) for AMX, SMX, and GM antibiotic enrichments in comparison to the POS MHB control was observed (Figure 2). In contrast, the OD600 for POS MAC in Figure 2C indicated that exposure to CST resulted in a higher growth rate in influent and RAS microbial communities from WWTW1 compared to the control. This may indicate a highly adaptive community, with lower competitive pressure in these matrices. However, wavelength interference of the acidity indicator in MacConkey media may also play a role in the observed CST results. The complex interactions in wastewater microbial metabolism could influence wavelength transmission in all media types. Thus, culturing was selected as a quantification metric for subsequent analyses.

The percentage of ARGs removed from influent to effluent was significantly higher in WWTW2 for mcr3, sul1, and sul2 (Figure 1). It was surprising that no blaOXA−48 genes were identified despite successful amplification of the lab-synthesized blaOXA−48 control gene, as it has been previously identified in various countries, in multiple plasmid types, and in SA environments (Bonomo, 2017; Ebomah and Okoh, 2020; Gibbon et al., 2021). Differences in capacity, sources of influent, and type of effluent treatment strategies between the two WWTW may contribute to the variation in ARB and ARG abundance and the dominant species observed between WWTW. The first WWTW uses a mixed flow approach for tertiary treatment, has a 200 Ml/day capacity, and was sampled upstream of the maturation pond. Due to the layout of this WWTW, a sample point downstream of the maturation pond was inaccessible. In contrast, WWTW2 uses a plug flow system for tertiary treatment, has a 38 Ml/day capacity, and was sampled downstream of the maturation pond. In a mixed flow system, contaminants such as antibiotics, ARG, and ARB, are immediately distributed throughout the system. This reduces the concentrations of these contaminants and promotes persistence and proliferation. In contrast, in a plug flow there is less mixing, and contaminants in treated water are thus “pushed out” of WWTW within its hydraulic retention time as new contaminants enter (Rumbaugh, 2014). Due to the fact that samples were collected after the maturation pond in WWTW2, aggregates of suspended solids may have settled in the maturation ponds, and may not be present in the collected sample, further reducing the ARG and ARB seen in the effluent of WWTW2 (Figures 1, 3). This study did not sample other parts of wastewater treatment such as solid waste prior to grit screening or waste sludge. Thus, ARG and ARB may still enter the environment including rivers, the ocean, and sediments through different avenues despite seeming reduced in liquid wastewater effluent, as suggested by Sabri et al. (2020). Through this dissemination, other organisms such as bacteriophages and other vectors could acquire these genes, increasing the spread of resistance (Czekalski et al., 2012; Fouz et al., 2020; Wang et al., 2021; Zare et al., 2021). However, the amount of ARB in sludge has also been found to reduce significantly after anaerobic digestion due to the heat generated during the process that kills bacteria (Zhao and Liu, 2019).

The most prevalent species identified from a randomly isolated footprint of colonies, M. morganii (Figure 4), is intrinsically (innately) resistant to AMX and CST (Liu et al., 2016), both of which were used as a selective pressure in this study and could explain why this organism was the most prominent in the samples. Several other identified genera (Aeromonas, Escherichia, Citrobacter, and Providencia, etc.) in Figure 4 are commensal bacteria in humans and/or animals and are frequently found in WWTW, regardless of the treatment strategy (Lee et al., 2009; Janda and Abbott, 2010; Abbott, 2011; Liu et al., 2016, 2017; Bassetti et al., 2018). This is evident in Figure 5 where these commensal genera are present in both WWTW1 and WWTW2. These organisms can be present in different environments and are not exclusive to the human gut, however, WWTW are receivers of human (and other) waste, and the fact that antibiotic resistant commensal organisms are dominant in these environments suggests that humans and animals might be a source of entry of ARB into WWTW and subsequently play a major role in the emergence of AMR in the environment. This is further supported by the increased abundance of ARB in WWTW samples after antibiotic exposure (Figures 2, 3C,D). Higher concentrations of antibiotics used in treating a patient or animal in a clinical or agricultural setting (or using them as supplements in animal feed) applies a higher selection pressure within the microbiome which has been shown to increase antibiotic resistance at a faster rate than lower antibiotic concentrations (Oz et al., 2014; Dafale et al., 2020). As a result, selection of intrinsically resistant pathogens and resistant microbial populations are more likely to occur in these microbial communities which may be excreted and enter WWTW in addition to surface waters. These organisms that persist in the WWTW effluent may have detrimental implications downstream of the WWTW. For example, the sprinkler systems used for irrigation have been found to play a role in the spread of aerosolized pathogens (Adegoke et al., 2018) with several bacterial and viral outbreaks being reported due to crops being contaminated after irrigation with treated wastewater (Figueras Salvat and Ashbolt, 2019). These incidences reinforce the potential of antibiotic resistant organisms to disseminate into the environment and through the food chain if they are present in WWTW discharge.



Sub-MIC Impact on AMR

The mode MICs for pure cultures for CST, AMX, SMX, and GM (2,048, 16,384, 4,096, and 16 μg/ml, respectively) (Figure 7) are 256, 2,048, 8 times, and equal to the respective EUCAST MIC resistant breakpoint values, indicating that the microbes in these WWTW, as a collective, are resistant to all the antibiotics tested in this study (European Committee on Antimicrobial Susceptibility Testing, 2017; Clinical Laboratory Standards Institute., 2018). High MICs for bacteria isolated from wastewater have also been reported in numerous studies (Ovejero et al., 2017; Obayiuwana et al., 2018). Mode MICs for individual isolates (Figure 7) were found to be higher than the MICs for the whole community wastewater samples for AMX and CST (Figure 6). MICs for SMX were similar between whole community and pure cultures, and MICs for GM were higher in whole communities. Increased prevalence of β-lactamase-producing bacteria has led to AMX having poor activity against Enterobacteriaceae and Pseudomonas spp. when used without a β-lactamase inhibitor (European Committee on Antimicrobial Susceptibility Testing., 2010; González-Bello et al., 2020). However, referring to the previous example of resistance emergence occurring in the gut microbiome of animals and humans, individual members or a sub-group of these microbial communities that enter the environment through excretion may develop higher MICs after being exposed to higher concentrations in the gut, compared to organisms in the environment exposed to trace antibiotic concentrations that are lower than expected PNEC values (Rolain, 2013; Bengtsson-Palme and Larsson, 2016; Booth et al., 2020) that could be diluted further by rainfall and stormwater before entering WWTW. The lack of a significant change in resistant gene copy number in various isolates from WWTW, after sub-inhibitory antibiotic exposure for 18–24 h, emphasizes this as well; however, it needs to be acknowledged that these results are indicative of the ARG copy numbers in bacterial isolates, and the presence of some ARGs in bacteriophages as a result of HGT are not represented here (Figure 8). It has been shown previously that exposure of E. coli isolates to sub-MIC concentrations of various antibiotics result in increased MICs within 21 days of exposure through serial passage and that organisms exposed to higher concentrations (0.5 × MIC) had a higher occurrence of cross-resistance compared to isolates exposed to lower concentrations (1/8 × MIC). As a result, whole communities that dominate regions of WWTW for biological treatment may have varying proportions of species intrinsically resistant to certain antibiotics. The abundance of these species may be lower and as a result the MICs may appear to be lower than single isolates that have the necessary resistance mechanisms. This may explain the trends seen for the whole community and pure culture MICs in Figures 6, 7. Thus, curbing AMR in the environment cannot be addressed by confronting WWTW alone and needs to be stewarded carefully from the point of usage. The wide range of antibiotic reactivities, resistance genes, and mechanisms that would respond differently to various treatments lead to a range of AMR issues. Potential outbreaks in humans or animals with organisms identified in this study would be untreatable with the target antibiotics due to the MIC values seen in Figure 7.

While the problem areas within the wastewater treatment process in terms of AMR should be identified, and alternative technologies that promote more effective removal of all harmful contaminants should be implemented, it is important to recall that WWTW are the receiving bodies rather than the original source of antibiotics and ARB that carry ARG. In addition to the entry of ARB, other industrial chemicals may contribute to AMR. Chlorine treatment has been found to increase the permeability of bacterial cells, allowing increased horizontal gene transfer (HGT) of ARGs between donor and recipient cells (Guo et al., 2015; Wu et al., 2022). The entry of chlorine and other disinfectants used for cleaning hospitals, abattoirs, swimming pools, etc., into WWTW may increase HGT in WWTW with a dense microbial load, such as activated sludge, or promote gene transfer at the original source of contamination. In addition, extracellular ARGs have been found to adsorb to microplastics which are ubiquitous environmental contaminants and would play a role in AMR dissemination in the environment outside of a WWTW (Ross et al., 2021; Cheng et al., 2022).




CONCLUSIONS

It is evident that antimicrobial resistant (AMR) microorganisms are abundant in WWTW regardless of the stage of the treatment process. While ARB and ARG were present in chlorinated effluent, the numbers were reduced compared to the influent, suggesting that WWTW assist in reducing dissemination of AMR in the environment as opposed to contributing to it. It appears plausible that the sub-MIC exposure in WWTW had little effect on the emergence of ARB and ARG. As a result, a more proactive solution in tackling AMR would be to mitigate the entry of these ARB and ARG into the WWTW altogether and to encourage the development of antibiotics that are metabolized more readily to prevent excretion of the parent compound and active metabolites into WWTW. In addition, providing access to basic hygiene and sanitation amenities in developing countries, promoting food-animal health, and implementing potential incentives or consequences to encourage adherence to disposal legislation and to reduce the use of antibiotics, where possible, would help combat the issue. Education on AMR and daily routines that play a role in the functioning of the WWTW could aid in the removal efficiency of antimicrobials and other contaminants and promote a proactive mindset in addressing the issue of AMR in the environment.
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Probe-based assay

Primer/probe name Sequence Probe label 5 Probe label 3’ References

blaoxa-ssf GCGTGGTTAAGGATGAACAC (van der Zee et al,, 2014)
blaowa-ast CATCAAGTTCAACCCAACCG

blaoxs_csp AGCCATGCTGACCGAAGCCAATG FAM BHQ-1™

blaypo-1f TGCAGAGCCCAGTGTCAGTTT (van der Zee et al,, 2014)
blapo_1 CGCTCTATCGGCGATACCA

blagpe_1p TTCCGTCACGGCGCGCG CAL Fluor Red 610 BHQ-2™

SYBR green-based assay

Primer name Sequence Probe label 5 Probe label 3’ References

Mer3f ACCTCCAGCGTGAGATTGTTCCA (Lietal, 2017)

Mer3r GCGGTTTCACCAACGACCAGAA

qSUL653f CCGTTGGCCTTCCTGTAAAG (Heuer and Smalla, 2007)
qSUL719r TTGCCGATCGCGTGAAGT

qSUL2_595f CGGCTGCGCTTCGATT (Heuer et al., 2008)
qSUL2_654r CGCGCGCAGAAAGGATT

16s rDNA 8F AGAGTTTGATCCTGGCTCAG (Felske et al., 1998)

16s rDNA 1512R GTGAAGCTTACGGTTAGCTTGTTACGACTT





OPS/images/frwa-04-883282-g007.gif
® () uopenuesuo

Antibiotics.





OPS/images/frwa-04-883282-g008.gif
(Gene coples/163 rONA.

[surt






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Wastewater Treatment Works: A Last Line of Defense for Preventing Antibiotic Resistance Entry Into the Environment



		Introduction



		Materials and Methods



		Sampling Locations and Procedure



		Changes in Antibiotic Resistance During Wastewater Treatment



		Abundance of Target ARG



		DNA Extraction and Gene Synthesis



		qPCR Reactions and Cycling Conditions









		Abundance of ARB



		Determination of Antibiotic Concentrations for ARB Selection



		Culturing, Enumeration, and Isolation



		Identification















		Sub-MIC Impact on AMR



		MIC Determination for Pure Cultures and Whole Communities



		qPCR Measuring the Effect of Sub-MIC Concentrations on ARG









		Statistical Analysis







		Results



		Changes in AMR During Wastewater Treatment



		Abundance of Target ARG



		Abundance of ARB



		Identification of Single Colonies















		Sub-MIC Impact on AMR



		MIC Determination for Pure Cultures and Whole Communities



		qPCR Measuring the Effect of Sub-MIC Concentrations on ARG













		Discussion



		Changes in AMR During Wastewater Treatment



		Sub-MIC Impact on AMR







		Conclusions



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Water

Wastewater Treatment Works: A
Last Line of Defense for Preventing
Antibiotic Resistance Entry Into the

Environment





OPS/images/frwa-04-883282-g001.gif





OPS/images/frwa-04-883282-g002.gif
[ WwTwi Bofore

By WwTwz Baore

20,

[or wverws Arer oy vewrrwz afor
T e e S Pyl S

= rosie
= A 612 pom
& S iz o










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
¥ frontiers | Frontiers in Water





