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The spread of bacteria with antibiotic resistance genes (ARGs) in aquatic ecosystems is of growing concern as this can pose a risk of transmission to humans and animals. While the impact of wastewater treatment plant (WWTP) effluent on ARG abundance in surface waters has been studied extensively, less is known about the fate of ARGs in biofilms. The proximity and dense growth of microorganisms in combination with the accumulation of higher antibiotic concentrations in biofilms might render biofilms a reservoir for ARGs. Seasonal parameters such as water temperature, precipitation, and antibiotic concentrations should be considered as well, as they may further influence the fate of ARGs in aquatic ecosystems. Here we investigated the effect of WWTP effluent on the abundance of the sulfonamide resistance genes sul1 and sul2, and the integrase gene intI1 in biofilm and surface water compartments of a river in Germany with a gradient of anthropogenic impact using quantitative PCR. Furthermore, we analyzed the bacterial community structure in both compartments via 16S rRNA gene amplicon sequencing, following the river downstream. Additionally, conventional water parameters and sulfonamide concentrations were measured, and seasonal aspects were considered by comparing the fate of ARGs and bacterial community diversity in the surface water compartment between the summer and winter season. Our results show that biofilm compartments near the WWTP had a higher relative abundance of ARGs (up to 4.7%) than surface waters (<2.8%). Sulfonamide resistance genes were more persistent further downstream (>10 km) of the WWTP in the hot and dry summer season than in winter. This finding is likely a consequence of the higher proportion of wastewater and thus wastewater-derived microorganisms in the river during summer periods. We observed distinct bacterial communities and ARG abundance between the biofilm and surface water compartment, but even greater variations when considering seasonal and spatiotemporal parameters. This underscores the need to consider seasonal aspects when studying the fate of ARGs in aquatic ecosystems.
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Introduction

As a step toward limiting the global spread of antimicrobial resistance, it is crucial to remind ourselves that humans, animals, and the environment are interconnected, which has already been well expressed as the basis of the One Health approach (The World Health Organization et al., 2019). The freshwater environment links all terrestrial life, and can therefore be a dissemination route of antibiotic-resistant bacteria and the resistance genes (ARGs) they carry (Berendonk et al., 2015; Larsson and Flach, 2022). The flux of clinically relevant ARGs and the dynamics of their pool sizes in anthropogenically impacted waterbodies are less certain, rendering it important to better understand the mechanisms and factors that influence the fate of these genes in such ecosystems. A key source of ARGs and antibiotics pollution in aquatic ecosystems is untreated and treated wastewater (Proia et al., 2016; Wang et al., 2020). Well-operated wastewater treatment plants (WWTP) are efficient in attenuating concentrations of phosphorous and fixed nitrogen compounds, but they are not specifically designed to remove antibiotic-resistant bacteria, ARGs, and antibiotics (Chaturvedi et al., 2021). Modifying existing or constructing new WWTPs with improved capability for their removal is a substantial task. In the EU, for example, with its comparatively extensive treatment infrastructure, the wastewater of 447 million people is treated in about 26,500 WWTP at investment and operational costs of €39 billion per year (OECD, 2020). Further monitoring of the level of ARG contamination of surface waters will be helpful to guide stakeholders on whether, where, and when to implement improved wastewater treatment.

Cost-effective assessment of ARG contamination can be achieved by quantification of marker genes (Berendonk et al., 2015). The sul1 and sul2 genes, which confer resistance to sulfonamides, are among the earliest used markers and most frequently detected ARGs in WWTP effluent (Pruden et al., 2006; Wang et al., 2020). The environmental presence of these ARGs mirrors the common prescription of sulfonamides in human medicine and food animal production, as well as their chemical stability (Martin-Laurent et al., 2019). Likewise, the abundance of the integrase gene intI1 of the clinical class 1 integron has increased globally in natural environments as a result of anthropogenic activities (Gillings et al., 2008). The genes intI1 and sul1 usually show a strong positive correlation in environmental samples, as both co-occur in the classical class 1 integron (Gillings et al., 2015). However, some studies show an independent trend, such as an increase in the relative abundance of intI1 without a concomitant increase in sul1 relative abundance (Koczura et al., 2016; Haenelt et al., 2023). While the biological reason for this observation remains to be elucidated, it is an example of how genes associated with antimicrobial resistance that share the same point source can have different environmental fates. Therefore, site monitoring ideally includes the enumeration of several ARGs. In our study, we have chosen sul1 and sul2 to assess the antimicrobial resistance status in the Holtemme river, due to their widespread occurrence in aquatic ecosystems globally and their established recognition as indicator genes over many years (Pruden et al., 2006). Furthermore, the prevalence of the intI1 gene was monitored as a proxy for anthropogenic pollution (Gillings et al., 2015; Yue et al., 2021).

Multiple studies have focused on the fate of ARGs and the effect of anthropogenic pollution on planktonic microorganisms in the surface water or sediment compartment of rivers downstream WWTPs (e.g., Harnisz et al., 2020; Borsetto et al., 2021; Chaturvedi et al., 2021; Hutinel et al., 2021; Pesce et al., 2021; Kasuga et al., 2022). Less attention has been given to the fate of ARGs and the effect of WWTP effluent on bacterial communities in the biofilm compartment of rivers, which we define here as the biological interface between the sediment and the overlaying surface water compartment (Luo et al., 2020). Biofilms are known to play an important role in the functioning of aquatic ecosystems, e.g., in nutrient cycling, transformation of pollutants, and as reservoirs of microorganisms (Flemming et al., 2016). The proximity and dense growth of microorganisms within biofilms, the accumulation of antibiotics resulting in higher concentrations than in the surrounding environment, and their ability to accumulate mobile elements make them a favorable environment for the spread of ARGs (Proia et al., 2016; Flores-Vargas et al., 2021). In addition, sediment samples contain material collected some distance below the surface of the riverbed, where ambient conditions are likely different from those in the biofilm, and hence ARG prevalence could be different in the two compartments.

Furthermore, the effect of seasonal variations on the abundance of sul1, sul2, and intI1 in WWTP effluent-impacted streams is currently uncertain. For example, Sabri et al. (2020) reported slightly higher concentrations of these marker genes in a Dutch river during the summer season, while Koczura et al. (2016) found a higher occurrence of the genes in a Polish river during cold months. The latter authors hypothesized that higher antibiotic consumption during colder months might have contributed to the higher ARG concentrations. In contrast, studies targeting the wet and dry seasons in China have not shown significant seasonal differences in the occurrence of ARGs (Chen et al., 2013; Yuan et al., 2014; Mao et al., 2015). Since multiple environmental parameters including water temperature and availability of nutrients vary throughout the year, it is difficult to determine their individual impact. Moreover, the urban discharge fraction, i.e., the proportion of WWTP effluent relative to the total volume of a stream, can be substantially different in summer and winter season, which likely has a strong effect on the spread of ARG. The effect could be exacerbated in regions of the world where climate change is expected to cause more frequent hot and dry summer seasons in the future (Gudmundsson et al., 2021).

This study aimed to assess the effect of wastewater discharge on sul1, sul2, and intI1 prevalence comparatively in biofilm and surface water compartments at six sampling sites in a small river along its gradient of anthropogenic impact. We aimed to elucidate the role of the riverine biofilm compartment as a reservoir for ARGs in the aquatic environment, with special emphasis on the effect of wastewater discharge. Furthermore, we investigated the effects of seasonality on the abundance of ARGs and bacterial community diversity in surface waters by comparing results obtained during the current summer sampling campaign with data from a previous study conducted in a winter season (Haenelt et al., 2023).



Materials and methods


Study region and sampling sites

This study investigated the Holtemme, a 47 km long river originating in the Harz mountains of Saxony-Anhalt, Germany. The river is considered near-pristine in the mountainous region, while downstream anthropogenic impact increases due to wastewater discharge, rectification, settlements, and widespread farming activities (Inostroza et al., 2016; Karthe et al., 2017; Wollschläger et al., 2017). In the mountainous region, low concentrations of caffeine and the insecticide diethyltoluamide indicate a mild impact by hikers (Weitere et al., 2021). The sediment in the Holtemme is mostly sandy with pebbles and cobbles (Kunz et al., 2017). Five small streams flow into the Holtemme in the study area, all of which contribute little to the water volume of the river. During the sampling period in the summer season of 2022, a stream entering the Holtemme between Site 5 and 6 had dried up completely. For this study, two sampling sites were selected in the “pristine” part of the river, one directly at the discharge point of an activated sludge-based, tertiary WWTP, one about 150 m downstream of the WWTP, and two others 8 and 13 km further downstream. The latter site is at the upstream outskirts of the next city (Halberstadt), which has its own WWTP. All six sampling sites have been previously described in detail (Haenelt et al., 2023).



Sampling and sample preparation

Planktonic and biofilm samples were collected during a dry period in the summer season of 2022 on five sampling days (August 9th, three consecutive days from August 23rd to 25th, and September 1st) at all six sites. Rain events were rare and the average rainfall was less than 2.3 mm per day (Supplementary Figure 1). Water temperature and pH were measured at all sites using a SenTix41 probe (Xylem Analytics, Germany). NO3-N, total phosphorous, and water depth were obtained from the MOBICOS stations located at Sites 1 and 5 (Fink et al., 2020), and physicochemical parameters from Site 3 (WWTP discharge) were kindly provided by the WWTP Silstedt.1

Planktonic samples were collected in sterilized and pre-rinsed 1-L glass flasks at an approximate water depth of 5 cm. Biofilm samples were collected with a spatula from the water-facing side of stones covering the riverbed and transferred into tubes containing 1 mL 1xPBS. To obtain a sufficient amount of biomass, approximately 10 cm2 of surface area was used for biofilm sampling at Sites 1, 2, 5, and 6. At Sites 3 and 4, which were characterized by dense biofilms, approximately 1 cm2 was sampled. All samples were stored in a thermobox with cold packs and transported to the laboratory within 3 h. Immediately upon arrival, biofilm samples were stored at 8°C until DNA extraction within the next 2 days. Planktonic samples were further treated as follows. One liter of river water from each site except Site 3 (500 mL) was filtered using 0.22 μm pore size PSE PALL filters (diameter 47 mm, Pall Corporation, New York, NY, USA) and stored at −20°C until DNA extraction. Additionally, 100 mL flow-through was collected for each site and stored at 8°C overnight before solid phase extraction (SPE) and sulfonamide concentration measurements via HPLC-MS.



SPE and HPLC-MS analysis

Flow-through was concentrated 100-fold using SPE with Oasis HLB 6cc 500 mg columns (Waters, CT USA) before HPLC-MS was carried out as described in Haenelt et al. (2023). In brief, a calibration curve from 0.01 μg/L to 2 μg/L of a sulfonamide mixture containing sulfamethoxazole (SMX), sulfadiazine (SDZ), and sulfamethazine (SMZ) was generated, and all samples were measured in technical triplicates. HPLC-MS analysis was carried out using a Zorbax Eclipse Plus Rapid Resolution HT-C18 (100 mm × 3 mm, 1.8 μm) column on a 1,260 Infinity II HPLC (Agilent Technologies, Santa Clara, CA, USA) coupled to a QTRAO 6500 + MS/MS (AB Sciex, UK).



DNA extraction

The biofilm samples were vortexed and centrifuged for 5 min at 13,000 g to harvest microorganisms. The supernatant was discarded and the sediment was resuspended in 100 μL BE buffer (Macherey Nagel, Germany). For planktonic samples, filters were cut into small pieces and divided into two parallel 2-mL tubes containing 200 μL BE buffer and approximately 0.15 g of 1-mm zirconium beads (Carl Roth, Germany) each. The individual tubes were agitated for 20 s at 4 m/s on a FastPrep 24 instrument (MP Biomedicals, Germany) and centrifuged in a benchtop centrifuge (neoLab, Germany). The supernatant from parallel tubes was collected and pooled. To maximize the final DNA yield, an additional 100 μL of BE buffer was added to the tubes containing the filter pieces, vortexed, and centrifuged again, and the supernatant was pooled with the previous one. DNA extraction was performed using the NucleoSpin Microbial DNA Kit (Macherey Nagel, Germany) following the manufacturer’s protocol.



16S rRNA gene amplicon sequencing

The diversity of bacterial communities in planktonic and biofilm samples was determined for all sites and sampling campaigns by preparing a 16S rRNA gene amplicon library as described (Haenelt et al., 2023). We conducted a nested PCR of the variable region V3 using the primer pairs specified in Supplementary Table 1. Performing a nested PCR was necessary to obtain sufficient DNA yield for the planktonic samples. Amplicons were sequenced with the NextSeq 500/550 High Output Kit v2.5 on an Illumina NextSeq 550 instrument. Bacterial community analysis was performed using QIIME 2 (Bolyen et al., 2019), DADA2 (Callahan et al., 2016), and the taxonomic classifier “Silva 138 99% OTU full-length sequences” (Bokulich et al., 2018; Robeson et al., 2021). Phyloseq (McMurdie and Holmes, 2013) was used for further data analysis in R. The dataset for Site 1 on August 9th was removed due to low sequencing depth. Rarefaction curves can be found in Supplementary Figure 2. For statistical analyses of alpha diversity measurements, we performed Kruskal-Wallis and Dunn’s tests using the package rstatix (Kassambara, 2023). An overview of the statistical significance of differences in alpha diversity, both between sampling sites and within each sampling site, comparing planktonic and biofilm samples, can be found in Supplementary Table 2. To compare microbial beta diversity in biofilm and planktonic samples, we applied non-metric multidimensional scaling (NMDS) of Bray-Curtis dissimilarities using the vegan package (Oksanen et al., 2022). To assess seasonal influences on bacterial community structure and diversity in the surface water compartment, we did NMDS with data obtained for planktonic samples in this study and data from our previous study from the 2020/2021 winter season (Haenelt et al., 2023). PERMANOVA tests were performed to evaluate the statistical significance of differences in beta diversity between sampling sites, within each sampling site comparing both surface water and biofilm compartments (Supplementary Table 3), as well as between the summer and winter season.



Quantitative PCR

Absolute abundances of sul1, sul2, intI1, and the 16S rRNA gene were determined with SYBR Green-based quantitative real-time PCR using established primers (Supplementary Table 1) and a protocol from Haenelt et al. (2023). For planktonic samples, copy numbers (CN) were normalized to CN/100 mL river water. For biofilm samples, CN were normalized to CN/sample and are therefore not directly comparable with each other. Relative abundances of sul1, sul2, and intI1 were calculated by dividing their absolute abundances by those of the 16S rRNA gene. The statistical significance of differences in absolute and relative ARG abundances between sampling sites and seasons was determined using the package rstatix (Kassambara, 2023). We performed statistical analyses employing Kruskal-Wallis and Dunn’s tests using the package rstatix (Kassambara, 2023). Results for the relative abundance of the target genes, encompassing comparisons of both sampling sites and riverine compartments within each sampling site can be found in Supplementary Table 4. Additionally, we compared the abundance of all four target genes quantified in the current study with data acquired during a winter season in our previous study (Haenelt et al., 2023). We aimed to identify notable differences in both absolute and relative abundance between the two seasons for each sampling site using Dunn’s test, and the outcome of these analyses is depicted in Supplementary Table 5.




Results and discussion


Physicochemical parameters

Our monitoring study showed that WWTP effluent was the primary source of SMX, nitrogen, and phosphorus pollution. Downstream of the discharge point, our data show decreasing SMX as well as nutrient concentrations. The highest SMX concentration was found at Site 3, with a median concentration of 20 ng/L, resulting in 17.7 ng/L SMX at Site 4. This finding is in line with previous studies on the Holtemme (Krauss et al., 2019; Beckers et al., 2020; Švara et al., 2021) and with numerous publications which showed that WWTP effluent is the primary source of antibiotic pollution in aquatic ecosystems (Carvalho and Santos, 2016; Rodriguez-Mozaz et al., 2020; Zhuang et al., 2021; Larsson and Flach, 2022). Sulfonamides are typically found at concentrations below 100 ng/L in anthropogenically impacted river waters (Li et al., 2022). In our previous study during the 2020/2021 winter season (Haenelt et al., 2023), the median SMX concentration at Site 3 was 8.6 ng/L and therefore lower than during the summer season. Lower antibiotic concentrations in the effluent during the winter season could be explained by dilution effects due to precipitation in the WWTP catchment (Hong et al., 2018). Taking the SMX concentration as an indicator of the proportion of wastewater in the river, WWTP effluent would account for nearly 90% of the river water at Site 4 in the summer season of 2022. This value is similar to the value of 75% estimated on the basis of the flow rates provided by the State Office for Flood Protection and Water Management Saxony-Anhalt.2 Downstream of the discharge point, SMX concentration decreased. However, the decrease was not statistically significant and the decline rate of SMX concentration (11% from Site 3 to Site 6) was lower than during the winter season (73%), presumably because of high water evaporation together with the lack of precipitation. SDZ and SMZ concentrations did not exceed 1.3 ng/L at any of the sampling sites (Figure 1A). SMX and SMZ concentrations at Site 4 are consistent with a previous study conducted on the Holtemme (Tousova et al., 2017). There, samples were taken approximately 1 km downstream from our Site 4, the mean SMX concentration was 8 ng/L and SMZ concentrations were below the limit of quantification. SDZ concentrations were previously not quantified.
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FIGURE 1
(A) Sulfonamide concentrations measured via HPLC-MS. Measurement was done in five replicates and sulfadiazine (left), sulfamethoxazole (middle) and sulfamethazine (right) concentrations are reported as box whisker plots for each site. (B) Physicochemical parameters. Measurements were obtained from MOBICOS monitoring stations (Site 1 and 5, https://www.ufz.de/index.php?en=39611), WWTP Silstedt (Site 3, https://www.wahb.eu/) and manually using a SenTix41 probe (Site 2, 4, and 6). From left to right and top to bottom: water temperature [°C], pH, water depth [cm], NO3-N [mg/L], and total P [mg/L]. Significant differences between sampling sites are represented by asterisks (Dunn’s test, * ≤ 0.05, ** ≤ 0.01, *** ≤ 0.001).


During the hot and dry summer season in 2022, water depth was on average below 10 cm in the Holtemme. Water temperature upstream of the WWTP varied between 13 and 16°C, while wastewater discharge at Site 3 (21°C) resulted in an elevated water temperature of 19°C at Site 4. Downstream at Site 5 (17°C), water temperature increased further, peaking at 22°C at Site 6. The pH in the river changed from pH 7.3 at Site 1 to pH 8.8 at Site 6. Nitrate concentrations were 1.2 mg/L upstream of the WWTP, 4 mg/L in the wastewater effluent, and 2.8 mg/L downstream at Site 5. These values are in the lower range of previously reported nitrate concentrations along the river stretch (Brase et al., 2018). Total phosphorous showed a similar pattern with low concentrations of 0.02 mg/L at Site 1 and an increase to 0.1 mg/L at Site 5 after WWTP discharge of 1 mg/L (Figure 1B).



Bacterial community structure

The bacterial community structures of planktonic and biofilm samples are reported individually, using Shannon index and species richness based on the number of observed Amplicon Sequence Variants (ASVs) to assess bacterial diversity (Figure 2). In planktonic samples, both indices showed the same trend. Highest median values of 6.4 and 1,379 were found at Site 1, whereas lowest values were found at Site 3 (median 5.5 and 1,113). The decrease in Shannon index from Site 1 and 2 to Site 3 was statistically significant (Dunn’s test: p ≤ 0.01 for Site 1, p ≤ 0.05 for Site 2). Downstream of the WWTP, both indices increased steadily, reaching values of 6 and 1,354 at Site 6. The steady increase of both indices downstream the discharge point indicates a recovery of the riverine bacterial community, which was demonstrated in our previous winter monitoring study on the Holtemme using a microbiome recovery model (Haenelt et al., 2023). In contrast to planktonic samples, both indices decreased in the biofilm samples from Site 1 (5.8 and 1,038) to Site 2 (5 and 782). Values at Site 3 (5.7 and 1,157) and nearby Site 4 (5.9 and 1,334) are similar to those at near-pristine Site 1, while further downstream the WWTP, both indices again decreased in a statistically significant manner (Dunn’s test: p ≤ 0.05) with medians of 5.3 and 803 at Site 6. Notably, the biofilm communities at Sites 1, 2, 5, and 6 showed significantly lower alpha diversity in comparison to the corresponding planktonic samples (Dunn’s test: p ≤ 0.05). The number of observed ASVs at Site 1 was the only exception, showing a non-significant difference. Conversely, polluted Sites 3 and 4 show much more uniform alpha diversity in both planktonic and biofilm-forming bacterial communities. We hypothesize that the increase in both indices in the surface water compartment downstream from the WWTP might be attributed to biases during rarefaction of the sequencing data. The high abundance of certain taxa in wastewater may have prevented detection of rare taxa, which were found further downstream in the river with higher evenness (Cameron et al., 2021).
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FIGURE 2
Microbial community structure and diversity based on 16S rRNA gene amplicon sequencing. Alpha diversity is given using Shannon measurement (A) and Number of observed ASVs (B). Beta diversity is displayed as NMDS plot of Bray-Curtis-dissimilarities (C). Distinct colors represent different sites. Light yellow background (A,B) and squares (C) represent biofilm samples, light blue background (A,B) and circles (C) represent surface water samples.


The composition of bacterial communities along the river stretch was impacted by anthropogenic pollution. This is evident in the dissimilarities of beta diversity across different sites, as shown in the NMDS plot in Figure 2C. Influencing factors could be foremost the discharge of wastewater, flow rate, physicochemical parameters, and rectification (Luo et al., 2020). A clear trend could be observed with Sites 1 and 2 on one side and WWTP effluent and nearby Site 4 on the other side of the plot, whereas Sites 5 and 6 showed very similar community structure and are positioned in between the upstream and WWTP-impacted sites. Significantly distinct beta diversity was observed in both planktonic and biofilm-forming microbial communities across all sampling sites, except when comparing Site 3 to Site 4 (PERMANOVA: p ≤ 0.05). NMDS analysis also revealed a statistically significant separation between planktonic and biofilm-forming bacterial communities at all sampling sites (PERMANOVA: p ≤ 0.01). However, the change in community composition seemed to be driven more by the anthropogenic pollution rather than the type of compartment, i.e., surface water vs. biofilm.

The taxonomic compositions of the samples corresponded to the degree of anthropogenic influence along the river. The 50 most abundant phylotypes for each site and their corresponding relative abundances can be found in Supplementary Table 6. Biofilm and planktonic communities at Site 1 were dominated by members of the classes Alphaproteobacteria, Gammaproteobacteria, Clostridia, and Bacilli. In the biofilm samples, approximately 4% of the high-quality reads were derived from Cyanobacteria, whereas in the planktonic samples, Cyanobacteria were not among the 50 most abundant phylotypes (>0.26% of total read abundance). At the family level, bacteria typically exhibiting an aerobic, heterotrophic metabolism predominated in both compartments (e.g., Chitinophagaceae, Comamonadaceae, and Xanthobacteraceae). Noteworthy, we found an ASV affiliated with Escherichia-Shigella in every sample from the surface water compartment at Site 1 (average read abundance of 0.3%). Since identical or similar ASVs were not found in any of the other 55 samples from our campaign, it seems unlikely that they are sampling/laboratory contaminants in the planktonic samples from Site 1. While it remains to be elucidated to which genus the Escherichia-Shigella ASV belonged, and whether it was derived from an autochthonous population, the members of that genus could be a source of the occasionally detected sul1, sul2, and intI1 genes at the site (see below). At Site 2 just downstream the city of Wernigerode, the communities of the surface water and biofilm compartments included several phylotypes often associated with warm-blooded animals (e.g., various Ruminococcaceae) in addition to those found at Site 1. The WWTP effluent at Site 3 was dominated by phylotypes of the family Peptostreptococcaceae and the order Lactobacillales in planktonic samples, while in biofilm samples most abundant phylotypes were associated with Peptostreptococcaceae, Nitrospiraceae, and Rhodobacteraceae. Downstream the discharge point, Peptostreptococcaceae remained a dominant family, but Sphingomonadaceae and Xenococcaceae were also detected with increasing abundance. Arcobacteraceae (phylum Campilobacterota) became highly abundant in biofilm samples (Figure 3). Members of this family have been identified as predominate hosts of sul1, sul2, intI1, and probably class 1 integrons in sewage-impacted water (Hultman et al., 2018; Knecht et al., 2023). Overall, the relative abundance of families with known hosts of integrons slightly decreased from 17% in both biofilm and surface water compartment at Site 1 to an average relative abundance of 12% downstream the WWTP, thus potential hosts for ARGs were already present upstream the WWTP in an area with little anthropogenic impact. Some of these families such as Aeromonadaceae and Rhodocyclaceae have been implicated as prevalent carriers of the indicator genes in and downstream of wastewater treatment systems (Zhang et al., 2018; Lo et al., 2022; Knecht et al., 2023).
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FIGURE 3
Microbial community structure at phylum (top) and class level (bottom) for each site. Sampling dates are displayed on the x-axis. Sample for Site 1, 8th August 2022 was removed before analysis due to low sampling depth.


Differences in beta diversity of planktonic communities from this sampling campaign and those analyzed in our study of the winter season 2020/2021 (Haenelt et al., 2023) are shown in Figure 4. Bacterial communities in summer and winter season were distinct, with statistically significant differences at all sampling sites (PERMANOVA: p ≤ 0.05). Summer communities cluster more than those acquired in winter season, which is most likely related to the shorter sampling period. This becomes evident in the spatial arrangement of data points in the NMDS plot depending on the sampling date in the winter season, where samples were collected over approximately 3 months. The summer sampling campaign lasted only about 1 month. In contrast to upstream sites, the bacterial community in the WWTP effluent were more stable over time and in between seasons, as data points are located close to each other in the plot. As WWTP performances are often stable over time, one would expect the bacterial community structure to be distributed more closely around an average, as previously shown by Wang et al. (2021). At downstream Sites 4, 5, and 6, site-specific distances are much smaller than the time-specific differences. These findings are consistent with a monitoring study conducted on a river in southern Germany (Reichert et al., 2021), illustrating the substantial impact of seasonality on bacterial community structure and diversity.
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FIGURE 4
Seasonal comparison (winter vs. summer) of microbial community diversity in surface water displayed as NMDS plot of Bray-Curtis-dissimilarities. Distinct colors represent different sites. Stars represent samples taken during an earlier monitoring study in the winter season 2020/2021 (Figure 2C, Water), circles represent samples taken in this study in the summer season 2022 (Haenelt et al., 2023). Differences were statistically different between both seasons for all sampling sites, with Sites 3, 4, and 5 showing higher significance levels (PERMANOVA: p ≤ 0.01) than Sites 1, 2, and 6 (PERMANOVA: p ≤ 0.05).




ARG abundance

The anthropogenic pollution pattern in the Holtemme is evident from the prevalence of sul1, sul2, intI1, and the 16S rRNA gene in planktonic samples. All four genes showed a similar pattern with low CN or CN below limit of quantification at Sites 1 and 2, highest CN in wastewater and decreasing CN downstream of the WWTP (Supplementary Figure 3). The increase in absolute abundance was statistically significant for sul1, sul2 and 16S rRNA gene from upstream Sites 1 and 2 to heavily wastewater-impacted Sites 3 and 4 (Dunn’s test: p ≤ 0.01). The median CN of 16S rRNA gene at Site 6 was only 16% of the CN at Site 4. Similar declines were observed for sul1, sul2, and intI1 (12, 10, and 6%, respectively). The absolute CN of the 16S rRNA gene was higher at the wastewater discharge point (median 4.1 × 107 CN/100 mL) than in the river water with a median of 4.3 × 106 CN/100 mL at Site 5. In contrast to our previous monitoring study in the winter season 2020/2021, the absolute abundance of all four target genes in summer season declined more rapidly from Site 4 to 5. This observation is of special interest, as we would have expected the opposite, a faster decrease in the absolute abundance during winter season, due to dilution effects. Absolute abundance for biofilm samples is not depicted because a normalization to CN/sample does not allow for direct comparison between different sampling sites. In the summer season, relative abundance against 16S rRNA gene showed a similar pattern for all three target genes sul1, sul2, and intI1 in planktonic samples, with the highest relative abundance at Site 3 (median 2.8, 2.6, and 1.3%, respectively) and decreasing relative abundance from Site 4 to 5 (Figure 5). Wastewater discharge at Site 3 resulted in significantly increased relative abundances of sul1 and sul2 when compared to both upstream sites (Dunn’s test: p ≤ 0.05). The decrease in absolute and relative abundance downstream the WWTP is most likely attributed to dilution effects, but additional removal mechanisms like sedimentation, cell death by predation or inactivation by UV light might also occur (Lee et al., 2021).
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FIGURE 5
Abundance of sul1, sul2, and intI1 relative to 16S rRNA gene. Distinct colors represent different sites. Light yellow background represents biofilm samples, light blue background represents surface water samples.


Although both, the relative and absolute abundances of these genes are decreasing, the median values remain largely unchanged 8 km (Site 5) and 13 km (Site 6) downstream the WWTP. These observations show that ARGs can be persistent in the aquatic environment even far downstream the point source of pollution (>10 km). Sabri et al. (2020) measured the abundance of several ARGs in a Dutch river and absolute abundances of sul1, sul2, and intI1 gene copy numbers remained constant over 20 km of the river stretch regardless of the season. These findings differ from our previous monitoring study in winter season 2020/2021, where absolute abundances of sul1 and sul2 decreased to copy numbers below the limit of quantification at Site 6, 13 km downstream the WWTP. Potential causes for differing observations could be the fraction of wastewater discharge, and the amount of precipitation and additional inflow from tributaries depending on the season. In addition, the absolute abundance of the 16S rRNA and sulfonamide resistance genes was significantly higher in the WWTP effluent and at all sampling sites downstream the WWTP in the summer compared to the winter season (Dunn’s test: p ≤ 0.05). This increase is most likely a consequence of higher abundance of microorganisms in the WWTP during summer season. The relative abundance of sul1 and sul2 was also higher in the summer season at Site 3 and downstream the WWTP. For sul2 the difference was statistically significant (Dunn’s test: p ≤ 0.05). We estimate an increase in the proportion of WWTP effluent at Site 4 from ∼27% in winter to about 75% in the summer season (see above). Therefore, seasonal differences like the increased proportion of wastewater and thus ARG-carrying wastewater-derived microorganisms in the river increased the abundance of sulfonamide resistance genes. In the face of climate change with less average precipitation in summer seasons in Europe, one must assume that the proportion of wastewater in rivers will increase even further (European Environment Agency, 2021), leading to an increase of ARGs in rivers.

In biofilm samples, similar relative abundances were observed for sul1 and sul2, however, at higher relative abundance at Site 3 (both genes at 3%) and Site 4 (2 and 4.7%) and a more rapid drop from Site 4 to Site 5 (both 0.3%). The relative abundance of both genes was significantly increased at Site 3 and 4 when compared to the pristine Site 1 (Dunn’s test: p ≤ 0.01). The elevated relative abundance in vicinity to the discharge point indicates that ARG-carrying microorganisms were mainly accumulated in biofilm directly at the WWTP, whereas those remaining in surface waters over longer distance did not or only barely enter biofilms at a later stage. Similar findings were reported by Guo et al. (2018), where the authors found higher ARG abundances and detection frequencies in biofilm compared to planktonic samples. The accumulation of antibiotics in the biofilm compartment, in combination with dense microbial growth and accumulation of mobile genetic elements might render biofilms an important reservoir for ARGs downstream WWTPs (Gillings et al., 2009). However, the spatially restricted occurrence of sulfonamide resistance genes sul1 and sul2 in biofilms in close vicinity to the discharge point suggests that this was not the case in our study.

In contrast to the sulfonamide resistance genes, intI1 was detectable upstream and downstream of the WWTP without significant differences in the relative abundance between sampling sites. However, wastewater discharge increased its relative abundance from a median of 0.9% at Site 2 to 1.5% at Site 4. All anthropogenically impacted ecosystems have become polluted with the clinical class 1 integron in recent years (Gillings, 2018). For example, Cacace et al. (2019) conducted a study on the abundance of nine ARGs and the intI1 gene in 16 WWTP effluents from 10 European countries. Similar to the biofilm samples we studied, they found a background level of intI1 resistance already present upstream of the WWTP, which further increased when wastewater entered the river. Possible reasons for the occurrence upstream of a WWTP could be anthropogenic impact from the city of Wernigerode or leisure activities at the river (Weitere et al., 2021). The prevalence of the intI1 gene in biofilm throughout the river stretch is of concern if correlating with the abundance of class 1 integron, as the integron could potentially carry various ARGs as gene cassettes, and biofilms provide suitable conditions for horizontal gene transfer (Gillings et al., 2008; Chaturvedi et al., 2021).

During our monitoring study, we were limited in information regarding flow rates for all sampling sites, which would have been needed to calculate the loads of ARGs in CN/day as previously done by Lee et al. (2021). This would have further enabled us to determine the environmental fate of ARGs (e.g., dilution of wastewater in the river vs. additional removal mechanism) more precisely. In addition, single-cell approaches such as epicPCR or directGeneFISH (Moraru et al., 2010; Spencer et al., 2016) could be implemented in future studies to link the host phylotypes with the ARGs type and to better assess the risk of ARG transfer to human pathogens.




Conclusion

The findings of this study emphasize the importance of spatiotemporal monitoring of anthropogenic pollution on both planktonic and biofilm-forming bacterial communities in aquatic ecosystems. Higher proportions of wastewater in the river increased the absolute and relative abundance of sulfonamide resistance genes in summer when compared with previously published data obtained during the winter season. Even though we observed a more rapid decline of absolute abundances after wastewater discharge in the summer season, we found that the indicator genes sul1, sul2, and intI1 were persistent in river water and remained detectable even 13 km downstream of the pollution source, which was not the case in our previous study in the winter season. In light of climate change, where forecasts predict even hotter and drier summers and therefore greater urban discharge fractions in streams (European Environment Agency, 2021), this finding become of great concern. Moreover, resistance genes were found to be higher abundant in biofilms located near the WWTP in comparison to the surrounding water, suggesting the possible accumulation of antibiotic-resistant bacteria derived from wastewater in biofilms. Further research is needed to understand the underlying mechanisms responsible for the accumulation of ARGs in biofilms and to gain better insights into the influence of seasonal variations on bacterial community alteration and ARG persistence in aquatic environments. It is already certain that higher proportions of wastewater in rivers and the resulting high occurrence of wastewater-derived microorganisms lead to the increased abundance and persistence of ARGs in the aquatic environment.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/, PRJNA962299.



Author contributions

SH, NM, JM, and H-HR conceived the study and the experimental design. SH performed the sampling, sample treatment, and data analysis and wrote the manuscript with contributions from NM and JM. NM and SH supervised during the whole study duration. All authors contributed to the manuscript revision and read and approved the submitted version.



Acknowledgments

We would like to thank the Helmholtz Centre for Environmental Research for funding this Ph.D project through the Ph.D college initiative–FATE (Fate and effects of antibiotics from sources to sinks: Bridging the scale from molecular-level processes to large-scale observations in engineered and natural systems). We appreciate the support of Florian Tschernikl during the sampling campaign. We would like to thank David Thiele and Florian Lenk at KIT for library preparation and Illumina sequencing. We extend special thanks to Caglar Akay for providing us with the HPLC-MS method for the measurement of sulfadiazine and sulfamethazine and to Patrick Fink, Mario Brauns, and Florian Zander for their continuous effort in maintaining the MOBICOS stations.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1252870/full#supplementary-material


Footnotes

1     https://www.wahb.eu/

2     https://hochwasservorhersage.sachsen-anhalt.de/messwerte/wasserstand


References

Beckers, L.-M., Brack, W., Dann, J. P., Krauss, M., Müller, E., and Schulze, T. (2020). Unraveling longitudinal pollution patterns of organic micropollutants in a river by non-target screening and cluster analysis. Sci. Total Environ. 727:138388.

Berendonk, T. U., Manaia, C. M., Merlin, C., Fatta-Kassinos, D., Cytryn, E., Walsh, F., et al. (2015). Tackling antibiotic resistance: the environmental framework. Nat. Rev. Microbiol. 13, 310–317. doi: 10.1038/nrmicro3439

Bokulich, N. A., Kaehler, B. D., Rideout, J. R., Dillon, M., Bolyen, E., Knight, R., et al. (2018). Optimizing taxonomic classification of marker-gene amplicon sequences with QIIME 2’s q2-feature-classifier plugin. Microbiome 6:90. doi: 10.1186/s40168-018-0470-z

Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al-Ghalith, G. A., et al. (2019). Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 37, 852–857. doi: 10.1038/s41587-019-0209-9

Borsetto, C., Raguideau, S., Travis, E., Kim, D. W., Lee, D. H., Bottrill, A., et al. (2021). Impact of sulfamethoxazole on a riverine microbiome. Water Res. 201:117382. doi: 10.1016/j.watres.2021.117382

Brase, L., Sanders, T., and Dähnke, K. (2018). Anthropogenic changes of nitrogen loads in a small river: External nutrient sources vs. internal turnover processes. Isotopes Environ. Health Stud. 54, 168–184. doi: 10.1080/10256016.2018.1428580

Cacace, D., Fatta-Kassinos, D., Manaia, C. M., Cytryn, E., Kreuzinger, N., Rizzo, L., et al. (2019). Antibiotic resistance genes in treated wastewater and in the receiving water bodies: A pan-European survey of urban settings. Water Res. 162, 320–330. doi: 10.1016/j.watres.2019.06.039

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., and Holmes, S. P. (2016). DADA2: High-resolution sample inference from Illumina amplicon data. Nat. Methods 13, 581–583. doi: 10.1038/nmeth.3869

Cameron, E. S., Schmidt, P. J., Tremblay, B. J.-M., Emelko, M. B., and Müller, K. M. (2021). Enhancing diversity analysis by repeatedly rarefying next generation sequencing data describing microbial communities. Sci. Rep. 11:22302. doi: 10.1038/s41598-021-01636-1

Carvalho, I. T., and Santos, L. (2016). Antibiotics in the aquatic environments: A review of the European scenario. Environ. Int. 94, 736–757. doi: 10.1016/j.envint.2016.06.025

Chaturvedi, P., Shukla, P., Giri, B. S., Chowdhary, P., Chandra, R., Gupta, P., et al. (2021). Prevalence and hazardous impact of pharmaceutical and personal care products and antibiotics in environment: A review on emerging contaminants. Environ. Res. 194:110664. doi: 10.1016/j.envres.2020.110664

Chen, B., Liang, X., Huang, X., Zhang, T., and Li, X. (2013). Differentiating anthropogenic impacts on ARGs in the Pearl River Estuary by using suitable gene indicators. Water Res. 47, 2811–2820. doi: 10.1016/j.watres.2013.02.042

European Environment Agency (2021). Europe’s changing climate hazards - an index-based interactive EEA report. Copenhagen: European Environment Agency.

Fink, P., Norf, H., Anlanger, C., Brauns, M., Kamjunke, N., Risse-Buhl, U., et al. (2020). Streamside mobile mesocosms (MOBICOS): A new modular research infrastructure for hydro-ecological process studies across catchment-scale gradients. Int. Rev. Hydrobiol. 105, 63–73. doi: 10.1002/iroh.201902009

Flemming, H.-C., Wingender, J., Szewzyk, U., Steinberg, P., Rice, S. A., and Kjelleberg, S. (2016). Biofilms: An emergent form of bacterial life. Nat. Rev. Microbiol. 14, 563–575. doi: 10.1038/nrmicro.2016.94

Flores-Vargas, G., Bergsveinson, J., Lawrence, J. R., and Korber, D. R. (2021). Environmental biofilms as reservoirs for antimicrobial resistance. Front. Microbiol. 12:766242. doi: 10.3389/fmicb.2021.766242

Gillings, M. R. (2018). DNA as a pollutant: The clinical class 1 integron. Curr. Pollut. Rep. 4, 49–55. doi: 10.1007/s40726-018-0076-x

Gillings, M. R., Gaze, W. H., Pruden, A., Smalla, K., Tiedje, J. M., and Zhu, Y.-G. (2015). Using the class 1 integron-integrase gene as a proxy for anthropogenic pollution. ISME J. 9, 1269–1279. doi: 10.1038/ismej.2014.226

Gillings, M. R., Holley, M. P., and Stokes, H. W. (2009). Evidence for dynamic exchange of qac gene cassettes between class 1 integrons and other integrons in freshwater biofilms. FEMS Microbiol. Lett. 296, 282–288. doi: 10.1111/j.1574-6968.2009.01646.x

Gillings, M., Boucher, Y., Labbate, M., Holmes, A., Krishnan, S., Holley, M., et al. (2008). The evolution of class 1 integrons and the rise of antibiotic resistance. J. Bacteriol. 190, 5095–5100. doi: 10.1128/JB.00152-08

Gudmundsson, L., Boulange, J., Do, H. X., Gosling, S. N., Grillakis, M. G., Koutroulis, A. G., et al. (2021). Globally observed trends in mean and extreme river flow attributed to climate change. Science 371, 1159–1162. doi: 10.1126/science.aba3996

Guo, X., Yang, Y., Lu, D., Niu, Z., Feng, J., Chen, Y., et al. (2018). Biofilms as a sink for antibiotic resistance genes (ARGs) in the Yangtze Estuary. Water Res. 129, 277–286. doi: 10.1016/j.watres.2017.11.029

Haenelt, S., Wang, G., Kasmanas, J. C., Musat, F., Richnow, H. H., da Rocha, U. N., et al. (2023). The fate of sulfonamide resistance genes and anthropogenic pollution marker intI1 after discharge of wastewater into a pristine river stream. Front. Microbiol. 14:1058350. doi: 10.3389/fmicb.2023.1058350

Harnisz, M., Kiedrzynska, E., Kiedrzynski, M., Korzeniewska, E., Czatzkowska, M., Koniuszewska, I., et al. (2020). The impact of WWTP size and sampling season on the prevalence of antibiotic resistance genes in wastewater and the river system. Sci. Total Environ. 741:140466. doi: 10.1016/j.scitotenv.2020.140466

Hong, B., Lin, Q., Yu, S., Chen, Y., Chen, Y., and Chiang, P. (2018). Urbanization gradient of selected pharmaceuticals in surface water at a watershed scale. Sci. Total Environ. 634, 448–458. doi: 10.1016/j.scitotenv.2018.03.392

Hultman, J., Tamminen, M., Pärnänen, K., Cairns, J., Karkman, A., and Virta, M. (2018). Host range of antibiotic resistance genes in wastewater treatment plant influent and effluent. FEMS Microbiol. Ecol. 94:fiy038. doi: 10.1093/femsec/fiy038

Hutinel, M., Fick, J., Larsson, D. G. J., and Flach, C.-F. (2021). Investigating the effects of municipal and hospital wastewaters on horizontal gene transfer. Environ. Pollut. 276:116733. doi: 10.1016/j.envpol.2021.116733

Inostroza, P. A., Vera-Escalona, I., Wicht, A.-J., Krauss, M., Brack, W., and Norf, H. (2016). Anthropogenic stressors shape genetic structure: Insights from a model freshwater population along a land use gradient. Environ. Sci. Technol. 50, 11346–11356. doi: 10.1021/acs.est.6b04629

Karthe, D., Lin, P.-Y., and Westphal, K. (2017). Instream coliform gradients in the Holtemme, a small headwater stream in the Elbe River Basin, Northern Germany. Front. Earth Sci. 11:544–553. doi: 10.1007/s11707-017-0648-x

Kassambara, A. (2023). rstatix: Pipe-friendly framework for basic statistical tests. R package version 0.7.2.

Kasuga, I., Nagasawa, K., Suzuki, M., Kurisu, F., and Furumai, H. (2022). High-throughput screening of antimicrobial resistance genes and their association with class 1 integrons in urban rivers in Japan. Front. Environ. Sci. 10:825372. doi: 10.3389/fenvs.2022.825372

Knecht, C. A., Hinkel, M., Mäusezahl, I., Kaster, A.-K., Nivala, J., and Müller, J. A. (2023). Identification of antibiotic resistance gene hosts in treatment wetlands using a single-cell based high-throughput approach. Water 15:2432. doi: 10.3390/w15132432

Koczura, R., Mokracka, J., Taraszewska, A., and Łopacinska, N. (2016). Abundance of class 1 integron-integrase and sulfonamide resistance genes in river water and sediment is affected by anthropogenic pressure and environmental factors. Microb. Ecol. 72, 909–916. doi: 10.1007/s00248-016-0843-4

Krauss, M., Hug, C., Bloch, R., Schulze, T., and Brack, W. (2019). Prioritising site-specific micropollutants in surface water from LC-HRMS non-target screening data using a rarity score. Environ. Sci. Eur. 31:45. doi: 10.1186/s12302-019-0231-z

Kunz, J. V., Annable, M. D., Rao, S., Rode, M., and Borchardt, D. (2017). Hyporheic passive flux meters reveal inverse vertical zonation and high seasonality of nitrogen processing in an anthropogenically modified stream (Holtemme, Germany). Water Resour. Res. 53, 10155–10172. doi: 10.1002/2017WR020709

Larsson, D. G. J., and Flach, C.-F. (2022). Antibiotic resistance in the environment. Nat. Rev. Microbiol. 20, 257–269. doi: 10.1038/s41579-021-00649-x

Lee, J., Ju, F., Maile-Moskowitz, A., Beck, K., Maccagnan, A., McArdell, C. S., et al. (2021). Unraveling the riverine antibiotic resistome: The downstream fate of anthropogenic inputs. Water Res. 197:117050. doi: 10.1016/j.watres.2021.117050

Li, S., Liu, Y., Wu, Y., Hu, J., Zhang, Y., Sun, Q., et al. (2022). Antibiotics in global rivers. Natl. Sci. Open 1:20220029. doi: 10.1360/nso/20220029

Lo, H.-Y., Martínez-Lavanchy, P. M., Goris, T., Heider, J., Boll, M., Kaster, A.-K., et al. (2022). IncP-type plasmids carrying genes for antibiotic resistance or for aromatic compound degradation are prevalent in sequenced Aromatoleum and Thauera strains. Environ. Microbiol. 24, 6411–6425. doi: 10.1111/1462-2920.16262

Luo, X., Xiang, X., Yang, Y., Huang, G., Fu, K., Che, R., et al. (2020). Seasonal effects of river flow on microbial community coalescence and diversity in a riverine network. FEMS Microbiol. Ecol. 96, 1–13. doi: 10.1093/femsec/fiaa132

Mao, D., Yu, S., Rysz, M., Luo, Y., Yang, F., Li, F., et al. (2015). Prevalence and proliferation of antibiotic resistance genes in two municipal wastewater treatment plants. Water Res. 85, 458–466. doi: 10.1016/j.watres.2015.09.010

Martin-Laurent, F., Topp, E., Billet, L., Batisson, I., Malandain, C., Besse-Hoggan, P., et al. (2019). Environmental risk assessment of antibiotics in agroecosystems: Ecotoxicological effects on aquatic microbial communities and dissemination of antimicrobial resistances and antibiotic biodegradation potential along the soil-water continuum. Environ. Sci. Pollut. Res. Int. 26, 18930–18937. doi: 10.1007/s11356-019-05122-0

McMurdie, P. J., and Holmes, S. (2013). phyloseq: An R package for reproducible interactive analysis and graphics of microbiome census data. PLoS One 8:e61217. doi: 10.1371/journal.pone.0061217

Moraru, C., Lam, P., Fuchs, B. M., Kuypers, M. M. M., and Amann, R. (2010). GeneFISH–an in situ technique for linking gene presence and cell identity in environmental microorganisms. Environ. Microbiol. 12, 3057–3073. doi: 10.1111/j.1462-2920.2010.02281.x

OECD (2020). Financing water supply, sanitation and flood protection: Challenges in EU member states and policy options. Paris: OECD Publishing.

Oksanen, J., Simpson, G. L., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., et al. (2022). vegan: Community ecology package. R package version 2.6-0.

Pesce, S., Kergoat, L., Paris, L., Billet, L., Besse-Hoggan, P., and Bonnineau, C. (2021). Contrasting effects of environmental concentrations of sulfonamides on microbial heterotrophic activities in freshwater sediments. Front. Microbiol. 12:753647. doi: 10.3389/fmicb.2021.753647

Proia, L., von Schiller, D., Sànchez-Melsió, A., Sabater, S., Borrego, C. M., Rodríguez-Mozaz, S., et al. (2016). Occurrence and persistence of antibiotic resistance genes in river biofilms after wastewater inputs in small rivers. Environ. Pollut. 210, 121–128. doi: 10.1016/j.envpol.2015.11.035

Pruden, A., Pei, R., Storteboom, H., and Carlson, K. H. (2006). Antibiotic resistance genes as emerging contaminants: Studies in Northern Colorado. Environ. Sci. Technol. 40, 7445–7450. doi: 10.1021/es060413l

Reichert, G., Hilgert, S., Alexander, J., Rodrigues de Azevedo, J. C., Morck, T., Fuchs, S., et al. (2021). Determination of antibiotic resistance genes in a WWTP-impacted river in surface water, sediment, and biofilm: Influence of seasonality and water quality. Sci. Total Environ. 768:144526. doi: 10.1016/j.scitotenv.2020.144526

Robeson, M. S., O’Rourke, D. R., Kaehler, B. D., Ziemski, M., Dillon, M. R., Foster, J. T., et al. (2021). RESCRIPt: Reproducible sequence taxonomy reference database management. PLoS Comput. Biol. 17:e1009581. doi: 10.1371/journal.pcbi.1009581

Rodriguez-Mozaz, S., Vaz-Moreira, I., Della Varela Giustina, S., Llorca, M., Barceló, D., Schubert, S., et al. (2020). Antibiotic residues in final effluents of European wastewater treatment plants and their impact on the aquatic environment. Environ. Int. 140:105733. doi: 10.1016/j.envint.2020.105733

Sabri, N. A., Schmitt, H., van der Zaan, B., Gerritsen, H. W., Zuidema, T., Rijnaarts, H., et al. (2020). Prevalence of antibiotics and antibiotic resistance genes in a wastewater effluent-receiving river in the Netherlands. J. Environ. Chem. Eng. 8:102245. doi: 10.1016/j.jece.2018.03.004

Spencer, S. J., Tamminen, M. V., Preheim, S. P., Guo, M. T., Briggs, A. W., Brito, I. L., et al. (2016). Massively parallel sequencing of single cells by epicPCR links functional genes with phylogenetic markers. ISME J. 10, 427–436. doi: 10.1038/ismej.2015.124

Švara, V., Krauss, M., Michalski, S. G., Altenburger, R., Brack, W., and Luckenbach, T. (2021). Chemical pollution levels in a river explain site-specific sensitivities to micropollutants within a genetically homogeneous population of freshwater amphipods. Environ. Sci. Technol. 55, 6087–6096. doi: 10.1021/acs.est.0c07839

The World Health Organization, The Food and Agriculture Organization of the United Nations, and The World Organisation for Animal Health (2019). Taking a multisectoral, one health approach: A tripartite guide to addressing zoonotic diseases in countries. Geneva: World Health Organization.

Tousova, Z., Oswald, P., Slobodnik, J., Blaha, L., Muz, M., Hu, M., et al. (2017). European demonstration program on the effect-based and chemical identification and monitoring of organic pollutants in European surface waters. Sci. Total Environ. 601-602, 1849–1868. doi: 10.1016/j.scitotenv.2017.06.032

Wang, J., Chu, L., Wojnárovits, L., and Takács, E. (2020). Occurrence and fate of antibiotics, antibiotic resistant genes (ARGs) and antibiotic resistant bacteria (ARB) in municipal wastewater treatment plant: An overview. Sci. Total Environ. 744:140997. doi: 10.1016/j.scitotenv.2020.140997

Wang, Y., Ye, J., Ju, F., Liu, L., Boyd, J. A., Deng, Y., et al. (2021). Successional dynamics and alternative stable states in a saline activated sludge microbial community over 9 years. Microbiome 9:199. doi: 10.1186/s40168-021-01151-5

Weitere, M., Altenburger, R., Anlanger, C., Baborowski, M., Bärlund, I., Beckers, L.-M., et al. (2021). Disentangling multiple chemical and non-chemical stressors in a lotic ecosystem using a longitudinal approach. Sci. Total Environ. 769:144324. doi: 10.1016/j.scitotenv.2020.144324

Wollschläger, U., Attinger, S., Borchardt, D., Brauns, M., Cuntz, M., Dietrich, P., et al. (2017). The bode hydrological observatory: A platform for integrated, interdisciplinary hydro-ecological research within the TERENO Harz/Central German Lowland Observatory. Environ. Earth Sci. 76:29. doi: 10.1007/s12665-016-6327-5

Yuan, Q.-B., Guo, M.-T., and Yang, J. (2014). Monitoring and assessing the impact of wastewater treatment on release of both antibiotic-resistant bacteria and their typical genes in a Chinese municipal wastewater treatment plant. Environ. Sci. Process Impacts 16, 1930–1937. doi: 10.1039/c4em00208c

Yue, Z., Zhang, J., Zhou, Z., Ding, C., Wan, L., Liu, J., et al. (2021). Pollution characteristics of livestock faeces and the key driver of the spread of antibiotic resistance genes. J. Hazard Mater. 409:124957. doi: 10.1016/j.jhazmat.2020.124957

Zhang, A. N., Li, L.-G., Ma, L., Gillings, M. R., Tiedje, J. M., and Zhang, T. (2018). Conserved phylogenetic distribution and limited antibiotic resistance of class 1 integrons revealed by assessing the bacterial genome and plasmid collection. Microbiome 6:130. doi: 10.1186/s40168-018-0516-2

Zhuang, M., Achmon, Y., Cao, Y., Liang, X., Chen, L., Wang, H., et al. (2021). Distribution of antibiotic resistance genes in the environment. Environ. Pollut. 285:117402. doi: 10.1016/j.envpol.2021.117402


OPS/images/fmicb-14-1252870-g005.jpg
Surface water

Biofilm

intl1

e

L

O

:I=|:I$—

sul2

—{T+
1

==

sult

U

115

=]
1|
_|

_
|

< ™

AN - o « (o 0]

™—

[°6] @ouepunqe aAIlle|oy

Site





OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Antibiotic resistance indicator genes in biofilm and planktonic microbial communities after wastewater discharge



		Introduction



		Materials and methods



		Study region and sampling sites



		Sampling and sample preparation



		SPE and HPLC-MS analysis



		DNA extraction



		16S rRNA gene amplicon sequencing



		Quantitative PCR







		Results and discussion



		Physicochemical parameters



		Bacterial community structure



		ARG abundance







		Conclusion



		Data availability statement



		Author contributions



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary material



		Footnotes



		References

















OPS/images/fmicb-14-1252870-g003.jpg
Relative abundance of ASVs

Relative abundance of ASVs

Microbial community at phylum level

Biofilm

Biofilm

Biofilm

Biofilm

Biofilm

Biofilm

ailis

yul

sian

it

sl

s

Surface water

Surface water

Surface water

Surface water

Surface water

Surface water

Jiix

B

=

ih:

i

s

[=2] (3¢ < n = (<2} o™ < wn | [=2] (2] < n - [=2] (5¢] < o] - [=2] (2] < 0 = (=2} [2¢) < n -
) a9 a9 i i < ) iy 9 g < a9 a9 T T < a9 . b 9 Ny a9 a9 a9 i . i 9 ) T i)
(o] o] (o] [+ [=2] [+ @ o« [ee] (22] [+ (2] [+ 0 [=2] (e o« (] 2] (=2 (o] (o] o 0 [=2] 2] (] 2] (2] (=2
* ¥ T % 0% T ¥ & ¥ I T = = = 5 ¥ ¥ ¥ ¥ 5 S §¥ 7 5 % ¥ ¥ ¥ 1 %
N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N
N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N
o o o o [=] o o o o o o o o o o o o o o (=] o o o o o (=] o o o (=]
N N N N N N N N N N N N N N N ’ N N N N N N N N N N N N N N N
Sampling Date
Phylum
Abditibacteriota Bdellovibrionota Deinococcota Firmicutes MBNT15 Planctomycetota Unclassified Bacterium
— —
Acidobacteriota Campilobacterota Dependentiae Fusobacteriota Methylomirabilota Proteobacteria Verrucomicrobiota
Actinobacteriota Chloroflexi Desulfobacterota Gemmatimonadota Myxococcota Spirochaetota Proteobacteria
== — —
= Armatimonadota Cyanobacteria Elusimicrobiota Hydrogenedentes Nitrospirota Sumerlaeota Terrabacteria
E Bacteroidota Dadabacteria Fibrobacterota . Latescibacterota Patescibacteria Synergistota Unclassified bacterium
Microbial community at class level
Biofilm Biofilm Biofilm Biofilm Biofilm Biofilm
1 2 4 5 6

il

Surface water

Surface water

Surface water

Surface water

Surface water

Surface water

1

2

4

5

6

2022-08-09

("¢}
a9
@
T
N
N
o
N

2022-08-24

2]
Q
[
(7}

IEEEEEEEEEEEE

Abditibacteria
ABY1
Acidimicrobiia
Acidobacteriae
Actinobacteria

Alphaproteobacteria

Anaerolineae
Armatimonadia
Armatimonadota
Babeliae

Bacilli
Bacteroidia
BD7-11

Bdellovibrionia

2022-08-25

|

2022-09-01

2022-08-09

Blastocatellia
BRH-c20a
Campylobacteria
Chitinivibrionia
Chloroflexia
Clostridia
Coriobacteriia
Cyanobacteriia
Dadabacteriia
Dehalococcoidia
Deinococci
Desulfitobacteriia
Desulfobaccia

Desulfobacteria

2022-08-23

2022-08-24
2022-08-25

2022-09-01

Desulfobacterota
Desulfobulbia
Desulfomonilia
Desulfuromonadia
Elusimicrobia
Fibrobacteria
Fimbriimonadia
Firmicutes
Fusobacteriia
Gammaproteobacteria
Gemmatimonadetes
Gracilibacteria
Holophagae
Hydrogenedentia

2022-08-09

2022-08-23
2022-08-24

Ignavibacteria
Kapabacteria
KD4-96
Kiritimatiellae
Kryptonia
Ktedonobacteria
Latescibacterota
Lentisphaeria
Leptospirae
Limnochordia
Lineage_lla
Lineage_llb
Methylomirabilia

Microgenomatia

%w

2022-08-25

022-09-01

(=2}
o
@
OI
N
N
o

N N
Sampling Date

Myxococcia
Negativicutes
Nitrospiria
Oligoflexia
OM190
Omnitrophia
Parcubacteria
Phycisphaerae
Planctomycetes
Polyangia

Saccharimonadia

Sericytochromatia

SJA-28
Spirochaetia

2022-08-23

=

< 0 )
T3 3
o (o] [«2]
¥ 5 &
N N N
N N N
o o o
N N N

Sumerlaeia

Synergistia

Syntrophia

Syntrophobacteria
Syntrophorhabdia
Thermoanaerobaculia
Thermodesulfovibrionia
Thermoleophilia

TK10

Unclassified Actinobacteriota
Unclassified Bacterium
Unclassified Desulfobacterota
Unclassified Firmicutes
Unclassified MBNT15

2022-08-09

HEEEEEEEEEEEEE

2022-08-23
2022-08-24
2022-08-25

2022-09-01

Unclassified Patescibacteria
Unclassified Planctomycetota
Unclassified Proteobacteria
vadinHA49

Vampirivibrionia
Verrucomicrobiae
Vicinamibacteria

Candidatus Eremiobacteraeota
Deltaproteobacteria
Proteobacteria

Subdivision 11

Subdivision 25

Subdivision 5

Tepidiformia

IEEEEEEEE

2022-08-09
2022-08-23
2022-08-24
2022-08-25

2022-09-01

[ ] Unclassified Actinobacteriota
—

Unclassified Armatimonadota
Unclassified bacterium
Unclassified Bacteroidota
Unclassified Bdellovibrionota
Unclassified Cyanobacteria
Unclassified Desulfobacterota
Unclassified Firmicutes
Unclassified Myxococcota
Unclassified Planctomycetota
Unclassified Proteobacteria

Unclassified Verrucomicrobiota






OPS/images/fmicb-14-1252870-g004.jpg
NMDS2

-1

gk X
FK oK
* o

@GB ﬁﬁ
®
® @%

000000 ¥
ohwWN= O

n
®
QD
7
e
=]





OPS/images/fmicb-14-1252870-g001.jpg
>

SDZ

SMX

SMZ

BT

—T 30
ES))
[
L®]
E5 20
© =
CcC ©
SE
S5 10
N o
c
o
(&)
0 e — ., S e S—
1 2 3 4 5 6
B
Water temperature [°C]
27 *
%% ' [10.0
* %
24 ** ! 9.5
21 = | 9.0
18 — | 8.5
HE 8.0
15 $ =
‘ 7.5
12
NO3-N [mg/L]
4.0 —_— 2.0
3.5
1.5
3.0 ——
2.5 1.0
2.
0 0.5
1.5
==
1.0 0.0

1 2 3 4 1 2 3 4 5 6
Site
pH Water depth [cm]

* %

* %k %

E3FAC

S 010N 00 © O

Total P [mg/L]
*






OPS/images/fmicb-14-1252870-g002.jpg
>

(v ) Shannon Index

Number of Observed ASVs

Surface water Biofilm
6.5 $
50 5 =
O] Q

em—
5.0
1 2 3 4 5 6 2 3 4 5 6
Surface water Biofilm
1500
1000
500
2

6
Site

3 4 5 6

NMDS2

-1

m|
m|
4
DD . -
O i O g
DD O O &Q%
F %%
0'(e) O
O - .
O
O O
m]
0 S
m|
o©
QD
=1 0 1
NMDS1

Sample

O Surface water
O Biofilm





OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Microbiology

Antibiotic resistance indicator
genes in biofilm and planktonic
microbial communities after
wastewater discharge












OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Microbiology







