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Abstract: The aim of this study was to evaluate the applicability of markers specific to Bacteroides
fragilis group (BFG) bacteria as indicators of anthropogenic pollution of surface waters. In addition,
the impact of wastewater treatment plants (WWTPs) on the spread of genes specific to fecal indicator
bacteria and genes encoding antimicrobial resistance in water bodies was also determined. Samples
of hospital wastewater (HWW), untreated wastewater (UWW), and treated wastewater (TWW)
evacuated from a WWTP were collected, and samples of river water were taken upstream (URW)
and downstream (DRW) from the wastewater discharge point to determine, by qPCR, the presence
of genes specific to BFG, Escherichia coli and Enterococcus faecalis, and the abundance of 11 antibiotic
resistance genes (ARGs) and two integrase genes. The total number of bacterial cells (TCN) in the
examined samples was determined by fluorescence in situ hybridization (FISH). Genes specific to BFG
predominated among the analyzed indicator microorganisms in HWW, and their copy numbers were
similar to those of genes specific to E. coli and E. faecalis in the remaining samples. The abundance of
genes specific to BFG was highly correlated with the abundance of genes characteristic of E. coli and E.
faecalis, all analyzed ARGs and intI genes. The results of this study indicate that genes specific to BFG
can be used in analyses of human fecal pollution, and as indicators of environmental contamination
with ARGs. A significant increase in the copy numbers of genes specific to BFG, E. coli, and seven
out of the 11 analyzed ARGs was noted in samples of river water collected downstream from the
wastewater discharge point, which suggests that WWTPs are an important source of these genes in
riparian environments.

Keywords: antibiotics resistance genes; anthropogenic pollution; Bacteroides fragilis group bacteria

1. Introduction

The microbiological quality of surface waters has to be monitored to ensure their sanitary safety.
According to European Union standards, the sanitary quality of surface water is evaluated based
mainly on the enumeration of Escherichia coli, coliform bacteria, and intestinal enterococci in water
samples. The presence of these bacteria in water samples points to recent contamination of aquatic
environments with fecal matter [1–4]. These analyses rely on culture-based laboratory techniques
(such as, e.g., the most-probable-number and membrane filtration methods), which are cheap and simple
to perform, but do not clearly identify the source of contamination. Escherichia coli and Enterococcus
bacteria are present in both human and animal feces; therefore, the source of pollution cannot be
accurately determined [5,6]. Moreover, a growing body of research suggests that E. coli and Enterococcus
indicator bacteria originate not only from human and animal feces, but also from contaminated soil,
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sewage sludge, or even algae farms [7,8]. Additional indicators, e.g., based on specific markers of
human fecal pollution, are needed to expand the range of the existing standard methods and overcome
their limitations in monitoring the microbiological quality of surface waters [9–12]. The application of
specific indicators of human fecal pollution would enhance the sensitivity of microbiological quality
assessments and enable precise identification of the sources of environmental contamination.

Bacteria of the family Bacteroides predominate in the human gut microbiota [13,14], therefore they
could be used as potential indicators of water contamination with human feces. Analyses of genetic
markers specific to Bacteroides bacteria colonizing the human gut, based on PCR and qPCR assays,
have become popular tools for tracking the sources of microbial contamination in surface waters in
recent years [10,15–17]. The application of markers specific to human-associated Bacteroides sp. would
support the unambiguous identification of water pollution sources, such as household wastewater or
treated sewage.

Antibiotic resistance constitutes a global health problem [18]. The widespread use of antibiotics in
human and veterinary medicine has accelerated the spread of antibiotic resistance determinants in the
environment [19]. The presence of antibiotic-resistant bacteria (ARB) and antibiotic resistance genes
(ARGs) in the natural environment is often associated with human activities, such as aquaculture,
livestock farming, and evacuation of treated municipal wastewater to surface water bodies [20].
Fecal E. coli, coliforms, and enterococci are the most frequently analyzed bacteria that are isolated
from treated wastewater [21,22]. Bacterial strains resistant to various groups of antibiotics are widely
identified. Antibiotic resistance genes are localized on mobile genetic elements, such as plasmids,
transposons, and integrons, which facilitates the spread of antibiotic resistance between bacteria of the
same and different origin via horizontal gene transfer (HGT) [23]. Research has demonstrated that
ARG-harboring plasmids are transferred between various strains of E. faecalis and between E. faecalis
and E. coli in wastewater [21]. Niestępski et al. [13,24] have recently reported high levels of antibiotic
resistance and considerable diversity of ARGs in Bacteroides fragilis group (BFG) strains isolated
from hospital wastewater and wastewater treatment plants (WWTPs), as well as the widespread
coexistence of genes specific to BFG and resistance genes in wastewater and rivers receiving treated
sewage. These observations suggest that fecal indicator bacteria could be robust indicators of water
contamination with ARGs.

Microbial counts in wastewater are reduced 10- to 100-fold during treatment [25]. Despite the above,
considerable amounts of ARB and ARGs are still present in treated wastewater which is evacuated
to surface water bodies and reaches ground water [20,26–30]. Korzeniewska and Harnisz [28],
Czekalski et al. [31], and Zhang et al. [32] demonstrated that total bacterial counts are reduced
during specific wastewater treatment processes, such as disinfection, but the percentage of ARB and,
consequently, ARGs in the bacterial community can increase. Previous studies have shown that
WWTPs can be sources of drug-resistant and multidrug-resistant bacteria, such as E. coli and Bacteroides
sp., in surface waters [24,33,34].

The potential spread of environmental ARB and ARGs and the transfer of ARGs from
environmental bacteria to human pathogens compromise the effectiveness of antimicrobial drugs,
which can have serious implications for public health [35]. The markers associated with HGT, such as
integrons, are often identified in locations that are subjected to high levels of anthropogenic pressure,
including in environments contaminated with wastewater [36]. Recent research has confirmed that
ARGs and integrase genes are effective indicators of human-caused pollution [37–39].

The above observations suggest that a new indicator which supports simultaneous assessments
of fecal contamination, as well as contamination with ARB and/or ARGs, should be introduced to
water quality analyses. Therefore, the aim of this study was to evaluate the applicability of markers
specific to BFG bacteria in analyses of the microbiological quality of surface waters. The following
research hypotheses were formulated and tested: (i) markers specific to BFG bacteria can be used as
indicators of anthropogenic pollution of surface waters; (ii) wastewater treatment plants are sources of
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dissemination of genes specific to fecal indicator bacteria and genes encoding antimicrobial resistance
in the environment.

2. Materials and Methods

2.1. Sample Collection

Samples of hospital wastewater (HWW, 100 mL), untreated wastewater (UWW, 100 mL), and
treated wastewater evacuated from the Łyna Wastewater Treatment Plant in Olsztyn, Poland (TWW,
300 mL), as well as samples of river water collected from the Łyna River around 600 m upstream and
downstream from the wastewater discharge point (URW and DRW, 500 mL each), were analyzed in
this study. The samples were collected into sterile bottles in winter (February) and summer (June)
of 2019, and they were transported at a temperature of 4 ◦C to the laboratory for further analyses.
Samples of UWW were collected at the outlet of the coarse screen chamber.

2.2. Isolation of Genomic DNA from Wastewater and River Water Samples

All wastewater and river water samples were passed through standard polycarbonate membrane
filters with a hydrophobic edge (0.2 µm pore size) (Merck, Millipore, Burlington, MA, USA). Filters
containing sludge were cut into small pieces and transferred to sterile test tubes (2 mL). Tube contents
were combined with 1.5 mL of 1 × PBS, and the tubes were shaken at 200 rpm for 3 h at room
temperature. Genomic DNA was extracted with the Fast DNA SPIN Kit for Soil (MP Biomedicals,
Irvine, CA, USA) according to the manufacturer’s instructions. The concentration and quality of
the isolated DNA were determined with the Nanodrop spectrophotometer (NanoDrop® ND-1000,
NanoDrop Technologies, Wilmington, DE, USA). Genomic DNA was stored at a temperature of −20 ◦C
until analysis.

2.3. Determination of Total Number of Bacterial Cells by Fluorescence In Situ Hybridization (FISH)

The total number of bacterial cells (TCN) was determined by FISH and DAPI methods in 10 mL
specimens obtained from each sample of HWW, UWW, and TWW, and in 40 mL specimens obtained
from each sample of river water (URW and DRW). The specimens were fixed in freshly prepared
paraformaldehyde solution (pH 7.4, final concentration of 4%) and stored at room temperature for 1 h.
A set of serial solutions was made, and the fixed samples were passed through white polycarbonate
filters (0.2 µm pore size) (Merck, Millipore, Burlington, MA, USA) under low negative pressure.
The filters were twice rinsed with 20 mL of ultrapure water (dddH2O), dried at room temperature, and
stored on Petri plates at a temperature of −20 ◦C until analysis.

The TCN was determined under an epifluorescence microscope (BX61, Olympus, Tokyo, Japan)
by analyzing filter fragments stained with 4′,6-diamidino-2-phenylindole (DAPI, final concentration of
0.1 µg/mL), with the use of a 16S rRNA-targeted EUB338 probe (hybridized to position 338–355 bp)
labeled with Cy3 cyanine dye. All samples were simultaneously analyzed with the NON338 probe
as a negative control for non-specific binding. According to Amann et al [40], probe sequences and
hybridization conditions are presented in Table S1. Oligonucleotide probes were synthesized by
Metabion (Martinsried, Munich, Germany). The number of bacterial cells in each wastewater and
river water sample was calculated based on 20 randomly selected fields across the entire surface of the
examined filter fragments, and it was expressed per mL of wastewater and river water samples.

2.4. Quantitative Analyses of Gene Prevalence

The conserved regions of the 16S rRNA gene and genes specific to E. coli (gene encoding the
beta-glucosidase enzyme, uidA), E. faecalis (fragment of the 16S rRNA gene, Faecalis1), and BFG
(gene encoding bacterioferritin, bfr, and a fragment of the 16S rRNA gene-HF183/BacR287) were
identified in samples of genomic DNA by real-time quantitative polymerase chain reaction (qPCR).
The concentrations of genes encoding resistance to five groups of antibiotics, including beta-lactams
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(cfxA, blaAMP-C), tetracyclines (tet(Q), tet(X)), macrolides, lincosamides and streptogramins (ermF, mef A,
linA), chloramphenicol (catA1, fexA), and vancomycin (vanA), were determined. The abundance of the
gene responsible for the synthesis of multidrug efflux transporter pumps (bexA) and genes encoding
class 1 and class 2 integrases (intI1 and intI2) was also determined. The copy numbers of the examined
genes were expressed per mL of wastewater or river water. The qPCR protocols were optimized
based on previously described primers, and are presented in Table S1 [15–17,41–50]. All qPCR assays
were carried out in the Roche LightCycler® 480 (Roche Applied Science, Indianapolis, IN, USA) in
15 µL of the reaction mix containing 1 µL (20 ng) of the genomic DNA matrix. All analyses were
performed in triplicate. The standard curves for every gene were derived from serial solutions of
plasmids containing the target genes.

2.5. Statistical Analysis

The differences in the concentrations of the analyzed genes in wastewater and river water samples
were determined by Kruskal–Wallis (KW) ANOVA. The correlations between the numbers of the
examined genes were determined based on the values of Spearman’s rank correlation coefficient.
The Mann–Whitney U (M–W U) test for two independent samples was used to compare gene
concentrations in samples of river water collected upstream (URW) and downstream (DRW) from
the wastewater discharge point. Statistical analyses were conducted in the Statistica 13.2 program
(StatSoft Inc., 1984–2019, Tulsa, OK, USA) at a significance level of p < 0.05. A cluster analysis was
performed with the use of Ward’s method. The results of the cluster analysis and correlation analysis
were visualized in the R environment (R v. 3.5.2 and RStudio v. 1.1.463, Boston, MA, USA) with the
use of gplots and corrplot packages.

3. Results and Discussion

3.1. Total Number of Bacterial Cells and 16S rRNA Gene Copy Numbers in Wastewater and River
Water Samples

The TCN of the examined wastewater and river water samples ranged from 105 to 109 cells/mL
(Figure 1). The highest values were noted in HWW (108 cells/mL) and UWW (108–109 cells/mL). In the
remaining samples, the TCN ranged from 105 to 106 cells/mL. The copy numbers of the 16S rRNA gene
were determined by qPCR. The results were used to estimate total bacterial counts in the analyzed
samples. The highest concentration of the 16S rRNA gene was noted in HWW (1010 copies/mL) and
UWW (109–1011 copies/mL) (Figure 1, Table S2). The abundance of the 16S rRNA gene was determined
at 107–108 copies/mL in TWW, and at 108–109 copies/mL in river water sampled upstream (URW)
and downstream (DRW) from the wastewater discharge point. Niestepski et al. [13], Korzeniewska
and Harnisz [28], and Caucci et al. [51] reported similar 16S rRNA gene copy numbers in various
samples collected from WWTPs. The TCN determined in the FISH assay was significantly lower than
the concentration of the 16S rRNA gene determined by qPCR in all samples collected both in winter
and summer (KW, p < 0.05) (Table S5). These differences can probably be attributed to the fact that a
single bacterial cell can contain more than one copy of the 16S rRNA gene, and that the number of
copies can differ across and within taxa [52,53]. In the FISH method, an EUB probe is used to observe
and count individual bacteria regardless of the number of 16S rRNA gene copies inside each bacterial
cell. The qPCR assay supports estimations of the number of 16S rRNA gene copies in a sample, but not
in bacterial populations in the examined samples, and its results cannot be used to determine the exact
number of bacterial cells in a sample [52]. Therefore, the FISH method appears to be better suited for
determinations of TCN than qPCR.
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Figure 1. The total number of bacterial cells (FISH) and the concentrations of bacterial genes (qPCR) in
wastewater and river water samples.

3.2. Concentrations of Genes Specific to Escherichia coli, Enterococcus faecalis, and BFG, and ARGs in
Wastewater and River Water Samples

The concentrations of genes specific to indicator bacteria and BFG as well as ARGs and genes
encoding integrase in samples of wastewater and river water are presented in Figure 1 and Table S2.
The copy numbers of genes specific to indicator bacteria, ARGs, and integrase genes were expressed in
absolute values (copies/mL), due to variations in the structure of bacterial populations in wastewater
and river water samples [52], as well as differences between the TCN determined in the FISH assay
and the number of 16S rRNA gene copies determined by qPCR. The absolute and relative abundance
of the examined genes in each sample is presented in Figures 1 and 2, and in Supplementary Materials
(Tables S2–S4).
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The uidA and Faecalis1 genes, which are specific to E. coli and E. faecalis fecal indicator bacteria,
respectively, were identified, and the concentrations of the genes characteristic of BFG (bfr for
B. thetaiotaomicron, B. vulgatus, B. fragilis, B. caccae, B. ovatus, B. eggerthii, B. uniformis, B. stercoris,
Parabacteroides merdae, and P. distasonis; HF183/BacR287 marker for B. dorei) were determined in the
present study. In HWW and UWW samples, the number of uidA and Faecalis1 gene copies was
determined at 107–108 copies/mL and 106–107 copies/mL, respectively, whereas the abundance of genes
specific to BFG ranged from 104 to 109 copies/mL in the examined samples. The copy numbers of the
bfr gene and the HF183/BacR287 marker were significantly lower in UWW than in HWW (M–W U,
p < 0.05), and their concentrations exceeded those of uidA and Faecalis1 genes in HWW. In samples
of TWW and river water, the concentrations of genes specific to these bacteria were determined
at 102 to 105 copies/mL, and the number of Faecalis1 gene copies was lowest (Figure 1, Table S2).
The concentrations of genes specific to BFG, E. coli, and E. faecalis differed across sampling seasons (KW,
p < 0.05) (Table S5). In all samples, the abundance of genes characteristic of E. coli and E. faecalis was
below the TCN values determined in the FISH assay. In turn, the copy numbers of genes specific to BFG
exceeded the TCN in HWW samples collected in both winter and summer (Table S3). In the remaining
samples, the concentrations of genes specific to BFG were lower than the TCN determined by the FISH
method. The bfr gene and the HF183/BacR287 marker are localized within 16S rRNA. The genome of a
single bacterium of the genus Bacteroides harbors five copies of the 16S rRNA gene on average [53].
However, the results of this study point to a dominance of BFG in HWW, and to high concentrations of
genes of all indicator bacteria in the remaining samples of wastewater and river water, in particular
DRW. Rocha et al. [54] reported that genes characteristic of E. coli and E. faecalis are not effectively
removed during wastewater treatment. Our previous studies [13,24] demonstrated that BFG bacteria
are not completely eliminated in WWTPs during the activated sludge process. Feng et al. [55] and
Ordaz et al. [56] argued that, similarly to E. coli and E. faecalis, Bacteroides species should be regarded
as fecal indicator bacteria to accurately describe environmental contamination with human feces.
The present findings suggest that markers specific to BFG, in particular HF183/BacR287, are not only as
effective as the standard indicators of fecal contamination, but also support accurate identification of
the sources of human-caused pollution, which validates the first research hypothesis.

Eleven ARGs and two genes encoding integrase synthesis were identified in the analyzed samples
of wastewater and river water. Significant differences were noted between the total concentrations
of ARGs and intI genes in winter and summer samples (KW, p < 0.05) (Table S5). The highest copy
numbers of ARGs were determined in HWW, followed by UWW. In those samples, the concentrations
of ARGs ranged from 103 to 1011 copies/mL. Genes encoding resistance to tetracyclines (tet(Q), tet(X)),
MLS antibiotics (ermF, linA, mef A), and the cfxA gene encoding resistance to beta-lactams were most
abundant, and their average concentrations in both seasons ranged from 107 to 109 copies/mL. The fexA
gene encoding resistance to chloramphenicol was the least abundant ARG in HWW and UWW, and
its concentration was determined at 103 to 106 copies/mL. The analyzed ARGs were less abundant in
TWW and river water, at 101 to 105 copies/mL; ermF, tet(Q), and tet(X) were the dominant genes in those
samples. The copy numbers of nearly all analyzed ARGs were lowest in URW samples. Similarly to
this study, numerous researchers have reported on the widespread presence of ARGs in both TWW and
the receiving water bodies [29,51,54,57–63]. Mao et al. [61] observed an increase in the copy numbers
of ARGs during wastewater treatment in WWTPs. High concentrations of ARGs in wastewater and
river water could point to the presence of drug-resistant and multidrug-resistant bacterial strains in
wastewater and river water.

The concentrations of most ARGs in HWW were similar in both sampling seasons. In UWW, the
copy numbers of ARGs were markedly lower in summer than in winter. According to Guo et al. [64]
and Rodriguez-Mozaz et al. [65], the copy numbers of ARGs are closely correlated with antibiotic
concentrations in wastewater. The results of the current study suggest that antibiotic consumption
in hospitals was fairly similar in summer and winter, but it was higher in the outpatient setting in
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winter. Similar observations were made by Ciszewski et al. [66], who reported a significant increase in
antibiotic consumption in Poland in fall/winter.

In HWW and UWW, the concentration of the intI1 gene ranged from 106 to 1010 copies/mL, and
the number of intI2 gene copies was estimated at 106 to 109 copies/mL. The abundance of intI1 and intI2
genes was determined at 103–107 copies/mL in the remaining samples. The abundance of the intI1 gene
was considerably higher than the concentration of the intI2 gene. The present results corroborate the
findings of other authors who reported on the dominance of the intI1 gene among integrase-encoding
genes in environmental samples [67]. Integrons are ubiquitous in TWW [25,32,68,69] and in rivers such
as the Vistula, Warta, and Łyna [29,60,70,71]. These genetic structures promote rapid bacterial evolution
by enabling bacteria to accumulate, express, and transfer coding sequences such as ARGs [67,72].
According to Gillings et al. [37], class 1 integrons could be the main mobile genetic elements responsible
for the spread of antibiotic resistance, due to their widespread prevalence in the environment.

The concentrations of the analyzed genes in wastewater and river water samples collected in
winter and summer were subjected to cluster analysis with the use of Ward’s method. The results
were visualized in a heatmap with dendrograms (Figure 2). Based on these findings, wastewater
and river water samples were divided into two clusters. The first cluster was composed solely of
untreated wastewater (HWW and UWW) collected in both winter and summer. These samples were
characterized by the highest abundance of the tested genes. The second cluster contained samples of
treated wastewater and river water (TWW, URW and DRW).

A correlation matrix based on the values of Spearman’s rank correlation coefficient revealed
significant relationships between the TCN, the abundance of the 16S rRNA gene, genes specific to BFG,
E. coli, and E. faecalis, integrase genes, and ARGs in wastewater and river water samples (Figure 3,
Table S6). The TCN was correlated with the abundance of the conserved regions of the 16S rRNA gene
at r = 0.70 (p < 0.05). This observation confirms that despite differences in TCN and the concentration
of the 16S rRNA gene in the examined environmental samples, the above values were highly correlated.
Strong positive correlations were noted between the TCN and the abundance of all analyzed ARGs
(r = 0.61–0.85, p < 0.05), which points to the presence of ARB in wastewater and river water samples.
The copy numbers of genes encoding class 1 and class 2 integrons (r = 0.84–0.86, p < 0.05) and ARGs
(r = 0.50–0.77, p < 0.05) increased with a rise in the concentration of the 16S rRNA gene, which could
point to horizontal gene transfer between bacterial populations colonizing wastewater and river water.
Similar results were reported by An et al. [67].

The prevalence of genes specific to BFG in the examined samples was closely correlated with the
concentrations of genes characteristic of E. coli (uidA) and E. faecalis (Faecalis1) (r = 0.70–0.85, p < 0.05).
These results indicate that BFG bacteria coexist with E. coli and E. faecalis, and should be regarded
as microbial indicators of water quality in screening tests. The abundance of genes specific to BFG,
E. coli, and E. faecalis was also highly correlated with all examined ARGs (r = 0.52–0.98, p < 0.05).
The presence of indicator bacteria in wastewater and river water samples points to the coexistence
of ARGs in the analyzed environments, and high concentrations of ARGs in water can be attributed
to contamination with indicator bacteria [73,74]. In the present study, a significant correlation was
also noted between the copy numbers of vanA and Faecalis1 genes (r = 0.72, p < 0.05), which could
suggest that vancomycin-resistant E. faecalis strains (VRE) were present in the tested samples. In a
study by Oravcova et al. [75], enterococci harboring the vanA gene were frequently identified in
TWW, which indicates that these bacteria are not effectively eliminated during wastewater treatment.
The high coefficients of correlation between the abundance of genes specific to BFG and genes encoding
resistance to tetracyclines, MLS antibiotics, beta-lactams, and the bexA gene confirm previous findings
that BFG bacteria are a major reservoir of these ARGs [24,76,77]. In the current study, close correlations
were found between the prevalence of all analyzed ARGs in environmental samples (r = 0.63–0.98,
p < 0.05). These results, as well as previous findings [29], point to the presence of correlations between
the abundance of all examined ARGs in HWW, UWW, TWW, and river water. The genes specific
to BFG are not only indicators of fecal pollution, but they can also be used to determine the spread
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of ARGs in the environment. Karkman et al. [73] and Stachler et al. [78] also demonstrated that the
presence of ARGs in the environment is closely related to fecal contamination markers, and therefore it
could be associated with fecal contamination of the environment.Int. J. Environ. Res. Public Health 2020, 17, x 8 of 14 
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3.3. The Influence of WWTPs on Gene Abundance in River Water

The abundance of the analyzed genes in samples of river water collected upstream and downstream
from the wastewater discharge point (URW and DRW, respectively) was compared to determine the
potential influence of a WWTP on the contamination of river water, and to evaluate the applicability of
markers specific to BFG bacteria as indicators of anthropogenic pollution (Table S7). In the group of
genes specific to BFG, E. coli, and E. faecalis, a significant increase in the copy numbers of bfr and uidA
genes and the HF183/BacR287 marker was noted in DRW (M-W U, p < 0.05), whereas no differences
were observed in the number of Faecalis1 gene copies. These results clearly indicate that the evaluated
WWTP contributed to the fecal contamination of river water. The concentrations of seven out of the 11
(63.63%) tested ARGs were higher in DRW than in URW (M–W U, p < 0.05). The abundance of selected
genes was three orders of magnitude higher in DRW than in URW, and the greatest differences were
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observed in winter. No significant differences in the abundance of the remaining four genes (blaAMP-C,
tet(Q), fexA, and vanA) were noted in river water samples (M–W U, p > 0.05). The copy numbers
of both genes encoding integrase synthesis were higher in DRW than in URW (M–W U, p > 0.05).
These results indicate, in accordance with the second research hypothesis, that WWTPs contribute to
the contamination of river water with genes specific to indicator bacteria and BFG as well as ARGs and
genes encoding class 1 and class 2 integrases. Numerous researchers have demonstrated that WWTPs
are important sources of multidrug-resistant bacteria, including bacteria that are potentially pathogenic
for humans (B. fragilis, E. coli, and E. faecalis) and harbor integrons or gene cassettes that carry resistance
genes [24,28,29,67,79,80]. According to Giebułtowicz et al. [79], these observations can be probably
attributed to the fact that wastewater is only partially treated in WWTPs. Environmental contamination
with indicator bacteria can be detected with qPCR-based techniques, which offer a viable alternative to
standard time-consuming culture methods [81,82]. The qPCR methods also support the use of specific
indicators, such as the bfr gene and the HF183/BacR287 marker, in environmental screening tests, to
determine fecal contamination and human-caused pollution, including the presence of ARGs.

4. Conclusions

This study evaluated the applicability of markers specific to BFG bacteria as indicators of
anthropogenic pollution in surface waters. Samples of HWW, UWW, TWW, and water from a river
receiving TWW were analyzed. The concentrations of genes specific to BFG were high in all samples,
and they were closely correlated with the abundance of genes specific to E. coli and E. faecalis, as well
as ARGs and integrase genes. These results suggest that genetic markers specific to BFG can be used
as indicators of anthropogenic pollution in the aquatic environment. The present findings indicate
that the presence of indicator bacteria in wastewater and river water samples is correlated with the
abundance of ARGs in these environments. This study also demonstrated that TWW evacuated from
the examined WWTP contributes to the contamination of river water with genes specific to fecal
bacteria, ARGs, and genes encoding class 1 and class 2 integrases.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-4601/17/19/7137/s1:
Figure S1. Genes copy number per cells in environmental samples; Figure S2. Cells and genes copy number per
16S rRNA in environmental samples; Table S1. Oligonucleotide primers and parameters used for the detection of
genes, with qPCR analysis and FISH; Table S2. Average gene concentrations in wastewater and river water samples
(copies/mL); Table S3. Average gene concentrations in wastewater and river water samples (copies/cells); Table
S4. Average gene concentrations in wastewater and river water samples (kopii/16S rRNA); Table S5. Differences
in gene concentrations in the analyzed samples between seasons (Kruskal–Wallis ANOVA; significant results
are marked in red, p < 0.05); Table S6. Correlations between gene concentrations (Spearman’s rank correlation
coefficient; significant results are marked in red, p < 0.05); Table S7. A comparison of gene concentrations in URW
and DRW (Mann–Whitney U test; significant results are marked in red, p < 0.05).
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