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Abstract: The ability of WWTP outflow bacteria at colonizing rock surfaces and contributing to the
formation of river epilithic biofilms was investigated. Bacterial community structures of biofilms
(b-) developing on rocks exposed to treated wastewaters (TWW) of a hospital (HTWW) and a
domestic (DTWW) clarifier, and to surface waters of the stream located at 10 m, 500 m, and 8 km
from the WWTP outlet, were compared. Biofilm bacterial contents were analyzed by cultural
approaches and a tpm-based DNA metabarcoding analytical scheme. Co-occurrence distribution
pattern analyses between bacterial datasets and eighteen monitored pharmaceuticals were performed.
Higher concentrations of iohexol, ranitidine, levofloxacin, and roxithromycin were observed in the
b-HTWW while atenolol, diclofenac, propranolol, and trimethoprim were higher in the b-DTWW.
MPN growth assays showed recurrent occurrences of Pseudomonas aeruginosa and Aeromonas caviae
among these biofilms. An enrichment of multi-resistant P. aeruginosa cells was observed in the hospital
sewer line. P. aeruginosa MPN values were negatively correlated to roxithromycin concentrations. The
tpm DNA metabarcoding analyses confirmed these trends and allowed an additional tracking of more
than 90 species from 24 genera. Among the recorded 3082 tpm ASV (amplicon sequence variants), 41%
were allocated to the Pseudomonas. Significant differences through ANOSIM and DESeq? statistical
tests were observed between ASV recovered from b-HTWW, b-DTWW, and epilithic river biofilms.
More than 500 ASV were found restricted to a single sewer line such as those allocated to Aeromonas
popoffii and Stenotrophomonas humi being strictly found in the b-HTWW file. Several significant
correlations between tpm ASV counts per species and pharmaceutical concentrations in biofilms
were recorded such as those of Lamprocystis purpurea being positively correlated with trimethoprim
concentrations. A tpm source tracking analysis showed the b-DTWW and b-HTWW tpm ASV to have
contributed, respectively, at up to 35% and 2.5% of the epilithic river biofilm tpm-taxa recovered
downstream from the WWTP outlet. Higher contributions of TWW taxa among epilithic biofilms
were recorded closer to the WWTP outlet. These analyses demonstrated a coalescence of WWTP
sewer communities with river freshwater taxa among epilithic biofilms developing downstream of a
WWTP outlet.

Keywords: environmental risk assessment; pharmaceuticals; epilithic biofilms; DNA metabarcoding;

river microbiomes
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1. Introduction

Wastewaters (WW) can have complex chemical and microbiological contents [1]. The
165 rRNA gene DNA metabarcoding approaches showed domestic WW to harbor signifi-
cant numbers of Pseudomonas, Acinetobacter, Arcobacter, Trichococcus, Tetrasphaera, Rhodoferax,
Rhodobacter, and Hyphomicrobium [2—4]. Similar analyses performed on hospital WW re-
vealed bacterial taxa restricted or in higher numbers in these waters than the domestic
ones such as the Comamonas, Sphingobacterium, Ochrobacterium, Stenotrophomonas, Shinella,
Diaphorobacter, Agrobacterium, Achromobacter, Phenylobacterium, and Flavobacterium [5]. This
differentiation of sewer bacterial WW communities was further confirmed after a passage
through a wastewater treatment plant (WWTP) [6]. Urban- and hospital-treated WW
showed distinct bacterial communities matching their origin but also their chemical con-
tents [6]. The hospital WW (HWW) was found to contain specific pharmaceuticals not
found in a domestic sewer such as iohexol, amoxicillin, and flucloxacillin [7]. The domestic
WW showed higher occurrences of pesticides such as organochlorines, and of motor engine
contaminants such as hydrocarbons, or metallic trace elements [8] like lead, copper, and
cadmium [9-11].

A selective effect, even at low concentrations, of these WW chemical pollutants on
sewer microbial communities was suggested to occur. Antibiotics were found to modulate
WW microbial communities by driving a decay of sensitive bacteria and selecting resistant
species [12,13]. Furthermore, the greater uses of antibiotics in hospital settings were con-
sidered to have increased the occurrences of multi-resistant bacteria among the receiving
sewer networks [14]. Positive correlations between concentrations of sulfamethoxazole,
tetracycline, and ciprofloxacin in WW and counts of bacteria of health concern such as re-
spectively Acinetobacter, Clostridia, Aeromonas, and Alistipes were reported [15]. Furthermore,
antibiotic resistance genes (ARGs) were found in greater numbers in hospital sewers than
domestic ones through qPCR assays for blatgy (penicillin resistance), gnrS (fluoroquinolone
resistance), sull (sulfonamides resistance), mecA (methicillin-resistance gene), and tetW and
tetO (tetracycline resistance) [16,17]. These greater numbers of ARG could be related to
their occurrences among mobile genetic elements (MGEs) such as plasmids, integrons, and
transposons which could have spread in the bacterial communities [18]. Poor decay rates
of the hospital (H) WW chemical and biological contaminants thus represent a significant
public health concern [19].

The main goal of this study was to assess the ability of WWTP-related bacteria at
competing with native freshwater microbial communities and at occupying particular
river ecological niches. An experimental framework was designed to demonstrate that
HTWW (hospital-treated WW) and DTWW (domestic-treated WW) bacteria released into
a stream not only can get mixed with endogenous river taxa but can also interact with
the native communities to favor the formation of epilithic biofilms. Rock surfaces were
considered growth opportunities for WWTP-related taxa with strong biofilm development
capacity and high tolerance to chemical pollutants which are simultaneously delivered
with the TWW (treated wastewaters). To test these hypotheses, blueschist rocks were
exposed over 8 to 16 weeks to river surface waters and treated wastewater, and their
biofilm bacterial communities and pharmaceutical contents were analyzed and compared.
These investigations were performed using the French Sipibel experimental site [20].

The rock bacterial biofilm community structures were investigated by classical most
probable number growth assays and platings, by quantitative PCR assays targeting DNA
signatures of integrons and fecal source indicator species, and through the tpm metabarcod-
ing approach. This metabarcoding approach was found to be highly discriminant and to
allow the differentiation of more than 100 species of 'y-proteobacteria such as those of the
Aeromonas and Pseudomonas which are highly prevalent in WW [21]. The contingency table
of amplicon sequence variants (ASV) of these tpm-harboring taxa could be used in a Source-
Tracker Bayesian approach [22] to infer contributions of WWTP-related taxa in the build-up
of river epilithic biofilms. This tpm source tracking revealed a significant number of sewer
tpm ASV among river epilithic biofilms, even at a distance of up to 8 km from the WWTP
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outlet. These observations demonstrated the ability of WWTP tpm-harboring bacterial taxa
at invading major river ecological niches and competing with native freshwater taxa.

2. Materials and Methods
2.1. Study Site

The WWTP of Bellecombe (http://www.graie.org/Sipibel/ (accessed on 16 February
2023)) was used in this study. It has a processing capacity of 32,000 equivalent inhabitants.
The outflows of this WWTP are delivered into the Arve river which flows through Switzer-
land and France over 108 km before reaching the Rhone river. Flow monitoring indicated
an average of 66 m® of water discharged per second close to the WWTP with a maximum
flow in May and June. The Bellecombe WWTP processes are described in Chonova et al. [6]
and Wiest et al. [23]. Two treatment files were implemented at this site, one for the domestic
WW (DWW) (20,850 inhabitants) and one for the hospital WW (HWW) from the Alpes
Léman hospital (CHAL) (450 beds).

2.2. Sampling Strategy

The bacterial community studies were based on the analysis of biofilms that had de-
veloped on blueschist rocks exposed to DTWW (domestic-treated WW), HTWW (hospital-
treated WW), or the Arve surface waters. This approach allowed an investigation of the
co-accumulation of micro-organisms and chemical pollutants in the collected biofilms, and
to highlight co-occurrence patterns between these contaminants. Before being used on site,
blueschist rocks were brushed, cleaned with 5% hyperchlorite, and sterilized by autoclave.
Blueschist rocks were placed in stainless steel traps which were immerged under 5 cm of
water in the various compartments to be tested: (1) in the clarifiers of the hospital (b--HTWW;
n = 6 samples) and domestic (b-DTWW; n = 6) lines, and (2) in the Arve river at 8 km
upstream and downstream the entry point of the treated effluents (b-RU_far and b-RD_far:
8 km; n = 6 for each), at 500 m upstream and downstream the entry point (b-RU_med
and b-RD_med; n = 6 for each) and at 10 m upstream and downstream the entry point
(b-RU_close and b-RD_close; n = 5 for each) (see Figure 1). Sampling dates are indicated in
Table S1. Six sampling campaigns were carried out except for b-RD_med and b-RU_med
for which only five could be conducted because of bad field conditions. Blueschist rocks
were immerged for two to four months, depending on the biofilm growth rates. At the
same time as biofilm sampling, water was also collected from the same compartments and
was analyzed in terms of pharmaceutical contents and basic physicochemical parameters
(Table S1).

2.3. Physico-Chemichal Analyses

Physicochemical parameters of blueschist rock biofilms or water samples were mon-
itored (Table S1). Nutrients (NO2-NO3-PO4), ammonium, phosphate, TSS, and DOC
(dissolved organic carbon) were measured according to the French standard operating pro-
cedures (AFNOR 1997 [24]) for water. Moreover, 18 pharmaceuticals divided into NSAIDs
(non-steroidal anti-inflammatory drugs), beta-blockers, antibiotics, anticonvulsants, and
analgesics were quantified in the surface waters and the sampled biofilms according to
Chonova et al. [6]: Aciclovir, Atenolol, Bezafibrate Caffeine, Carbamazepine, Clofibrate,
Diazepam, Diclofenac, Epoxy-carbamazepine, Iohexol Ketoprofene, Levofloxacin, Metron-
idazole, Propranolol, Ranitidine, Roxithromycine, Sulfamethoxazole, Trimethoprim. Rain
precipitation regimes were monitored by Météo-France at Contamine-sur-Arve (France)
which is 8 km away from the Bellecombe WWTP. Solar irradiance was measured by the
INRAE meteorological station. Arve river temperatures were monitored at the station
of the Federal Office for the Environment of Switzerland (Geneva, Switzerland). WW
retention time per clarifier and effluent discharge volumes were measured by the SIPIBEL
observatory [20].
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Figure 1. Illustration of the SIPIBEL experimental site (wastewater treatment plant of Bellecombe,
Scientrier, Haute-Savoie, France). The hospital (HWW) and domestic wastewater (UWW) treatment
files are shown. Treated waters (TWW) from the HTWW and DTWW clarifiers join into a single
pipe prior to being delivered into the Arve river. Sampling points are represented by yellow dots.
Biofilms (b) on blueschist rocks positioned 5 cm below the waterline were sampled from the hospital
(b-HTWW) and domestic (b-DTWW) treatment files of the clarifiers. Treated wastewaters (HTWW
and DTWW) were sampled at the outlets of the clarifiers. Blueschist biofilms (b-) and Arve River
waters were sampled upstream and downstream of the outlet of the WWTP at (i) a distance of 8 km
(RU_far and RD_far), (ii) 500 m (RU_med and RD_med), and (iii) 10 m (RU_close and RD_close).

2.4. Bacterial Counts and DNA Extractions

Counts of total heterotrophic bacteria were estimated by inoculation of 10-fold di-
luted TSA (tryptic soy agar) amended with 1.2% agar. Aeromonas caviae and Pseudomonas
aeruginosa were quantified using the MPN (most probable number) methods described
in Navratil et al. [25]. Intestinal Enterococci, total coliforms, and E. coli were measured
using the IDEXX Colilert and the Enterolert type E kit (IDEXX, Westbrook, NC, USA)
following the manufacturer’s instructions. Biofilms on the immerged Blueschist rocks
were scraped using a sterile spatula and a sterile toothbrush. Microbial DNAs of biofilms
were extracted with the Gene-Elute-LPA kit (Sigma-Alrich, Saint-Louis, MO, USA) using
the manufacturer’s instructions. DNA extracts were used in qPCR assays performed in
triplicates on a Bio-Rad CFX96 qPCR apparatus using the Brilliant II SYBR Green low
ROX gPCR mix (Agilent, Vénissieux, France). Quantifications of the gene targets were
performed using the CFX Manager 3.0 software (Bio-Rad, Marnes-la-Coquette, France).
Total bacteria were quantified by qPCR using the 338F and 518R primers targeting the 165
rRNA gene according to [26]. Total Bacteroidales were quantified using the AllBac296F and
AllBac467R primers according to [27]. Relative contents in Human fecal bacteria of the
collected samples were inferred using the HF183 qPCR assay [28]. Mobile genetic elements
(MGEs) named integrons were quantified by targeting integrase genes of class I, II, and III
according to [29].

2.5. The tpm Metabarcoding Analytical Scheme

The tpm phylogenetic marker allows an allocation of amplicon gene sequences to
bacterial species of, mainly, a group of y-proteobacteria including the Aeromonas and
Pseudomonas. PCR products were generated as already described [21]. PCR products were
purified and sequenced by Biofidal (Microsynth, Vaux-en-Velin, France). Raw reads are
available on the European Nucleotide Archive with the accession number PRJEB36958.
tpm raw reads were processed using the dada2 package for R [30]. Linker, barcode, and
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primers were removed using the Trimgalore v0.6.5 software (https:/ /www.bioinformatics.
babraham.ac.uk/projects/trim_galore/ (accessed on 16 February 2023)). The SOP (standard
operating procedure) at https:/ /benjjneb.github.io/dada2 /bigdata_paired.html (accessed
on 16 February 2023) for paired-end reads was used to process the tpm raw reads. The
decontam package for R [31] was used to detect contaminant amplicon sequence variants
(ASV) from control samples. Only 21 contaminant ASV representing 0.27% of the total reads
were detected. The tpm reads were taxonomically affiliated using the tpm metabarcoding
sequences database [32].

2.6. Statistical Analyses

Alpha (Shannon, Simpson, and Evenness) and beta diversity (Bray-Curtis dissimilarity
distances) indices and rarefaction curves were computed using the R software v3.5.3 with
the Vegan package v2.5.6 as carried out in [33]. All Wilcoxon tests were also computed
using the R software. Distribution biases of the tpm inferred taxa between the b-HTWW,
the b-DTWW, and the river biofilms samples were investigated using the DESeq2 package
for R [34]. Spearman correlation matrices between the inferred tpm species and the concen-
tration of pharmaceuticals were computed using the Corrplot R package v0.84. Spearman
correlation matrices were illustrated by a heatmap computed on the Excel software. Coa-
lescence phenomena between bacterial communities of the treated wastewater effluents
(contamination sources) and the river ones (receiving environment) were investigated
using the SourceTracker computer package described by [22]. The Bayesian SourceTracker
analyses were computed three times with the default parameters (rarefaction depth = 1000
reads from the original cleaned dataset of tpm gene read, burn-in: 100, restart: 10). The
confidence on the computed contribution values were estimated using the relative standard
deviation (RSD) from the three SourceTracker runs (e.g., [35]).

2.7. Pseudomonas aeruginosa Isolation and Antibiotic Resistance Assays

P. aeruginosa strains were isolated from HTWW, DTWW, and river surface waters but
also from the raw WW from the hospital and domestic sewers. P. aeruginosa strains were
isolated using a Pseudomonas agar base (Oxoid, Basingstoke Hampshire, UK) completed
with 5% glycerol, 200 mg/L cetrimide, and 15 mg/L nalidixic acid. Isolates were confirmed
as belonging to P. aeruginosa using the ecfX-specific PCR screening [36]. Antibiograms were
carried out following the recommendations of the French Society of Microbiology (SFM) for
investigations of P. aeruginosa antibiotic resistance using n = 188 Sipibel field site isolates.

3. Results
3.1. Monitoring of Pharmaceutical Loads, Physico-chemical, and Classical Microbial Parameters

Pharmaceuticals, physicochemical, and classical bacterial parameters were moni-
tored for the rock biofilms and water samples from the river, and domestic and hospital
treatment lines of the WWTP of Bellecombe (Table S1). Principal component analyses
(PCA) were performed on these datasets (Figures 2 and S1). These PCA clearly segregated
b-HTWW and b-DTWW rock biofilms (b) according to their contents in pharmaceuticals
(Figure 2). Atenolol, diclofenac, propranolol, and trimethoprim concentrations were higher
in the b-DTWW biofilms than the hospital ones (termed b-HTWW). Wilcoxon tests con-
firmed these trends with significantly higher concentrations of atenolol in the b-DTWW
(p-value < 0.05). Iohexol, ranitidine, levofloxacin, and roxithromycin were found in sig-
nificantly higher concentrations in b-HTWW than in b-DTWW (Figure 2) (Wilcoxon test:
p-value < 0.05). Most of these trends were confirmed with the WW monitoring (Figure S1).
In fact, carbamazepine, aciclovir, epoxy-carbamazepine, diazepam, metronidazole, and
iohexol concentrations were significantly higher among the HTWW (Wilcoxon test: p-value
< 0.05) (Figure S1). Atenolol, ketoprofen, diclofenac, bezafibrate, and trimethoprim were in
higher concentrations in DTWW (Wilcoxon test: p-value < 0.05). Correlograms computed
from Spearman correlation matrices between the pharmaceutical concentrations monitored
in biofilms or WW confirmed these segregations between the domestic and hospital treat-
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ment lines (Figure S2). It is to be noted that pharmaceuticals could not be quantified among
the river biofilms because of contents below the levels of detection (Figure S1). Higher
concentrations of phosphate in the b-HTWW and ammonium in the b-DTWW were ob-
served (Wilcoxon test: p-value < 0.05). Interestingly, higher caffeine contents were observed
among the DTWW than HTWW (Wilcoxon test: p-value < 0.05) but no major differences
were observed between the b-HTWW and h-DTWW (Wilcoxon test: p-value > 0.05).
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Figure 2. Principal component analysis (PCA) of the 18 pharmaceuticals monitored among the
blueschist biofilms developing from clarifier waters (Table S1). The PCA was computed from datasets
generated from biofilms recovered from the clarifiers of the domestic (b-DTWW) and hospital
(b-HTWW) treatment lines of the SIPIBEL experimental site (Figure 1). Asterisks highlight significant
(Wilcoxon non-parametric tests, p < 0.05) differences between the monitored parameters among the
b-HTWW and b-DTWW.

Microbial contents of the biofilm samples were monitored by culture- and DNA-based
methods including quantitative PCR assays. This highlighted high 165 rRNA gene copy
numbers from 1.41 x 10° to 1.8 x 107 per g biofilm (dry weight) (Table S1). River biofilms
and b-HTWW/DTWW did not show significant differences in these copy numbers over
time (Wilcoxon tests; p-value > 0.05). Total Bacteroidales per g biofilm ranged from 0 to
1.4 x 10? copies per g biofilm (dry weight). Generally, fecal indicator bacteria (intestinal
enterococci, E. coli, and total coliforms) were found in higher numbers among the b-DTWW
samples than b-HTWW (Wilcoxon-test; p-value < 0.05). A PCA was computed from this
dataset (Figure S1). b-DTWW samples were characterized by higher counts of class I and
III integrons (Wilcoxon test; p-value < 0.05). Interestingly, b-RU_far5 (8 km upstream of the
WWTP) river biofilms showed higher numbers of integron I DNA sequences (Figure Sla).
Most microbial parameters of the river biofilms and b-HTWW samples could not be
differentiated by PCA. P. aeruginosa and A. caviae MPN counts showed homogeneous
distribution patterns over the study among the b-HTWW and h-DTWW (Wilcoxon-test;
p-value > 0.05). Nevertheless, high numbers of P. aeruginosa gene targets of 3.67 x 10! to
8.05 x 10* and 6.83 x 10° to 7.04 x 10® MPN/g biofilm were detected among, respectively,
the b-HTWW and b-DTWW. P. aeruginosa numbers were below the limit of detection for
the biofilms sampled from the Arve River.

Relationships between the above bacterial datasets and pharmaceutical concentrations
recorded among biofilm samples were explored by Spearman correlation tests (Figure S3).
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All bacterial counts except the ones of the total heterotrophic bacteria and integron III
were found to be positively correlated to concentrations of drugs most often affiliated to
the b-DTWW treatment line (e.g., atenolol, diclofenac, propanolol) and negatively to the
b-HTWW samples (Figures 2 and S3). Integron III numbers showed positive correlations
with drug concentrations most often associated with the b-HTWW (iohexol, levofloxacin,
ranitidine, roxithromycin). P. aeruginosa numbers were found to be positively correlated
to pharmaceutical loads of both the b-HTWW and b-DTWW and concentrations of aci-
clovir, atenolol, clofibrate, diazepam, and epoxicarbamazepine (Figure S3). P. aeruginosa
numbers were negatively correlated to roxithromycin concentrations. Roxithromycin was
previously shown to inhibit biofilm formation by P. aeruginosa when associated with other
antibiotics [37].

3.2. Genetic Structure of tpm Bacterial Communities among Biofilms
3.2.1. General Features

The tpm Illumina PCR primers defined in Aigle et al. [21] generated PCR products
from all DNA samples, and these could be sequenced by the Illumina MiSeq v3 technology.
Processing of the sequenced PCR products generated a dataset of 1 034 771 sequences
distributed into 3082 ASV (Tables S2 and S3). Biofilm river samples b-RD_far6, b-RD_med6,
and b-RU_med_6 showed the highest ASV numbers with respectively 826, 807, and 730 ASV
(Figure S4). Conversely, biofilm samples b-HTWW3 (124 ASV), b-HTWW1 (161 ASV), and
b-HTWW4 (180 ASV) showed the lowest ASV numbers (Table S2; Figure S4). Biofilms
sampled from river Blueschist rocks located upstream (b-RU) or downstream (b-RD) of
the WWTP outlet showed significantly higher ASV numbers than those of the b-HTWW
and b-DTWW (Wilcoxon test; p-value < 0.001). There was no significant difference be-
tween ASV numbers of biofilms from b-RU and b-RD samples. However, the distance
between sampling points and the outlet of the WWTP impacted negatively the ASV num-
bers. B-RU_close and b-RD_close biofilms showed significantly lower numbers of ASV
than those sampled from b-RU_med, b-RU_far, b-RD_med, and b-RD_far (Wilcoxon tests;
p-value < 0.01). b-HTWW biofilms showed significantly lower ASV numbers than those
from the b-DTWW ones (Wilcoxon test; p-value < 0.05). Shannon index computed from
the tpm ASV datasets showed heterogeneous values going from 5.14 to 1.11 (Table S2).
Sample b-RD_med4, b-RD_med1, and b-RD_med5 showed the highest Shannon values
with respectively 5.14, 5.12, and 5.02 while b-RU_far3, b-RU_far4, and b-HTWW6 showed
the lowest ones with 1.11, 2.75 and 3.10. b-DTWW biofilms showed significantly lower
Shannon indices than those of the river and the hospital line (Wilcoxon test; p-value < 0.01).
Evenness indices showed values from 0.98 to 0.17. b-HTWW3 (0.98), b-HTWW4 (0.89) and
b-RU_close3 (0.86) showed the highest values while b-RU_far3 (0.17), b-RU_far4 (0.45) and
b-RD_far1 (0.50) showed the lowest ones (Table S2). Distance between biofilm sampling
points and the outlet of the WWTP did not significantly change the Shannon and Evenness
indices (Wilcoxon test; p-value > 0.05).

In order to compare tpm bacterial communities of the biofilm samples according to
their origin, a Bray-Curtis dissimilarity matrix was computed on the ASV table after a
Hellinger transformation (Table S4). NMDS ordinations were computed from the Bray-
Curtis dissimilarity distances (Figure 3). NMDS clearly separated b-HTWW, b-DTWW, and
river biofilm samples. These observations were supported by significant ANOSIM tests
(p-value < 0.001). However, ANOSIM tests did not show significant differences be-
tween river biofilms sampled upstream and downstream of the outlet of the WWTP
(p-value > 0.05). Taxonomic affiliations of the ASV were performed. This allowed the
classification of more than 99% of the reads at the phylum level (Table S3). As expected,
Proteobacteria were dominant in the tpm dataset and represented 96.4% of the tracked taxa.
The tpm marker also allowed the detection of Bacteroidetes (0.01%) and Cyanobacteria but in
low numbers. At the genus level, taxonomic affiliations allowed the classification of about
80% of the tpm reads into 24 well-defined genera (Table S5).
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Figure 3. Non-metric multidimensional scaling (NMDS) representation of the Bray-Curtis dissim-
ilarity matrix computed from the tpm gene ASV profiles (Table S3) of biofilms (b-) sampled from
HTWW (hospital sewer treated wastewaters), DTWW (domestic sewer treated wastewaters) and the
river compartments upstream (b-RU) or downstream (b-RD) the WWTP outlet. Pairwise ANOSIM
statistical tests showed significant differentiations between the tpm genetic profiles according to the
origin of the samples (p-value < 0.01). River biofilm sampling sites were at 10 m from the WWTP
outlet (close), at 500 m (medium (med)), and 8 km (far). See Table S1 for a full description of all
samples used in this analysis.

ASV were mainly allocated to the Pseudomonas, Hyphomicrobium, Aeromonas, and
Herbaspirillum at respectively 41, 28, 4.5, and 2.4% relative abundances (Table S5). In-
terestingly, Aeromonas ASV showed relative abundances higher among biofilms sampled
from less impacted compartments (b-RU_med, b-RU_far, b-RD_med, b-RD_far; Wilcoxon
test; p-value < 0.05) than the b-TWW related ones. Nevertheless, Aeromonas, Pseudomonas,
and Herbaspirillum were found among all the biofilm samples (Table S5). Taxonomic af-
filiations of tpm ASV at the species level allowed the tracking of 91 well-defined species
representing about 25% of the tpm harboring bacteria resolved by the metabarcoding ap-
proach deployed in this work (Table S6). Five species dominated the fpm dataset with
relative abundances higher than 1%: P. anguilliseptica (6.85%), P. anguilliseptica-like (4.80%),
H. aquaticum (2.41%), A. sobria (1.45%), P. fluorescens (1.19%) and P. koreensis (1.14%). Sev-
eral species of health concern were detected among the fpm dataset including A. sobria,
P. aeruginosa, A. caviae, and A. hydrophila. Infra-specific diversity of the P. aeruginosa reads
was explored according to Aigle et al. (2021). ASV_1211 and ASV_1373 were found to match
the tpm type-G08-24 of the P. aeruginosa PA14 sub-clade. ASV_1664 and ASV_1682 matched
the tpm type-G12_15_17_18_35 sequences of the PAO1 sub-clade. Two fish pathogens,
P. anguilliseptica and A. salmonicida, could be tracked using the tpm dataset.
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3.2.2. tpm ASV Specific of Biofilms Generated from DTWW and/or HTWW

Distribution biases of the tpm ASV allocated to particular species were investigated
(Tables S6 and S7a—c). Eleven well-defined species were detected among the b-TWW
(meaning both HTWW /DTWW) biofilms including Lamprocystis purpurea (5/12 samples)
and Stenotrophomonas humi (4/12) (Table S7a,b). Nitrospira defluvii tpm ASV were present
in most of the b-TWW biofilm samples and were less common among the river ones (b-
TWW: 12/12 samples; b-RU: 6/17) (Table S6). DESeq2 analyses confirmed these trends and
highlighted other species showing higher read numbers among the b-TWW biofilm samples
than the river ones. The P. anguilliseptica-like, H. aquaticum, P. brenneri, and P. pohangensis-like
ASV reads showed higher numbers among b-TWW than river biofilm samples (DESeq2:
p <0.05; Table S7b). Reads allocated to P. fluorescens, P. grimontii, A. sobria, and A. eucrenophila
were found to be higher among the river biofilm samples (DESeq2: p < 0.05; Table S7b) than
the b-TWW ones. DESeq2 analyses also allowed exploring distribution biases between the
DTWW and HTWW treatment lines (Table S7a). Read numbers affiliated to L. purpurea
were higher among the b-DTWW samples (DESeq2: p < 0.05; Table S7a). S. humi and
A. popoffii showed higher read numbers among the b-HTWW (DESeq2: p < 0.05). No species
were found to vary significantly between b-RU and b-RD river biofilm samples (DESeq2:
p > 0.05).

DESeq2 computations also highlighted significant distribution biases at the sub-species
level by considering variations per ASV (Table S8). In fact, 67 tpm ASV including highly
prevalent ones showed differentiated patterns according to their occurrences among b-
HTWW or b-DTWW biofilms (Table S8a). To illustrate, ASV_6 (n = 27,917 reads; unclassified
Gammaproteobacteria), ASV_42 (n = 3622 reads; unclassified bacteria), ASV_52 (n = 2789
reads; unclassified Proteobacteria) or ASV_131 (n = 1024 reads; unclassified Proteobacteria)
showed higher read numbers among b-HTWW samples (DESeq2: p < 0.05). Conversely,
ASV_22 (n = 7048 reads, Pseudomonas sp. PGPPP3), ASV_39 (n = 3945 reads, Pseudomonas
sp. PGPPP3), ASV_59 (n = 2267 reads; unclassified Pseudomonas) and ASV_84 (n = 1849
reads; P. anguilliseptica-like) were found in higher numbers among the b-DTWW samples
(Table S8a). Additionally, more than 175 ASV showed significant distribution biases
between biofilm samples exposed to HTWW or river surface waters (Table S8b). This
included highly prevalent ASV such as ASV_1 (n = 76197 reads; Hyphomicrobium sp.),
ASV_2 (n = 49,970 reads; Hyphomicrobium sp.), and ASV_63 (n = 2196 reads; P. grimontii)
which showed higher read numbers among river biofilms (DESeq2: p < 0.05). Conversely,
nine ASV were found in higher numbers among biofilms exposed to TWW: ASV_46
(n = 3173 reads; Dechloromonas sp.), ASV_93 (n = 1573 reads; N. defluvii), ASV_96 (n = 1490
reads; P. anguilliseptica-like) and ASV_148 (n = 964 reads; N. defluvii) (DESeq2: p < 0.05)
(Table S8b). Dechloromonas and Nitrospira spp. are, respectively, the dominant denitrifiers
and nitrite-oxidizing bacteria of wastewater treatment plants. Only ASV_47 (n = 3028 reads;
A. sobria) showed higher read numbers among biofilms sampled upstream of the WWTP
rather than downstream (DESeq2: p < 0.05) (Table S8c).

3.2.3. Relationships between the Relative Content of tpm-Harboring Species and
Pharmaceuticals among b-HTWW and b-DTWW

A heat map illustrating relations between the tpm metabarcoding dataset and the
pharmaceutical concentrations was computed and highlighted significant Spearman corre-
lations (Table S9). Among the most significant correlations (r > 0.8, r < —0.8), reads allocated
to L. purpurea were found positively correlated to the concentrations of atenolol (D) (D
indicates higher concentrations in the domestic line biofilms, and H in the hospital one
according to Figure 2), propranolol (D) and diclofenac (D) (Figure 4), and those allocated to
Pseudomonas_Gp_BR were correlated to caffeine concentrations. However, A. popoffii and
S. humi tpm reads were negatively correlated to atenolol (D), those of Pseudomonas_Gp_BR
to bezafibrate, of A. veronii to caffeine, and of L. purpurea to iohexol (H) and ranitidine (H).
L. purpurea tpm reads also showed significant positive correlations with concentrations of
trimethoprim (D), and negative ones with iohexol (H), ranitidine (H), roxithromycin (H),
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and sulfamethoxazole (H) as indicated in Table S9 and Figure 4. S. humi and A. popoffii
read numbers were positively correlated to iohexol (H), levofloxacin (H), ranitidine (H),
roxithromycin (H), and sulfamethoxazole (H), but negatively to clofibrate, proponolol (D)
and trimethoprim (D) (Table S9, Figure 4). The Human opportunistic pathogen P. aerugi-
nosa read numbers were found to be positively correlated with aciclovir, atenolol (D), and
bezafibrate, but negatively with roxithromycin (H) concentrations (Table S9). Among the
most frequent taxa, P. anguilliseptica was found to be negatively correlated to concentra-
tions of bezafibrate, levofloxacin (H), and roxithromycin (H), and positively with caffeine.
P. anguilliseptica-like tpm reads showed negative relations with trimethoprim, which was in
higher concentrations in the b-DTWW but also clofibrate, and diazepam. H. aquaticum tpm
read numbers were found correlated to bezafibrate and trimethoprim (D), and negatively
with diazepam and levofloxacin (H).

Table 1. Relative contributions of tpm-harboring bacterial ASV from b-HTWW (biofilms developing
from hospital sewer treated wastewaters), b-DTWW (biofilms developing from domestic sewer
treated wastewaters), and biofilm river taxa upstream (b-RU) the SIPIBEL WWTP outlet, in the
build-up of downstream river biofilms (b-RD) as computed by a SourceTracker Bayesian analysis
using datasets of Table S3. See Table S1 for a full description of the samples.

b-DTWW b-HTWW b-RU Unknown
BiI({)(f)i(l:;s Contribution  rsd Contribution rsd Contribution  rsd Contribution rsd
(%) (%) (%) (%) (%) (%) (%) (%)
b-RD_closel 7.15 0.66 0.57 0.13 11.33 241 80.95 2.77
b-RD_close2 7.3 1.06 0.85 0.34 55.92 1.17 35.93 0.65
b-RD_close3 35.08 1.19 1.84 0.5 16.5 0.75 46.58 1.02
b-RD_close4 6.44 1.07 2.49 0.64 49.2 1.17 41.87 1.15
b-RD_close5 18.13 0.84 0.74 0.4 7.75 1.11 73.38 1.09
b-RD_med_1 10.87 1.08 0.44 0.22 49.24 1.19 39.45 0.71
b-RD_med_2 0.21 0.09 0.2 0.17 90.18 0.24 9.41 0.27
b-RD_med_3 1.86 0.49 0.23 0.12 81.12 0.52 16.79 0.41
b-RD_med_4 1.25 0.22 0.36 0.14 83.77 0.44 14.62 0.36
b-RD_med_5 19.28 0.75 0.89 0.52 24.54 1.26 55.29 15
b-RD_med_6 4.4 0.94 0.41 0.23 4451 1.1 50.68 0.71
b-RD_farl 1.36 0.45 0.42 0.15 59.32 0.94 38.9 0.82
b-RD_far2 0.16 0.1 0.18 0.07 90 0.23 9.66 0.23
b-RD_far3 2.15 0.57 0.27 0.14 69.64 0.45 27.94 0.61
b-RD_far4 0.34 0.13 0.13 0.1 85.03 0.41 14.5 0.33
b-RD_far5 23.04 1.22 0.61 0.3 26.06 0.94 50.29 1.12
b-RD_far6 10.4 1.03 1.29 0.42 39.65 147 48.66 1.07
Mean 8.79 0.7 0.7 0.27 51.99 0.93 38.52 0.87

3.3. Coalescence of b-DTWW and b-HTWW tpm Bacterial Communities among Epilithic Biofilms

Coalescence of the tpm ASV from the b-HTWW and b-DTWW (termed b-TWW when
grouped) biofilms with those observed in epilithic biofilms upstream of the WWTP outlet
was estimated among downstream WWTP outlet epilithic biofilms by a SourceTracker
Bayesian analysis (Table 1). These analyses revealed significant coalescence between the
“source” bacterial communities among the WWTP-impacted epilithic biofilms (considered
the sink). The tpm bacterial taxa of the b-DTWW biofilms were found to explain on average
8.8% of the diversity found among downstream WWTP river biofilms. RD_close river
biofilm samples were significantly more impacted by b-DTWW tpm bacterial communities
than biofilms at b-RD_med and b-RD_far sampling sites (Wilcoxon-test; p-value < 0.05). tpm
bacterial communities of downstream WWTP biofilm river samples were also found to be
explained by about 0.7% of the b-HTWW biofilm ASV (Table S1). Logically, b-RD_med and
b-RD_far river biofilms showed higher numbers of ASV from the river biofilms sampled
upstream of the WWTP (respectively 61.62 and 62.23%) than those of b-RD_close (28.14%
of contribution; Wilcoxon-test; p-value < 0.05) (Table S1). On the opposite, b-RD_close
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biofilm samples showed the highest proportion of unknown sources of recovered tpm
sequences (28.14% of contribution; Wilcoxon-test; p-value < 0.05). These trackings of tpm
bacterial sequences going from b-TWW towards river biofilms were further explored using
a Venn diagram illustrating the origin of the ASV (Figure 5). Biofilm samples from all
compartments (b-HTWW, b-DTWW, b-RU, and b-RD) shared 161 ASV (Figure 5). b-DTWW,
b-HTWW, b-RU, and b-RD harbored respectively 250, 225, 341, and 449 specific ASV.
A total of 55 ASV were found to be specific to b-TWW (b-DTWW and b-HTWW) and
1243 were specific to the river biofilms (b-RU and b-RD) (Figure 5). b-RU shared only
8 ASV with b-TWW. Coalescence phenomena were confirmed with the detection of 15 ASV
shared between b-TWW and b-RD including ASV_96 (n = 1490 reads; P. anguilliseptica-
like), ASV_186 (n = 700 reads; P. extremaustralis), ASV_402 (n = 290 reads; Nitrosomonas
sp.), ASV_928 (n = 118 reads; P. parafulva) and AVS_1173 (n = 93 reads; P. pohangensis-like

(Table S3).
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Figure 4. Illustration and overview of the main results observed during this study. Specific pharma-
ceuticals, tpm ASV, and inferred species from b-HTWW, b-DTWW, and river biofilms are indicated
according respectively to Figure 1 and Tables S7 and S8. The coalescence of the tpm ASV from the
b-TWW samples among the river biofilm samples are indicated according to Table 1. Color codes
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b-HTWW b-RD

Figure 5. Venn diagram showing the distribution of tpm ASV among rock biofilms developing from
domestic treated wastewaters (b-DTWW), hospital treated wastewaters (b-HTWW), and river surface
water located downstream (b-RD) or upstream (b-RU) the selected WWTP outlet.

3.4. Antibiotic Resistance of P. aeruginosa Strains

P. aeruginosa was detected among all samples either by PCR assays or the tpm metabar-
coding approach, this species was further used to explore the transfer of antibiotic-resistant
strains from the hospital and domestic sewer systems down into the connected river.
P. aeruginosa strains were isolated from wastewater of the clarifiers of the hospital and
domestic sewer lines of the WWTP, and the Arve River. Antibiograms were carried out
on 188 isolates (DWW: 40; HWW: 44; b-DTWW: 46; b-HTWW: 52; b-RU: 1; b-RD: 5 strains)
(Table S10). The P. aeruginosa isolates of the hospital sewer line showed the broadest range
of antibiotic resistances (up to 15 distinct resistances). Over this collection, 57 strains were
found to be multi-resistant (showing resistances to at least three antibiotic families) and 40%
of these had been isolated from the HWW treatment line (Table S10). These isolates showed
resistance to beta-lactamines, aminosides, and sulfamides, and some from HTWW were
also resistant to fluoroquinolones (Table S10). The isolation of resistant strains from HTWW
indicated a poor decay rate of P. aeruginosa among the WWTP. Among the five P. aeruginosa
isolates obtained from the river samples collected downstream the WWTP overflow, one
was found multi-resistant (bpoe4818, resistant to ticarcillin, ticarcillin associated to clavu-
lanic acid, ertapenem, norfloxacin and trimethoprim associated with sulfamethoxazole) and
likely to come from the hospital WW. Several strains of the hospital line were found highly
resistant to the tested antibiotics such as bpoe3519, bpoe3454, or bpoe3516 isolated from
the HWW samples and showing respectively 15, 14, and 14 antibiotic resistances over the
21 tested conditions (Table S10). Strains from HTWW also showed high numbers of antibi-
otic resistance. Multi-resistant strains from the domestic line (DTWW) harbored not more
than five resistances. Nevertheless, bpoe4092 isolated from DTWW was resistant to colistin
which is the ultimate last solution antibiotic to treat P. aeruginosa infections (Table S10). It is
to be noted that the resistance patterns did not match the recorded antibiotics monitored in
the (b-) HTWW or (b-) DTWW.

4. Discussion

Chemical and biological contaminants of sewer systems can greatly vary according to
the origin of the wastewater [38]. At the Sipibel experimental site used in this study, hospital
and domestic WW could be treated by distinct WWTP facilities prior to their release into
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a connected river. This allowed building up an experimental strategy making possible
tracking of the contaminants from each sewer line into the connected river. These trackings
were performed through the analysis of biofilms accumulating over blueschist rocks while
being incubated in the treated wastewater of the WWTP clarifiers of the experimental
site, and in the river surface waters downstream of the WWTP outlet. The chemical and
microbiological contents of these biofilms were expected to be representative of the main
pharmaceuticals and microbial taxa likely impacting the ecological quality of the epilithic
biofilms developing in the connected river. The main conclusions of these analyses are
shown in Figure 4.

These investigations showed atenolol, diclofenac, propranolol, and trimethoprim
concentrations to be higher in the biofilms of the domestic line (b-DTWW) of the Sipi-
bel WWTP rather than of the hospital one. However, iohexol, ranitidine, levofloxacin,
roxithromycin, and ketoprofen were found in significantly higher concentrations in the
biofilms developing from the treated hospital WW. Furthermore, more antibiotics were
globally found in the b-HTWW than in the b-DTWW. A tpm-metabarcoding approach
was then applied to explore the co-occurrence patterns of pharmaceuticals and bacterial
species from over 20 genera including Pseudomonas among these biofilms [21]. The river
biofilms showed the highest numbers of tpm ASV (up to 800) recovered in this study
suggesting a strong ability of the tpm-harboring bacterial taxa at getting established in a
river system. The treated WW (TWW) biofilms were made of about 100 to 300 ASV, and
the 165 rRNA gene qPCR assays did not show significant differences in terms of total
bacterial counts per investigated biofilm whatever their location and sampling period.
Their contents varied between 1.41 x 10° to 1.8 x 107 16S rRNA gene copy numbers per g
of biofilm (dry weight). Most of these biofilms were found to contain the HF183 marker
indicative of the occurrences of significant exposures to Human fecal bacterial releases, and
also of the DNA markers indicative of the occurrences of integrons that can spread ARGs.
A comparison of these tpm ASV distribution patterns between samples was performed.
NMDS ordinations of Bray-Curtis dissimilarities indicated significant differences between
biofilm community patterns of the hospital (--HTWW) and domestic lines (b-DTWW) and
of the connected river. Previous analyses using denaturing gradient gel-electrophoresis
(DGGE) also indicated such a differentiation of the hospital (--HTWW) and domestic lines
(b-DTWW) bacterial communities but suggested a lower diversity in the b-HTWW [6]. The
tpm-metabarcoding approach implemented here rather indicated significantly lower Shan-
non indices for tpm-harboring bacteria among the domestic (b-DTWW) than the hospital
(b-HTWW) and river biofilms.

Among the tpm-harboring bacterial cells growing in the biofilms, 15 ASV (allocated
respectively to a P. anguilliseptica-like species, P. extremaustralis, Nitrosomonas sp., P. parafulva,
and a P. pohangensis-like species) were found to be shared between the b-HTWW, b-DTWW
and the river biofilms downstream (b-RD) the WWTP outflow. Otherwise, 13 ASV were
strictly shared between the b-HTWW and b-RD (river biofilm downstream the WWTP)
biofilms, and 40 between the b-DTWW and b-RD biofilms. In addition to these strict
presence/absence distribution patterns, up to 67 tpm ASV were found to vary significantly
between the b-HTWW and b-DTWW biofilms. Some of these showed very high fold
changes between the two sewer lines such as ASV_6 (an unclassified Gammaproteobacte-
ria) (but also more than 20 additional ASV) that was found in much higher numbers in
the hospital line biofilms (b-HTWW). On the opposite, ASV_84 (a P. anguilliseptica-like
species) and more than 40 additional ASV were in significantly higher relative numbers
in the domestic WW-related biofilms (b-DTWW). In order to further explain these dif-
ferences, co-occurrences between the fpm-harboring species and pharmaceuticals were
further investigated.

Several positive correlations between the tpm metabarcoding libraries and pharma-
ceutical loads of the biofilms were observed. The phototrophic purple sulfur bacterium
growing in the biofilms named L. purpurea was found to be the main tpm-harboring species
showing distribution biases matching pharmaceutical concentrations. This species can
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use sulfur as the electron donor of its photosynthetic pathway [39]. Here, its distribution
pattern was positively correlated with the concentrations of atenolol, propranolol, and
diclofenac which were found higher in the domestic sewer biofilms. On the opposite, two
other highly prevalent tpm-harboring species, S. humi, and A. popoffii, showed tpm read
number distribution patterns rather indicative of a tropism for the hospital sewer system.
The S. humi and A. popoffii tpm read numbers were found positively correlated to the higher
concentrations of iohexol, levofloxacin, ranitidine, roxithromycin, and sulfamethoxazole
found in the hospital biofilms. This could be related to the pathogenic nature of A. popoffii,
and its implication in urinary tract infections [40]. A. popoffii could thus be a potential
indicator of hospital releases. The association of S. humi with the hospital sewer network
could be related to its involvement in denitrification [41]. Further analyses will be required
to explore its relative contribution in a WWTP nitrogen transformation processes. The tpm
sequences of other Human opportunistic pathogens such as A. caviae, A. sobria, P. aeruginosa,
P. flavescens, and P. putida were detected in this study, but their distribution patterns were
not highly correlated to the monitored pharmaceuticals (Spearman correlation rho fac-
tors < 0.8). Nevertheless, P. aeruginosa read numbers were found to be negatively correlated
to roxithromycin found in the hospital b-HTWW biofilms. This latter observation was
further supported by the MPN growth assays. This is in line with the previous report
showing roxithromyecin to inhibit biofilm formation by P. aeruginosa when associated with
other antibiotics [37]. Interestingly, this distribution pattern was found associated with a
higher recovery from the hospital sewer network of P. aeruginosa isolates showing multiple
antibiotic resistances (up to 15 antibiotic resistances).

Contributions of the WWTP tpm-bacterial taxa coming from the hospital and domestic
lines in the build-up of the river biofilm bacterial communities were further investigated
using a Bayesian source-sink tracking approach [22]. This SourceTracker analysis allowed
us to show a significant coalescence of WWTP tpm-harboring taxa among the river epilithic
biofilms. Biofilms recovered at 10 m from the WWTP outlet showed up to 35% of their tpm
ASV contents to have originated from the domestic sewer line (b-DTWW). Furthermore,
hospital-borne tpm ASV (b-HTWW) were found to have contributed to the build-up of
these communities. These b-HTWW taxa represented up to 2.5% of the epilithic biofilm tpm
bacterial communities. Such signatures of sewer tpm ASV could even be recorded among
the epilithic biofilms collected at 8 km from the WWTP outlet, and at percentages varying
between 0.16 to 23% of the total tpm community. The observed differences in contributions
of tpm-bacterial taxa between the sewer lines were likely related to the higher bacterial
discharges coming from the domestic WWTP than the hospital one. The average discharge
volumes coming from the DTWW network were estimated at 2198 m®/day while, from the
HTWW one, they were estimated at 140 m®/day [20]. Interestingly, it is to be noted that
the Arve river at the sampling points showed a day dilution of these discharges by over
5 million m® of surface waters (See http:/ /valleedelarve.n2000.fr/la-plaine-alluviale-de-
l-arve/le-bassin-versant-de-l-arve/la-riviere-arve (accessed on 16 February 2023)). This
indicates that, even if the Arve river can significantly dilute these exogenous taxa, some
were still highly active and could efficiently colonize blueschist rock surfaces. A previous
report indicated that shifts in river biofilm bacterial communities could be related to the
impact of WWTP outflows but these changes were suggested to be driven by the released
pharmaceutical pollutants [42]. Here, we clearly show that WWTP bacterial taxa can be
efficient colonizers of river compartments such as rocks and be significant contributors in
the build-up of river biofilms. Even hospital-borne taxa that were highly diluted by the
river flow regime could still get established among these biofilms.

5. Conclusions

Wastewater treatment processes have been greatly improved over the years but still
releases significant amounts of exogenous microbial cells and high concentrations of chem-
ical pollutants. The incidence of these spillovers on natural aquatic systems remains to
be investigated. Here, we have investigated the ability of WWTP clarifier sewer taxa at
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colonizing blueschist rocks in order to establish the likelihood of these taxa at getting
established among the connected river system. This investigation was mainly performed
through the use of the tpm metabarcoding approach which allows an allocation of DNA
imprints at the species/sub-species levels for more than twenty genera. This is the first
report showing that the tpm marker can be used to assess bacterial diversity among river
and sewer systems. This approach allowed us to show that the tpm-profilings of blueschist
biofilms generated from treated WW (of clarifiers) were highly correlated to the accumu-
lation of certain chemical pollutants. Chemical cocktails from the hospital and domestic
sewers led to distinct tpm bacterial communities. These differences are likely to be related
to the distinct functional abilities of these taxa at using or tolerating these pollutants.

The large spread of tpm-harboring bacterial taxa over the WWTP and their detection
among the connected river system allowed us to apply a SourceTracker analytical scheme.
This analysis showed a significant coalescence of the sewer tpm-harboring taxa among
river epilithic biofilms. This study thus clearly demonstrated the ability of sewer taxa at
colonizing inert surfaces of river systems. These taxa could harbor ARG, and be virulent and
multi-resistant to antibiotics as observed for P. aeruginosa isolates recovered from the study
site. The next step in these studies will be to investigate the evolution of resistomes and
virulomes among these systems. Virulent properties might be beneficial for the colonization
of highly competitive biotopes such as river rock surfaces.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/microorganisms11040922/s1.

Author Contributions: Conceptualization, J.L. and B.C.; methodology, R.B., SR, T.C., A.B., LM.
(Laurence Marjolet), L.M. (Leslie Mondamert), E.L. and B.C.; software, R.B., S.R. and B.C.; validation,
B.C.; formal analysis R.B., L.M. (Laurence Marjolet) and B.C.; resources, A.B., J.L. and B.C.; data
curation, R.B., L.M. (Laurence Marjolet), L.M. (Leslie Mondamert), E.L. and B.C.; writing—original
draft preparation, R.B. and B.C.; writing—review and editing, all authors; visualization, R.B. and
B.C.; supervision, A.B., J.L. and B.C.; project administration, B.C.; funding acquisition, J.L. and B.C.
All authors have read and agreed to the published version of the manuscript.

Funding: ANSES (French National Agency for Food, Environmental and Occupational Health &
Safety) funded parts of this project through the project EST “PERSIST-ENV” 2012/2 /149 (Effluents
hospitaliers et persistence environnementale des médicaments et de bactéries pathogenes). This
work was also partly funded by the ANR-21-CE34-0013-01 project named “Chypster”: integrated
biogeochemical, geographical and hydrological approaches to track sources of contaminants in mixed
land-use watersheds. R. Bouchali received a PhD fellowship from the Lyon Urban School (LUS)
(ANR-17-CONV-0004).

Data Availability Statement: The data presented in this study are available in the supplementary
material of this article.

Acknowledgments: We thank the SIPIBEL field observatory (Bellecombe WWTP) for their techni-
cal assistance and access to the site. We also thank the School of Integrated Watershed Sciences
H20O’LYON (ANR 17-EURE-0018), and the Lyon Urban School (LUS) (ANR-17-CONV-0004) for their
supports in the elaboration of this multi-disciplinary research initiative.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

1. Deblonde, T.; Cossu-Leguille, C.; Hartemann, P. Emerging Pollutants in Wastewater: A Review of the Literature. Int. |. Hyg.
Environ. Health 2011, 214, 442-448. [CrossRef] [PubMed]

2. Newton, R.J.; Bootsma, M.]J.; Morrison, H.G.; Sogin, M.L.; McLellan, S.L. A Microbial Signature Approach to Identify Fecal
Pollution in the Waters Off an Urbanized Coast of Lake Michigan. Microb. Ecol. 2013, 65, 1011-1023. [CrossRef] [PubMed]

@

McLellan, S.L.; Fisher, ]J.C.; Newton, R.J. The Microbiome of Urban Waters. Int. Microbiol. 2015, 18, 141-149. [CrossRef] [PubMed]

4.  Cydzik-Kwiatkowska, A.; Zielifiska, M. Bacterial Communities in Full-Scale Wastewater Treatment Systems. World J. Microbiol.
Biotechnol. 2016, 32, 66. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/microorganisms11040922/s1
https://www.mdpi.com/article/10.3390/microorganisms11040922/s1
http://doi.org/10.1016/j.ijheh.2011.08.002
http://www.ncbi.nlm.nih.gov/pubmed/21885335
http://doi.org/10.1007/s00248-013-0200-9
http://www.ncbi.nlm.nih.gov/pubmed/23475306
http://doi.org/10.2436/20.1501.01.244
http://www.ncbi.nlm.nih.gov/pubmed/27036741
http://doi.org/10.1007/s11274-016-2012-9
http://www.ncbi.nlm.nih.gov/pubmed/26931606

Microorganisms 2023, 11, 922 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

Stalder, T.; Alrhmoun, M.; Louvet, J.-N.; Casellas, M.; Maftah, C.; Carrion, C.; Pons, M.-N.; Pahl, O.; Ploy, M.-C.; Dagot, C.
Dynamic Assessment of the Floc Morphology, Bacterial Diversity, and Integron Content of an Activated Sludge Reactor Processing
Hospital Effluent. Environ. Sci. Technol. 2013, 47, 7909-7917. [CrossRef] [PubMed]

Chonova, T.; Keck, F; Labanowski, J.; Montuelle, B.; Rimet, E; Bouchez, A. Separate Treatment of Hospital and Urban Wastewaters:
A Real Scale Comparison of Effluents and Their Effect on Microbial Communities. Sci. Total Environ. 2016, 542, 965-975. [CrossRef]
[PubMed]

Escher, B.I; Baumgartner, R.; Koller, M.; Treyer, K.; Lienert, J.; McArdell, C.S. Environmental Toxicology and Risk Assessment of
Pharmaceuticals from Hospital Wastewater. Water Res. 2011, 45, 75-92. [CrossRef] [PubMed]

Barcel6, D.; Hennion, M.-C. Trace Determination of Pesticides and Their Degradation Products in Water; Elsevier Science: Amsterdam,
The Netherlands; New York, NY, USA, 1997; ISBN 978-0-08-054312-3.

Fuchs, S.; Haritopoulou, T.; Schifer, M.; Wilhelmi, M. Heavy Metals in Freshwater Ecosystems Introduced by Urban Rainwater
Runoff—Monitoring of Suspended Solids, River Sediments and Biofilms. Water Sci. Technol. 1997, 36, 277-282. [CrossRef]
Gobel, P; Dierkes, C.; Coldewey, W.G. Storm Water Runoff Concentration Matrix for Urban Areas. |. Contam. Hydrol. 2007, 91,
26-42. [CrossRef]

Revitt, D.M.; Lundy, L.; Coulon, E,; Fairley, M. The Sources, Impact and Management of Car Park Runoff Pollution: A Review. J.
Environ. Manag. 2014, 146, 552-567. [CrossRef]

Gullberg, E.; Cao, S.; Berg, O.G.; Ilbédck, C.; Sandegren, L.; Hughes, D.; Andersson, D.I. Selection of Resistant Bacteria at Very Low
Antibiotic Concentrations. PLoS Pathog. 2011, 7, €1002158. [CrossRef]

Tello, A.; Austin, B.; Telfer, T.C. Selective Pressure of Antibiotic Pollution on Bacteria of Importance to Public Health. Environ.
Health Perspect. 2012, 120, 1100-1106. [CrossRef] [PubMed]

Chagas, TP.G,; Seki, L.M.; Cury, ].C.; Oliveira, J].A.L.; Davila, AM.R;; Silva, D.M.; Asensi, M.D. Multiresistance, Beta-Lactamase-
Encoding Genes and Bacterial Diversity in Hospital Wastewater in Rio de Janeiro, Brazil: Resistant Bacteria in Hospital Sewage. J.
Appl. Microbiol. 2011, 111, 572-581. [CrossRef] [PubMed]

Varela, A.R.; André, S.; Nunes, O.C.; Manaia, C.M. Insights into the Relationship between Antimicrobial Residues and Bacterial
Populations in a Hospital-Urban Wastewater Treatment Plant System. Water Res. 2014, 54, 327-336. [CrossRef] [PubMed]
Schwartz, T.; Kohnen, W.; Jansen, B.; Obst, U. Detection of Antibiotic-Resistant Bacteria and Their Resistance Genes in Wastewater,
Surface Water, and Drinking Water Biofilms. FEMS Microbiol. Ecol. 2003, 43, 325-335. [CrossRef]

Rodriguez-Mozaz, S.; Chamorro, S.; Marti, E.; Huerta, B.; Gros, M.; Sanchez-Melsio, A.; Borrego, C.M.; Barcel6, D.; Balcazar, J.L.
Occurrence of Antibiotics and Antibiotic Resistance Genes in Hospital and Urban Wastewaters and Their Impact on the Receiving
River. Water Res. 2015, 69, 234-242. [CrossRef]

Shapiro, J. Mobile Genetic Elements; Elsevier Science: Burlington, VT, USA, 2012; ISBN 978-0-12-638680-6.

Su, J.-Q.; An, X.-L.; Li, B.; Chen, Q.-L; Gillings, M.R.; Chen, H.; Zhang, T.; Zhu, Y.-G. Metagenomics of Urban Sewage Identifies
an Extensively Shared Antibiotic Resistome in China. Microbiome 2017, 5, 84. [CrossRef]

Bertrand-Krajewski, J.-L.; Bournique, R.; Lecomte, V.; Pernin, N.; Wiest, L.; Bazin, C.; Bouchez, A.; Brelot, E.; Cournoyer, B.;
Chonova, T.; et al. SIPIBEL Observatory: Data on Usual Pollutants (Solids, Organic Matter, Nutrients, Ions) and Micropollutants
(Pharmaceuticals, Surfactants, Metals), Biological and Ecotoxicity Indicators in Hospital and Urban Wastewater, in Treated
Effluent and Sludge from Wastewater Treatment Plant, and in Surface and Groundwater. Data Brief 2022, 40, 107726. [CrossRef]
Aigle, A.; Colin, Y.; Bouchali, R.; Bourgeois, E.; Marti, R.; Ribun, S.; Marjolet, L.; Pozzi, A.C.M.; Misery, B.; Colinon, C.; et al. Spatio-
Temporal Variations in Chemical Pollutants Found among Urban Deposits Match Changes in Thiopurine S-, Se-Methyltransferase-
Harboring Bacteria Tracked by the fpm Metabarcoding Approach. Sci. Total Environ. 2021, 145425. [CrossRef]

Knights, D.; Kuczynski, J.; Charlson, E.S.; Zaneveld, ].; Mozer, M.C.; Collman, R.G.; Bushman, FD.; Knight, R.; Kelley, S.T.
Bayesian Community-Wide Culture-Independent Microbial Source Tracking. Nat. Methods 2011, 8, 761-763. [CrossRef]

Wiest, L.; Chonova, T.; Bergé, A.; Baudot, R.; Bessueille-Barbier, F.; Ayouni-Derouiche, L.; Vulliet, E. Two-Year Survey of Specific
Hospital Wastewater Treatment and Its Impact on Pharmaceutical Discharges. Environ. Sci. Pollut. Res. 2018, 25, 9207-9218.
[CrossRef] [PubMed]

AFNOR 1997; French Standard Operating Procedures, Water Quality-Analytical Methods. Afnor: Paris, France; Volume 3.
Navratil, O.; Boukerb, M.A; Perret, E; Breil, P,; Caurel, C.; Schmitt, L.; Lejot, J.; Petit, S.; Marjolet, L.; Cournoyer, B. Responses of
Streambed Bacterial Groups to Cycles of Low-flow and Erosive Floods in a Small Peri-urban Stream. Ecohydrology 2020, 13, e2206.
[CrossRef]

Park, J.-W.; Crowley, D.E. Dynamic Changes in nahAc Gene Copy Numbers during Degradation of Naphthalene in PAH-
Contaminated Soils. Appl. Microbiol. Biotechnol. 2006, 72, 1322-1329. [CrossRef] [PubMed]

Layton, A.; McKay, L.; Williams, D.; Garrett, V.; Gentry, R.; Sayler, G. Development of Bacteroides 165 rRNA Gene TagMan-Based
Real-Time PCR Assays for Estimation of Total, Human, and Bovine Fecal Pollution in Water. Appl. Environ. Microbiol. 2006, 72,
4214-4224. [CrossRef]

Seurinck, S.; Defoirdt, T.; Verstraete, W.; Siciliano, S.D. Detection and Quantification of the Human-Specific HF183 Bacteroides 16S
rRNA Genetic Marker with Real-Time PCR for Assessment of Human Faecal Pollution in Freshwater. Environ. Microbiol. 2005, 7,
249-259. [CrossRef]


http://doi.org/10.1021/es4008646
http://www.ncbi.nlm.nih.gov/pubmed/23789899
http://doi.org/10.1016/j.scitotenv.2015.10.161
http://www.ncbi.nlm.nih.gov/pubmed/26562343
http://doi.org/10.1016/j.watres.2010.08.019
http://www.ncbi.nlm.nih.gov/pubmed/20828784
http://doi.org/10.2166/wst.1997.0679
http://doi.org/10.1016/j.jconhyd.2006.08.008
http://doi.org/10.1016/j.jenvman.2014.05.041
http://doi.org/10.1371/journal.ppat.1002158
http://doi.org/10.1289/ehp.1104650
http://www.ncbi.nlm.nih.gov/pubmed/22571927
http://doi.org/10.1111/j.1365-2672.2011.05072.x
http://www.ncbi.nlm.nih.gov/pubmed/21672095
http://doi.org/10.1016/j.watres.2014.02.003
http://www.ncbi.nlm.nih.gov/pubmed/24583524
http://doi.org/10.1111/j.1574-6941.2003.tb01073.x
http://doi.org/10.1016/j.watres.2014.11.021
http://doi.org/10.1186/s40168-017-0298-y
http://doi.org/10.1016/j.dib.2021.107726
http://doi.org/10.1016/j.scitotenv.2021.145425
http://doi.org/10.1038/nmeth.1650
http://doi.org/10.1007/s11356-017-9662-5
http://www.ncbi.nlm.nih.gov/pubmed/28718023
http://doi.org/10.1002/eco.2206
http://doi.org/10.1007/s00253-006-0423-5
http://www.ncbi.nlm.nih.gov/pubmed/16804694
http://doi.org/10.1128/AEM.01036-05
http://doi.org/10.1111/j.1462-2920.2004.00702.x

Microorganisms 2023, 11, 922 17 of 17

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Marti, R.; Ribun, S.; Aubin, ].-B.; Colinon, C.; Petit, S.; Marjolet, L.; Gourmelon, M.; Schmitt, L.; Breil, P; Cottet, M.; et al. Human-
Driven Microbiological Contamination of Benthic and Hyporheic Sediments of an Intermittent Peri-Urban River Assessed from
MST and 16S rRNA Genetic Structure Analyses. Front. Microbiol. 2017, 8, 19. [CrossRef]

Callahan, B.J.; McMurdie, PJ.; Rosen, M.].; Han, A.W,; Johnson, A.J.A.; Holmes, S.P. DADA2: High-Resolution Sample Inference
from Ilumina Amplicon Data. Nat. Methods 2016, 13, 581-583. [CrossRef]

Davis, N.M.; Proctor, D.M.; Holmes, S.P.; Relman, D.A.; Callahan, B.J. Simple Statistical Identification and Removal of Contaminant
Sequences in Marker-Gene and Metagenomics Data. Microbiome 2018, 6, 1-14. [CrossRef]

Pozzi, A.C.M.; Bouchali, R.; Marjolet, L.; Cournoyer, B. The tpm Metabarcoding DNA Sequence Database for Taxonomic
Allocations Using the Mothur and DADA2 Bio-Informatic Tools (Version 2.0.1) [Data set]. Zenodo 2021. [CrossRef]

Bouchali, R.; Mandon, C.; Marti, R.; Michalon, J.; Aigle, A.; Marjolet, L.; Vareilles, S.; Kouyi, G.L.; Polomé, P,; Toussaint, J.-Y.; et al.
Bacterial Assemblages of Urban Microbiomes Mobilized by Runoff Waters Match Land Use Typologies and Harbor Core Species
Involved in Pollutant Degradation and Opportunistic Human Infections. Sci. Total Environ. 2022, 815, 152662. [CrossRef]

Love, M.I.; Huber, W.; Anders, S. Moderated Estimation of Fold Change and Dispersion for RNA-Seq Data with DESeq2. Genome
Biol. 2014, 15, 550. [CrossRef] [PubMed]

McCarthy, D.T.; Jovanovic, D.; Lintern, A.; Teakle, I.; Barnes, M.; Deletic, A.; Coleman, R.; Rooney, G.; Prosser, T.; Coutts, S.; et al.
Source Tracking Using Microbial Community Fingerprints: Method Comparison with Hydrodynamic Modelling. Water Res.
2017, 109, 253-265. [CrossRef] [PubMed]

Lavenir, R.; Jocktane, D.; Laurent, F.; Nazaret, S.; Cournoyer, B. Improved Reliability of Pseudomonas aeruginosa PCR Detection by
the Use of the Species-Specific ecfX Gene Target. J. Microbiol. Methods 2007, 70, 20-29. [CrossRef]

Li, Y; Xie, Y.-Y,; Chen, R.-X,; Xu, H.-Z,; Zhang, G.-].; Li, J.-Z.; Li, X.-M. Effects of Combined Treatment with Sansanmycin and
Macrolides on Pseudomonas aeruginosa and Formation of Biofilm. Biomed. Environ. Sci. 2009, 22, 170-177. [CrossRef] [PubMed]
Kumari, A.; Maurya, N.S.; Tiwari, B. Hospital Wastewater Treatment Scenario around the Globe. In Current Developments in
Biotechnology and Bioengineering; Elsevier: Amsterdam, The Netherlands, 2020; pp. 549-570. ISBN 978-0-12-819722-6.

Imhoff, J.E. Transfer of Pfennigia purpurea Tindall 1999 (Amoebobacter purpureus Eichler and Pfennig 1988) to the Genus Lamprocystis
as Lamprocystis purpurea Comb. Novw. Int. ]. Syst. Evol. Microbiol. 2001, 51, 1699-1701. [CrossRef]

Hua, H.T.; Bollet, C.; Tercian, S.; Drancourt, M.; Raoult, D. Aeromonas popoffii Urinary Tract Infection. J. Clin. Microbiol. 2004, 42,
5427-5428. [CrossRef] [PubMed]

Heylen, K.; Vanparys, B.; Peirsegaele, F.; Lebbe, L.; De Vos, P. Stenotrophomonas terrae Sp. Nov. and Stenotrophomonas humi Sp.
Nov., Two Nitrate-Reducing Bacteria Isolated from Soil. Int. |. Syst. Evol. Microbiol. 2007, 57, 2056-2061. [CrossRef]

Chonova, T.; Labanowski, J.; Cournoyer, B.; Chardon, C.; Keck, F,; Laurent, E.; Mondamert, L.; Vasselon, V.; Wiest, L.; Bouchez, A.
River Biofilm Community Changes Related to Pharmaceutical Loads Emitted by a Wastewater Treatment Plant. Environ. Sci.
Pollut. Res. 2018, 25, 9254-9264. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.3389/fmicb.2017.00019
http://doi.org/10.1038/nmeth.3869
http://doi.org/10.1186/s40168-018-0605-2
http://doi.org/10.5281/zenodo.4492211
http://doi.org/10.1016/j.scitotenv.2021.152662
http://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
http://doi.org/10.1016/j.watres.2016.11.043
http://www.ncbi.nlm.nih.gov/pubmed/27912100
http://doi.org/10.1016/j.mimet.2007.03.008
http://doi.org/10.1016/S0895-3988(09)60042-8
http://www.ncbi.nlm.nih.gov/pubmed/19618697
http://doi.org/10.1099/00207713-51-5-1699
http://doi.org/10.1128/JCM.42.11.5427-5428.2004
http://www.ncbi.nlm.nih.gov/pubmed/15528763
http://doi.org/10.1099/ijs.0.65044-0
http://doi.org/10.1007/s11356-017-0024-0

	Introduction 
	Materials and Methods 
	Study Site 
	Sampling Strategy 
	Physico-Chemichal Analyses 
	Bacterial Counts and DNA Extractions 
	The tpm Metabarcoding Analytical Scheme 
	Statistical Analyses 
	Pseudomonas aeruginosa Isolation and Antibiotic Resistance Assays 

	Results 
	Monitoring of Pharmaceutical Loads, Physico-chemical, and Classical Microbial Parameters 
	Genetic Structure of tpm Bacterial Communities among Biofilms 
	General Features 
	tpm ASV Specific of Biofilms Generated from DTWW and/or HTWW 
	Relationships between the Relative Content of tpm-Harboring Species and Pharmaceuticals among b-HTWW and b-DTWW 

	Coalescence of b-DTWW and b-HTWW tpm Bacterial Communities among Epilithic Biofilms 
	Antibiotic Resistance of P. aeruginosa Strains 

	Discussion 
	Conclusions 
	References

