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Abstract: The effluents of wastewater treatment plants (WWTPs) are major contributors of nutrients,
microbes—including those carrying antibiotic resistance genes (ARGs)—and pathogens to receiving
waterbodies. The effect of the effluent of a small-scale activated sludge WWTP treating municipal
wastewater on the composition and abundance of the microbial community as well as the antibiotic
resistome and pathogens in the sediment and water of the receiving stream and river was studied
using metagenome sequencing and a quantitative approach. Elevated Bacteroidetes proportions in
the prokaryotic community, heightened sulfonamide and aminoglycoside resistance determinants
proportions, and an increase of up to three orders of magnitude of sul1–sul2–aadA–blaOXA2 gene
cluster abundances were recorded in stream water and sediments 0.3 km downstream of a WWTP
discharge point. Further downstream, a gradual recovery of affected microbial communities along a
distance gradient from WWTP was recorded, culminating in the mostly comparable state of river
water and sediment parameters 3.7 km downstream of WWTP and stream water and sediments
upstream of the WWTP discharge point. Archaea, especially Methanosarcina, Methanothrix, and
Methanoregula, formed a substantial proportion of the microbial community of WWTP effluent as
well as receiving stream water and sediment, and were linked to the spread of ARGs. Opportunistic
environmental-origin pathogens were predominant in WWTP effluent and receiving stream bacterial
communities, with Citrobacter freundii proportion being especially elevated in the close vicinity
downstream of the WWTP discharge point.

Keywords: wastewater effluent; receiving stream; microbial community structure; antibiotic resis-
tome; pathogens

1. Introduction

Bacterial infections have once again become a threat in modern medicine [1], owing
to the rise of resistance to all currently developed antibiotics [2]. Every year, over 33,000
people in the European Union (EU) and 700,000 globally die due to infections caused by
antibiotic-resistant bacteria (ARB) [3,4]. Increasing antibiotic resistance is a problem not
restricted to hospital environments. Via waste streams, the diverse inherent antibiotic
resistome in natural environments [5] becomes combined with the resistance caused by
high consumption of antibiotics in outpatient healthcare as well as in agriculture [6].
This might cause further resistance recombinations among both harmless and pathogenic
bacteria in human-impacted natural environments that could be transferred back to hospital
environments [7].
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Conventional wastewater treatment plants (WWTPs) have been recognized as col-
lectors of ARB and antibiotic resistance genes (ARGs), as well as horizontal gene transfer
and resistance determinants dissemination stations [8,9]. WWTPs vary in their size and
treatment capacity, from small WWTPs treating up to 2000 population equivalent (PE)
to large WWTPs treating 10,000 to over 100,000 PE of wastewater [10]. Most research so
far has focused on large WWTPs, but it has, alarmingly, been suggested recently that the
highest abundances of ARGs are found in effluents of small (discharge ≤ 300 m3/day)
WWTPs [10], which are the most numerous WWTP type, accounting in some regions for
over 85% of the treatment facilities [11]. Treated wastewater is most often discharged
to streams and rivers, where increased abundances of ARB and ARGs in downstream
water, streambed biofilms, and sediments in the close vicinity of WWTP outflow have
been recorded [10,12–14]. Another important aspect is that the WWTP effluents shape the
chemical and biological composition of the receiving waterbody by providing additional
nutrients, settleable and suspended organic matter, and allochthonous microbes, including
pathogens [15]. This effect is especially pronounced in small streams and rivers, where the
nutrient-rich effluent is less diluted compared to bigger waterbodies [13].

The knowledge of the magnitude and distance range of the effect of WWTP effluents on
the intricate intertwined system of receiving waterbodies from the perspective of antibiotic
resistance is still insufficient. It has been shown that the WWTP effluent affects the diversity
and structure of the downstream planktonic community of the receiving waterbody [16];
however, at least partial recovery of stream water bacterial community structure with
increasing distance from the WWTP discharge has been reported [15]. It has also been
suggested that a lot of ARGs carrying bacteria and pathogens reside in the particulate
fraction of WWTP effluent that settles into the riverbed sediment and becomes an inherent
antibiotic resistance reservoir [14]. Consequently, the fate and spread of ARGs in receiving
waterbodies can depend on their hosts’ lifestyle and can be very different in water and
sediment phases. Still, the information about the effect of WWTP effluents on the antibiotic
resistome quantity and structure, and its relationships with chemical conditions, bacterial
and archaeal community abundance, and structure, as well as pathogen prevalence in the
receiving waterbodies, is still insufficient.

The objective of this study was to assess the impact of the effluent of a small-scale
WWTP treating municipal wastewater on the abundance and composition of the bacterial
and archaeal community, antibiotic resistome, and pathogens in the water and sediments
of the receiving stream and river downstream from the effluent discharge point along a
3.7 km distance gradient.

2. Materials and Methods
2.1. Site Descriptions and Sampling Method

The effect of effluent originating from a small-scale activated sludge WWTP treating
municipal wastewater from Nõo borough, Estonia, was under investigation in this study.
Nõo borough is the center of a parish with a permanent population of about 1500 people, a
primary school, and a high school. The WWTP was established in 2002 and treats domestic
municipal wastewater combined with the effluents of small-scale dairy and meat industries
with a maximum capacity of 2100–2300 population equivalent and mean effluent discharge
rate of 290 m3/day. The WWTP has no disinfection step for its purified wastewater effluent,
which is discharged to the middle section of Nõo stream, a 9 km long waterbody (flow
rate: 0.017–0.2 m3/s, flow speed: 0.2–0.5 m/s, average depth: 0.3 m), which flows into the
Elva River (average flow rate: 2.2 m3/s) approximately 3.4 km downstream of the WWTP
(Figure S1).

The main sampling of WWTP effluent, sediments, and water from the stream and river
was conducted in September 2013. In total, six stream and river water samples (marked as
SW and RW, respectively) and six sediment samples (marked as SS and RS, respectively)
were collected along the 3.7 km long distance gradient of the Nõo stream and Elva River.
The weather during sampling was partly cloudy, and there was no precipitation during the
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sampling nor preceding day; constant flow rates of stream and river as well as invariable
intensity of WWTP were assumed during the sampling campaign. The WWTP effluent
samples (E) were collected four times: at the main sampling event and three more times
over an 11 month period (December 2012, June 2013, and November 2013). In addition,
three samples from the influent of WWTP (WWTP IN) were collected at the same time with
the additional effluent sampling.

The stream water and stream sediment samples were taken from upstream (~20 m
distance) of the WWTP discharge point (marked as SWU and SSU, respectively), and
downstream at 0.3 km, 2.7 km, and 3.2 km (SW0.3 and SS0.3, SW2.7 and SS2.7, SW3.2 and
SS3.2, respectively) of the WWTP discharge point. The two river water (RW) and two river
sediment (RS) samples were taken from the Elva River, upstream (~10 m) of the Nõo stream
inflow (RWU and RSU) and downstream of the Nõo stream inflow, 3.7 km from the WWTP
(RW3.7 and RS3.7) (Figure S1). The water samples were collected as grab samples into sterile
glass bottles (1L). The stream and river sediment samples (200 g) were taken from the top
5 cm layer with a sterile shovel and placed into plastic boxes.

The collected samples were stored in cool conditions during transport. In the lab,
the samples were immediately divided into subparts for DNA extraction and chemical
analysis. On the sampling day, 50 mL of each effluent and water sample was centrifuged
(15 min at 4000 rpm) and the supernatant was removed. The centrifuged biomass of
effluent and water samples, as well as the subsamples of sediments (~30 g), were stored at
−20 ◦C until DNA extraction. Subsamples for chemical analyses were held at +4 ◦C until
further analysis.

2.2. Chemical Analyses

The temperature, pH, dissolved O2 concentration, and redox potential (ORP) of
the influent, effluent, and water samples were measured in situ, and concentrations of
NH4–N and NO3–N were measured immediately after the arrival to the lab with the
YSI Professional Plus Handheld Multiparameter Water Quality Meter (YSI Inc., Yellow
Springs, OH, USA). The total nitrogen (Ntot), total organic carbon (TOC), and dissolved
organic carbon (DOC) content in the effluent and water samples were measured using
Vario TOC equipped with TNb detector (Elementar GmbH, Langenselbold, Germany). The
concentrations of total phosphorous (Ptot), PO4

3−–P, and SO4
2− in the water samples and

pH, dry weight, Ntot, Ptot, and TOC % of the sediment samples were determined by the
Tartu laboratory of the Estonian Environmental Research Centre using standard methods.

2.3. DNA Extraction

DNA was extracted from the sediment and the biomass of centrifuged effluent and
water samples using a PowerSoil DNA Isolation kit (MoBio Laboratories Inc., Carlsbad,
CA, USA). The manufacturer’s protocol was modified by replacing 10 min of vortex
treatment with the homogenization of the samples using Precellys® 24 (Bertin Technologies,
Montigny-le-Bretonneux, France) at 5000 rpm for 20 s. The quality and quantity of the DNA
extracts were assessed by spectrophotometry (Infinite M200, Tecan AG, Grödig, Austria).
The extracted DNA was stored at −20 ◦C until further analysis.

2.4. Quantitative PCR Conditions and Analysis

Quantitative PCR (qPCR) was used to measure the gene copy numbers in the studied
sediment (n = 6) as well as water, influent, and effluent samples (n = 13). Bacterial and
archaeal community abundances (B16S and A16S, respectively) were evaluated by quanti-
fying specific 16S rRNA genes; the total prokaryotic community abundance (16Stot) was
estimated by summing B16S and A16S abundances. Fourteen ARGs, representing major
antibiotic resistance types and mechanisms, were quantified using gene-specific primer sets
(Table S1): aminoglycoside-resistance-encoding aadA (inactivation), β-lactamase-resistance-
encoding blaCTX-M, blaTEM1 and blaOXA2 (inactivation), chloramphenicol-resistance-
encoding catQ (inactivation), fluoroquinolone-resistance-encoding qnrS (target protection),
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sulfonamide-resistance-encoding sul1 and sul2 (target replacement), tetracycline-resistance-
encoding tetA and tetB (major facilitator superfamily (MFS)-type efflux) as well as tetQ
and tetW (target protection), and multi-resistance-encoding acrB and mexF (resistance–
nodulation–division (RND)-type efflux). Primers for mexF amplification were designed
manually based on the sequences obtained from the metagenomic data of the Nõo wastew-
ater treatment study (Table S1).

The qPCR assays were performed on the real-time PCR system Rotor-Gene® Q (Qiagen,
Foster City, CA, USA). Stock solutions of target sequence containing plasmids (Eurofins
MWG Operon, Ebersberg, Germany) were used to create a serially diluted standard curve,
ranging from 6 to 108 copies for each target gene. The reaction mixture contained 5 µL of
Maxima SYBR Green qPCR Master Mix (Thermo Fisher Scientific Inc., Waltham, MA, USA),
an optimized concentration of forward and reverse primers (Table S1), 1 µL of template
DNA, and sterile distilled water for a total volume of 10 µL. The gene-specific primer
sets, optimized primers concentrations, qPCR programs, and amplification efficiencies are
described in Table S1. Immediately after the qPCR assay, a melting curve analysis was
performed by increasing the temperature from 70 ◦C to 90 ◦C (0.35 ◦C/3 s) with continuous
fluorescence recording. All samples were run in triplicate, and negative controls were
included in every qPCR run. The specificity of each target gene amplification was examined
using D1000 ScreenTape kit and 2200 TapeStation system (Agilent Technologies, Inc., Santa
Clara, CA, USA). Amplification inhibition was assessed by comparing amplifications of
dilution series from the targeted samples. No inhibition was detected for stream water
and sediment samples, while ten-fold dilutions of wastewater samples were used for
amplification to negate inhibition.

For qPCR data analyses, RotorGene Series Software, v.2.3.5 (Qiagen) and the LinReg-
PCR program, v.2020.1 [17] were used. The latter was used to evaluate the amplification
efficiencies of each sample and standard point, and these efficiencies were taken into ac-
count in the further calculations. Calculation of target gene copy numbers was performed
through the estimation of fold difference between a sample and multiple data points from
the standard curve, as described by Nõlvak et al. [18], and presented as gene copy numbers
per milliliter (copies/mL) for effluent and water samples and gene copy numbers per gram
of dry sediment weight (copies/g dw) for sediment samples. All the targeted ARGs were
normalized against 16Stot (B16S + A16S) to represent the relative abundances of ARGs in
the prokaryotic community. Additionally, the relative abundance of archaea (arc%) in the
prokaryotic community was calculated.

2.5. Metagenome Sequencing and Analysis

DNA libraries were prepared from all collected sediment samples and three water
samples (E collected during the main sampling event, SWU and SW0.3). The DNA concen-
tration of the other water samples was too low for metagenomic sequencing. DNA samples
were purified with Genomic DNA Clean and Concentrator kit (Zymo Research, Irvine, CA,
USA) using the modified manufacturer’s protocol, where the elution buffer provided by
the kit was replaced with 10 mM Tris-Cl (pH 8.5, Qiagen). Paired-end sequencing libraries
(2 × 150 bp) were constructed using the TruSeq DNA PCR-Free Library Preparation kit
(Illumina, San Diego, CA, USA) and sequenced using the NextSeq 500 system (Illumina).

The quality of raw metagenomic reads was evaluated using FastQC program v.0.11.7 [19].
Poly-G tails and reads shorter than 35 bp were removed, and bases with quality score lower
than 20 were trimmed with Cutadapt v.1.16 [20]. Coverage and diversity metrics of the
quality-controlled metagenomic sequences were estimated using Nonpareil v.3.3.3 [21].
The composition of the bacterial and archaeal community was classified down to species
level using Kaiju v.1.7.3 [22]. Megahit v.1.1.2 [23] was used to assemble quality checked
reads into contigs (minimum length of 300 bp). Characteristics of the metagenomic data of
water and sediment samples are presented in Table S2.

For antibiotic resistome profiling, the metagenomes were analyzed with the ARGs-
OAP v.2.2 [24]; the proportion of resistome in the bacterial community was presented
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per number of 16S rRNA reads. Classification of ARGs to resistance mechanism types
was based on the annotations of the respective genes in the CARD database (v.3.0.8). The
pathogens’ profiling (classified to species level) was based on the list of 90 important
pathogens in the CARD database v.3.0.8.

The metagenomic sequence reads are accessible in online repositories. The names of
the repository/repositories and accession number(s) can be found below: https://ebi.ac.
uk/ena, PRJEB42480.

2.6. Statistical Analysis

Pearson correlation coefficient was calculated to relate the target gene abundances
(log-transformed) and relative abundances in stream and river water and sediment to the
physicochemical parameters of the studied materials using R v.4.0.3 package psych [25].
Pearson was also used to find correlations between target gene relative abundances in
stream and river water and sediment. In parallel, partial correlation coefficients, calculated
in MedCalc® v.19, were used to relate the target ARGs abundances (log-transformed)
and relative abundances in water and sediment to the physicochemical parameters of the
studied materials using 16Stot as covariable in case of ARG abundances and B16S relative
abundance in prokaryotic community as covariable for ARGs relative abundances partial
correlations. Additionally, partial correlation coefficients, using B16S and A16S abundances
as covariables, were utilized to find correlations between ARG abundances. In case of
partial correlation analysis between A16S and ARG abundances, B16S abundance was used
as a covariable.

The proportions of major bacterial and archaeal genera (>1% and >3% in at least
one sample, respectively) in respective communities, as well as the proportions of top 25
pathogens in bacterial communities of the analyzed samples were visualized as heat maps
(Ward-linkage method and Euclidean distance) using R v.4.0.3 package pheatmap [26].
The proportions of pathogens in bacterial communities of stream and river water and
sediment samples were subjected to principal component analysis (PCA) in R v.4.0.3
package factoextra [27].

Multiple co-inertia analysis (MCIA) was applied to integrate data from six sediment-
specific datasets (microbial genera and pathogen proportions in prokaryotic community,
antibiotic resistance type and ARG subtype proportions, ARG abundances, and sediment
physicochemical parameters) using the R v.4.0.3 package omicade4 [28].

3. Results
3.1. Chemical Properties of WWTP Effluent, and Water and Sediment of the Stream and River

The repeated measurements of the physicochemical characteristics in WWTP IN and
E showed that the quality of both the raw wastewater and E varied during the monitored
period (Table S3). The chemical properties of E at the sampling time are shown in Table 1.
E had a considerably higher temperature and concentrations of TOC, DOC, SO4

2−, Ntot, and
Ptot, as well as lower pH than was measured in any of the stream and river water samples.

The measurements during the main sampling event showed big differences in water
characteristics between SWU and downstream water samples (Table 1). This effect was
especially pronounced in the case of SW0.3, where the water temperature, ORP, and concen-
trations of SO4

2− and Ptot were considerably higher (difference of 1.1 ◦C, 25 mV, 9 mg/L,
and 0.49 mg/L, respectively) than in the SWU.

The Ntot and NO3–N concentrations were highest in SW2.7 and SW3.2, while all other
nutrient concentrations were lower further downstream of SW0.3 sampling point. The
chemical characteristics of both river water samples were in a similar range and differed
from the stream water samples (Table 1). The ORP was slightly (3–4 mV) higher in RWU
than in the downstream point and more than 30 mV higher than in SWU, while the TOC,
DOC, Ntot, and Ptot were lower in the river water compared with the stream.

https://ebi.ac.uk/ena
https://ebi.ac.uk/ena
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Table 1. The physicochemical parameters of the studied water and sediment samples on the main sampling day. E is the
effluent of the wastewater treatment plant (WWTP), SW and RW are water samples, and SS and RS are sediment samples
of the stream and river, respectively. SWU and SSU are the samples taken upstream of the WWTP discharge point, and
RWU and RSU are the samples taken from the river upstream of the stream inflow point. The number in the subscript
of the sample code shows the distance (km) of the sampling point downstream from the WWTP discharge point. ORP—
oxidation reduction potential; Ntot—total nitrogen; Ptot—total phosphorus; TOC—total organic carbon; DOC—dissolved
organic carbon.

Physicochemical Parameter

Water Samples

Sample Temp.
(◦C)

O2
(mg/L) pH ORP

(mV)
Ntot

(mg/L)
NH4–N
(mg/L)

NO3–N
(mg/L)

Ptot
(mg/L)

PO4
3−–P

(mg/L)
SO4

2−

(mg/L)
TOC

(mg/L)
DOC

(mg/L)

E 18.0 6.4 7.55 90.5 4.6 1.42 3.09 2.70 2.600 71 17 13
SWU 8.7 7.7 7.78 61.0 1.5 0.03 0.91 0.049 0.024 12 10.3 10.1
SW0.3 9.8 6.8 7.75 85.8 2.0 0.16 1.33 0.54 0.310 21 10.5 10.3
SW2.7 6.6 11.7 7.88 88.4 2.6 0.10 2.34 0.18 0.160 26 7.8 7.6
SW3.2 6.4 11.6 7.86 88.1 2.6 0.07 2.55 0.18 0.150 24 7.3 7.2
RWU 8.6 9.4 7.89 91.1 1.1 0.03 0.68 0.02 0.008 11 5.4 5.3
RW3.7 7.8 9.6 7.88 92.4 1.2 0.03 0.65 0.03 0.018 15 5.6 5.5

Sediment Samples

Sample pH Ntot (mg/kg dw) Ptot (mg/kg dw) TOC (%)

SSU 7.4 4100 950 6.8
SS0.3 6.8 16,600 8400 17.0
SS2.7 8.1 210 270 <1.0
SS3.2 7.5 1300 810 3.2
RSU 7.7 2300 480 4.2
RS3.7 7.4 7100 2200 9.7

Similar to the stream water, the chemical composition of the sediment was different
between sampling points located upstream and downstream of the WWTP discharge point.
The TOC proportion, and concentrations of Ntot and Ptot were 2.5-, 4-, and 9-fold higher
in SS0.3 compared with SSU, while SS2.7 stood out for having the highest pH value and
considerably lower Ntot, Ptot, and TOC values than were measured in the other sampling
points of the stream and river (Table 1). The nutrient contents in RSU were 1.6- to 2.0-fold
lower compared with SSU. In river sediment samples, the pH was 0.3 units lower and the
nutrient concentrations were considerably higher in RS3.7 compared with RSU.

3.2. The Bacterial and Archaeal Community Abundance and Structure
3.2.1. WWTP Effluent

The abundance of total 16S rRNA genes (16Stot) in the E ranged from 1.9 × 107 to 1.6 ×
108 copies/mL during the monitored period (Table S4). At the main sampling time, it was
1.6 × 108 copies/mL and archaea formed 9.8% of the prokaryotic community (Figure 1A,C).

At the phylum level, the bacterial community of E was dominated by Proteobacteria
and Bacteroidetes (Figure S2A). The most prevalent bacterial genera were Gordonia (Acti-
nobacteria) and Geothrix (Acidobacteria), forming 4.4% and 2.7% of the bacterial community,
respectively, followed by Betaproteobacterial genera Ca. Accumulibacter, Dechloromonas and
Rhodoferax with proportions of 2.3–2.4% (Figure 2A; Table S5). In the case of archaea, the
members of the phylum Euryarchaeota formed two-thirds of the community (Figure S2B)
and, at a genus level, Methanosarcina (10.0%) and Methanotrix (9.6%) dominated, while the
proportion of all other archaeal genera remained below 3.8% (Figure 2B; Table S6).
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genes (ARGs) and relative abundances of ARGs in the water (A,C) and sediment samples (B,D). E is the effluent of the
wastewater treatment plant (WWTP), SW and RW are water samples and SS and RS are sediment samples of the stream and
river, respectively. SWU and SSU are the samples taken upstream of the WWTP discharge point, and RWU and RSU are the
samples taken from the river upstream of the stream inflow point. The number in the subscript of the sample code shows
the distance (km) of the sampling point downstream from the WWTP discharge point.

3.2.2. Stream and River Water

In the stream water, the 16Stot was in the range of 3.8–7.1 × 105 copies/mL across the
distance gradient. The only exception was SW0.3 where 16Stot abundance was 7.3 × 106

copies/mL (Figure 1A). In SW0.3, the B16S and A16S were approximately 16.6- and 58-fold
higher, respectively, compared with SWU. The relative abundance of archaea (arc%) in
the stream water prokaryotic community was 5.9% in SWU, peaked at 18% in SW0.3, and
then gradually decreased along the distance gradient further downstream in the stream
(Figure 1C). The 16Stot in RWU was comparable to 16Stot in SWU, while in RW3.7 it was
almost doubled (Table S7) and the arc% was 1.5-fold lower than in RWU (Table S8). The
statistical analysis revealed that 16Stot, B16S, A16S, and arc% were strongly related to the
chemical content (Ptot, PO4

3−–P, and NH4–N) of the water (Table 2).
The metagenomic analysis revealed that the bacterial community structure of SW0.3

was more similar to E than to the SWU, where Actinobacteria (36.8%) and Proteobacteria
(44.2%) dominated (Figure S2A), and the most prevalent genera (31% of the bacterial
community) were Actinobacterial Ca. Nanopelagicus, Ca. Planktophila, Acidimicrobium, and
Rhodoluna, as well as the Betaproteobacterial genera Limnohabitans and Polynucleobacter
(Figure 2A, Table S5). While Proteobacteria (46.5%) was still a dominant phylum in SW0.3,
the proportion of Actinobacteria was 4-fold lower and the proportions of Bacteroidetes
and Chloroflexi 2.5- and 2.1-fold higher, respectively. As indicated by a clustering analysis,
the bacterial community structure on a genus level was more similar between SW0.3 and
E than between two stream samples (Figure 2A). The bacterial community in SW0.3 was
dominated by bacteria also abundantly present in E (i.e., Ca. Accumulibacter, Geothrix, and
Dechloromonas), and the proportion of genera dominating in SWU was only 1.7% in SW0.3
(Figure 2A; Table S5).
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The archaeal community in SWU was diverse, dominated by the phylum Euryarchaeota,
and differed from the SW0.3 community (Figure S2B). The SW0.3 community was clearly
dominated by two genera, namely Methanothrix and Methanoregula, belonging to the class
Methanomicrobia of the phylum Euryarchaeota, and accounting for 50.4% of the whole ar-
chaeal community (Figure 2B; Table S6). Contrary to the bacterial community, the archaeal
community structure on a genus level was more similar in SWU and E than between the
two stream water samples (Figure 2C).
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Figure 2. Heatmaps showing the proportions of major bacterial (A,B) and archaeal (C,D) genera (>1% and >3% in at least
one sample, respectively) in the bacterial and archaeal communities of water (A,C) and sediment (B,D) samples. E is the
effluent of the wastewater treatment plant (WWTP), SW and RW are the water samples and SS and RS are the sediment
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Table 2. Statistically significant Pearson correlations and partial correlations (given in bold italic) between physicochemical
parameters and abundances of the target genes (A), as well as relative abundances of the target genes in prokaryotic
communities (B) of the water and sediment samples. In the case of abundances of ARGs, the partial correlations 16Stot

were used as covariables, and in the case of relative abundances of ARGs, the relative abundance of bacterial 16S rRNA
gene in the total prokaryotic community was used as a covariable. Temp—temperature; Ntot—total nitrogen; Ptot—total
phosphorus; TOC—total organic carbon; B16S—bacteria-specific 16S rRNA gene; A16S—archaea-specific 16S rRNA gene.

Target Gene

Physicochemical Parameter

Water Sediment

Temp. O2 Ntot NH4–N NO3–N Ptot PO43−–P pH Ptot

A

B16S 0.86 * 0.95 ** 0.87 * −0.83 *
A16S 0.95 ** 0.99 *** 0.93 ** −0.83 *
aadA 0.88 *

blaCTX-M 0.90 * 0.97 **
sul2 0.92 * 0.95 * 0.90 *

B

B16S −0.96 ** −0.93 ** −0.91 * −0.83 *
A16S 0.96 ** 0.93** 0.91 * 0.83 *
aadA 0.93 *

blaCTX-M 0.96 * 0.98 ** 0.90 *
sul1 0.96 **
tetW 0.93 * −0.89 *

* p < 0.05; ** p < 0.01; *** p < 0.001.

3.2.3. Stream and River Sediments

The 16Stot in the stream and river sediments was 1.0–4.7 × 1010 copies/g dw, except
for in SS2.7, where an order of magnitude lower abundance was recorded at the sampling
time (Figure 1B, Table S7). The B16S and A16S were highest in SS0.3 and RS3.7. The
arc% was 23.5% in SS0.3, which was considerably higher than in SSU (7.4%). The arc%
gradually decreased along the distance gradient in the stream to a similar level as was in
SSU (Table S8). In the river sediments, the 16Stot was in a similar range with the stream
sediments (Table S7). The B16S and A16S were higher in RS3.7 compared with the RSU
(Figure 1B), while in RS3.7, the arc% (19.0%) was lower only from the SS0.3 value (Table S8).
The statistical analysis revealed a strong negative relationship between all three measured
abundances (16Stot, B16S, and A16S) and sediment pH, while A16S had an additional
strong positive relationship with TOC (Table 2).

The bacterial communities of stream and river sediments were dominated by Pro-
teobacteria (44.1–52.2%); however, in SS0.3, 2.8-fold higher Bacteroidetes proportions as well
as 2-fold lower Deltaproteobacteria proportions compared with SSU were recorded (Figure
S2A). The effect of WWTP proximity was evident on a genus level as the SS0.3 community
clustered together with the E community (Figure 2C). Only in SS0.3, the Actinobacterial
genera Gordonia and Tetrasphaera, Acidobacterial genus Geothrix, Betaproteobacterial genus
Ca. Accumulibacter, as well as Flavobacterium, Haliscomenobacter, Chitinophaga, and Pedobacter
from the phylum Bacteroidetes, were represented in high proportions, while the genera
Bradyrhizobium, Nitrospira, and Streptomyces had the lowest proportion values compared
with the other sampling points of the studied distance gradient (Figure 2A; Table S5). Fur-
ther downstream from SS0.3, the stream sediments clustered together, while river sediments
formed a cluster with SSU (Figure 2B).

The archaeal phylum Euryarchaeota (especially class Methanomicrobia) dominated in
all sediment samples, and the highest proportion was recorded in the SS0.3 (Figure S2B).
The gradual (more than 3-fold) decrease in the proportion of Methanomicrobia (especially
genera Methanothrix and Methanoregula) along the downstream distance gradient up to
the SS3.2 sampling point was recorded (Figure S2B; Figure 2B). Upon a clustering analysis
of the archaeal communities of sediments on genus level, the two more distant sampling
points of the stream (SS2.7 and SS3.2) clustered together and had the most diverse archaeal
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communities, with a lack of drastically dominant genera (Table S6), although the highest
proportions of Thaumarchaeota and Halobacteria were recorded for the sediments of these
two sampling points.

The bacterial and archaeal communities of the river sediments were remarkably similar
at the phylum level (Figure S2A). At the genus level, the RS3.7 formed a cluster with SSU
and SS0.3, while RSU clustered together with E and the two most distant stream sediment
samples (Figure 2D).

3.3. The Abundance and Composition of Antibiotic Resistome
3.3.1. WWTP Effluent

Based on the metagenomic data, the proportion of the antibiotic resistome per reads
of 16S rRNA genes in the prokaryotic community of E was 31.9%. The resistome was domi-
nated by bacitracin, multidrug, and sulfonamide resistance-type determinants (Figure 3A)
and RND-type efflux, inactivation, target alteration, and target replacement resistance
mechanisms (Figure 3B). In total, 160 ARG subtypes were recorded from the E metagenome,
with bacA, sul1, and aadA (6.20%, 5.38%, and 1.17%, respectively) being the most preva-
lent (Table S9). The quantified ARG abundances and their relative abundances in the
prokaryotic community were in the range of 103–106 copies/mL and 0.0008–2.04%, respec-
tively, where the sul2 was the least and sul1 the most abundant ARG in the E resistome
at the main sampling time and corresponded to the long-term average in E (Figure 1A,C;
Tables S4, S7, and S8).
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3.3.2. Stream and River Water

Although the proportion of resistome was similar in the stream water samples pre-
ceding and following the WWTP discharge point (23.9% and 24.3%, respectively), there
were significant differences in resistome structure between waters collected from these two
stream points (Figure 3). The SWU was dominated by inactivation mechanism utilizing
beta-lactam resistance-type determinants (especially blaTEM subtypes), while SW0.3 was
dominated by multi-resistance (especially of the RND-efflux type) determinants and had a
higher proportion of sulfonamide resistance (target replacement mechanism) and a lower
proportion of beta-lactam resistance determinants than SWU. The proportion of aminogly-
coside, MLS (macrolide–lincosamide–streptogramin), rifamycin, and tetracycline resistance
types was also higher in SW0.3 (Figure 3A). The number of detected ARG subtypes was
higher downstream of WWTP (130 in SWU and 147 in SW0.3), mostly owing to subtypes
originating from WWTP effluent, which became prevalent in SW0.3 (such as sul1, sul2, and
aadA, with proportions of 1.80%, 0.44%, and 0.60%, respectively).

Based on the ARGs quantification data, in SWU, the abundances of aadA, blaOXA2,
catQ, qnrS, sul1, sul2, and tetQ remained below the limits of quantification (LOQ) and the
abundances and relative abundances of the detected ARGs were in the range of 50–5530
copies/mL and 0.013–1.45%, being the lowest in the case of tetW and the highest in the case
of blaTEM1 (Figure 1A,C; Tables S7 and S8). In SW0.3, all targeted ARGs (except qnrS) were
detected, while aadA, blaOXA2, catQ, and tetQ were not detected in any other water samples
(Table S7). The abundances of almost all ARGs (except for blaTEM1) were higher in SW0.3
compared with the rest of the stream water samples and were in the range of 36 (blaOXA2)
to 104 (sul1, blaCTX-M, and mexF) copies/mL (Figure 1A). The ARG abundances decreased
(especially sul genes) downstream along with the distance gradient further downstream,
and the abundances in RW3.7 were mostly comparable to those in SWU but higher than in
RSU (Figure 1A).

The relative abundances of blaTEM1, tetA, and tetB were higher (in the range of 0.30–
1.45%) than other ARGs in all stream and river water samples except for SW0.3, where their
relative abundance was 10-fold lower and where considerably higher relative abundances
of sul1, mexF, and blaCTX-M were measured compared with the other water samples
(Figure 1C). In SW2.7, most relative abundances of ARGs were close to SWU level. The
exceptions were blaCTX-M and mexF, whose relative abundances were high also in SW2.7
and SW3.2 (Figure 1C).

AcrB, tetW, sul1, sul2, blaCTX-M, and mexF genes showed positive correlations with
both B16S (R = 0.88–0.96, p < 0.05) and A16S (R = 0.93–0.98, p < 0.01). When these rela-
tionships were taken into account in the partial correlation approach, it was found that
both the abundances and relative abundances of sul2 and A16S in prokaryotic community
were positively related (Figure 4A,C). A negative relationship between blaTEM1 and sul1
abundances and relative abundances in water was confirmed (Figure 4A,C). Several Pear-
son correlations were found between the contents of Ptot and NH4–N, and abundances
as well as relative abundances of ARGs in the water samples (Table S10). Since a strong
correlation between B16S as well as A16S and several ARGs was revealed in the studied
water, a partial correlation approach was applied, where B16S and A16S were used as
covariables (Table 2A). When B16S was used as a covariable, significant relationships
between the concentrations of Ptot and NH4–N and abundances of two ARGs (blaCTX-M
and sul2) were found; however, these correlations did not reveal when A16S was used as
the covariable in further analysis. A similar trend was also recorded in the cases of relative
abundances of ARGs (Table 2B). A positive partial correlation not dependent on the choice
of covariables was revealed between the relative abundance of tetW and water temperature,
and a negative relationship with O2 concentration was found, while the relative abundance
of blaCTX-M was positively related to the NO3–N concentration in the water (Table 2B).
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Figure 4. Statistically significant partial correlations of quantified abundances of antibiotic resistance genes (ARG) in the
stream and river water (A) and stream and river sediments (B). The abundances of bacterial- and archaeal-specific 16S rRNA
genes (B16S and A16S, respectively) are used as covariables. In case of A16S, the correlations with ARGs are shown and
B16S is used as a covariable. The statistically significant Pearson correlations between relative abundances of ARGs (and
A16S) in prokaryotic communities of the stream and river water (C) and sediments (D) are shown. * p < 0.05; ** p < 0.01;
*** p < 0.001.

3.3.3. Sediments of Stream and River

The analysis of metagenomes of the stream sediments showed that the proportion
of antibiotic resistome was 14.7–23.4% of the reads of 16S rRNA genes and generally
dominated by multidrug and bacitracin resistance types and efflux (especially of RND-
type), as well as target alteration resistance mechanisms (Figure 3). The proportion of the
resistome was similar for SSU and SS0.3 (15.0% and 15.6%, respectively), but the structure
of the resistome differed considerably. In SS0.3, a higher number of ARG subtypes and
higher proportion of sulfonamide, aminoglycoside, and beta-lactam (especially the LRA
and OXA gene families) resistance types (target replacement and inactivation mechanisms)
were detected at the expense of generally dominant ones (Table S9, Figure 3). Likewise
to the water samples, the sul1, sul2, and aadA subtypes that were among the prominent
subtypes in SS0.3 (0.82%, 0.40%, and 0.25%, respectively) were not detected in SSU (Table S9).
While the proportion of the resistome was the highest further downstream of the WWTP
discharge point (at 20.8% and 23.4% in SS2.7 and SS3.2, respectively), the number of detected
subtypes decreased and the structure of the resistome was more similar to the SSU. The
proportions of sul1, sul2, and aadA genes, originating mainly from the WWTP effluent,
were already marginal in SS2.7 (Table S9). In the river sediments, the proportion of the
resistome was higher in RSU (17.3%) compared with RS3.7 (14.7%). In general, the structure
of the resistomes of both river sediments was very similar, but more ARG subtypes were
found in RS3.7 (Figure 3, Table S9).

The abundances and relative abundances of quantified ARGs in SS0.3 were in the range
of 8 × 105–1 × 108 copies/g dw (being lowest for blaOXA2 and highest for blaCTX-M) and
0.0025–0.30%, respectively (Figure 1B,D). Two orders of magnitude higher abundances of
sul1 and aadA and 134- and 32-fold higher relative abundances of these ARGs, respectively,
were recorded in SS0.3 compared with SSU. The abundances and relative abundances of
sul2 and blaOXA2 were also higher in SS0.3 compared with SSU (Tables S7 and S8). In
addition, SS0.3 was the only sediment sample where catQ and tetQ genes could be detected
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(Figure 1B). SS2.7 showed the smallest ARG abundances of all sediment samples, and in
SS3.2 the ARG abundances were also generally lower (except for tetB and mexF) compared
with SS0.3. The aadA and sul1 abundances showed the biggest difference of all ARGs from
SS0.3, showcasing 14- and 33-fold smaller abundances, respectively, at SS3.2. RS3.7 showed
the highest abundances of ARGs of all sediment samples except for the aadA, sul1, sul2, and
blaOXA2 genes, while the ARG abundances in RSU were in a comparable range to those of
SSU (Figure 1B).

The results of a statistical analysis indicated that the abundance of B16S was strongly
related to acrB, tetW, and blaCTX-M abundance (R = 0.98–0.99, p < 0.001) and less strongly
to tetA, sul2, blaTEM1, and mexF abundance (R = 0.84–0.96, p < 0.05) in sediments. A16S,
on the other hand, was strongly related to acrB, tetW, and sul2 abundance (R = 0.98–0.99,
p < 0.001) and less to tetA, blaCTX-M, blaTEM1, and mexF abundance (R = 0.84–0.94, p <
0.05). The correlation analysis of ARG abundances as well as relative abundances revealed
that aadA, blaOXA2, sul2, and sul1 were positively related to each other (Figure 4B,D). The
relative abundances of tetA, tetB, acrB, blaTEM1, and blaCTX-M formed another positively
related gene cluster (Figure 4D). In addition, the abundance of tetA showed a negative
relationship to aadA, blaOXA, and sul2 abundances, while the latter was also negatively
related to tetB and blaCTX-M abundances.

Many significant negative Pearson correlations between abundances of ARGs and pH,
as well as positive relationships between abundances of aadA, blaOXA2, sul1, and TOC,
were revealed in the sediments (Table S10). However, when B16S and A16S were taken
into account as covariables, only a weak positive correlation between aadA and Ptot was
revealed (Table 2A). In the case of relative abundances, several ARGs showed significant
positive Pearson correlations with sediment pH or contents of nutrients (aadA and sul1) in
the sediments, but the number of correlations decreased substantially after the application
of the partial correlation approach (Table 2B). However, the relative abundances of aadA
and sul1 still showed a positive relationship with Ptot and blaCTX-M with the sediment pH
(Table 2B).

3.4. Pathogens in WWTP Effluent, Stream and River Water, and Sediment

All pathogens appearing in the list of important pathogens of the CARD database
were detected from the metagenomes of E, as well as from all the water and most of the
sediment samples (Table S11). The exception was Staphylococcus lugdunensis, which was
not detected from the metagenomes of SS2.7 and SS3.2. The proportion of pathogens in the
bacterial community was highest in E (0.69%), followed by stream water samples (0.61%
in SWU and 0.59% in SW0.3). The results of the PCA analysis revealed that, despite the
similar proportions of pathogens, there was a difference in the structure of pathogenic
communities between SW0.3 and SWU (Figure 5A). A higher similarity in the pathogenic
community structure was found between E and SW0.3 than between the two stream water
samples upon a clustering analysis (Figure 5B). For instance, much lower proportions of
Pseudomonas aeruginosa and Citrobacter freundii and higher Enterococcus faecium proportion
were recorded in SWU compared with E and SW0.3 (Table S11).

In the sediment samples, the proportion of pathogens was in the range of 0.37–0.39%
in SSU, RSU, and RS3.7, while higher pathogen proportions (0.41–0.49%) were recorded
in bacterial communities of stream sediments downstream of the WWTP discharge point
(SS0.3–SS3.2). In all of these samples, the most dominant pathogens were Pseudomonas aerug-
inosa, Enterococcus faecium, Mycobacteroides abscessus, Citrobacter freundii, Escherichia coli, and
Pseudomonas fluorescens (Table S11).

As was indicated by the samples’ ordination on the PCA plot, the structure of the
pathogenic community in sediments also differed along the studied distance gradient
(Figure 5A). A clustering analysis indicated the highest similarity between the E and
SS0.3 pathogenic community, as these samples formed a distinct separate cluster from the
other samples (Figure 5C). The two river sediments clustered together and showed bigger
similarities with the SSU.
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Figure 5. A plot based on a principal component analysis (A) showing ordination of the samples according to the proportions
of pathogens in the bacterial communities. Solid lines connect samples along the distance gradient, and dashed lines depict
the effect of E and RSU. Heatmaps showing clustering of the water and sediment samples (B,C, respectively) according to
their proportions (%) of the top 25 pathogens in the bacterial communities. E is the effluent of the wastewater treatment plant
(WWTP), SW and RW are the water samples and SS and RS are the sediment samples of the stream and river, respectively.
SWU and SSU are the sediment samples taken upstream of the WWTP discharge point, and RWU and RSU are the samples
taken from the river upstream of the stream inflow point. The number in the subscript of the sample code shows the
distance (km) of the sampling point downstream from the WWTP discharge point.

The proportion of Citrobacter freundii (0.07%) was especially high, and peak propor-
tions of Mycobacteroides abscessus, Vibrio cholerae, Clostridium botulinum, Clostridioides
difficile, and Streptococcus pneumoniae were recorded in SS0.3. In general, the proportion
of pathogens gradually decreased further downstream.

3.5. The Relationships between Community Composition, Resistome, Pathogens, and
Physicochemical Parameters in Sediments

MCIA was applied to analyze six datasets (microbial genera and pathogen proportions
in prokaryotic community, ARG type and subtype proportions, ARG abundances, and
sediment physicochemical parameters). The graphical outputs from this analysis are shown
in Figure 6 and Figure S3. The MCIA first axis captures the most variance (73.6%) in the
datasets and separates SS0.3 from the rest of the samples (Figure 6A). The MCIA second axis
(16.9%) emphasizes the difference between SS2.7 and SS3.2 and upstream sediment samples
from stream and river. The pseudo-eigenvalue space of six datasets (Figure 6C) indicates
that two datasets (quantitative ARG data from qPCR and sediment chemistry) contribute
the most variance on the MCIA first axis, while the contribution of the ARG type and
pathogen proportion data is smaller. Microbial genera proportions data highly contribute
to the MCIA second axis. The correlation between datasets was highest in the case of ARG
subtype, pathogens, microbial community structure, and chemistry data (multivariate
generalization of the Pearson correlation coefficient (RV) = 0.88–0.93) and lowest in the case
of ARG type, qPCR, and pathogen datasets (RV = 0.58–0.68). Projections of all variables into
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the MCIA first two axes’ space indicates that SS0.3 is associated with higher values of certain
bacterial genera (Haliscomenobacter, Ca. Microthrix, Geotrix, Tetrasphaera, and Gordonia),
pathogens (Citrobacter freundii, Brucella canis, Streptococcus anginosus, and Staphylococcus
intermedius), antibiotic resistance types (sulfonamide, chloramphenicol, tetracycline, and
aminoglycoside), and ARG abundances (sul1, aadA, and blaOXA2) (Figure S3). Sediment
samples not affected by WWTP effluent are mainly associated with the higher values
of bacterial genera Syntropus and Syntrophorhabdus and archaeal genera Methanoregula
and Methanothrix.
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4. Discussion
4.1. The Characteristics of WWTP Effluent and Its Effect on the Physicochemical Conditions in the
Water and Sediments of a Receiving Stream

Even though the level of antibiotic consumption in Estonia during the decade of Nõo
WWTP operation prior to this study (on average 14 Defined Daily Dose (DDD) per 1000
inhabitants/day, dominated by beta-lactam antibiotics and tetracyclines) was below the
European average [29], the Nõo WWTP proved to be a typical small-size WWTP as its
effluent was characterized by similar nutrient content [10], as well as similar bacterial and
ARG abundances [6] to what have been reported in effluents of other small-sized WWTPs in
Europe. In addition, the composition of the bacterial community on both phylum and genus
levels coincides with previous characterizations of WWTP effluents in Europe [30]. Notably,
a diverse archaeal community forming almost one-tenth of the prokaryotic community
was present in the effluent of this WWTP. The WWTP effluent proved to be a significant
source of the Euryarchaeotal genera Methanosarcina and Methanothrix, which have been
found in cold-climate WWTPs [31] as well as anaerobic industrial WWTPs [32]. The
WWTP effluent also boasted a diverse pathogenic community, which, unlike large-scale
WWTPs [30], was dominated by environmental bacteria that include nosocomial pathogens
(i.e., Pseudomonas aeruginosa).

As was indicated by the considerable changes of the water and sediment chemical
characteristics downstream of the WWTP discharge point compared to the upstream point,
the WWTP effluent considerably affected the conditions in the stream water and sediments.
This effect was highest 0.3 km downstream of the effluent discharge point, where the
water temperature and redox potential were increased, the O2 content was lower, and
the contents of nutrients, SO4

3−, and TOC were considerably higher than was recorded
upstream of the WWTP discharge point. A significant increase in the concentrations of
TOC and nutrients in this sampling point (SS0.3) compared to the upstream point was
also recorded. It has been shown that the effluents of WWTPs affect the physicochemical
characteristics of water and sediments of the receiving waterbodies [13,33,34]; however,
the effect on water and sediments is different. The state of the water characteristics and
planktonic microbial communities in the receiving stream and river reflects a short-term
(hours or days) effect of WWTP effluent mixing with stream water and can vary depending
on the WWTP load or season [6]. The physiochemical conditions and benthic microbial
communities in the sediments evidence the long-term (in this case >10 years) effect of
WWTP activity [35].

4.2. The Effect of WWTP Effluent on Microbial Community Abundance and Structure in the
Water and Sediments of a Stream and River

Along with excess nutrients, the effluent introduced microbes and affected the abun-
dance and structure of the prokaryotic community in stream water and sediment down-
stream of WWTP. The abundances of bacteria and archaea were highest in water and
sediments 0.3 km downstream of the WWTP discharge point. Further downstream, the
community abundance in water gradually decreased along the distance gradient from
WWTP, while in sediments a different dynamic, culminating in the highest abundances in
river sediment 3.7 km downstream of WWTP, was recorded. A similar effect on the bacterial
communities of water and sediments downstream of WWTPs [12] and a decrease along the
distance gradient from WWTP have been reported [15]. It has been suggested that a high
number of particles are present in the effluents, which contain numerous microbes [35],
and settle to the streambed close to WWTPs, contributing to their microbial community
abundance [14].

The results of this study showed that, in general, the changes in the microbial commu-
nities caused by effluent inflow were surprisingly similar in the water and sediments. For
example, the proportion of organisms from the phylum Bacteroidetes, a taxon shown to
be a common member of the wastewater communities [15,36,37], was elevated in water
and sediments 0.3 km downstream of the WWTP discharge point. While the proportion of
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Bacteroidetes increased, the proportion of Actinobacteria decreased in the stream water
and Deltaproteobacteria in sediment. At the genus level, the bacterial communities of
water and sediment 0.3 km downstream of the WWTP discharge point shared a higher
similarity with the effluent communities than with the upstream water and sediment. The
genera Ca. Accumulibacter, Dechloromonas, and Geothrix, shown to be common in WWTP
effluents [30], became prominent in both water and sediment at this location. In water,
these taxa replaced genera such as Limnohabitans, Ca. Planktophila, and Ca. Nanopelagicus
that typically dominate in freshwater bacterioplankton communities. In addition to the
high microbial load from WWTP effluent, this shift in the bacterial community structure
in water is probably partly a result of the lower competitiveness of the aforementioned
bacterioplankton genera under elevated nutrient conditions [38]. Similar to the findings
of Price et al. [15], the proportions of taxa associated with WWTP effluent significantly
decreased further downstream of the 0.3 km sampling point, and organisms from nitrogen-
cycling-associated genera Nitrospira and Bradyrhizobium, as well as Streptomyces, regained
their position as prevalent taxa in sediments further downstream of the WWTP.

The abundance of archaea was several-fold more elevated than that of bacteria in
both stream water and sediments in close vicinity downstream of the WWTP discharge
point, where they accounted for over one-fifth of the prokaryotic community in stream
sediment. Apart from the direct input of archaea from WWTP effluent, the correlation
analysis indicated that the elevated archaeal abundance was probably also caused by the
high concentration of nutrients (especially NH4–N and phosphorous) 0.3 km downstream
of the WWTP. The archaeal communities of the stream and river water and sediments
downstream of WWTP were dominated by Methanothrix and Methanoregula, reported to be
widespread in terrestrial habitats including oxic soils [39,40].

4.3. The Effect of WWTP Effluent on the Antibiotic Resistome in Water and Sediments of Stream
and River

The strong effect of WWTP effluent on receiving stream water and sediment antibiotic
resistome was also evident in close vicinity downstream of WWTP. Yu et al. [35] found that
the particles brought by the effluent into the stream settle downstream close to the WWTP
discharge point, thus also affecting the distribution of ARGs in the streambed. In this study,
further downstream, the ARG abundances in water generally decreased and the resistome
structure in sediments shifted gradually along a distance gradient towards its upstream
state.

Even though the proportion of antibiotic resistome in the microbial communities
of water and sediments preceding and following the WWTP discharge point remained
virtually unchanged, shifts in resistome structure towards an increase in resistance types
prevalent in WWTP effluent, as well as a higher number of detected ARG subtypes and
generally increased ARG abundances 0.3 km downstream in water and sediment were
recorded. In this location, elevated proportions of sulfonamide and aminoglycoside re-
sistance types, and more specifically, sul1, sul2, and aadA, as well as, to a lesser extent,
beta-lactam-resistance-encoding blaOXA genes, reported as characteristic of heavily im-
pacted waterbodies [41,42], were recorded in the water and sediment. Upstream of WWTP,
as well as in the river upstream of stream inflow, the abundances of these ARGs were low
in the sediments and nondetectable in water, indicating a low anthropogenic impact in
these locations and suggesting that the WWTP effluent can be a predominant source of
ARGs. The correlation analysis confirmed that these anthropogenic impact marker genes
indeed formed one behavioral cluster. A difference in the proportion and structure of the
beta-lactam resistance type between water and sediment communities 0.3 km downstream
of WWTP was also recorded. In the stream water, a substantial decrease in the proportion
of beta-lactam resistance, specifically of blaTEM, which has previously been shown to
be characteristic of freshwater bodies [41], was noted. The quantitative data suggested
that this effect could arise from the excess input of microbes (including ARG-carriers)
introduced by WWTP effluent rather than from an actual change in the abundance of
blaTEM genes in this study. Still, the negative relationship recorded between sul1 and
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blaTEM1 genes in water suggests that indigenous carriers of blaTEM-type resistance can
be outcompeted in highly impacted freshwater environments [33]. On the other hand, in
sediments, the proportion of beta-lactam resistance increased downstream of the WWTP
discharge point, mostly owing to blaOXA and blaLRA gene families, which so far have been
documented from river sediments as minor beta-lactam resistance determinants [43].

In general, the ARG abundances in water decreased along the distance gradient further
downstream, and the WWTP effluent-associated sul1–sul2–aadA–blaOXA2 cluster became
virtually undetectable (except for a minute amount of sul1 genes) from the 2.7 km location
onward. The decrease of ARGs in stream water across a distance gradient from WWTP
discharge has also been reported by other studies [33,37,42]. In the sediments, the changes
in the structure of the resistome along a distance gradient indicated recovery from the
impact of WWTP effluent as the proportions of sulfonamide, aminoglycoside, and beta-
lactam resistance, as well as the of sul1–sul2–aadA–blaOXA2 cluster, gradually decreased,
and in the river sediments 3.7 km downstream of WWTP, the resistome was remarkably
similar to the resistome of the stream sediments upstream of the WWTP. This confirms
previous suggestions of at least partial recovery of impacted communities controlled
by distance from the effluent source [15]. The abundance of the tetA–tetB–blaCTX-M—
blaTEM1–acrB cluster, composed of highly correlated genes, was dominant in all sediments,
suggesting the mostly autochthonous nature of these ARGs in stream sediments. However,
the stream water still proved to be a significant source of ARGs, as the abundances of
ARGs in river water and sediment were substantially higher following its tributary inflow
compared with the upstream river location.

As in several previous studies, numerous ARG abundances showed correlations with
bacterial 16S rRNA gene abundances as well as physicochemical parameters (especially
NH4–N and phosphorus content) in stream water and sediments [6,10,34] in this study.
That suggests that the abundances and proportions of most ARGs varied along with the
variation of whole bacterial community abundance in the water and sediments of this
study. The variation in the abundances of a few ARGs, namely, blaCTX-M and sul2 in water
and aadA in sediment, as well as the proportions of tetW and blaCTX-M in water and sul1
and blaCTX-M in sediments, was related to other factors rather than being affected by the
whole-community abundance variation.

Our results also suggest that archaea might contribute to the spread of antibiotic
resistance determinants, as archaeal abundances showed positive relationships with acrB,
blaCTX-M, mexF, tetW, sul1, and sul2 abundances. The partial correlations approach sug-
gested that especially the sulfonamide-resistance-encoding sul2 gene might be prominently
related to the archaeal community. This coincides with previous findings of positive
correlations between Methanothrix and the sul1 and sul2 genes [44].

4.4. The Effect of WWTP Effluent on the Pathogenic Community of the Receiving Stream

The WWTP effluent proved to be a source of very diverse pathogenic community,
where enteric and environmental-origin opportunistic pathogens dominated over waterborne/-
transmitted [30] types. The effluent strongly affected the pathogenic community structure
in both receiving stream water and sediment 0.3 km downstream of WWTP discharge point.
The increase in abundance of opportunistic pathogens like Pseudomonas aeruginosa and
Acinetobacter baumannii as well as enterococci in receiving waterbody water and sediments
downstream of the WWTP discharge has been reported [14]. In this case, these multidrug-
resistance-prone species [30] were among the dominant ones in the pathogenic community
and also showed elevated proportions in the bacterial community of the sediment 0.3 km
downstream of the WWTP discharge. The most substantial increase in both water and
sediments in this location was recorded for Citrobacter freundii, an opportunistic pathogen in
healthcare settings, which can carry beta-lactam, aminoglycoside, and quinolone resistance
genes [45,46]. The proportions of the aforementioned species, especially the proportion of
Citrobacter freundii in sediments, decreased considerably further downstream, while the
core pathogenic community proportions remained somewhat elevated along the stream
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distance gradient compared with the sediment sampled upstream of the WWTP discharge.
The proportion and structure of the pathogenic community in river sediments downstream
of the stream inflow and 3.7 km downstream of the WWTP discharge were rather similar
to the those of two upstream sediments (SSU and RSU), indicating no impact of WWTP
effluent on the pathogenic community at this point.

4.5. Integration of Different Datasets for Assessing the Effect of WWTP Effluent on Sediment

We applied MCIA to jointly analyze datasets of microbial genera and pathogen pro-
portions in prokaryotic community, ARG type and subtype proportions, ARG abundances,
and sediment physicochemical parameters. This multivariate analysis approach provided
integration and comparison of multiple layers of information from sediment microbial and
physicochemical datasets and resulted in the unified assessment of WWTP effluent impact
on sediment across all studied datasets. Based on the MCIA results, the WWTP effluent has
a strong impact on stream sediment in close vicinity downstream of the WWTP discharge
point, which is mainly related to changes in sediment physicochemical properties and ARG
abundances assessed by qPCR. The impact of WWTP effluent on stream sediment more
distant from the WWTP outlet is better captured by changes in the sediment microbial
community composition. Interestingly, the ARG subtype proportions data had the lowest
discriminative power in the MCIA, while the ARG type and pathogen proportions in the
prokaryotic community provided additional information for assessing the effect of the
WWTP effluent on the stream sediment.

5. Conclusions

The effluents of WWTPs are major contributors of nutrients as well as microbes, in-
cluding ARG-carrying bacteria, archaea, and pathogens, to receiving streams’ ecosystems.
In both stream water and sediments, the WWTP effluent’s impact on the microbial com-
munity abundance and structure, its antibiotic resistome composition and abundance, as
well as the pathogenic community structure, was highest at a close vicinity location (0.3
km) downstream of the WWTP discharge point. Further downstream, gradual recovery of
impacted communities along the distance gradient from WWTP was recorded, culminating
in the mostly comparable state of river water and sediment parameters 3.7 km downstream
of WWTP to the stream water and sediments upstream of the WWTP discharge point. Our
results also suggest that archaea form a substantial proportion of the microbial community
of WWTP effluent and receiving stream and contribute to the spread of antibiotic resis-
tance determinants. The role of archaea as well as the state and abundance of pathogenic
communities in WWTP effluent-receiving waterbodies merits further in-depth research
with combined community analysis and quantitative methods approach.

Modelling of the dissemination of antibiotic-resistance-carrying microbes along the
riverine system would be another important issue to study. A recent analytical approach
modelling the impact of a WWTP on water quality in a stream using microbial indica-
tors [47] could be extended to study the fate of ARG-carrying microbes in streams and
rivers. However, to perform such kind of study, larger datasets (more sampling points
and sampling occasions as well as measurements of hydrological and catchment area
parameters) than in the current study are needed.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-444
1/13/6/865/s1, Table S1: Characteristics of qPCR primer pairs and programs; Table S2: The numbers
of total reads and reads after quality trimming, coverage and diversity metrics, the proportions
of classified reads (%), and the numbers of contigs in metagenomes of studied samples; Table S3:
The means and standard deviations (in parentheses) of physicochemical parameters in influent (IN)
and effluent (E) of wastewater treatment plant (A), as well as values of individual measurements
of physicochemical parameters of IN and E (B) over the 11 month period; Table S4A: The means
and standard deviations (in parentheses) of the target gene abundances and relative abundances
in prokaryotic community of wastewater treatment plant influent (IN; n = 3) and effluent (E; n
= 4) over a 11 month period; Table S4B: The target gene abundances (copies/mL) and relative
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abundances in prokaryotic community (%, given in parentheses) of individual samples of wastewater
treatment plant influent (IN) and effluent (E) over a 11 month period; Table S5: The proportions
of the most abundant bacterial genera (≥1% at least in one sample) in the bacterial communities
of studied samples; Table S6: The proportions of the most abundant archaeal genera (≥1% at
least in one sample) in the archaeal communities of studied samples; Table S7: The abundances of
bacterial and archaeal 16S rRNA genes (B16S and A16S, respectively) and antibiotic resistance genes
(ARGs) in the studied water and sediment samples; Table S8: The relative abundances of archaea
(arc%) and antibiotic resistance genes (ARGs) in prokaryotic communities of water and sediment
samples; Table S9: Proportions of antibiotic resistance genes (ARGs, per 16S rRNA reads) in the
metagenomes of studied samples; Table S10. Statistically significant Pearson correlations (R) between
physicochemical parameters in water as well as sediment and (A) target gene abundances, and (B)
target gene relative abundances in prokaryotic community; Table S11: Proportions of pathogens
in the bacterial communities of studied samples; Figure S1: A map showing the locations of the
wastewater treatment plant (WWTP) of Nõo and sampling points on the Nõo steam and Elva river;
Figure S2: The bacterial (A) and archaeal (B) community taxonomy of wastewater treatment plant
(WWTP) effluent (E), stream water upstream (SWU), and downstream (SW0.3) of WWTP discharge,
as well as stream sediment upstream (SSU) and downstream (SS0.3–SS3.2) of WWTP discharge and
river sediment upstream (RSU) and downstream (RS3.7) of stream inflow at phylum level; Figure S3:
Multiple co-inertia analysis results based on six sediment-specific datasets.
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