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ABSTRACT

Water quality monitoring is essential to safeguard human and environmental health. The
advent of next-generation sequencing techniques in recent years, which allow a more in-depth
study of environmental microbial communities in the environment, could broaden the perspective
of water quality monitoring to include impact of faecal pollution bacteria on ecosystem. In this
study, 16S rRNA amplicon sequencing was used to evaluate the impact of wastewater treatment
plant (WWTP) effluent on autochthonous microbial communities of a temporary Mediterranean
stream characterized by high flow seasonality (from 0.02 m?/s in winter to 0.006 m?/s in summer).

Seven sampling campaigns were performed under different temperatures and streamflow
conditions (winter and summer). Water samples were collected upstream (Upper) of the WWTP,
the secondary effluent (EF) discharge and 75 m (P75) and 1000 m (P1000) downstream of the
WWTP.

A total of 5,593,724 sequences were obtained, giving rise to 20,650 amplicon sequence
variants (ASV), which were further analysed and classified into phylum, class, family and genus.
Each sample presented different distribution and abundance of taxa. Although taxon distribution
and abundance differed in each sample, the microbial community structure of P75 resembled that
of EF samples, and Upper and P1000 samples mostly clustered together. Alpha diversity showed
the highest values for Upper and P1000 samples and presented seasonal differences, being higher
in winter conditions of high streamflow and low temperature.

Our results suggest the microbial ecology re-establishment, since autochthonous bacterial
communities were able to recover from the impact of the WWTP effluent in 1 km. Alpha diversity
results indicates a possible influence of environmental factors on the bacterial community
structure. This study shows the potential of next-generation sequencing techniques as useful tools

in water quality monitoring and management within the climate change scenario.

Keywords: 16S rRNA sequencing, river, faecal pollution, biodiversity, [llumina
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INTRODUCTION

Water quality monitoring is essential to ensure public health and protect the
environment. Increasing anthropogenic pollution, which is related to the population growth or
urban concentration in certain areas, implies a high pressure on water bodies. The development
and construction of wastewater treatment plants (WWTPs) has greatly contributed to the
improvement of water ecological status in Europe by reducing the concentration of contaminants
reaching water bodies (Brion et al., 2015). However, WWTPs effluents still discharge organic
matter, nutrients, pollutants and pathogens, which leads to oxygen deficiencies, eutrophication
and disruption of biotic communities. This is of particular concern in areas with high population
density and water stress, such as the Mediterranean region, which frequently suffers from water
shortages. The Mediterranean climate is marked by irregular precipitation, concentrated in spring
and autumn, and recurrent episodes of drought and extreme rainfall events (Bonada and Resh,
2013). As a result, strategies are being developed to improve water management, which will be
crucial in the coming years, considering that the Mediterranean is one of the areas most vulnerable
to climate change (IPCC, 2013).

From a public health point of view, water management has mainly focused on monitoring
water quality through the analysis of faecal indicator organisms (FIO) and reference pathogens
(WHO, 2001). However, as this approach can only provide a snapshot of water quality at a given
moment, modelling faecal pollution dynamics has attracted increasing interest, as it integrates
information about the parameters and processes affecting faecal microorganism persistence in the
environment.

Water management has also gained importance from an ecological perspective, with the
implementation of the Water Framework Directive (EC, 2000) and the adoption of the One Health
strategy, which advocates a holistic approach to tackling global health challenges. In this context,
a “healthy” river ecosystem is able to restore water status after different impacts through its
riparian zone, fauna, and microbiota (Grizzetti et al., 2017; Merlo et al., 2014). Prokaryotes in
particular are key players in biogeochemical cycles and ecosystem processes crucial in river self-

depuration. However, the resilience of the ecosystem depends on the type and pressure of a given
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impact, which may bring about significant changes in biodiversity and weaken the self-depuration
capacity. Consequently, studying changes in biodiversity can provide valuable insights into water
quality deterioration and help develop suitable water management policies.

Next-generation sequencing (NGS) techniques are being increasingly used in water
environmental microbiology and have been proposed as water quality monitoring tools (Chen et
al., 2018; Savio et al., 2015; Staley et al., 2013). However, to date their application has been
mainly to describe the biodiversity of water ecosystems, including seas, lakes (Llirds et al., 2014)
and, less frequently, rivers (Read et al., 2015). The presence of microorganisms able to persist in
a dormant state until conditions turn more favourable have been detected in these environments
(Caporaso et al., 2011; Gibbons et al., 2013). Accordingly, predictable seasonal variation in
bacterial biodiversity has been reported in rivers in polar regions (Crump et al., 2009).
Additionally, biotic and abiotic factors such as temperature, radiation, stream flow, sedimentation
and predation have been observed to alter the bacterial community structure (Zeglin, 2015).
However, to the best of our knowledge, no studies have applied NGS techniques in Mediterranean
rivers, which are characterised by continually changing factors.

In a previous work, the presence, dynamics and inactivation of different FIOs along a
temporary Mediterranean stream (Riera de Canoves) were assessed, giving rise to the
development of a model to assess the microbial water quality along the stream (Ballesté et al.,
2019; Pascual-Benito et al., 2020). The stream was affected by the secondary effluent of a WWTP
that could constitute up to 100% of the streamflow during the summer period. Such streamflow
variation is typical in the Mediterranean regions and, therefore, this catchment is ideal to study
the effect of these disturbances on the microbial populations in relation not just from a health
related point of view but also from an ecological perspective.

The aims of this research were to: 1) assess the seasonal differences in the bacterial diversity
and community structure along the stream; ii) study the spatial impact of the effluent on the
bacterial diversity and community structure downstream of the WWTP, and iii) evaluate the

resilience of the autochthonous populations to overcome the impact of the WWTP effluent.
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MATERIAL AND METHODS

Sampling site and sample collection

The study site was located in a 1 km transect along the Riera de Canoves, a temporary
Mediterranean water course in Catalonia (Figure 1). The 16.4 km? catchment area is mainly forest
(77%) and agricultural land (15%).

The stream is characterized by extreme changes in flow between the seasons, ranging from
0.02 m?/s in winter to 0.006 m3/s in summer. The studied transect is affected by the effluent of a
WWTP serving 9,200 population equivalents. The WWTP treats urban wastewater from small
towns, and consists of a pre-treatment and biological treatment system using activated sludge with
nitrogen and phosphorous removal as was described in previous studies (Ballesté et al., 2019;
Pascual-Benito et al., 2020). The WWTP reduces the biochemical oxygen demand (BOD) from
300 mgO,/1 to <25 mgO,/l and the suspended solids (SS) from 450 mg/l to <35 mg/l. The
contribution of the effluent to the total discharge ranged from 32% in winter to up to 100% in
summer, when the stream was completely dry upstream of the WWTP. The streamflow and
temperature at the different sampling campaigns are found in (Supplementary Table 1).

Samples were collected in 2016-2018. Seven sampling campaigns were performed in two
different periods of the year: 3 in summer and 4 in winter (mean water temperatures of 19.6 °C
and 10.1 °C, respectively) to account for differences in temperature and streamflow, which in a
previous work were identified as the main environmental drivers for microbial faecal indicators
dynamics in this site (Pascual-Benito et al., 2020).

Samples were collected from four different sites: 1) 150 m upstream of the WWTP (Upper) (6
samples); ii) directly from the WWTP effluent (EF) (7 samples); iii) 75 m downstream of the
WWTP (P75) (6 samples) and iv) 1 km downstream of the WWTP (P1000) (7 samples). These
sampling sites were chosen according to our previous work to detect the highest variations in the
microbial communities (Pascual-Benito et al., 2020).

Samples were collected from the surface of flowing water in 2 L sterile flasks and transported

refrigerated to the laboratory where they were processed in the following 4 hours.
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Enumeration of microbial indicators and Salmonella spp.

The enumeration of culturable E. coli was performed by the pour plate method in
Chromocult® agar, as previously described (Astals et al., 2012). Plates were incubated overnight
at 44°C and dark blue/purple colonies were counted.

Spores of sulphite reducing clostridia (SSRC) were analysed after submitting the samples to a
thermal shock at 80°C for 10 minutes. The samples were then cultured by mass inoculation in
Clostridium perfringens selective agar and incubated overnight at 44°C (Ruiz-Hernando et al.,
2014). Black spheres colonies were counted.

Somatic coliphages (SOMCPH) and bacteriophages of Bacteroides thetaiotaomicron GA17
(GA17PH) were enumerated by the double agar layer method according to ISO 10705-2 and ISO
10705-4, respectively (ISO, 2001, 2000).

In order to enumerate Salmonella spp., we adapted the ISO protocol (ISO, 2017) to a most
probable number method. Briefly, 500, 50 and 5 ml of each water sample were filtered through a
0.45 pm pore-size nitrocellulose membrane. Filters were placed in 10 ml of Buffered Peptone
Water (BPW) pH 7 and incubated at 37°C for 24 h. A 0.1 ml volume of the pre-enriched BPW
was inoculated in 10 ml of Rappaport-Vassiliadis Sa/monella enrichment broth and incubated at
42°C for 24 h. Then, 0.01 ml was inoculated in SMS® agar in triplicate and incubated at 42°C
for 24 h. The presence of Salmonella spp. was confirmed by seeding on Hektoen agar, incubating
at 37°C for 24 h, followed by incubation in TSA at 37°C for 24 h. Finally, the presence of
Salmonella spp. was confirmed using the oxidase and API-20E test kits.

In the case of bacterial indicators (E. coli, SSRC) and Salmonella spp., sterile water was

used as negative control. Bacterial and viral indicators were enumerated in duplicate.

DNA extraction

One litre of each sample was filtered by vacuum filtration through a 3 um pore- size mixed
ester cellulose membrane. The filtrate, which corresponded to microorganisms with a size less

than 3 pm, was collected in a sterile glass bottle and subsequently filtered through a 0.22 pm
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pore-size polycarbonate membrane. Filters were then placed in a 2 ml screw vial containing glass
beads and stored at -80 °C until DNA extraction, which was performed according to previously
described methods (Sala-Comorera et al., 2019; Walters et al., 2014) with some modifications.
Briefly, 400 pl of phenol, 400 pl of CTAB buffer and 400 pl of chloroform/isoamyl alcohol (24:1
v/v) were added to the screw vial containing the filter and glass beads, mixed by vortex for 15
min and chilled on ice for 1 min. Samples were centrifuged at 13000 x g for 5 min at room
temperature (RT) and the supernatant was transferred to a vial containing 500 pl of
chloroform/isoamyl alcohol (24:1 v/v), mixed by vortex followed by a centrifugation (13000 x g,
5 min, RT). The supernatant was transferred to a vial containing 270 ul of isopropanol and stored
overnight at RT. Tubes were mixed by inversion and centrifuged (13000 x g, 15 min, RT). The
supernatant was discarded by decanting and 1 ml of ethanol (70%, ice-cold) was added, followed
by centrifugation (13800 x g, 5 min, 4°C). The supernatant was removed and the pellet was dried
at 60°C for 30 min. Finally, the pellet was recovered in 100 pl of Elution buffer (Invitrogen,
USA). A negative control, which included the reagents used in the DNA extraction, was
performed in parallel. Samples were quantified by Qubit (Invitrogen) in order to determine the

concentration of DNA obtained from the extraction and stored at -80°C until analysis.

Illumina 16S rRNA amplicon sequencing

Before sequencing, the presence of bacterial DNA in the samples was confirmed by
conventional PCR. The V4 hypervariable region from the 16S rRNA gene of the samples was
amplified using the degenerated primers 515f (5’- GTGCCAGCMGCCGCGGTAA-3") and 806r
(5’-GGACTACHVGGGTWTCTAAT-3’) (Caporaso et al., 2011).

A negative control (blank reagents) as well as a positive control (commercial mock microbial
community Zymmobiomics, Zymmo Research) was included for the 16S rRNA amplicon
sequencing. Illumina sequencing of samples was performed in a single run using the Illumina
MiSeq platform at the Research Technology Support Facility of Michigan State University
(Michigan, USA). Amplicon libraries of the V4 hypervariable region of the 16S rRNA gene were

prepared using the previously described primers 515f and 806r with corresponding adaptors,
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following a reported protocol (Kozich et al., 2013). Sequencing was performed in 2 x 250 bp
paired end format using a MiSeq v2 reagent cartridge following the manufacturer’s instructions
(Illumina MiSeq, USA). Base calling was done by Illumina Real Time Analysis (RTA) v1.18.54
and output of RTA was demultiplexed and converted to FastQ format with Illumina Bcl2fastq

v2.19.1.

16S rRNA gene amplicon data analysis

Sequences were processed to amplicon sequence variants (ASV) using the default parameters
of the Dada2 workflow (Callahan et al., 2016). Reverse reads were trimmed to 160 bp as
recommended to improve downstream processing of the reads (Callahan et al., 2016) and a
maximum of 2 errors per read were allowed (maxEE=2). This parameter has been shown to be a
better filter than simply averaging quality scores (Edgar and Flyvbjerg, 2015). Taxonomic

classifications were assigned to the ASV using the reference SILVA database v132.

Biodiversity analysis

Alpha and beta diversity were analysed using the Phyloseq R package (McMurdie and
Holmes, 2013). For alpha diversity analysis, the Chao, Shannon and Inverse Simpson indices
were calculated after rarefying the ASV table. For beta diversity analysis, samples were
previously transformed to relative proportions, the Bray Curtis index was calculated, and samples

were clustered accordingly.

ASYV proportions and the origin of the bacterial communities

A binomial test of proportions with adjustment of the p-value (P) (“FDR” method) for multiple
hypothesis testing to avoid Type I error problems was used to assess differential ASV proportions
among the different groups. This test was performed using the function
dif.propOTU.between.groups() of the library BDSbiost3 which is based on the Fisher’s exact

statistical test (Monledn-Getino, 2020).
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SourceTracker2 pipeline was used to determine the contribution of the secondary effluent and
the Upper to the communities downstream of the WWTP impact, as previously described

(Knights et al., 2011).

FISH analysis

FISH analysis was performed to validate the Illumina results and to estimate the number of
total bacteria in the stream samples. For this, formaldehyde was added to 100 ml of sample to a
final concentration of 2-4% and it was fixed for 1 h at RT. Samples were then filtered through
0.22 um pore-size polycarbonate membrane filters, which were washed with 20 ml of sterile
water. Filters were stored at -20°C in a Petri dish until their analysis according to a described
protocol (Pernthaler et al., 2001). Briefly, the filter was cut in sections, each section was placed
on a 10 pl drop of probe solution on a microscope slide and covered with another 10 pl of probe
solution. The slide was stored in a dark humid chamber, coated with the hybridization buffer and
incubated at 46°C for 3 hours. The filter section was then washed with buffer for 10 min at 48°C
and with distilled water for 2 min in the dark. The filter section was dried and mounted in
Vectashield (Vector Laboratories). Cells were stained with 1.5 pg-ml-! DAPI (Sigma, USA) for
counting with a Leica TCS SP2 confocal microscope.

Different probes were used to quantify the different phyla and classes (Alm et al., 1996): 1)
Alphaproteobacteria  (5’-GGTAAGGTTCTGCGCGTT-3"), ii)  Betaproteobacteria  (5°-
GCCTCCCCACTTCGTTT-3"), iii) Actinobacteria (5-TATAGTTACCACCGCCGT-3%), 1iv)
Firmicutes (5’-CCGAAGATTCCCTACTGC-3’), v) Bacteroidetes (5’-GGACCCTTTAAACCCAAT-
3%), and vi) Gammaproteobacteria (5’-GCCTCCCCACATCGTTT-3’). All probes were labelled with

CyS5 fluorochrome.

Statistical analyses

Statistical analyses were performed using different R functions and libraries (R Core Team,
2016). The BDbiost3 library for R (Monledn-Getino et al., 2017), was used to assess the coverage

of the sequenced reads, and for discriminant and exploratory data analysis.
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The coverage of the sequenced reads was analysed to assess the representativeness of the
obtained ASV, as previously described (Monledn-Getino et al., 2017). For this purpose, the
PILI3() function of the BDbiost3 library function was used. PILI3() allowed the computation of
the rarefaction curve between the number of reads and the amount of ASV obtained. This function
was projected to an infinite rarefaction curve in order to verify its saturation or if it still had a
margin to saturate. For exploratory analysis, contingency tables (ASV abundance tables) were
obtained separately for the different studied sample groups. These data followed a multinomial
distribution (Monledn-Getino and Frias-Lopez, 2020) and allowed us to apply an exploratory
dimension reduction technique using the non-metric multidimensional scaling (nMDS).
Discriminant analysis was computed using the 20 most abundant ASV, and made possible by the
function MDSdbhatta.PAM.Metagen1() of the BDbiost3 library, which allowed the evaluation of
5 different discriminant methods: linear discriminant analysis (LDA), support vector machine
(SVM), xboosting (Xboost), kernel discrimination (kernel) and artificial neural nets (ANN). The
results obtained also offered final classification accuracy and a confusion matrix as a result of the
different discrimination methods performed.

Spearman’s correlation coefficients were calculated to assess the significance of the

biodiversity changes in relation to the different environmental variables.

RESULTS

Faecal indicator organisms and Salmonella spp.

The faecal pollution in the Riera de Canoves was characterized through the analysis of faecal
indicator organisms (FIO) and Salmonella spp. (Table 1). Upper samples revealed low
concentrations of faecal indicators associated with diffuse human faecal pollution and no
Salmonella spp. were detected. EF samples contained high FIO concentrations, constituting a
source of human pollution downstream of the WTTP, and Salmonella spp. were detected in some
samples but at low concentrations (0.3 log;o (MPN/100ml). The WWTP discharge significantly
increased FIO and Salmonella spp. concentrations in P75 (P<0.05), where FIO concentrations

were about 1-2 log) higher than in Upper samples and not significantly different compared to the

10
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EF (P>0.05); Salmonella spp. were detected and quantified in low concentrations, as in EF
samples. Compared to Upper samples, the concentrations of all faecal indicator bacteria in P1000
were not significantly different (P>0.05), whereas those of SOMCPH and GA17PH were
significantly higher (P<0.05). Salmonella spp. were only detected in one P1000 sample.

General description of the sequencing results

A total of 5,593,724 reads were generated for a total of 26 samples, ranging between 140,897
and 311,146 reads per sample. A total of 4,639,854 reads were selected after quality processing
and chimera removal. These reads yielded 23,372 ASV after DADA?2 algorithm processing,
20,650 of which were affiliated to Bacteria and kept for further analysis. It should be noted the
2,460 ASV affiliated to Archaea were discarded, because the used primers were targeting the
bacterial 16S rRNA gene, in accordance with the study aim. A total of 16,854 ASV were
represented by more than 10 reads (>80% of the ASV). The representativeness of the reads with
respect to ASV biodiversity was very high, ranging from 92% to 97.5% (Supplementary Fig. 1).
The ASV coverage obtained for Upper and P1000 samples was close to 97.5%, indicating that
the obtained reads reflected the expected diversity in these samples. In the case of EF and P75, a
slightly lower value was obtained (around 92%), showing a lower ASV coverage in these samples

compared to others, although the majority of ASV were still represented in the study.

Bacterial communities in the sampling sites

Bacterial communities in Upper

The bacterial communities of the Upper site were represented by 15,791 ASV. A minor
number of ASV (144 ASV) was shared by all the samples, whereas 760 ASV were detected in 5
out of 6 samples. At phylum level (Figure 2), 67% of the reads affiliated to Proteobacteria, 11%
Bacteroidetes, 8% Epsilonbacteracota, 7 % Patescibacteria, 1% Actinobacteria, 1% Firmicutes
followed by phyla each one with abundance lower than 1% (Dependentiae, Chlamydiae,
Fibrobacteres, Cyanobacteria, Verrucomicrobia, Fusobacteria, Synergistetes, Omnitrophicaeota,

Elusimicrobia, Nitrospirae, Planctomycetes, Acidobacteria, Spirochaetes, Chloroflexi,

11
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Rokubacteria). One percent of the reads were unclassified phyla. Class, order and family
affiliation is shown in Supplementary material file (Supplementary Fig. 2 to Fig. 4)

Bacteroides and Bifidobacterium, two of the most abundant genera in human faeces,
constituted less than 1% of the Upper genera, whereas pathogenic bacteria with faecal-oral
transmission, such as Campylobacter or Salmonella, were not detected. Rhodoferax (16%) was
the most abundant genus in both seasons (Figure 3). These results should be interpreted with
caution, as each genome is known to carry different copies of the 16S rRNA gene, even in species
of the same genus (Vétrovsky and Baldrian, 2013). The quantification of the Upper samples by
FISH analysis resulted in 7.8 log;y (cells/100 ml) and indicated that 89.3% of the bacteria
belonged to 4 phyla: Proteobacteria (50.5%), Firmicutes (27.6%), Actinobacteria (8.3%) and

Bacteroidetes (2.9%).

Bacterial communities in EF

The bacterial communities of the 7 EF samples were represented by 8,062 ASV, only 227 of
which were present in all the samples, whereas 500 ASV were present in 6 out of 7 samples. At
the phylum level (Figure 2), reads corresponded to Proteobacteria (35%), Patescibacteria (31%)),
Bacteroidetes (17%), Epsilonbacteracota (6%),  Actinobacteria (2%), Firmicutes and
Dependentiae (1%), and other phyla with an abundance lower than 1% (Chlamydiae,
Fibrobacteres, Cyanobacteria, Verrucomicrobia, Fusobacteria, Synergistetes, Tenericutes,
Omnitrophicaeota, Elusimicrobia, Nitrospirae, Lentisphaerae , Planctomycetes). Two percent of
the reads were unclassified.

Flavobacterium (11%) was the most abundant genus in EF samples in both seasons (Figure
3). Despite being the most abundant genera in faeces, Bacteroides and Bifidobacterium

constituted only 2% and 0.01%, respectively, of the total ASV.

Bacterial communities in P75

The bacterial communities of P75 were represented by 13,252 ASV, only 351 of which were

present in all the samples, whereas 918 ASV were present in 5 out of 6 samples. In P75 (Figure

12
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2), the reads indicated a predominant affiliation to the phylum Proteobacteria (42%), followed by
Patescibacteria (26%), Bacteroidetes (16%), Epsilobacteracota (6%), Firmicutes (2%),
Actinobacteria (1%) and Fibrobacteres (1%), and other phyla with abundances lower than 1%
(Chlamydiales,  Cyanobacteria, = Verrucomicrobiae,  Fusobacteriales, = Synergistaceae,
Omnitrophicaeota, Elusimicrobia, Nitrospiraceae, Lentisphaerae, Planctomycetes, Acidobacteria,
Spirochaetes and Chloroflexi). Two percent of the reads were unclassified.

Polynucleobacter (6%) and Arcobacter (6%) were the most abundant genera in both seasons
(Figure 3), while Bacteroides and Bifidobacterium represented 2% and 0.03% of the total ASV,
respectively. The quantification of the total bacteria by FISH showed a total of 8.4 log; (cells/100
ml). The analysis performed in p75 samples showed that 4 phyla accounted for 86.7% of the
bacteria: Proteobacteria (71.2%), Bacteroidetes (10.7%), Firmicutes (2.7%) and Actinobacteria

2.1%).

Bacterial communities in P1000

The bacterial communities of P1000 were represented by 16,645 ASVs, only 567 of which
were present in all the samples, whereas 1624 ASV were present in 6 out of 7 samples. In P1000,
the distribution of the reads at phylum level (Figure 2) was mainly in Proteobacteria (62%),
followed by Patescibacteria (13%), Bacteroidetes (6%), Epsilobacteraeota (7%), Actinobacteria
(3%) and other phyla with abundances lower than 1% (Firmicutes, Chlamydiales, Fibrobacteres,
Cyanobacteria, Verrucomicrobiae, Fusobacteriales, Synergistaceae, Omnitrophicaeota,
Elusimicrobia, Nitrospiraceae, Lentisphaerae, Planctomycetes, Acidobacteria, Spirochaetes,
Gemmatimonadetes, Chloroflexi). Two percent of the reads were unclassified.

Rhodoferax (9%) was the most abundant genus followed by Arcobacter (7%) and
Polynucleobacter (7%) (Figure 3), while Bacteroides and Bifidobacterium represented 0.4% and
0.0%, respectively. The FISH analyses of P1000 samples showed that 95.7% of the bacteria
belonged to the 4 analysed phyla: Proteobacteria (42.7%), Firmicutes (20.4%), Actinobacteria
(18.3%) and Bacteroidetes (14.3%). The total amount of bacteria quantified in P1000 was 7.9

logio (cells/100 ml).
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Tracking the origin of the ASV after the anthropogenic impact

Using Kernel discriminant analysis (Supplementary Table 2 and Supplementary Fig. 5), it
was possible to separate samples belonging to the different sampling points with an accuracy of
0.692 (C195%: 0.4821, 0.8567) taking into consideration the 20 most abundant ASV. This result
reflected that the discriminant analysis had a limited ability to separate P1000 from Upper samples
and P75 from EF samples. However, the accuracy improved if the samples were separated by
season (accuracy 0.818 [C195%:0.4822, 0.9772] and 0.8667 [C195%:0.5954, 0.9834] in summer
and winter, respectively), supporting a seasonal difference of the community structure.

Further analysis of the effect of the sewage effluent on the communities downstream of the
WWTP (Supplementary Table 3) showed that the EF contribution to the communities in P75 was
higher in samples taken in summer (mean contribution of 74.7%) than in winter (mean
contribution of 56.8%). The EF had a lower contribution to the P1000 than the P75 communities,
but it was also higher in summer (47.6%) than in winter (38.1%). In contrast, the Upper
contribution to P75 communities was higher in winter (8.1%) than in summer (3.2%). Moreover,
Upper had a greater impact on P1000 than P75, being higher in summer (20.5%) than in winter
(16.5%). Certain percentages, which could not be assigned to Upper or EF, were considered as

unknown origin (22.1-45.4%).

Impact of the sewage effluent on community structure

We analysed the differences in ASV abundances between the samples upstream and
downstream of the WWTP according to the season (Supplementary Table 4). Comparing
abundance in Upper with downstream (P75 and P1000) sampling points, significant differences
were found in 25 ASV in winter and 32 in summer. Among these, 15 ASV (60%) of the winter
samples and 11 ASV (34%) of the summer samples showed significant differences between
Upper and P75, but not between Upper and P1000, suggesting a recovery of bacterioplankton

from the WWTP impact and the microbial ecology re-establishment.
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The ASV with significant differences between Upper and P75 showed two types of behaviour,
increasing or decreasing their proportion. Compared to the Upper site, the proportion of some
ASV was significantly higher in P75: 22 of the 25 ASV (88%) in winter and 20 of the 32 (62.5%)
ASV in summer. Significant differences in proportion were also observed between Upper and
P1000 sites for 5 ASV in winter and 4 ASV in summer. Only 3 ASV (ASV1 ASV6 and ASV22)
were significantly lower in P75 compared to Upper samples and showed a recovery in P1000 in
both seasons; they corresponded to Flavobacterium, an unclassified genus of the
order Absconditabacteriales, and Rhodoferax. In contrast, the differences between Upper and
P75 samples for ASV10 and ASV 14 were maintained in P1000 in both seasons; they belonged to

C39 (Rhodocyclaceae) and Flavobacterium, respectively.

Impact of the sewage effluent on the bacterioplankton diversity

In order to assess the impact of the sewage effluent on the bacterioplankton diversity, alpha
and beta diversity indices, which are indicative of species richness and overall bacterial
community structure, were calculated. Three different indices of alpha diversity were analysed:
Chao 1, Shannon and Inverse Simpson (Figure 4, Supplementary Table 5). Bacterioplankton
alpha diversity was highest in Upper and P1000 samples and lowest in the sewage effluent,
indicating that the effluent discharge reduced the alpha diversity in P75. Similar trends were
observed for the three analysed indices and the alpha diversity reduction from Upper to P75
samples was statistically significant in values of Shannon and Inverse Simpson indices.
Additionally, the alpha diversity values were higher in winter than in summer, suggesting an
association between diversity and abiotic factors. To shed further light on this relationship, the
possible correlation between the alpha diversity measured by the Shannon index and water
temperature, one of the main environmental factors (Supplementary Fig. 6), was studied. Results
showed a negative statistically significant correlation (r=-0.68, P<0.01) between water
temperature and alpha diversity, i.e., the lowest alpha diversity values corresponded to the highest

temperatures.
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Beta diversity, which quantifies the bacterial communities considering the river space, was
also analysed through Bray-Curtis dissimilarity (Figure 5). This measure divided the samples in
two main clusters: one was constituted mainly by Upper and P1000 samples and the other mainly
by EF and P75 samples, which were subclustered according to the season. Clustering of the
samples was also observed in the multidimensional scaling of the dissimilarity (Supplementary
Fig. 7).

DISCUSSION

Access to high quality water, already a major global problem, is expected to worsen due to
urban demographic growth and a concomitant increase in water demand. These pressures can also
lead to the functional deterioration of water ecosystems, especially in areas highly vulnerable to
the impact of climate change, such as the Mediterranean (IPCC, 2013). Focusing on pollution
with a point source rather than diffuse origin, the aim of this study was to analyse the impact of
the secondary effluent discharged from a WWTP in a Mediterranean stream with a low and
intermittent flow regime.

Although faecal pollution was observed in the Riera de Canoves upstream of the WWTP, the
sewage effluent significantly increased the downstream concentration of faecal indicators and
pathogens such as Salmonella spp. Faecal pollution levels subsequently returned to those of Upper
samples (after a distance of 3-15 km) due to the Riera de Canoves self-depuration capacity,
previously described and modelled (Ballesté et al., 2019; Pascual-Benito et al., 2020). Similar
behaviour has been reported in other streams (Price et al., 2018).

In the Riera de Canoves, 84% of the bacterioplankton community structure consisted of four
phyla (Proteobacteria, Bacteroidetes, Patescibacteria and Actinobacteria), with a variable
distribution according to the sampling point. Proteobacteria was predominant throughout the
studied river transect, whereas Bacteroidetes and Patescibacteria increased after the WWTP
effluent discharge, subsequently decreasing in the sampling points downstream. Although with
different percentages, the trends for Proteobacteria and Bacteroidetes were confirmed by FISH
analysis. NGS techniques have been used to describe bacterioplankton community structure in

rivers of different characteristics and geographical areas. Studies on the Danube (Europe),
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Mississippi (USA), Tama (Japan) and Apies (South Aftrica) rivers also report Proteobacteria,
Bacteroidetes and Actinobacteria as the most abundant phyla, although with varying proportions
(Abia et al., 2018; Reza et al., 2018; Savio et al., 2015; Staley et al., 2013).

Proteobacteria, one of the most abundant phyla in water ecosystems worldwide (Newton et
al., 2011), is divided into different classes such as Alphaproteobacteria and
Gammaproteobacteria, whose diverse characteristics drive its ubiquity. Bacteroidetes, a phylum
widely distributed in marine and freshwater ecosystems, is highly specialized in organic matter
degradation (Traving et al., 2017), which explains its high percentages in the sewage effluent and
samples downstream of the WWTP. The phylum Actinobacteria has been proposed as a water
quality indicator due to its sensitivity to the conditions that cause cyanobacterial blooms (Ghai et
al., 2014). Patescibacteria, which was observed in high percentages in the Riera de Canoves,
especially after the sewage effluent discharge, has been reported in other rivers but in lower
abundances (Zemskaya et al., 2019). Given the anaerobic nature of Patescibacteria, a likely source
is sewage water (Castelle et al., 2017), although another source could be the streambed, as the
phylum is associated with mobilizable sediments (Herrmann et al., 2019).

Species sorting, a concept that refers to community selection by environmental factors (Logue
and Lindstrom, 2010), could explain the decrease of phyla such as Bacteroidetes and
Patescibacteria from P75 to P1000 samples. Most of these bacteria are commensal or related with
faecal pollution, and in a freshwater ecosystem selective pressure favours the recovery of
autochthonous river communities as they are transported downstream. Although Bacteroides and
Bifidobacterium are described as the most abundant genera in human faeces, they were found in
low frequencies in EF samples and decreased from P75 to P1000 samples. Another factor in the
reduction of these anaerobic genera is the aerobic conditions found in both the WWTP and the
stream.

The freshwater Rhodoferax, reported in rivers worldwide (Cottrell et al., 2005; Galand et al.,
2008), was the most abundant genus found in Upper and P1000 samples. In P75 the most abundant
genera were Polynucleobacter and Arcobacter, also freshwater bacteria. However, Arcobacter

has been associated with human faeces and sewage water (Lerner et al., 1994), with high
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abundances reported in WWTP influents, due to a capacity to proliferate in infrastructures such
as sewage pipes (Assanta et al., 2002). This behaviour suggests the WWTP effluent is the most
plausible source of this genus. Arcobacter is important in water quality monitoring, as some
species are human pathogens and have been reported to cause waterborne outbreaks (Collado et
al., 2010; Prouzet-Mauléon et al., 2006). The most predominant genus in EF samples was
Flavobacterium, in agreement with previous studies that detected high abundances in eutrophic
water and faecally polluted urban streams (Eiler and Bertilsson, 2007). Overall, the abundance of
genera with pathogenic species was higher in EF, P75 and P1000 than in Upper samples. For
instance, higher abundances of Escherichia, Shigella, Klebsiella and Enterobacter were found in
P75 and P1000 compared to Upper samples. This result confirms the relevance of secondary
effluents in the spread not only of faecal pollutants but also of human pathogens.

The impact of the WWTP effluent on the community structure along the stream transect was
also observed in proportional changes of ASV in the different testing sites. In P75, most of the
ASV whose proportion had increased compared to Upper samples belonged to sewage water-
related genera, such as Flavobacterium, Arcobacter or Polynucleobacter, whereas some of the
ASV whose proportions had declined belonged to freshwater genera, such as Rhodoferax,
Rhizobacter, Limnohabitans, Novosphingobium and Pseudarcicella. Changes in ASV behaviour
and relative abundance along the transect could help to determine the impact of the WWTP
effluent and to identify potential water quality indicator genera.

ASV from the Upper reaches and sewage effluent were the source of 71.5% of P75 ASV and
60.4% of P1000 ASYV, indicating that the bacterial community structure and distribution
downstream of the WWTP were mainly determined by the bacterial composition of both Upper
and EF. This prediction is lower than the 95% of Mansfeldt and co-workers (Mansfeldt et al.,
2019), who also described that the contributions of the WWTP effluents were higher than 50%
downstream of the discharge point, similar to the EF contribution obtained here. The EF
contributed more to P75 than to P1000, suggesting the sewage effluent lost influence on the
community composition with distance. A percentage of sequences of unknown origin (ranging

from 16% to 39% in P75 and 19% to 62% in P1000) was determined, possibly related to
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communities in the streambed sediments, which could constitute a reservoir of mobilizable
bacteria. Although the study of the sediments was not addressed in this research, it could provide
us more information to understand the bacterial dynamics in the stream. This phenomenon has
been widely explored in studies of faecal indicators and pathogens (Garcia-Aljaro et al., 2017;
Jamieson et al., 2005) and could play an important role in the diversity of the water column.

The high contribution of ASV from EF to P75 reflects the degree of impact of the sewage
effluent on P75. The impact was also reflected by the decrease in alpha diversity. The sewage
effluent had the lowest alpha diversity values of the study and decreased the biodiversity of the
stream immediately after the effluent impact. These results are in agreement with previous studies
(Drury et al., 2013; Mansfeldt et al., 2019), where wastewater reduced the alpha diversity of the
receiving water body, although an increase in diversity downstream of the WWTP has also been
reported by other authors (Marti and Balcazar, 2014; Wakelin et al., 2008). Such contradictory
results could be due to differences in the environmental context and the techniques used, including
improved next-generation sequencing. The increase in alpha diversity in P1000 suggests a partial
recovery from the effluent impact.

In addition, a significant negative correlation was found between temperature and alpha
diversity, the lowest temperature being related with the highest alpha diversity and vice versa.
This trend has been reported previously (Kent et al., 2004; Rubin and Leff, 2007), indicating that
environmental factors play an important role in the bacterial community structure and diversity
in water ecosystems. In a previous study on faecal pollution in the Riera de Canoves, temperature
and streamflow were found to be crucial in the self-depuration capacity downstream of the
WWTP, which increased at high temperatures and low streamflow (Pascual-Benito et al., 2020).
The results obtained here support the important role of the streamflow in the community structure
downstream of the WWTP. During summer, when the streamflow is low and the sewage effluent
barely diluted, the contribution of EF bacterial sequences to P75 and P1000 was highest. The high
contribution of Upper during the winter caused a highest dilution of the effluent, giving rise to
highest alpha diversity downstream of the WWTP. Although the temperature reduced the self-

depuration distances, it also reduced the alpha diversity. Biotic factors such as the natural
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inactivation of microorganisms and predation could be emphasised with the temperature (Ballesté
and Blanch, 2010). Therefore, from an ecological point of view, the increase in temperature in a
climate change scenario would be detrimental for the Riera de Canoves biodiversity.
Garcia-Armisen and collaborators have described the seasonal resilience of bacterial
communities, reporting their recovery from the WWTP impact in the driest season (Garcia-
Armisen et al., 2014), although the river they studied is not comparable with the Riera de
Canoves, in terms of dimensions, WWTPs and climate. Overall, the bacterial communities from
the Riera de Canoves showed a high resilience to the impact of the sewage effluent, which
consisted mainly of organic matter. This was demonstrated by analysing the FIO and pathogen
concentrations and the bacterial communities and diversity, all of which showed recovery in only

1 km.

CONCLUSIONS

The anthropogenic impact of the WWTP secondary effluent in the Riera de Canoves caused
an alteration of the community structure and reduced the alpha diversity at the P75 sampling
point. However, the results suggest that the autochthonous communities of the Riera de Canoves
had partially recovered 1 km downstream of the WWTP effluent, showing a high resilience that
was dependant on environmental factors such as temperature. Within the climate change scenario,
which predicts an increase in temperature and decrease in streamflow, the resilience of the
bacterial communities and diversity may be negatively affected. Modelling the stream resilience
under different environmental conditions may therefore be crucial for water management and
quality monitoring in the future. This study shows that next-generation sequencing techniques
can be useful to monitor bacterial community dynamics and identify water samples with different
levels of anthropogenic impact. They therefore have potential application as practical tools in

water management to assess the ecological status of rivers.
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767  TABLES

768  Table 1: Mean concentration and standard deviation of E. coli, spores of sulphite reducing

769  clostridia (SSRC) (in logj, (CFU/100ml), somatic coliphages (SOMCPH), bacteriophages of

770  Bacteroides thetaiotaomicron GA17 (GA17PH) (in log;, (PFU/100ml) and Sa/monella spp. (logig

771 (MPN/100ml)).

E. coli SSRC SOMCPH GAI17PH Salmonella spp.
Upper 34+08 23+04 22+04 03+£06 <-0.7
EF 42+04 37+02 43+02 1.7+0.6 0.3+0.6
P75 41+03 34+02 41+£02 1.6+0.7 0.2+0.6
P1000 31404 26+06 32+07 09+04 <-0.7
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773

774

775

776

777

FIGURES

Figure 1: Study site. Upper is the sampling site located upstream of the WWTP, EF is the

secondary effluent of the WWTP, P75 is located 75 m downstream of the WWTP and P1000 is

1 km downstream of the WWTP.

Site Point_X | Point_Y Latitude Longitude

UPPER | 2.355749 | 41.682615 | N41° 40'57,414" | E2° 21' 20,696"
EF 2.35532 | 41.682778 | N41° 40'58,001" | E2° 21' 19,152"
P75 2.355918 | 41.682294 | N41° 40'56,435" | E2° 21'21,316"
P1000 2.357199 | 41.66862 | N41°40'7,032" | E2°21'25,916"
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778  Figure 2: Average distribution of phyla in each sampling point. Rare taxa grouped the phyla

779  with proportions <1%.
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781  Figure 3: Distribution of genera in each sampling point and separated by season (summer and

782  winter). Rare taxa grouped the genera with proportions <2.5%.
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784

785

786
787

Figure 4: Alpha diversity in each sampling point expressed by Chao 1, Shannon and inverse

Simpson indices, including the mean and standard deviation.
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788

789

790

791

Figure 5: Clustering of samples according to Bray-Curtis Dissimilarity. Seasonality is indicated
in each sample with W or S, corresponding to winter or summer, respectively. Sampling campaign

is indicated with a number from 1 to 4 depending on the season, before the sampling site name.
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792  SUPPLEMENTARY MATERIAL

793  Supplementary Table 1: Streamflow (Q, in m3/s) in Upper, EF and downstream of the WWTP
794  (P75) and main water temperature (T, in °C) in each sampling campaign. Seasonality is indicated
795  in each sample with W or S, corresponding to winter or summer, respectively and sampling

796  campaign is indicated with a number from 1 to 4 depending on the season.

Sampling campaign  Qugpper Qkr Qpss T

S1 0.003 0.006 0.009 17.1
S2 0.001 0.007 0.008 20.7
S3 0.000 0.006 0.006 21.1
Wi 0.001 0.006 0.007 8.6
W2 0.003 0.006 0.009 9.7
W3 0.004 0.010 0.014 12.5
W4 0.008 0.001 0.018 9.5
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799  Supplementary Table 2: Statistical descriptors (sensitivity analysis and confusion matrix) of
800  Kernel discriminant analysis used to separate samples according to the distribution of the most

801 abundant 20 ASVs and confusion matrix.

802 a) All samples together
Upper Effluent P75 P1000
Sensitivity 1.0000 0.8571 0.5000  0.4286
Specificity 0.9000 0.7895 0.9000  1.0000

Positive Prediction Value  0.7500 0.6000 0.6000  1.0000
Negative Prediction Value  1.0000 0.9375 0.8571  0.8261

803
Prediction/Reference  Upper Effluent P75 P1000
Upper 6 0 0 2
Effluent 6 3 1
P75 1 3 1
P1000 3
804
805 b) Summer samples
Upper Effluent P75 P1000
Sensitivity 1.0000 0.6667 0.6667 1.0000
Specificity 1.0000 0.8750 0.8750 1.0000
Positive Prediction Value  1.0000 0.6667 0.6667 1.0000
Negative Prediction Value 1.0000 0.8750 0.8750 1.0000
806
Prediction/Reference  Upper Effluent P75 P1000
Upper 2 0 0 0
Effluent 2 1 0
P75 1 2 0
P1000 3
807
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808

809

810

c¢) Winter samples

Upper  Effluent P75 P1000
Sensitivity 1.0000  0.9091 0.6667 0.7500
Specificity 1.0000  0.8750 0.9167 1.0000
Positive Prediction Value 1.0000  0.8000 0.6667 1.0000
Negative Prediction Value 1.0000  1.0000 0.9167 0.9167
Prediction/Reference Upper Effluent P75  P1000
Upper 4 0 0 0
Effluent 4 1 0
P75 2 1
P1000 0 3
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811  Supplementary Table 3: Contribution (%) of the river (Upper), sewage effluent (EF) and

812  unknown origin to the reads in P75 and P1000 in winter (W) and summer (S).

Upper EF Unknown
WP75 8.2 56.8 35.0
SP75 3.2 74.7 22.1
WP1000 16.5 38.1 45.4
SP1000 20.5 47.6 31.9
813
814
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815

816

817 there is no difference.

Supplementary Table 4: Statistically significant differences in ASV relative abundance in the

different sampling sites. In red, ASV showing an increase with respect to Upper, and in white

Winter Summer

P75 P1000 P75 P1000 Genus
ASV1 Flavobacterium
ASV2 Rhodoferax
ASV3/ASV27 Limnohabitans
ASV4/ASV34 Polynucleobacter
ASVS5 Family Burkholderiaceae
ASVe6 . Order_Absconditabacteriales (SR1)
ASV7/ASV18 Rhodoferax
ASVS Sediminibacterium
ASV9 Family Neisseriaceae
ASV10 C39
ASV11 Arcobacter
ASV12 Simplicispira
ASV13 Arcobacter
ASV14 Flavobacterium
ASV15 Class_Gracilibacteria
ASV16 Family UBA12409
ASV17 Aquabacterium
ASV19 Family Hydrogenophilaceae
ASV20 Order Candidatus Magasanikbacteria
ASV21 Cellvibrio
ASV22 Rhodoferax
ASV24 Order Candidatus Moranbacteria
ASV26 Aurantimicrobium
ASV28/ASV53 Order_Absconditabacteriales (SR1)
ASV29 Rhodoferax
ASV30 Class_Gracilibacteria
ASV32 Class_ ABY1
ASV35 Flavobacterium
ASV36 Class_Gammaproteobacteria
ASV37 Cavicella
ASV39 Family UBA12409
ASV42 Polynucleobacter
ASV43 hgcl clade
ASV44 Acidovorax
ASV45 ‘ Arcobacter
ASV46/ASV84 Novosphingobium
ASV47 Class_Parcubacteria
ASVS0 - Sediminibacterium
ASV54 Prevotella 9
ASVS5SS _ Rheinheimera
ASVS7 Class_Gracilibacteria
ASV58 Phylum_Proteobacteria
ASV60 Family Fibrobacteraceae
ASV68 - Rhizobacter
ASV93 Pseudarcicella
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819

820

821

822

823

824

825

826

827

828

829

Supplementary Table 5: P values obtained from the comparison of alpha diversity in each

sampling point for a) Chaol index, b) Shannon index and c¢) Inverse Simpson index. Statistically

significant differences are showed in bold font.

a) Chaol index

EF
Upper 0.08
EF

b) Shannon index

EF
Upper 0.001
EF

c) Inverse Simpson index

EF
Upper 0.001
EF

P75
0.54
0.13
P75

P75

0.021

0.22
P75

P75
0.02
0.22

P75

P1000
0.72
0.001
0.21

P1000
0.13
0.05
0.40

P1000
0.02
0.27
0.62
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830

831

832

833

834

835

Supplementary Fig. 1: Representability of the sequencing results using rarefaction plots. The

graphical representation of the calculated diversity with respect to the expected diversity in

relation to the obtained sequencing reads is shown: a) Upper point; b) Effluent point; c) P75 point

and d) P1000 point.
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836  Supplementary Fig. 2: Distribution of classes in each sampling point and separated by season

837  (summer and winter). Rare taxa grouped the genera with proportions <1%.
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840  Supplementary Fig. 3: Distribution of orders in each sampling point and separated by season

841  (summer and winter). Rare taxa grouped the genera with proportions <1%.
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844  Supplementary Fig. 4: Distribution of families in each sampling point and separated by season

845  (summer and winter). Rare taxa grouped the genera with proportions <1%.
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848  Supplementary Fig. 5: Mosaic plot where all sample groups and the 20 most abundant ASV
849  where used. Standardized residuals are represented as a method to detect sample patterns under
850  the null model (independence) between samples and ASV. Seasonality is indicated in each sample
851  with W or S, corresponding to winter or summer, respectively. Sampling campaign is indicated

852  with a number from 1 to 4 depending on the season, before the sampling site name.
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854  ASVI1, Flavobacterium; ASV4, Polynucleobacter; ASV5, Family Burkholderiaceae; ASV6,
855 Order Absconditabacteriales (SR1); ASV7, Rhodoferax; ASVS, Sediminibacterium; ASV9,
856  Family Neisseriaceae; ASV10, Rhodocyclaceae C39; ASV11, Arcobacter; ASV12,
857  Simplicispira, ASV14, Flavobacterium; ASV15, Class Gracilibacteria; ASV16, Babeliales
858  Family UBA12409; ASV17,  Aquabacterium;  ASV1S, Arcobacter;  ASV19,
859  Family Hydrogenophilaceae; ASV20, Order Candidatus Magasanikbacteria, = ASV24,
860  Order Candidatus Moranbacteria; ASV25, Order Candidatus_Campbellbacteria; ASV26,

861 Aurantimicrobium.
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866

Supplementary Fig. 6: Pearson’s correlation of the temperature (T, in °C) and alpha diversity

(Shannon index).
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867

868

869

870

871

Supplementary Fig. 7: Multidimensional scaling plot of the dissimilarity between the sampling

points. Seasonality is indicated in each sample with W or S, corresponding to winter or summer,

respectively. Sampling campaign is indicated with a number from 1 to 4 depending on the

s€ason.
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