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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Traditional FIB alone did not accurately 
describe pathogen presence. 

• Different sources of faecal pollution 
shaped bacterial community structure. 

• Land-use had a clear role in pathogens 
and opportunistic pathogens 
occurrence. 

• Sites affected by faecal pollution were 
enriched in Mycobacterium spp, and 
Aeromonas spp. 

• After a heavy rainfall event, an increase 
in bacteria from agricultural land sour-
ces was observed.  
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A B S T R A C T   

Rivers are at risk from a variety of pollution sources. Faecal pollution is of particular concern since it disperses 
pathogenic microorganisms in the aquatic environment. Currently, faecal pollution levels in rivers is monitored 
using faecal indicator bacteria (FIB) that do not offer information about pollution sources and associated risks. 
This study used a combined molecular approach, along with measurements of water quality, to gain information 
on pollution sources, and risk levels, in a newly designated recreational bathing site in the River Wharfe (UK). 
Physico-chemical parameters were monitored in situ, with water quality multiparameter monitoring sondes 
installed during the 2021 bathing season. The molecular approach was based on quantitative PCR (qPCR)-aided 
Microbial Source Tracking (MST) and 16S rRNA gene metabarcoding to obtain a fingerprint of bacterial com-
munities and identify potential bioindicators. 

The analysis from the water quality sondes showed that ammonium was the main parameter determining the 
distribution of FIB values. Lower faecal pollution levels were detected in the main river when compared to 
tributaries, except for samples in the river located downstream of a wastewater treatment plant. The faecal 
pollution type (anthropogenic vs. zoogenic) changed the diversity and the structure of bacterial communities, 
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giving a distinctive fingerprint that can be used to inform source. DNA-based methods showed that the presence 
of human-derived bacteria was associated with Escherichia coli spikes, coinciding with higher bacterial diversity 
and the presence of potential pathogenic bacteria mainly of the genus Mycobacterium, Aeromonas and Clostridium. 
Samples collected after a heavy rainfall event were associated with an increase in Bacteroidales, which are 
markers of faecal pollution, including Bacteroides graminisolvens, a ruminant marker associated with surface run- 
off from agricultural sources. The combined use of qPCR and 16S rRNA sequencing was able to identify pollution 
sources, and novel bacterial indicators, thereby aiding decision-making and management strategies in recrea-
tional bathing rivers.   

1. Introduction 

Water bodies around the world are under pressure, and one of the 
main causes of water quality deterioration is faecal pollution, raised by 
increasing levels of population growth, rapid urban development and 
climate change (Miller and Hutchins, 2017). In the United Kingdom 
(UK), around 75 % of rivers in England and Wales do not meet good 
ecological status (Environment Agency, 2020). Urban influences are key 
in determining the overall condition of UK rivers, and significant effort 
has been made in reducing agricultural and industrial pollution in sur-
face waters, yet urban diffuse pollution is responsible for 49 % of failures 
to meet water quality targets (Defra, 2012). Although water utilities 
employ wastewater treatment and enhance sewerage infrastructure to 
manage contaminants (Miller and Hutchins, 2017), the presence of 
faecal contamination in surface waters can still occur. These sources 
include discharges from wastewater treatment plants (WWTPs), com-
bined sewer overflows (CSOs), misconnections in pipes, septic tanks, 
and runoff from manure-fertilised areas, as well as faeces from livestock 
or wildlife (van Heijnsbergen et al., 2022). Faecal pollution can 
compromise human health and river ecosystems by enriching the pres-
ence of pathogenic microorganisms, such as bacteria, fungi, viruses, and 
protozoa in the environment (Gerba, 2015; Korajkic et al., 2018). The 
use of surface water as a drinking water source and for recreation has 
increased with urbanisation, and pathogens can be transmitted to those 
who use surface water for recreational uses such as swimming (Xie et al., 
2022). Wild swimming and other outdoor recreational activities, in 
natural bodies of water, saw a significant rise in interest across European 
countries during the COVID-19 pandemic (Niebaum et al., 2023). This 
surge in interest in activities like wild swimming can be attributed to 
lockdowns and restrictions during the pandemic, limiting people's 
ability to engage in indoor activities. As a result, people turned to out-
door activities as a safe and accessible way to stay active, connect with 
nature and improve mental well-being. Recreational and wild swimming 
have been associated with the risk of gastrointestinal, respiratory, ear 
and eye infections, and dermatological conditions caused by virus, 
bacteria and protozoa (Chamberlain et al., 2019). The parameters used 
in the European Union to assess water quality, and to inform risks in 
designated bathing areas, are legislated in the EU Bathing Water 
Directive (Directive 2006/7/EC). In the Directive, faecal pollution in 
bathing sites is monitored for concentrations of indicator bacteria (i.e., 
Escherichia coli and intestinal enterococci) (European Environment 
Agency, 2023). Following Brexit, the EU directive has been transposed 
into UK law by Defra, and in the UK the Environment Act, 2021 requires 
sewerage undertakers to continuously monitor the quality of the 
receiving water upstream and downstream of their assets (Environment 
Act, 2021). However, the FIB technique relies on cultivation-based ap-
proaches, built on letting E. coli and intestinal enterococci (IE), within a 
discrete river sample, grow in favourable/selective and controlled lab-
oratory conditions, and then counting the number of colonies forming 
units (CFU) per mL of water. The use of FIB to estimate faecal pollution 
and associated faecal pathogens in water is useful for stakeholders, and 
the water industry, to evaluate compliance with legislation. However, 
the method is more than 150 years old (Holcomb and Stewart, 2020), 
and has several limitations when compared with molecular methods. 
Firstly, the method is based on selective quantification of a few indicator 

species and does not reflect the diversity of pathogenic species in a 
contaminated environmental sample. FIB typically exhibit a weak cor-
relation with the presence of pathogens in aquatic ecosystems (Saingam 
et al., 2020). Therefore, there are many microbial risks, which are not 
identified and measured through the quantification of FIB (Holcomb and 
Stewart, 2020). Secondly, FIB counts offer no help in tackling pollution, 
as they do not reveal whether the source of contamination is human- 
derived or from agricultural runoff. Therefore, there is an urgent need 
for improved methods and new indicators, to quantify the extent of the 
different pollution sources and risks, associated with contamination in 
bathing waters, in order to manage such pollution and better protect 
public health. A better understanding of the characteristics of microbial 
communities (i.e., distribution, abundance, and structure) is essential 
for gaining insight into the potential microbial risks to public health, and 
to inform bathing water management. The use of molecular approaches 
can enhance traditional surveillance methods by providing additional 
information on faecal pollution markers, and other associated - risks 
including pathogens such as Salmonella spp., Shigella spp., and Vibrio 
spp. (Stec et al., 2022). Microbial Source Tracking (MST) methods can 
be used to discriminate between human-derived and non-human sources 
of faecal contamination. One of the most widely used MST approaches 
utilises qPCR to quantify host-specific microorganisms (Shanks et al., 
2009: Sagova-Mareckova et al., 2021), and Bacteroides gene markers are 
commonly used to discriminate between human and other animal faecal 
sources (e.g. pig, cattle, dog, etc.) (Mieszkin et al., 2010; Harwood et al., 
2014). In addition, sequencing of the 16S rRNA gene can provide a 
signature/fingerprint of the bacterial community structure that can 
enable the identification of pollution sources, and specific type of 
pollution (Douterelo et al., 2014). 

This research will focus on a stretch of the River Wharfe in llkley that 
in 2020 was added to the list of bathing sites in England, becoming the 
first river designated as a bathing site in the UK (Defra, 2020). According 
to the Ilkley Clean River Group (a group of Ilkley residents), during the 
summer of 2019 almost 2000 people were observed to use the desig-
nated bathing site in Ilkley. The presence of pollution in such a popular 
recreational site reinforces the importance of addressing environmental 
concerns to protect public health. In this study, we used a combination 
of two molecular approaches to: (i) identify the sources and diversity of 
faecal bacteria at sites upstream and downstream of the designated 
bathing site; (ii) investigate the bacterial community structure of river 
and stream samples; and (iii) identify potential pathogens associated 
with exposure of humans to faecal pollution. The investigation of land 
uses and main sources of microbial pollutants in this newly designated 
bathing site will aid to better monitor the river and help the local or-
ganisations with statutory duties to protect the river from contamination 
to ultimately protect the environment and public health. This investi-
gation reinforces the urgent need of initiatives such as the “One planet: 
one health” call. This initiative is supported by renowned environmental 
scientists, advocating for the establishment of a global science–policy 
body dedicated to addressing pollution and its negative effects on both 
humans and the environment at a global scale (Brack et al., 2022). 

The study was not intended to apportion sources for the faecal bac-
teria at the new bathing water site, nor to provide a definitive assess-
ment of the health risks of bathing at the site. More data from samples 
collected under different weather patterns and flow conditions would be 
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needed to provide a precise pollution source apportionment in the area. 
Our objective is to illustrate a range of molecular methods (e.g., qPCR 
and sequencing) that could be used at this, and other sites in future, to 
provide a more accurate and comprehensive understanding of health 
and environmental risks than those currently mandated. 

2. Materials and methods 

2.1. Study sites and sampling 

Fieldwork was conducted on the River Wharfe at Ilkley (West 
Yorkshire, UK) upstream and downstream of a newly designated bathing 
water site (Fig. 1, and Table 1, site code S10). In total, 14 sampling sites 
(Fig. 1, Table 1) along a 16 km stretch of the main river, and on a number 
of tributary streams, were selected based on FIB data reported in a 
previous independent study (Battarbee et al., 2020). These were selected 
to represent different sources of contaminants and optimise the molec-
ular approach for the studied sites. Sites were located in tributaries (S2, 
S3, S4, S5, S7 and S9) and along the main river, upstream (S1, S6, S8) 
and downstream (S11, S12, S13 and S14) of the bathing water site (S10). 
To show overall land uses in the catchment area, sampling sites were 
visualised by QGIS software (http://www.qgis.org). Open Rivers GIS 
data website (www.ordnancesurvey.co.uk) and IGISMAP (https://www. 
igismap.com/) were used to extract River Wharfe and UK administrative 
boundary shapefiles. The land cover map was obtained from the UK 
Centre for Ecology & Hydrology website (https://eidc.ac.uk/) (Fig. 1). 
Potential primary sources of faecal bacteria along the main river include 
agricultural livestock, a small village Sewage Treatment Works (STW) 
and septic tanks upstream of S1, and various storm overflows and 
agricultural sources between S1 and S10. 

Sites S11 to S14 occur mainly in an urban area where sources are 

potentially dominated by discharges from STWs. Six sites were located 
on tributaries, two of these were upstream (S2) and downstream (S3) of 
a small STW and one (S4) on a small beck, at its confluence with the 
Wharfe. Other tributaries included sampling site S5, known to have a 
high concentration of E. coli due to the presence of a large septic tank 
close to the confluence, site S7 which is draining a sub-catchment with 
land-use dominated by livestock agriculture, and S9 that is a tributary 
known to have periodically high concentrations of E. coli, thought to be 
due to a number of misconnections in its urban catchment (Battarbee 
et al., 2020; Battarbee and Secrett, 2021a, 2021b). The sampling 
campaign was supported by citizen scientists from the Ilkley Clean River 
Group, and the Addingham Environment Group, who aided monitoring 

Fig. 1. Map showing sampling sites and land uses along the stretch of the River Wharfe sampled in the 2021 bathing season. The bathing site is S10.  

Table 1 
Description of sampling sites and catchment type.  

Sample code Catchment type Description 
S1 Main river_GW Agricultural land and small villages 
S2 Tributary_GW Upstream of small STW 
S3 Tributary_GW Downstream of small STW 
S4 Tributary_GW Confluence with R. Wharfe 
S5 Tributary_GW Confluence with R. Wharfe 
S6 Main river_U Upstream of Sewage Pumping Station (SPS) 
S7 Tributary_GW Rural catchment, livestock and septic tanks 
S8 Main river_U Upstream of CSOs 
S9 Tributary_U Downstream of CSO 
S10 Main river_U Main bathing site, upstream of STW 
S11 Main river_U Downstream of STW 
S12 Main river_U Downstream of STW 
S13 Main river_U Downstream of STW and CSOs 
S14 Main river GW/U Downstream of STWs 

GW – Grassland/Woodland, U – Urban/Suburban. 
STW-Sewage Treatment Works. 
CSO-Combined Sewer Overflow. 
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the river for E. coli during the bathing season of 2021. 
Samples were collected from sites S1, S4, S6, S7, S8, S10, S11, S13 

and S14 in June, July and August of 2021. However, the August sam-
pling included two extra sampling sites (S5 and S9) since high levels of 
pollution were monitored by measuring E. coli in previous months, and 
we were interested in determining the bacterial structure and compo-
sition at these sites. In September, due to limited resources, only 5 sites 
were sampled (S2, S3, S7 S10 and S12), targeting only places associated 
with high faecal pollution. To summarise, a total of 35 water samples 
were collected from mid-stream flow in the river or tributary, without 
disturbing the sediment, from 14 different sampling sites during the 
bathing season of 2021. For each sampling event, samples were 
collected by filling 5 L Nalgene plastic bottles previously disinfected 
with Virkon (SLS, UK) and rinsed afterwards to sterilise deionised water. 

The samples were then transported on ice, to the University of 
Sheffield, and filtered for subsequent molecular analysis within 24 h of 
collection. From each bulk 5 L water sample, three replicates were ob-
tained by filtering aliquots of 500–1000 mL through 0.2 μm sterile 
nitrocellulose membrane filters (Sartorius, UK). The total volume 
filtered depended on the concentration of suspended solids present in 
the samples, and the subsequent level of saturation of the filters. Please 
note that after heavy rainfall events, the maximum amount of water 
filtered was 500 mL due to the saturation of the filters. A total of 105 
filters were obtained and preserved in sterile bags at −80 ◦C for subse-
quent DNA extraction. Simultaneously, water samples were collected in 
sterile containers for E. coli analysis by members of the Ilkley Clean River 
Group, Addingham Environment Group and Yorkshire Dales Rivers 
Trust (YDRT), and sent to an UKAS accredited laboratory for analysis 
(ISO/IEC 17025), ALS Environmental Coventry (UK). 

2.2. Water quality monitoring sondes and culture-based FIB 

In situ water quality multiparametric monitoring sondes were 
installed by Yorkshire Water Ltd. (YW Ltd.) in sites S4, S5, S6, S7, S9, 
S10, S11 during the bathing season of 2021. The multiparametric water 
quality sondes Xylem EX02 (Xylem Analytics, UK) were measuring 
continously and in real-time the levels of dissolved oxygen (DO), tem-
perature, pH, conductivity, and ammonium. Simultaneously, YW Ltd. 
collected spot samples through the bathing season, at the sites where the 
sondes were installed, to measure E. coli and intestinal enterococci using 
current standard methods (ISO9308-1 and ISO7899-2, respectively). 
These gave two sets of independent measurements of FIB: 1) samples 
collected by citizen scientists at exactly the same time and site that 
samples were collected for DNA analysis and 2) water samples collected 
by YW Ltd. at those sites where the multiparametric sondes were 
installed. Principal Component Analysis (PCA) was used to reveal the 
key physico-chemical parameters determining the FIB levels measured 
by YW Ltd. at the sites where the sondes were installed. The PCA was 
performed with the Statistics and Machine Learning Toolbox of MATLAB 
9.13 (https://www.mathworks.com). 

2.3. Water filtration and DNA extractions 

In total, DNA from 105 filters was extracted using a CTAB- 
chloroform-based method as previously described (Karunakaran et al., 
2016). The quantity and purity of the extracted DNA (260/280 ratio) 
were measured using Nanodrop ND-1000 spectrophotometer (Nano-
Drop, Wilmington, DE). Based on the 260/280 ratio, those samples 
showing higher levels of inhibitors (260/280 ≤ 1.6) due to for example 
high levels of organics, were purified using a Wizard® DNA Clean-Up 
System (Promega UK). 

2.4. qPCR with host specific markers: Bacteroidales general faecal 
indicators, human and ruminant 

For the qPCR analysis, 75 samples (including replicates) were 

analysed to obtain representative samples of sites affected by faecal 
pollution from unknown origin, yet central to managing the designated 
bathing site for the water utility. These 75 DNA samples were from sites 
S1, S4, S5, S6, S7, S8, S10 and S13 from June, July, August and S7, S10 
and S12 in September. The samples were pooled according to site and 
date and diluted 1/10 in molecular biology grade water (Thermofisher, 
UK). All the samples were run in triplicate, including a positive control 
and a negative control (PCR reaction without DNA) to verify the lack of 
contamination in the reagents. The dilutions and filtered sample vol-
umes were considered when calculating the copy numbers per litre. The 
qPCR reactions were performed using an Applied Biosystems 7500 Real- 
Time PCR System (Thermofisher Scientific, UK). All qPCR reactions (20 
μL total volume) were performed in triplicate and the reaction mixture 
for all Taqman chemistry-based qPCR assays included 10 μL of TaqMan 
Environmental Master Mix 2.0 (Applied Biosystems, Foster City, CA, 
USA), 2 μL of the probe/primer set with a final concentration of 2 μM 
probe and 10 μM each primer, and 5 μL of the 10-fold diluted target DNA 
template. 

The primers and Taqman probes and the conditions used for the 
qPCR reactions are provided in Supplementary Material Table S1. 
Quantification of samples involved the use of standard curves prepared 
by using serial dilutions of each target gene (Osborn and Smith, 2005) 
amplified from the following sources: 1) for general Bacteroidales, DNA 
from Bacteroides dorei, Bacteroides vulgaris and Bacteroides uniformis was 
amplified and pooled (DMSZ, Germany); 2) for human derived Bacter-
oidales, DNA was extracted and amplified from samples obtained from 
an effluent from a local YW Ltd. wastewater treatment plant, and 3) for 
ruminant specific Bacteroidales, DNA was extracted, amplified and 
pooled from faeces from sheep, cow, pig, goat and horse obtained from 
Graves Park Animal Farm (Sheffield, UK). All the amplicons were pu-
rified using a QIAquick PCR Purification Kit (Quiagen, UK) and then 
quantified using Qubit Fluorometric quantification (Thermofisher, UK). 

2.5. 16S rRNA gene sequencing and analysis 

To obtain representative samples to analyse bacterial diversity 
through sequencing of the 16S rRNA gene, 3 sample replicates from the 
same site and date were pooled using equal amounts of DNA, to obtain a 
representative sample. In total 35 pooled samples were obtained, 
quantified and sent for sequencing to Mr. DNA (Shallowater, TX, USA). 
Sequencing was performed on a MiSeq platform following the manu-
facturer's guidelines. The 16S rRNA gene was sequenced by using 
primers 28F and 519R spanning the V1 to V3 hypervariable regions. 
These primers were used in a PCR reaction using the HotStarTaq Plus 
Master Mix Kit (Qiagen, USA) under the following conditions: 94 ◦C for 
3 min, followed by 30–35 cycles of 94 ◦C for 30 s, 53 ◦C for 40 s and 72 
◦C for 1 min, after which a final elongation step at 72 ◦C for 5 min was 
performed. The purified amplicons were used to prepare the Illumina 
DNA library for sequencing. 

In summary, an initial quality control of the sequencing raw data was 
carried out to remove sequencing errors, and to filter sequences with 
<150 pb. Then, pair-end sequences were joined and dereplicated, and 
chimeras were removed from the analysis using UCHIME2 (Edgar, 
2018). Final Operational Taxonomic Units (OTUs) were taxonomically 
classified using BLASTn against a curated database derived from Ribo-
some Database Project II (RDPII) and The National Center for Biotech-
nology Information (NCBI) (Cole et al., 2013). Alpha-diversity was 
calculated as a measurement of Chao 1 index (richness estimator), 
Simpson index (dominance), and Shannon index (diversity) using 
unrarefied OTU tables at 97 % sequences similarities cut-off (Calero 
Preciado et al., 2022). The data were transformed by square root cal-
culations, and Bray–Curtis similarity matrices were generated using the 
software Primer v7 (PRIMER-E, Plymouth, UK) and visualised using a 
non-metric multidimensional scaling (nMDS) diagram. Analysis of 
similarity statistics (ANOSIM) was calculated using the same 
Bray–Curtis distance matrix to test the significance of differences 
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between samples based on month of sampling. 

3. Results 

3.1. Water quality monitoring (multiparametric sondes and FIB) 

In situ water quality measurements (Supplementary Material, Table 
S2) from the water quality monitoring sondes installed by YW Ltd. 
showed that temperature during the bathing season ranged from a 
minimum of 12.5 ◦C in S9 in August to a maximum of 19.5 ◦C in S7 and 
S11 in July. The lowest DO concentration 8.77 ± 0.81 mg/L was 
recorded at S10 in July. The recorded pH was stable across the moni-
toring sites and ranged between 7.9 and 8.9 for the whole bathing sea-
son. The concentration of ammonium ranged between a minimum of 
0.06 mg/L in S10 in August and September and a maximum of 0.28 mg/ 
L in S9 in September, where high levels of FIB were also detected by YW 
Ltd. The lowest values of conductivity were observed in sites S9 and S10 
(always <200 μS/cm) for the duration of the bathing season. The highest 
conductivity values were obtained in S4 ≥ 455 μS/cm in July and 
August. The highest counts of E. coli provided in the YW Ltd. analysis of 
water samples in the places where the multiparametric sondes were 
installed (average 8425 CFU/100 mL) and IE (average 9475 CFU/100 
mL) were found in S7. 

Fig. 2 shows the results of the Principal Component Analysis (PCA) 
carried out with the water physico-chemical parameters measured by 
the in-situ sondes and the E. coli and IE values provided by YW Ltd. The 
principal component Axis 1 accounted for 73.5 % of the variability and 
principal component Axis 2 for 16.3 %. The results from the PCA showed 
that ammonium was the main parameter influencing the distribution of 
FIB levels in the river basin, believed to be contributed from agricultural 
activities, livestock, and sewage discharges. 

3.2. Faecal indicators results in discrete water samples in the sites used for 
subsequent molecular analysis 

Higher concentrations of E. coli counts (Supplementary Material, 
Table S3) were observed in samples collected from site S11, reflecting 
the influence of a nearby STW. For this site, E. coli levels were 

particularly high for August (55,000 CFU/100 mL). This result is asso-
ciated with a period of sustained rainfall the day before sampling and 
may have included the influence of both untreated storm overflow dis-
charges as well as higher volumes of treated effluent. Several sampling 
locations on tributaries including S5 (15,000 CFU/100 mL) and S4 
(9000 CFU/100 mL) showed high levels of E. coli in the August samples 
(after a heavy rainfall event) when compared with other months. 
Overall, during the bathing season, values from the main river upstream 
STWs were less than those from the tributaries. 

3.3. Quantification of faecal markers by qPCR 

Table 2 shows the results of qPCR analysis as number of target genes 
in the samples (copies/L). For each qPCR assay, the quantification limit 
was determined from the standard curve obtained from each target 
gene. The lowest concentration of standard gene copies that could be 
confidently quantified was considered as the quantification limit. All the 
qPCR results were normalised to gene copies/L of water filtered and the 
samples considered positive if the concentrations were above the 
quantification limit. General Bacteroidales (GenBac) were quantified in 
all the samples analysed, yet a higher copy number of this gene was 
consistently found in the main river samples from S13 (≥2.9•107 gene 
copies/L) and in S12 in September (1.3⋅108 gene copies/L), downstream 
of a STW. In August, most of the samples showed an increase in copy 
numbers, coincident with a heavy rainfall event occurring the day before 
the sampling. The qPCR for the human specific Bacteroidales gene 
(HF183), suggests higher levels of this gene in samples from sites S4 in 
July and August (1.9⋅105 to 2.4⋅105 gene copies/L), S13 in June, July 
and August (2.6 to 4.3⋅105 gene copies/L) and in S12 in September 
(1.1⋅106 gene copies/L). The amplification of ruminant specific Bacter-
oidales (RumBacB2), showed that this gene was present but Below the 
Quantification Limit (B.Q.L) for all the samples in June. In July, only in 
samples from the main river S1 and S13 was it possible to quantify the 
presence of this gene (gene copies >4⋅105copies/L). However, in August, 
ruminant specific Bacteroidales were quantified in several samples, 
including samples from the main river (e.g., S1, S6, S10 and S13), 
indicating the potential influence of agricultural run off after a heavy 
rainfall event. In the samples analysed in September, ruminant specific 

Fig. 2. PCA of physico-chemical water quality measurements from the multiparametric sondes and faecal indicators (E. coli and IE) measured by YW Ltd. at those 
sampling sites where the sondes were installed. 
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Bacteroidales were quantified in the bathing site (S10). 

3.4. Metabarcoding of the 16S rRNA gene sequencing results 

3.4.1. Relative abundance of bacterial groups at phylum level 
Fig. 3 shows that the most abundant phylum in all the samples was 

Proteobacteria (>28 % in all samples) and Bacteroidetes (>20 % in all 
samples). Bacteroidetes were predominant in samples from the main 
river (e.g. S10, S13, S14). Actinobacteria was also present in all samples 
(6–20 %) over the monitored period but increased in abundance in all 
the samples after July. Verrucomicrobia (0.5–11 %) clearly increased in 
July, reaching 20 % of the total relative abundance in samples from S14. 
Regarding phyla commonly associated with animals' intestinal tracts, 
the main phyla detected through DNA sequencing were: i) Bacteroidetes, 
ii) Firmicutes and iii) Fibrobacteres. Firmicutes was consistently present at 
low percentages in all samples, but it was higher (>3 %) in two tribu-
taries, S4 and S7, and increased its abundance in the main river in S11 
and S13 in August samples (>2 %). The relative abundance of the 

phylum Fibrobacteres, was low in all samples (<5 %), but was higher in 
several tributaries, particularly in S4, S5, S7 in August (0.2–3 %) and in 
S7 in September (1 %), when compared with samples from the main 
river. Several tributaries showed higher levels of Cyanobacteria in 
August (S4, S5 and S7) and in S7 in September (7 %) when compared 
with other sampling months. These bacteria are traditional indicators of 
eutrophication in freshwater ecosystems. 

3.4.2. Diversity of faecal indicators (human vs. non-human) in the 
bacterial communities 

Several indicators of faecal pollution were found in the samples 
(Fig. 4A). Overall, the relative abundance of these indicator bacteria in 
the whole bacterial community in the samples was low, representing <2 
% of the total bacterial diversity in a given sample. Traditional faecal 
indicators including E. coli and Enterococcus spp. were not detected in 
the samples by sequencing the 16S rRNA gene. This can be explained by 
the low level of representation that these bacteria have in the total mi-
crobial community when using DNA-based analysis. E. coli belongs to 
the Enterobacteriales order, and this order represented <0.5 % of the 
whole bacterial community in all the samples analysed. General in-
dicators of faecal pollution are Bacteroides spp. Of this group, several 
species are human specific including: Bacteroides dorei, Bacteroides uni-
formis and Bacteroides vulgatus. These three species combined were 
present mainly in July in S4 (0.13 %) and S7 (0.09 %) (both tributaries) 
and in August in S9 (0.73 %) and in S11 (0.44 %) (Fig. 4A). Several 
species also associated with human-derived faecal pollution such as 
Faecalibacterium sp. and Faecalibacterium prausnitzii (Fitzgerald et al., 
2018: Martín et al., 2017), were present in samples from tributaries 
including S4, S5 and S7. The abundance of Bacteroides graminisolvens 
(<0.2 %) a host-specific bacterium of ruminants (Nishiyama et al., 
2009), was higher in tributary samples such as S7 in June (0.18 %) and 
S4 and S7 (0.08–0.17 %) in August. Several samples in the main river, 
S13 and S14 in August and S10 in September, showed very low counts of 
B. graminisolvens (<0.05 %) (Fig. 4A). 

3.4.3. Diversity of pathogens and opportunistic pathogens (OPs) in the 
bacterial communities 

Several species of potential pathogens and OPs were found in the 
samples (Fig. 4B), representing in several samples (S4, S7 and S11 in 
June, July and August, and in S2, S3, and S12 in September) a high 
percentage of the relative abundance of the whole bacterial community. 
The percentage of these type of bacteria tended to be higher in tributary 
samples including S4 in June (>27 %) and S7 in July (>11 %), and in 
sample S3 in September (>12 %), likely associated to its location 
downstream of a small STW. For all these samples, the main potential 
pathogenic bacterial genera were Pseudomonas spp. and Mycobacterium 
spp. Overall, Pseudomonas spp. were particularly abundant in the S4 
sample in June (>25 %), in the S4 and S7 samples in July (>7 %), S7 and 
S11 in August (>8 %) and S3 in September (>10 %). 

Pseudomonas spp. are ubiquitous in the environment and only a few 
species, including Pseudomonas putida, are pathogenic. P. putida 
occurred mainly in sample S4 in June (0.63 %) and S1 in August (0.54 
%), and the relative abundance was very low for all other samples. 
Several species of Aeromonas spp. were also detected, representing, in 
S11 in August, 1.82 % of the total bacterial abundance and present in the 
same sampling site in other months but at a very low percentage <0.5 %. 
The presence of other potential pathogenic species such as Clostridium 
spp. was low, with a limited presence in samples, including one of the 
tributaries (S7, 0.6 %). 

3.4.4. Alpha diversity indices: richness, diversity and dominance of 
bacterial species in the samples 

Over the sampling period, richness (Chao >345 OTUs) was higher in 
samples from the tributaries S4 and S7 (Fig. 5A). Overall, samples 
collected from the main river showed less richness, with the exception of 
those downstream of a WWTP (S11 to S14). In August, a clear increase in 

Table 2 
Results of qPCR analysis using 3 different genetic markers: general Bacteroidales 
(GenBac). Human specific Bacteroidales (HF183), and ruminant specific Bacter-
oidales (RumBac2). Results are expressed as gene copy number/L.   

Site GenBac HF183 RumBacB2 
June S1 8.7E+06 ±

1.2E+06 
5.1E+04 ±
1.6E+04 

B.Q.L 

S4 1.3E+07 ±
1.7E+06 

7.4E+04 ±
1.4E+03 

B.Q.L 

S6 6.8E+06 ±
1.8E+06 

3.4E+04 ±
4.3E+03 

B.Q.L 

S7 9.8E+06 ±
9.5E+05 

4.6E+03 ±
1.1E+03 

B.Q.L 

S8 7.1E+06 ±
2.7E+06 

3.1E+04 ±
2.8E+03 

B.Q.L 

S10 8.6E+06 ±
7.9E+05 

5.2E+04 ±
1.0E+04 

B.Q.L 

S13 2.9E+07 ±
4.4E+05 

4.1E+05 ±
1.4E+04 

B.Q.L 

July S1 1.3E+07 ±
2.3E+06 

3.5E+03 ±
1.3E+03 

4.2E+05 ±
8.7E+02 

S4 4.8E+07 ±
3.2E+06 

2.4E+05 ±
5.5E+03 

B.Q.L 

S6 4.2E+06 ±
9.6E+05 

B.Q.L B.Q.L 

S7 9.1E+06 ±
2.1E+05 

2.1E+04 ±
1.8E+03 

B.Q.L 

S8 7.1E+06 ±
7.1E+05 

3.9E+03 ±
1.4E+03 

B.Q.L 

S10 8.6E+06 ±
7.9E+05 

4.0E+04 ±
2.1E+04 

B.Q.L 

S13 5.4E+07 ±
7.1E+06 

2.6E+05 ±
1.4E+04 

4.7E+05 ±
2.2E+04 

August S1 1.6E+07 ±
9.9E+05 

9.9E+03 ±
5.8E+03 

9.5E05 ± 0 

S4 9.1E+07 ±
1.4E+07 

1.9E+05 ±
1.1E+04 

B.Q.L 

S6 1.7E+07 ±
1.1E+05 

3.0E+04 ±
6.4E+03 

9.6E+05 ± 0 

S7 4.0E+07 ±
1.4E+06 

2.4E+04 ±
4.1E+02 

B.Q.L 

S8 2.1E+07 ±
1.5E+06 

4.3E+04 ±
7.0E+03 

B.Q.L 

S10 2.9E+07 ±
1.6E+06 

1.4E+05 ±
7.0E+03 

9.0E+05 ±
9.9E+04 

S13 5.4E+07 ±
2.6E+06 

4.3E+05 ±
3.4E+04 

8.8E+05 ±
4.6E+04 

September S7 5.0E+06 ±
1.5E+05 

2.5E+04 ±
4.0E+03 

B.Q.L 

S10 1.4E+07 ±
5.5E+05 

2.3E+04 ±
1.4E+03 

4.1E+04 ± 0 

S12 1.3E+08 ±
2.8E+07 

1.1E+06 ±
1.4E+05 

B.Q.L 

B.Q.L. = Below Quantification Limit. 
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richness was observed in most of the samples, particularly in S6 (˃400 
OTUs). Shannon's diversity index (H′) (Fig. 5B), includes a measure of 
the number of OTUs in a community, taking into account the abundance 
of each OTUs (Willis, 2019). The samples with the lower diversity were 
those from S6 and S8 in June (H′ = 1.8 to 2.2). Higher Shannon (>4) 

values were found in August in several samples from tributaries S5 and 
S7, and in S7 in September. Dominance index results (Fig. 5C), indicate 
the dominance of one or few OTUs in the entire bacterial community. 
Generally, dominance was higher in the samples in June except for S4 
and S7 and clearly decreased in August samples, particularly in S5 and 

Fig. 5. Indices of A) richness using Chao I, B) Shannon diversity and C) dominance indices based on relative abundance of OTUs.  

Fig. 6. Two-dimensional non-metric MDS ordination plot of samples analysed by 16S rRNA sequencing during the bathing season of 2021.  
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S7. 

3.4.5. Non-metric Multidimensional Scaling (nMDS) analysis of bacterial 
communities at species level 

The nMDS analysis (Fig. 6) was used to obtain clustering of samples 
at 97 % sequence similarity cut-off. Variability in bacterial community 
distribution between sample points was observed showing a temporal 
pattern with samples tending to cluster according to date of sampling. 
For example, most of the samples in June clustered together except for 
S7 and S4, both samples from tributaries. The nMDS analysis also 
showed a tendency for samples to separate spatially, with samples ob-
tained from tributaries, with higher levels of pollution, tending to group 
together and separate from the main river samples. Samples from several 
tributaries including S4, S5, S7 and S9 in August and September tended 
to separate from the main cluster of samples of the months analysed. The 
separation of samples according to month was supported by the statis-
tical ANOSIM analysis for June and July months (R = 0.35 and p =
0.002) and June and August (R = 0.32, p = 0.005). 

4. Discussion 

4.1. Water quality monitoring and faecal pollution indicators 

The analysis of continous and real-time data from YW Ltd. water 
quality multiparametric sondes showed that the primary factor deter-
mining the distribution of faecal indicators (E. coli and IE) in the samples 
was ammonium. Ammonium is an important parameter monitored as 
part of the Water Framework Directive and has been previously recog-
nised as a sentinel parameter of the microbiological pollution load in 
rivers (Cabral and Marques, 2006). Several studies in catchments around 
the world (Vadeboncoeur et al., 2018; Reynolds et al., 2021) have shown 
that ammonium sources are mainly manure, agricultural runoff, sewage 
and municipal effluent discharges, showing its relevance as a water 
quality parameter suitable for assessment of faecal pollution in rivers. In 
this study, ammonium was higher in S4 (0.18–0.20 mg/L) and S9 
(0.26–0.28 mg/L), coincident with higher relative abundance of faecal 
pollution markers in the samples (Bacteroides spp. and Faecalibacterium 
spp.) when compared with other samples (Fig. 4). The sampling point 
S4, is located downstream of a STW and the site S9 has been associated 
with sewer misconnections. At the bathing site (S10), levels of ammo-
nium were always low and ranged between 0.06 and 0.07 mg/L, con-
firming that anthropic sources are not the major cause of pollution at 
this site. Faecal pollution in the studied area was mainly associated with 
discharges from a small STW (S3 and S4 samples), potential leaks from 
septic tanks and surface water runoff (S5 and S7), and undetected sewer 
misconnections (S9). However, in agricultural/farming areas (Fig. 1 
Table 1), faecal bacteria from ruminant sources were found including 
Bacteroides graminisolvens detected by metabarcoding and RumBacB2 
gene copy numbers quantified by qPCR. At these sites, the detection of 
RumBacB2 genes and sequences belonging to B. graminisolvens was low, 
and when the levels of detection were met in the qPCR analysis, the 
ruminant marker levels tended to be higher when compared with the 
human markers (HF183). Bacteroides graminisolvens, has been previously 
found in methanogenic reactors of cattle farms (Abe et al., 2012; Nish-
iyama et al., 2009), showing potential as a MST marker from farming 
effluents. During dry weather conditions (e.g., June/July), faecal bac-
teria from ruminant sources were below the limit of detection when 
analysed by qPCR. However, in August, in samples collected shortly 
after a heavy rainfall event, the abundance of bacteria from ruminant 
sources increased (Table 2). Similar findings regarding the impact of 
intense rainfall on faecal pollution were observed by Peed et al. (2011). 
The authors reported a positive significant correlation between abun-
dance of human associated markers and septic systems following a wet 
weather event. Overall, the lower concentrations of faecal pollution 
found in the main river upstream of the primary urban area, when 
compared to the tributaries, can be attributed to the dilution effect 

caused by the significantly larger volume of water in the main river 
channel. However, the main river samples downstream of a STW (from 
S11 to S14) showed high levels of human-faecal indicators (quantified 
mainly as GenBac and HF183 copy numbers). Samples in August, 
collected after a wet weather event, showed an increase in faecal 
markers (both human and ruminant). Heavy rainfall surface run-off 
processes, and CSOs losses that are released directly into a water body 
can result in water quality changes in receiving waters, showing the 
importance of incorporating wet weather monitoring in surveillance 
campaigns (Munro et al., 2019; Tian et al., 2022). Further research is 
required in agricultural catchments at different times of the year and 
under different flow conditions to better apportion sources between 
humans and ruminants. 

4.2. Microbial community composition, structure and indicators of faecal 
pollution 

The utilisation of DNA sequencing to analyse bacterial community 
composition provides a valuable tool for monitoring influences of 
pollution and environmental changes. This approach enables the iden-
tification of specific microorganisms that can serve as bioindicators for 
assessing water quality and identifying pollution events (Yergeau et al., 
2012). In the present study, the bacterial community structure exhibited 
spatial and temporal variability across the sampling sites, reflecting 
influences from urban and agricultural activities within the catchment 
area (Fig. 6). The impact of faecal pollution on bacterial community 
composition was clearly demonstrated through DNA sequencing results, 
which revealed distinct bacterial fingerprints in sites most affected by 
faecal pollution (Fig. 3). Overall, bacterial communities associated with 
polluted sites exhibited higher abundances of Bacteroides spp., Firmi-
cutes, pathogenic organisms, and opportunistic pathogens (Fig. 4), along 
with reduced community diversity (Fig. 5). Previous research has indi-
cated that STWs (influent and untreated waters) predominantly contain 
microbiomes represented by Firmicutes (McLellan et al., 2010; Shanks 
et al., 2013) and Bacteroidetes (Newton et al., 2015). Bacteroides spp. are 
known to be closely associated with faecal matter, as they are strict 
anaerobic bacteria with limited survival rates outside of a host in the 
environment (Eklas, 2021). In this study, Bacteroides uniformis was found 
to be more prevalent in samples affected by wastewater treatment plants 
downstream from the bathing site (e.g., S11 to S14). B. uniformis is a 
resident of the human intestines and has been proposed as a potential 
candidate indicator for faecal pollution (Morita et al., 2021). Overall, 
Bacteroides spp. have been identified as suitable indicator organisms for 
CSO contamination in urban rivers (Ekhlas et al., 2021). Additionally, 
the combined quantification of Bacteroides spp. and E. coli, as suggested 
by Mulugeta et al. (2012), can enhance water quality assessment in 
aquatic environments. Another bacterial group frequently present in 
polluted samples in this study was Firmicutes. Bacteria belonging to the 
phylum Firmicutes are important inhabitants of the human gastrointes-
tinal microbiome (Siezen and Kleerebezem, 2011), and are among the 
major bacterial groups found in river catchments influenced by human 
faecal sources (Raza et al., 2021). Some bacteria belonging to Firmicutes 
such as Bacillus and Enterococcus can produce resistant endospores that 
can persist in the environment (Browne et al., 2021). These microor-
ganisms have been found in waters that have been contaminated over 
extended periods, making them excellent bioindicators of long-term 
faecal pollution (Edberg et al., 2000; Cabral, 2010). Faecalibacterium 
prausnitzii, a member of the Firmicutes phylum identified in this study, is 
one of the most abundant bacteria in the healthy human microbiota 
(Martín et al., 2017). Similar findings were recently reported by Sun 
et al. (2017), who observed elevated levels of Firmicutes in the Yangtze 
River, attributing them to faecal bacteria discharged from a nearby 
wastewater treatment plant. The findings from this study suggest that 
bacteria belonging to Bacteroides and Firmicutes can serve as reliable 
indicators of sewage pollution in surface waters. These bacteria, typi-
cally found in human faeces or sewage, but absent or present in minimal 

E. Karunakaran et al.                                                                                                                                                                                                                          



Science of the Total Environment 912 (2024) 168565

10

amounts in surface freshwaters, hold potential as indicators for assessing 
sewage contamination. Furthermore, with advancements in high- 
throughput sequencing technology such as the portable sequencer 
called MinION (Werner et al., 2022) surveillance of pollution using 
sequencing may one day be routinely employed to monitor the overall 
health- status of rivers. 

4.3. Risk from pathogens and opportunistic pathogens (OPs) 

The relative abundance of pathogen-like sequences at the genera and 
species level varied based on land use and the abundance of FIB. The 
presence of human-derived bacteria coincided with higher bacterial 
diversity and the occurrence of potential pathogens, particularly bac-
teria belonging to the genera Mycobacterium, Aeromonas, Arcobacter, and 
Clostridium. Among Mycobacterium species, NonTuberculous Mycobac-
teria (NTM) were present in tributary samples, particularly in sites S1 
and S2 in July. NTM is a subgroup within the Mycobacterium genus and 
includes numerous pathogenic species that are commonly found in 
aquatic environments (Delghandi et al., 2020). Similarly, Aeromonas 
which are considered opportunistic pathogens, are frequently isolated 
from freshwater ecosystems with varying degrees of faecal pollution and 
they can impact immunocompromised individuals who have had con-
tact with contaminated water (Pettibone, 1998). Arcobacter, is an 
emerging waterborne pathogen and its presence has been linked to 
faecal pollution in rivers in Spain (Collado et al., 2008), Brazil (Godoy 
et al., 2020), and Japan (Ekhlas et al., 2021). Species of the genus 
Clostridium are widespread in nature and commonly inhabit the 
gastrointestinal tracts of humans and animals (Guo et al., 2020). Higher 
levels of Pseudomonas were also present in polluted sites in this study, 
most of which are not pathogenic and are commonly found in freshwater 
ecosystems. However, some Pseudomonas strains, such as Pseudomonas 
putida, can cause infections (Fernández et al., 2015). 

The results obtained from molecular methods indicate that human 
sources of faecal pollution significantly contribute to overall pollution 
within the study area. In samples taken within 48 h following a heavy 
rainfall event in August, the concentration levels of faecal markers and 
the presence of potential OPs, particularly Mycobacterium spp., 
increased in all samples. This suggests an input of new faecal pollution 
from different sources due to surface-water runoff. Similar findings have 
been observed in other studies where rainfall has been identified as the 
main driver of water quality variations and an elevated microbial risk 
(Tornevi et al., 2014; García-Aljaro et al., 2017). These human sources 
continuously introduce microbial inputs to the river, exerting a selective 
pressure on the natural microbial communities. This pressure can lead to 
the enrichment of certain microbial groups, as observed in this study, 
with an increase in the dominance of potential pathogens like Myco-
bacterium and Aeromonas (Fig. 4). DNA sequencing profiling provided a 
powerful tool for understanding the dynamics of potential pathogens 
present in the samples. The understanding of the distribution patterns of 
these adverse microbes is crucial for catchment managers in making 
informed decisions regarding the implementation of appropriate prac-
tices, to mitigate and reduce potential risks. This might involve imple-
menting better water treatment technologies, improving sanitation 
practices, or implementing targeted interventions in specific areas with 
higher pathogen loads. The results presented in this study contributed to 
research carried out to improve surveillance and mitigation efforts 
carried out by the local water company. However, from a regulatory 
perspective, epidemiological studies are necessary to develop risk 
assessment models and evaluate the use of molecular methods in setting 
regulatory thresholds and determining the association between the 
detection of certain indicators and illness. By examining the relation-
ships between various factors, including exposure to faecal pollution, 
environmental conditions (e.g., heavy storms, heatwaves, floods, and 
droughts), demographic data, and health outcomes, these models can 
quantify the likelihood of illness associated with specific exposure levels 
(Holcomb and Stewart, 2020). 

5. Conclusion 

Assessing contamination sources in recreational waters is of utmost 
importance for directing outreach and mitigation efforts. This study 
highlights the effective application of microbial genetic analysis, in 
identifying fingerprints and alternative indicators of faecal pollution. 
These methods offer a fast and efficient way to quantify new water 
quality indicators and assess water quality. However, further research is 
needed to determine if these indicator microorganisms vary across 
different locations, and if they can accurately assess human health risks, 
especially when the primary source of faecal contamination is not 
human-related. Understanding the potential risks associated with faecal 
pollution is crucial, and it should be noted that the presence of patho-
genic taxa based on biomarker DNA alone may not always correlate with 
actual public health risks, as for example the presence of virulence genes 
should also be considered. However, shotgun metagenomics can help 
address this concern by providing a more comprehensive understanding 
of the genetic content of an environmental sample and relevant genes 
associated with health risks. 

This study highlights the significance of quantifying pollution sour-
ces, both point and nonpoint sources, to effectively manage river water 
quality and establish appropriate environmental governance policies. A 
comprehensive understanding of the current state and long-term trends 
in water quality is pivotal in enabling policymakers to propose adaptive 
and sustainable management solutions. Continued research, data 
sharing, and advancements in sequencing technologies will all 
contribute to the development of robust water quality monitoring 
practices and informed decision-making processes in the field of water 
resource management. 
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