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The sensitivity and specificity of the crAss_2 marker was evaluated using faecal samples from herring gulls,
dogs, sewage and a stream impacted by human pollution (n = 80), which showed that all human impacted sam-
ples tested positive for the marker while none of the animal samples did. The crAss_2 marker was field tested in
an urban marine bathing water close to the discharge point of human impacted streams. In addition, the bathing
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spike in the gull marker. In contrast, both the crAss_2 and HF183 markers remained at a constant level, showing
that human faecal contamination is homogenously distributed, while gull pollution is localised. Performance of
the crAss_2 and HF183 assay was further evaluated in bimonthly compliance point samples over an 18-month
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period. The co-occurrence between the crAss_2 and HF183 markers in compliance sampling was 76%. A
combination of both markers should be applied in low pollution impacted environments to obtain a high

confidence level.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Faecal contamination of recreational bathing waters may pose a signif-
icant health risk not only to swimmers but also to those pursuing other
water related activities such as sailing or surfing (Colford et al., 2007;
Kay et al., 1994; Prieto et al., 2001; Soller et al., 2014; Zmirou et al.,
2003). Intestinal illnesses as well as eye and skin irritation are some of
the negative health outcomes following exposure to recreational waters
with high levels of faecal indicators (Cabral, 2010; Colford et al., 2007;
Priiss, 1998; Wade et al., 2006). From a European Union (EU) regulatory
perspective, the assessment of bathing water quality relies on the quanti-
fication of two microbiological parameters, namely Escherichia coli and in-
testinal enterococci. Recreational bathing waters in member states is
therefore classified as excellent, good, sufficient or poor based on 90th
and 95th percentiles of these microbiological indicator levels in water
samples taken over a four year period as specified by the 2006/7/EC
European Bathing Water Directive (EU, 2006).

Human faecal contamination, originating from discharge of contami-
nated rivers and streams, wastewater treatment plants and combined
sewer overflows can be a major source of contamination in urban bathing
waters (Ahmed et al., 2020; Bedri et al., 2015; Brown et al., 2004; Reynolds
et al., 2020; Unc and Goss, 2004). Pollution episodes in this regard can be
most acute during severe weather events that trigger the activation of
combined sewer and stormwater overflows but which also drive the re-
lease and transport of faecal matter from catchments such that faecal indi-
cator concentrations from both point and diffuse sources are increased
(Ahmed et al., 2019a; Panasiuk et al,, 2015). In addition, these urban bath-
ing waters may be contaminated by faecal matter originating from forag-
ing seabirds and waterfowl (Calderon and Mood, 1991; Unc and Goss,
2004; Yamahara et al., 2007). Among wildlife species, gulls have been re-
ported as being major contributors of faecal pollution in coastal waters
(Aradjo et al, 2014; Lu et al,, 2008). Dog fouling may also significantly con-
tribute to faecal contamination, an issue more significant in the case of
urban beaches (Ervin et al., 2014; Oates et al., 2017; Walker et al., 2015).

A wide range of molecular source tracking markers have been devel-
oped to identify the origin of faecal contamination, many of which target
host-specific Bacteroidales 16S ribosomal RNA genes and mitochondrial
DNA markers (Ballesté et al., 2020; Bernhard and Field, 2000; Gawler
et al., 2007; Gomez-Doiiate et al., 2016; He et al., 2015; Roslev and
Bukh, 2011). Recently crAssphage, a bacteriophage that infects the
human gut bacterium Bacteroides intestinalis (Shkoporov et al., 2018),
has been described as a novel human-associated molecular source track-
ing marker (Garcia-Aljaro et al., 2017; Stachler et al., 2017). The
crAssphage DNA sequence was assembled through metagenomic analysis
of human faecal samples (Dutilh et al., 2014). The abundance and distri-
bution of gut microbiota vary between geographical regions, affecting
the performance of microbial source tracking markers (Boehm et al.,
2013; Mayer et al., 2018; Roslev and Bukh, 2011; Yahya et al., 2017).
However, the crAssphage sequence has since been detected in the major-
ity of publicly available human faecal metagenomes collected in a range of
geographic locations, suggesting that it is near-ubiquitous in the global
human population (Edwards et al,, 2019; Yutin et al., 2018). Recently,
two crAssphage-like phages have been reported to infect other
Bacteroides species such as B. thetaiotaomicron (Hryckowian et al,
2020). Following its discovery, a number of crAssphage assays have
been developed for its detection (Garcia-Aljaro et al., 2017; Stachler
et al., 2017). This novel human-specific bacteriophage is highly abundant
in sewage with no seasonal patterns reported and is therefore a useful
tool to detect human contamination in waterbodies (Chen et al., 2021;

Crank et al., 2020; Farkas et al., 2019). Furthermore, the crAssphage
marker correlates with human viruses, e.g., norovirus, adenovirus,
bocavirus and polyomavirus, in sewage and activated sludge (Crank
et al.,, 2020; Farkas et al., 2019; Stachler et al., 2018; Wu et al., 2020). It
has therefore been suggested that crAssphage may be used as a viral
water quality monitoring tool (Bivins et al., 2020; Malla et al., 2019).

The use of crAssphage as a human faeces marker has been demon-
strated in the field, predominantly in rivers, lakes and estuaries
(Ahmed et al., 2020, 2018b, 2018a; Ballesté et al., 2019; Kongprajug
et al, 2019; Malla et al.,, 2019). This study evaluates the use of
crAssphage as a tool to differentiate between human and animal pollu-
tion in spatial and temporal transects as well as in routine compliance
sampling in a complex marine environment that is impacted by multi-
ple sources of faecal pollution, including by seabirds, dogs and contam-
inated urban streams.

2. Materials and methods
2.1. Bathing water samples

Dublin, the capital of Ireland, is a coastal city with a population of ap-
proximately 560,000 people residing within its city limits and more
than 1.9 million people living in the Greater Dublin Area (a region com-
prising Dublin together with its neighbouring counties). Dublin Bay is a
UNESCO biosphere and is home to thousands of protected native and
migratory birds that roost and forage on or near the coast. Several
small streams that are heavily urbanised along their courses discharge
into Dublin Bay. The Elm Park stream is 3.8 km long and flows through
a heavily urbanised catchment with a population of approximately
40,000 people before discharging near to two of Dublin's three desig-
nated bathing areas (Sandymount Strand and Merrion Strand) which
were selected for this study. Bathing water samples were collected in
the study area under three conditions (Fig. 1):

1. After a rain event: Water samples were collected at Merrion Strand
3 h after 22.8 mm of rainfall in 4 h, every 30 min during a 12-hour
tidal cycle. Sampling was carried out in a transect perpendicular to
the foreshore.

2. High tide transect: Water samples were collected along a 2 km tran-
sect perpendicular to the foreshore during a high tide at Sandymount
Strand. A total of ten samples were collected every 250 m, leading to
maximum offshore sample collection distance of 2.25 km. The initial
collection point was closest to the shore, the successive water sam-
ples were collected using a canoe to avoid disturbing the sediment.
The transect was completed within 1 h, with depth measurements
also being recorded.

3. Compliance point sampling: A total of 80 samples from Sandymount
and Merrion Strands were collected on a bi-monthly basis from April
2018 to November 2019. Water samples were taken at high tide.

Water samples were collected in sterile containers at approximately
20 cm below the surface and were subsequently refrigerated and proc-
essed within 8 h.

2.2. Sampling of gull and dog faeces, sewage and river water

Individual herring gull (Larus argentatus) droppings (n = 20) were
collected from Howth Harbour, Co. Dublin (53°23’19.4” North 6°03’
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Fig. 1. Map of the Dublin Bay study area showing the locations of the compliance points at Sandymount and Merrion Strand (white star) and the location of the transect studies. The
location of water samples taken during a tidal cycle are indicated by white circles. Black triangles indicate the sampling sites of the transect study carried out at high tide.

49.5" West). Dog samples (n = 20) were collected from the Dublin
Society for Prevention to Cruelty to Animals County Dublin and the
Kildare and West Wicklow Society for Prevention to Cruelty to Animals
County Kildare. Sewage samples (n = 20) were collected from the
Dublin sewerage system or from the influent of three local wastewater
treatment plants. In addition, samples were taken over a year from a
small urban stream (Elm Park Stream, 53°18’51.8” North-6°12'12.6"
West) that discharges onto the Merrion Strand. All samples were
collected in sterile containers, kept on ice and DNA was extracted within
8 h after collection.

2.3. Enumeration of faecal indicator bacteria and somatic bacteriophages

Water samples were filtered through 0.45 pum nitrocellulose mem-
branes (ThermoFisher Scientific) and cultured on TBX agar (Tryptone
Bile X-Glucuronide agar; Sigma-Aldrich) at 37 °C for 4 h followed by a
further incubation at 44 °C for 18 h to enumerate E. coli. Intestinal en-
terococci were enumerated by placing the filters on SB (Slanetz and
Bartley, Oxoid) medium at 37 °C for 48 h. Positive colonies were con-
firmed using BAA (Bile Aesculin Agar, Sigma-Aldrich) at 44 °C for 2 h.

Somatic coliphages (SOMCPH) were enumerated using the ISO
10705-2 double agar layer method (ISO, 2000). To concentrate volumes
greater than 10 ml, MgCl, was added to a final concentration of 0.05 M,
followed by filtration using a 0.22 um mixed cellulose ester membrane
filter (Merck Millipore). Filters were placed in a flask containing 5 ml
of 1% (w/v) beef extract (Neogen), 3% (v/v) Tween 80 (MP Biomedicals)
and 0.5 M NaCl and eluted using an ultrasound bath for 4 min (ISO,
2003; Méndez et al., 2004).

2.4. Nucleic acid extraction

Water (100 ml) and sewage samples (30-50 ml) were filtered
through 0.22 um mixed cellulose ester membrane filters (Merck
Millipore). The filters were subsequently placed in 500 pl of GITC buffer
(5 M guanidine thiocyanate, 100 mM EDTA [pH 8] and 0.5% sarkosyl)

and stored at —20 °C. DNA was extracted using a previously described
modification of the DNeasy Blood and Tissue kit protocol (Qiagen)
(Gourmelon et al., 2007). The QIAamp Fast DNA stool mini kit (Qiagen)
was used to extract genomic DNA from 180 to 220 mg of fresh faeces.
The DNA was dissolved in a final volume of 200 pil of elution buffer.

2.5. Microbial source tracking (MST) marker quantification

The crAssphage marker (crAss_2) was quantified using a FAM-
labelled TagMan probe (Garcia-Aljaro et al., 2017). The human HF183,
canine and gull markers targeting Bacteroidetes sp. (human, dog) and
Catellicoccus marimammalium (gull) are SYBR green based assays
(Bernhard and Field, 2000; Dick et al., 2005; Sinigalliano et al., 2010).
Undiluted and 10-fold diluted samples were analysed in a reaction mix-
ture (20 pl) containing the appropriate primers (Table S1) and either
the FastStart Essential DNA Probes Master or FastStart Essential DNA
Green Master (Roche). Linearised standards between 10° and 106
gene copies were included in each run to quantify target gene levels in
each sample (Garcia-Aljaro et al., 2017; Reynolds et al., 2020). Positive
(plasmid standard) and negative no-template (PCR grade water) con-
trols were included. The amplification efficiency of the assays was calcu-
lated with the slope of the linear regression lines using the equation
(E) = 1011/=slope) = 1 (Rutledge, 2003) (Table S2). The efficiency of all
the assays were between 90 and 110%. All qPCR cycle conditions in-
cluded a 10 min incubation at 95 °C and a melt curve analysis. The
limit of detection (LOD) was defined as the lowest concentration of
DNA that could be detected in at least 95% of replicates and the limit
of quantification (LOQ) was determined as the lowest concentration of
DNA quantified within 0.5 standard deviations of the log10 concentra-
tion (AFNOR, 2015; Blanchard et al., 2012) (Table S2).

2.6. Data analysis

Sensitivity and specificity values for the crAss_2 marker as human
MST were calculated as described previously (Gawler et al., 2007).
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Table 1
Number of positive samples and concentrations of the crAssphage marker in DNA samples.
The source of the faecal samples is described in the Materials and methods.

Sample type Number of Number of positive Gene copies/100 ml or
samples samples 100 mg

Gull faeces 20 0/20 <LOD

Dog faeces 20 0/20 <LOD

Human polluted stream 20 20/20 6.30 x 10%-2.87 x 10°

Sewage samples 20 20/20 7.28 x 10%-4.90 x 107

Data were analysed using GraphPad Prism8 (GraphPad Software),
Spearman correlation was used for correlation analysis and the Mann-
Whitney test was used to determine significant differences between
concentrations of microbial source tracking markers. A significant
value of p < 0.05 was considered.

Science of the Total Environment 789 (2021) 147828

3. Results
3.1. Sensitivity and specificity of the crAssphage marker crAss_2

Merrion and Sandymount strands are popular with dog walkers and
are home to many seabirds. Furthermore, the urban Elm Park Stream,
which is frequently contaminated by human faecal pollution
(Reynolds et al., 2020), discharges close to these bathing waters. The
main source of faecal contamination of these bathing waters is likely
to be from seabirds, dogs and humans. We therefore evaluated the per-
formance of the crAss_2 assay as human MST using DNA extracted from
gull and dog faeces, and from samples taken from the Elm Park stream
and from raw sewage taken from the influent of a wastewater treat-
ment plants and from the sewage system. All dog and seabird samples
were negative for the crAss_2 marker. In contrast, all EIm Park Stream
and raw sewage samples were positive. The sensitivity and specificity
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Fig. 2. Levels of faecal indicators and gene markers during a tidal cycle for following heavy rain. Shown are A: the levels of E. coli, intestinal enterococci (LE.), somatic coliphages (SOMCPH)
and B: the levels of the human faecal markers HF183 and crAss_2. Samples were taken between 7:00 and 18:30 h starting at high tide.
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of the crAss_2 assay was therefore 100% (Table 1). The levels of the
crAss_2 marker ranged from 6.30 x 10 to 2.87 x 10° gc/100 ml in sam-
ples from the Elm Park stream and from 1.39 x 10° to 4.9 x 107 gc/
100 ml in raw sewage samples (Fig. S1).

3.2. Correlation of crAssphage marker with human marker HF183 during a
rain event

Significant rainfall events frequently cause a rapid increase in faecal
indicator levels in bathing waters due to an increased discharge of faecal
contamination from rivers. We therefore decided to evaluate the
crAss_2 marker in marine bathing waters in conjunction with E. coli, in-
testinal enterococci, somatic coliphages and the human HF183 marker.
The compliance point at Merrion strand was sampled at 30-minute in-
tervals following a rainfall event over a 12-hour tidal cycle, the sampling
sequence commencing 3 h after the rainfall event and coinciding with
high tide.

E. coli and intestinal enterococci levels were shown to decrease by
two orders of magnitude from 3.94 x 10% and 3.88 x 10 cfu/100 ml
for both faecal indicators at high tide following the rain event to 2.5 x
102 and 1.21 x 10 cfu/100 ml for respectively E. coli and intestinal en-
terococci. A similar trend was observed for somatic coliphages, which
decreased from 3.84 x 10° to 3.27 x 10" pfu/100 ml (Fig. 2a).

All samples (n = 24) throughout the tidal cycle were positive for
both the crAss_2 and HF183 markers, indicating the presence of
human faecal pollution (Fig. 2b). Both markers decreased by two orders
of magnitude over the tidal cycle, decreasing from 6.94 x 10* to 3.03 x
102 gc/100 ml and from 8.96 x 10% to 1.70 x 10 gc/100 ml, for crAss_2
and HF183 respectively and were significantly correlated (p = 0.84,
Fig. 3). Interestingly, both crAss_2 and HF183 were correlated, albeit
to a lesser extent, with the levels of E. coli, intestinal enterococci and so-
matic coliphages (Fig. S2). All correlations were statistically significant
(p < 0.0001).

3.3. crAssphage discriminated diffuse pollution in a bathing area in high tide
conditions

The spatial distribution of human and seabird faecal contamination
was examined along a transect perpendicular to the shoreline and
intersecting the compliance point at high tide. Surprisingly, faecal indi-
cators were not homogenously distributed along the transect but in-
creased strongly from 2.38 x 102 and 3.91 x 10" cfu/100 ml for E. coli
and intestinal enterococci, respectively, at the shoreline, increasing to
amaximum value of 4.94 x 10> and 6.40 x 10 cfu/100 ml 1 km offshore.
Somatic coliphage levels increased from 1.40 x 10" and 9.75 x 10 cfu/

(3]
]
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crAss_2 (LOG,, gc/100ml)
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w

Fig. 3. Correlation between the human HF183 and crAss_2 markers. Shown are the levels
of HF183 and crAss_2 in sea water samples at the compliance point of Merrion Strand
during a 12-hour tidal cycle (p = 0.842 and p < 0.0001).
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100 ml (Fig. 4a). The faecal indicator levels subsequently declined to 30
cfu/100 ml 2.25 km offshore. Peak levels of faecal indicators coincided
with a shallow seabed, suggesting a submerged sandbank (Fig. 4c).
Both the human HF183 and crAss_2 markers remained constant
throughout the transect, suggesting a homogeneous distribution of
human faecal contamination along the transect. In contrast, the levels
of the gull marker increased by at least one order of magnitude 1 km off-
shore, coinciding with the maximum levels of E. coli and intestinal en-
terococci. The dog marker was not detected (Fig. 4b).

3.4. Detection of crAssphage during routine bathing water monitoring

The performance of the crAss_2 marker was further evaluated in
compliance point samples over an 18-month period and was analysed
in conjunction with the levels of E. coli, intestinal enterococci, somatic
coliphages and the human HF183 marker. Faecal indicator levels in
compliance point samples varied by up to four orders of magnitude,
whereas the crAss_2 and HF183 marker varied by one order of magni-
tude (Fig. 5). In most samples from both Merrion and Sandymount
Strands, the level of the HF183 marker was significantly higher than
that of the crAss_2 marker (Mann-Whitney test, p = 0.0017 and
0.0015 for Merrion and Sandymount Strands, respectively).

The crAss_2 and the HF183 markers were not present in all compli-
ance point samples, reflecting the strong degree of bathing water qual-
ity variability at these sites. In general, however, Merrion Strand is
shown to be more polluted than Sandymount Strand (Fig. 5). This is
reflected in the higher percentage of samples that test positive for either
the crAss_2 or HF183 markers. At Merrion Strand, 62.5% and 77.5% of
samples respectively, were positive for the crAss_2 or the HF183
markers but this reduced to 52.5% and 62.5%, respectively, for
Sandymount Strand. In 77.5% (Merrion) and 75% (Sandymount) of the
samples, the two markers were either both above or both below the de-
tection limit. The remainder of the samples (24%) was positive for one
marker only (Table 2). Interestingly the correlation between the
crAss_2 and HF183 markers was less pronounced in compliance point
samples (p = 0.53, Fig. 6) than in samples taken after the recent rainfall
event in the transect study.

4. Discussion

Among recently described MST markers, Bacteroides bacteriophage
crAssphage has been proposed as a potential human marker of human
faecal pollution for use in bathing water management. This study
aimed to assess the implementation of a crAssphage marker (crAss_2)
for marine bathing water quality monitoring in an urban environment
that is primarily impacted by human pollution, but is also subject to
dog and seabird fouling (Reynolds et al., 2020). The crAss_2 assay
showed 100% sensitivity and specificity for these sources of pollution
and is therefore useful in correctly identifying waters impacted by
human waste. A previous study, which did not include dog and seabird
faeces, showed some cross reactivity with porcine, bovine and chicken
faecal samples (Garcia-Aljaro et al., 2017). These were not tested in
the present study as these animals are not present in this urban environ-
ment. The lack of cross-reactivity of the crAss_2 assay with dog and bird
faeces is in agreement with the results of the CPQ _056 and CPQ_064
crAssphage assays (Ahmed et al., 2018b, 2018a; Stachler et al., 2017).
Field testing of the crAss_2 marker in bathing waters during a 12-hour
tidal cycle and following a rainfall event showed that the levels of the
crAss_2 marker and the HF183 marker were closely correlated and pres-
ent in comparable levels, pointing towards recent human faecal pollu-
tion that in this case, most likely emanated from the EIm Park stream,
the outfall of which discharges in close proximity to these bathing wa-
ters and which has been shown to be highly polluted following rainfall
(Reynolds et al., 2020). Similar observations have been reported for in
estuarine waters in Australia receiving urban stormwater runoff
(Ahmed et al., 2018a). Short-term pollution of this type can necessitate
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Fig. 5. Boxplot representation of the concentrations of faecal indicator microorganisms and MST markers in water samples from Sandymount Strand and Merrion Strand (n = 40 for each
strand). In the boxplots the lower hinge represents 25% quantile, upper hinge 75% quantile, and centre line the median. The whiskers are drawn down to the 10th percentile and up to the
90th. Points below and above the whiskers are drawn as individual symbols. Only values above the limit of quantification of the crAss_2 (Sandymount n = 21, Merrion n = 25) and HF183
(Sandymount n = 25, Merrion n = 31) assays are shown. LE., intestinal enterococci; SOMCPH, somatic coliphages.

beach closure as required by the EU Bathing Water Directive, presenting
significant challenges to competent authorities charged with managing
recreational bathing waters. Our study shows that the crAss_2 marker is
effective for monitoring and identifying short-term episodes of faecal
pollution that might arise from any or a combination from rivers and
streams that can have increased faecal pollution loads at times of
heavy rainfall.

Dublin Bay is a UNESCO Biosphere that is home to a large population
of seabirds that forage in shallow nearshore waters. We made use of the
localised presence of seabirds to evaluate the ability of the gull, HF183
and crAss_2 markers to discriminate between various pollution sources.
A sharp increase in faecal indicators 1 km offshore coincided with an in-
crease in the gull marker, whereas both the HF183 and crAss_2 markers
remained unchanged. This conforms that the crAss_2 assay does not re-
spond to bird fouling. The results from this study demonstrate that
human faecal contamination along the tested transect is homoge-
neously distributed, while in contrast, seabird contamination is more
localised and remains restricted to a relatively small area.

We observed a 100-fold variation in faecal indicator levels during a
12-hour tidal cycle. Such variability is consistent with that reported by
(Wyer et al., 2018) for a bathing area in the United Kingdom. Further-
more, inputs of faecal matter from gulls resulted in a 1000-fold variation
in faecal indicator levels within a localised area occupied by these birds.
The analysis of both the temporal and spatial distribution of faecal indi-
cators MST markers undertaken in this study, clearly demonstrates that
the current practice of classifying bathing waters based on a limited
number of compliance samples taken during each bathing season over
a four-year period, as required by the EU Bathing Water Directive, is po-
tentially flawed. As suggested by Wyer et al. (2018), developing models
for the daily prediction of water quality in designated bathing waters
can improve management of these waters, but such models need to
be underpinned by intensive sampling regimes (Wyer et al., 2018).

Table 2

The performance of the crAss_2 marker was further evaluated over
an 18-month period, during which compliance point samples from
Merrion and Sandymount Strands were analysed. The two markers
displayed a high degree of co-occurrence, with 76% of samples testing
either both positive or both negative for the HF183 and crAss_2 marker.
This percentage is slightly lower than that reported by Ahmed et al.
(2020) in which both markers showed 85% agreement on the presence
or absence of the two markers in estuarine waters (Ahmed et al., 2020).
This discrepancy may be attributed to the different persistence rates of
these host-specific markers in the environment. A previous study re-
ported a Tgg value of 1 day for HF183 in seawater and 3 days for
crAssphage, suggesting that HF183 could be useful for detecting recent
contaminations in bathing water (Ahmed et al., 2019b, 2019c¢). In
fresh water environments, crAssphage Tog values of 2 and 10 days
have been reported for summer and winter conditions, respectively
(Ballesté et al., 2018). Correlation between HF183 and crAss_2 markers
was less pronounced at low levels of faecal contamination, which may
be related to differences in decay rates as noted above, or to differences
in the level of each marker in human faeces. This observation empha-
sises the need to deploy more than one MST marker to identify and dis-
criminate between human and animal pollution, as suggested by others
(Ahmed et al., 2020; Blanch et al., 2006; Gourmelon et al., 2010).

5. Conclusions

We have shown that the performance of the crAss_2 marker in a ma-
rine environment adjacent to an urban environment is closely corre-
lated to that of the human HF183 marker and is effective in
discriminating between human and animal pollution. The crAss_2
assay is therefore a useful addition to the MST toolbox to identify
short-term human faecal pollution events. Correlation between the
two human markers was less pronounced at low levels of faecal

Pairwise comparison of the human-associated HF183 and crAss_2 markers detection in bathing water samples collected in two strands in Dublin Bay. Shown are the percentage of samples
in which both markers were either above or below the limit of detection (LOD), and when one of the markers was above and the other below the limit of detection. The total agreement

was calculated on the sample number (n = 80).

Human-marker assays

Sandymount Strand

Merrion Strand Total agreement

(n=40) (n=40) (n=80)
Both HF183 and crAss_2 above LOD 45% 57.5% 51.3%
Both HF183 and crAss_2 below LOD 30% 20% 25%
HF183 above LOD and crAssphage below LOD 17.5% 17.5% 17.5%
HF183 below LOD and crAssphage above LOD 7.5% 5% 6.3%
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Fig. 6. Correlation between the HF183 and crAss_2 markers in Sandymount and Merrion
Strands at designated bathing monitoring sites showing moderate correlation (p =
0.530 and p = 0.0004).

contamination, suggesting that the use of these two human markers is
advisable under these conditions.

This study revealed 1-2.5log;o in-day variation in the levels of E. coli
and intestinal enterococci depending on both the time of day and loca-
tion of sampling. As was noted by others, current practices depending
on a single sample during a day to determine bathing water quality is
therefore inadequate.

CRediT authorship contribution statement

Laura Sala-Comorera: Conceptualization, Methodology, Validation,
Formal analysis, Data curation, Writing - original draft, Writing - review
& editing, Visualization. Liam J. Reynolds: Investigation, Validation.
Niamh A. Martin: Investigation. Miriam Pascual-Benito: Investigation,
Validation. Jayne H. Stephens: Investigation. Tristan M. Nolan: Investi-
gation. Aurora Gitto: Investigation. Gregory M.P. O'Hare: Writing -
review & editing. John J. O'Sullivan: Writing - review & editing.
Cristina Garcia-Aljaro: Conceptualization, Writing - review & editing.
Wim G. Meijer: Conceptualization, Supervision, Writing - review &
editing, Project administration, Funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

This research (Acclimatize) was part funded by the European
Regional Development Fund through the Ireland Wales Cooperation
programme.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.147828.

References

AFNOR, 2015. Méthodes d’analyse en santé animale—PCR (réaction de polymérisation en
chaine)—Partie 2: Exigences et recommandations pour le développement et la vali-
dation de la PCR en santé animale.

Ahmed, W., Lobos, A., Senkbeil, ]., Peraud, J., Gallard, ]., Harwood, VJ., 2018a. Evaluation of
the novel crAssphage marker for sewage pollution tracking in storm drain outfalls in

Science of the Total Environment 789 (2021) 147828

Tampa, Florida. Water Res. 131, 142-150.
watres.2017.12.011.

Ahmed, W., Payyappat, S., Cassidy, M., Besley, C., Power, K., 2018b. Novel crAssphage
marker genes ascertain sewage pollution in a recreational lake receiving urban
stormwater runoff. Water Res. 145, 769-778. https://doi.org/10.1016/j.
watres.2018.08.049.

Ahmed, W., Hamilton, K., Toze, S., Cook, S., Page, D., 2019a. A review on microbial contam-
inants in stormwater runoff and outfalls: potential health risks and mitigation strat-
egies. Sci. Total Environ. https://doi.org/10.1016/j.scitotenv.2019.07.055.

Ahmed, W., Zhang, Q., Kozak, S., Beale, D., Gyawali, P., Sadowsky, M., Simpson, S., 2019b.
Comparative decay of sewage-associated marker genes in beach water and sediment
in a subtropical region. Water Res. 149, 511-521. https://doi.org/10.1016/].
watres.2018.10.088.

Ahmed, W., Zhang, Q., Kozak, S., Beale, D., Gyawali, P., Sadowsky, M.J., Simpson, S., 2019c.
Corrigendum to “Comparative decay of sewage-associated marker genes in beach
water and sediment in a subtropical region” (Water Research (2019) 149
(511-521), (S0043135418309059), (10.1016/j.watres.2018.10.088)). Water Res.
https://doi.org/10.1016/j.watres.2019.05.080.

Ahmed, W., Payyappat, S., Cassidy, M., Harrison, N., Besley, C., 2020. Sewage-associated
marker genes illustrate the impact of wet weather overflows and dry weather leak-
age in urban estuarine waters of Sydney, Australia. Sci. Total Environ. 705, 135390.
https://doi.org/10.1016/j.scitotenv.2019.135390.

Aradjo, S., Henriques, L.S., Leandro, S.M., Alves, A., Pereira, A., Correia, A., 2014. Gulls iden-
tified as major source of fecal pollution in coastal waters: a microbial source tracking
study. Sci. Total Environ. 470-471, 84-91. https://doi.org/10.1016/].
scitotenv.2013.09.075.

Ballesté, E., Garcia-Aljaro, C., Blanch, AR., 2018. Assessment of the decay rates of microbial
source tracking molecular markers and faecal indicator bacteria from different
sources. J. Appl. Microbiol. 125, 1938-1949. https://doi.org/10.1111/jam.14058.

Ballesté, E., Pascual-Benito, M., Martin-Diaz, ], Blanch, A.R., Lucena, F., Muniesa, M., Jofre,
J., Garcia-Aljaro, C., 2019. Dynamics of crAssphage as a human source tracking marker
in potentially faecally polluted environments. Water Res. 155, 233-244. https://doi.
org/10.1016/].WATRES.2019.02.042.

Ballesté, E., Demeter, K., Masterson, B., Timoneda, N., Sala-Comorera, L., Meijer, W.G.,
2020. Implementation and integration of microbial source tracking in a river water-
shed monitoring plan. Sci. Total Environ. 736, 139573. https://doi.org/10.1016/j.
scitotenv.2020.139573.

Bedri, Z., O'Sullivan, ] ., Deering, L.A., Demeter, K., Masterson, B., Meijer, W.G., O'Hare, G.,
2015. Assessing the water quality response to an alternative sewage disposal strategy
at bathing sites on the east coast of Ireland. Mar. Pollut. Bull. 91, 330-346. https://doi.
org/10.1016/j.marpolbul.2014.11.008.

Bernhard, A.E., Field, K.G., 2000. A PCR assay to discriminate human and ruminant feces
on the basis of host differences in Bacteroides-Prevotella genes encoding 16S rRNA.
Appl. Environ. Microbiol. 66, 4571-4574. https://doi.org/10.1128/AEM.66.10.4571-
4574.2000.

Bivins, A., Crank, K., Greaves, J., North, D., Wu, Z., Bibby, K., 2020. Cross-assembly phage
and pepper mild mottle virus as viral water quality monitoring tools—potential, re-
search gaps, and way forward. Curr. Opin. Environ. Sci. Health https://doi.org/
10.1016/j.coesh.2020.02.001.

Blanch, AR, Belanche-Mufioz, L., Bonjoch, X., Ebdon, J., Gantzer, C., Lucena, F., Ottoson, J.,
Kourtis, C., Iversen, A., Kiihn, 1., Mocé, L., Muniesa, M., Schwartzbrod, J., Skraber, S.,
Papageorgiou, G.T., Taylor, H., Wallis, J., Jofre, ]., 2006. Integrated analysis of
established and novel microbial and chemical methods for microbial source tracking.
Appl. Environ. Microbiol. 72, 5915-5926. https://doi.org/10.1128/AEM.02453-05.

Blanchard, P., Regnault, J., Schurr, F., Dubois, E., Ribiére, M., 2012. Intra-laboratory valida-
tion of chronic bee paralysis virus quantitation using an accredited standardised real-
time quantitative RT-PCR method. J. Virol. Methods 180, 26-31. https://doi.org/
10.1016/jjviromet.2011.12.005.

Boehm, A.B., Van De Werfhorst, L.C, Griffith, J.F., Holden, P.A,, Jay, J.A., Shanks, 0.C., Wang,
D., Weisberg, S.B., 2013. Performance of forty-one microbial source tracking methods:
a twenty-seven lab evaluation study. Water Res. 47, 6812-6828. https://doi.org/
10.1016/j.watres.2012.12.046.

Brown, E., Caraco, D, Pitt, R., 2004. Illicit Discharge Detection and Elimination: A Guidance
Manual for Program Development and Technical Assessments. Cent. Watershed Prot.,
MD.

Cabral, J.P.S., 2010. Water microbiology. Bacterial pathogens and water. Int. J. Environ. Res.
Public Health https://doi.org/10.3390/ijerph7103657.

Calderon, R.L.,, Mood, EW., 1991. Health effects of swimmers and nonpoint sources of
contaminated water. Int. J. Environ. Health Res. 1, 21-31. https://doi.org/10.1080/
09603129109356701.

Chen, H,, Liy, C, Li, Y., Teng, Y., 2021. Integrating metagenomic and Bayesian analyses to
evaluate the performance and confidence of CrAssphage as an Indicator for tracking
human sewage contamination in China. Environ. Sci. Technol. 55, 5000. https://doi.
org/10.1021/acs.est.1c00071.

Colford, ].M., Wade, TJ., Schiff, K.C., Wright, C.C., Griffith, ].F.,, Sandhu, S.K,, Burns, S.,
Sobsey, M., Lovelace, G., Weisberg, S.B., 2007. Water quality indicators and the risk
of illness at beaches with nonpoint sources of fecal contamination. Epidemiology
18, 27-35. https://doi.org/10.1097/01.ede.0000249425.32990.b9.

Crank, K., Li, X., North, D., Ferraro, G.B., laconelli, M., Mancini, P., La Rosa, G., Bibby, K.,
2020. CrAssphage abundance and correlation with molecular viral markers in Italian
wastewater. Water Res., 116161 https://doi.org/10.1016/j.watres.2020.116161.

Dick, LK., Bernhard, A.E., Brodeur, T.J., Santo Domingo, J.W., Simpson, .M., Walters, S.P.,
Field, K.G., 2005. Host distributions of uncultivated fecal Bacteroidales bacteria reveal
genetic markers for fecal source identification. Appl. Environ. Microbiol. 71,
3184-3191. https://doi.org/10.1128/AEM.71.6.3184-3191.2005.

https://doi.org/10.1016/j.


https://doi.org/10.1016/j.scitotenv.2021.147828
https://doi.org/10.1016/j.scitotenv.2021.147828
http://refhub.elsevier.com/S0048-9697(21)02899-0/rf0005
http://refhub.elsevier.com/S0048-9697(21)02899-0/rf0005
http://refhub.elsevier.com/S0048-9697(21)02899-0/rf0005
https://doi.org/10.1016/j.watres.2017.12.011
https://doi.org/10.1016/j.watres.2017.12.011
https://doi.org/10.1016/j.watres.2018.08.049
https://doi.org/10.1016/j.watres.2018.08.049
https://doi.org/10.1016/j.scitotenv.2019.07.055
https://doi.org/10.1016/j.watres.2018.10.088
https://doi.org/10.1016/j.watres.2018.10.088
https://doi.org/10.1016/j.watres.2019.05.080
https://doi.org/10.1016/j.scitotenv.2019.135390
https://doi.org/10.1016/j.scitotenv.2013.09.075
https://doi.org/10.1016/j.scitotenv.2013.09.075
https://doi.org/10.1111/jam.14058
https://doi.org/10.1016/J.WATRES.2019.02.042
https://doi.org/10.1016/J.WATRES.2019.02.042
https://doi.org/10.1016/j.scitotenv.2020.139573
https://doi.org/10.1016/j.scitotenv.2020.139573
https://doi.org/10.1016/j.marpolbul.2014.11.008
https://doi.org/10.1016/j.marpolbul.2014.11.008
https://doi.org/10.1128/AEM.66.10.4571-4574.2000
https://doi.org/10.1128/AEM.66.10.4571-4574.2000
https://doi.org/10.1016/j.coesh.2020.02.001
https://doi.org/10.1016/j.coesh.2020.02.001
https://doi.org/10.1128/AEM.02453-05
https://doi.org/10.1016/j.jviromet.2011.12.005
https://doi.org/10.1016/j.jviromet.2011.12.005
https://doi.org/10.1016/j.watres.2012.12.046
https://doi.org/10.1016/j.watres.2012.12.046
http://refhub.elsevier.com/S0048-9697(21)02899-0/rf0090
http://refhub.elsevier.com/S0048-9697(21)02899-0/rf0090
http://refhub.elsevier.com/S0048-9697(21)02899-0/rf0090
https://doi.org/10.3390/ijerph7103657
https://doi.org/10.1080/09603129109356701
https://doi.org/10.1080/09603129109356701
https://doi.org/10.1021/acs.est.1c00071
https://doi.org/10.1021/acs.est.1c00071
https://doi.org/10.1097/01.ede.0000249425.32990.b9
https://doi.org/10.1016/j.watres.2020.116161
https://doi.org/10.1128/AEM.71.6.3184-3191.2005

L. Sala-Comorera, LJ. Reynolds, N.A. Martin et al.

Dutilh, B.E., Cassman, N., McNair, K., Sanchez, S.E., Silva, G.G.Z., Boling, L., Barr, ].J., Speth,
D.R, Seguritan, V., Aziz, RK, Felts, B., Dinsdale, E.A., Mokili, J.L., Edwards, R.A., 2014.
A highly abundant bacteriophage discovered in the unknown sequences of human
faecal metagenomes. Nat. Commun. 5. https://doi.org/10.1038/ncomms5498.

Edwards, R.A., Vega, A.A,, Norman, H.M., Ohaeri, M., Levi, K,, Dinsdale, E.A., Cinek, O., Aziz,
RK., McNair, K, Barr, ]J., Bibby, K., Brouns, SJJ., Cazares, A, de Jonge, P.A., Desnues, C.,
Diaz Muiioz, S.L, Fineran, P.C., Kurilshikov, A,, Lavigne, R., Mazankova, K., McCarthy,
D.T.,, Nobrega, F.L,, Reyes Mufioz, A, Tapia, G., Trefault, N., Tyakht, A.V,, Vinuesa, P.,
Wagemans, J., Zhernakova, A., Aarestrup, F.M., Ahmadov, G., Alassaf, A., Anton, J.,
Asangba, A., Billings, E.K., Cantu, V.A,, Carlton, J.M., Cazares, D., Cho, G.S., Condeff, T.,
Cortés, P., Cranfield, M., Cuevas, D.A.,, De la Iglesia, R., Decewicz, P., Doane, M.P.,
Dominy, N.J., Dziewit, L., Elwasila, B.M., Eren, A.M.,, Franz, C,, Fu, ]., Garcia-Aljaro, C.,
Ghedin, E., Gulino, K.M., Haggerty, ].M., Head, S.R., Hendriksen, R.S., Hill, C., Hyoty,
H., llina, E.N., Irwin, M.T., Jeffries, T.C,, Jofre, J., Junge, R.E., Kelley, S.T., Khan Mirzaei,
M., Kowalewski, M., Kumaresan, D., Leigh, S.R., Lipson, D., Lisitsyna, E.S., Llagostera,
M., Maritz, J.M., Marr, L.C., McCann, A., Molshanski-Mor, S., Monteiro, S., Moreira-
Grez, B., Morris, M., Mugisha, L., Muniesa, M., Neve, H., Nguyen, N. phuong, Nigro,
0.D., Nilsson, A.S., O’Connell, T., Odeh, R, Oliver, A., Piuri, M., Prussin, AJ., Qimron,
U., Quan, Z.X., Rainetova, P., Ramirez-Rojas, A., Raya, R., Reasor, K., Rice, G.A.O.,
Rossi, A., Santos, R., Shimashita, J., Stachler, E.N., Stene, L.C., Strain, R., Stumpf, R.,
Torres, P.J., Twaddle, A., Ugochi Ibekwe, M.A., Villagra, N., Wandro, S., White, B.,
Whiteley, A., Whiteson, K.L., Wijmenga, C., Zambrano, M.M., Zschach, H., Dutilh,
B.E., 2019. Global phylogeography and ancient evolution of the widespread human
gut virus crAssphage. Nat. Microbiol. 4, 1727-1736. https://doi.org/10.1038/s41564-
019-0494-6.

Ervin, |.S., Van De Werfhorst, L.C., Murray, J.L.S., Holden, P.A., 2014. Microbial source track-
ing in a coastal California watershed reveals canines as controllable sources of fecal
contamination. Environ. Sci. Technol. 48, 9043-9052. https://doi.org/10.1021/
€s502173s.

EU, 2006. Directive 2006/7/EC of the European Parliament and of the Council of 15
February 2006 Concerning the Management of Bathing Water Quality and Repealing
Directive 76/160/EEC.

Farkas, K., Adriaenssens, E.M., Walker, D.I., McDonald, J.E., Malham, S.K., Jones, D.L.,, 2019.
Critical evaluation of CrAssphage as a molecular marker for human-derived wastewa-
ter contamination in the aquatic environment. Food Environ. Virol. 11, 113-119.
https://doi.org/10.1007/s12560-019-09369-1.

Garcia-Aljaro, C., Ballesté, E., Muniesa, M., Jofre, J., 2017. Determination of crAssphage in
water samples and applicability for tracking human faecal pollution. Microb.
Biotechnol. 10, 1775-1780. https://doi.org/10.1111/1751-7915.12841.

Gawler, A.H., Beecher, ].E., Branddo, ]., Carroll, N.M,, Falcdo, L., Gourmelon, M., Masterson,
B., Nunes, B., Porter, J., Rincé, A., Rodrigues, R., Thorp, M., Martin Walters, ]., Meijer,
W.G., 2007. Validation of host-specific Bacteriodales 16S rRNA genes as markers to de-
termine the origin of faecal pollution in Atlantic Rim countries of the European Union.
Water Res. 41, 3780-3784. https://doi.org/10.1016/j.watres.2007.01.028.

Goémez-Doiiate, M., Casanovas-Massana, A., Muniesa, M., Blanch, A.R., 2016. Development
of new host-specific Bacteroides qPCRs for the identification of fecal contamination
sources in water. Microbiologyopen 5, 83-94. https://doi.org/10.1002/mbo3.313.

Gourmelon, M., Caprais, M.P., Ségura, R., Le Mennec, C., Lozach, S., Piriou, ].Y., Rincé, A.,
2007. Evaluation of two library-independent microbial source tracking methods to
identify sources of fecal contamination in French estuaries. Appl. Environ. Microbiol.
73, 4857-4866. https://doi.org/10.1128/AEM.03003-06.

Gourmelon, M., Caprais, M.P., Mieszkin, S., Marti, R., Wéry, N., Jardé, E., Derrien, M., Jadas-
Hécart, A., Communal, P.Y., Jaffrezic, A., Pourcher, A.M., 2010. Development of micro-
bial and chemical MST tools to identify the origin of the faecal pollution in bathing
and shellfish harvesting waters in France. Water Res. 44, 4812-4824. https://doi.
org/10.1016/j.watres.2010.07.061.

He, X., Chen, H., Shi, W., Cui, Y., Zhang, X.X., 2015. Persistence of mitochondrial DNA
markers as fecal indicators in water environments. Sci. Total Environ. 533, 383-390.
https://doi.org/10.1016/j.scitotenv.2015.06.119.

Hryckowian, AJ., Merrill, B.D., Porter, N.T., Van Treuren, W., Nelson, EJ., Garlena, RA.,
Russell, D.A., Martens, E.C., Sonnenburg, J.L., 2020. Bacteroides thetaiotaomicron-
infecting bacteriophage isolates inform sequence-based host range predictions. Cell
Host Microbe 28, 371-379.e5. https://doi.org/10.1016/j.chom.2020.06.011.

1SO, 2000. ISO - ISO 10705-2:2000 - Water Quality — Detection and Enumeration of Bac-
teriophages — Part 2: Enumeration of Somatic Coliphages.

IS0, 2003. ISO 10705-3:2003 Water Quality—Detection and Enumeration of Bacterio-
phages—Part 3: Validation of Methods for Concentration of Bacteriophages From
Water.

Kay, D., Jones, F., Wyer, M., Fleisher, ]., Salmon, R., Godfree, A., Zelenauch-Jacquotte, A.,
Shore, R., 1994. Predicting likelihood of gastroenteritis from sea bathing: results
from randomised exposure. Lancet 344, 905-909. https://doi.org/10.1016/S0140-
6736(94)92267-5.

Kongprajug, A., Mongkolsuk, S., Sirikanchana, K., 2019. CrAssphage as a potential human
sewage marker for microbial source tracking in Southeast Asia. Environ. Sci. Technol.
Lett. 6, 156-164. https://doi.org/10.1021/acs.estlett.9b00041.

Ly, ], Santo Domingo, J.W., Lamendella, R., Edge, T., Hill, S., 2008. Phylogenetic diversity
and molecular detection of bacteria in gull feces. Appl. Environ. Microbiol. 74,
3969-3976. https://doi.org/10.1128/AEM.00019-08.

Malla, B., Makise, - Koki, Koki Nakaya, -, Mochizuki, T., Yamada, T., Haramoto, E., 2019.
Evaluation of Human- and Animal-specific Viral Markers and Application of
CrAssphage, Pepper Mild Mottle Virus, and Tobacco Mosaic Virus as Potential Fecal
Pollution Markers to River Water in Japan 11, 446-452. doi:https://doi.org/10.1007/
$12560-019-09398-w.

Mayer, R.E., Reischer, G.H., Ixenmaier, S.K., Derx, ]., Blaschke, A.P., Ebdon, J.E., Linke, R.,
Egle, L., Ahmed, W., Blanch, A.R., Byamukama, D., Savill, M., Mushi, D., Cristébal,

Science of the Total Environment 789 (2021) 147828

H.A., Edge, T.A., Schade, M.A,, Aslan, A., Brooks, Y.M., Sommer, R., Masago, Y., Sato,
M.L, Taylor, H.D., Rose, ].B., Wuertz, S., Shanks, O.C., Piringer, H., Mach, R.L., Savio,
D., Zessner, M., Farnleitner, A.H., 2018. Global distribution of human-associated
fecal genetic markers in reference samples from six continents. Environ. Sci. Technol.
52, 5076-5084. https://doi.org/10.1021/acs.est.7b04438.

Méndez, J., Audicana, A, Isern, A., Llaneza, ., Moreno, B., Tarancén, M.L, Jofte, ], Lucena, F.,
2004. Standardised evaluation of the performance of a simple membrane filtration-
elution method to concentrate bacteriophages from drinking water. J. Virol. Methods
117, 19-25. https://doi.org/10.1016/j.jviromet.2003.11.013.

Oates, S.C., Miller, M.A., Hardin, D., Dominik, C,, Jessup, D., Smith, W.A., 2017. Daily relative
dog abundance, fecal density, and loading rates on intensively and minimally man-
aged dog-friendly beaches in central California. Mar. Pollut. Bull. 125, 451-458.
https://doi.org/10.1016/j.marpolbul.2017.10.062.

Panasiuk, O., Hedstrom, A., Marsalek, J., Ashley, R.M., Viklander, M., 2015. Contamination
of stormwater by wastewater: a review of detection methods. J. Environ. Manag.
https://doi.org/10.1016/j.jenvman.2015.01.050.

Prieto, M.D,, Lopez, B., Juanes, J.A,, Revilla, J.A, Llorca, ., Delgado-Rodriguez, M., 2001. Rec-
reation in coastal waters: health risks associated with bathing in sea water.
J. Epidemiol. Community Health 55, 442-447. https://doi.org/10.1136/jech.55.6.442.

Priiss, A., 1998. Review of epidemiological studies on health effects from exposure to rec-
reational water. G. B. Int. ]. Epidemiol. 27, 1-9. https://doi.org/10.1093/ije/27.1.1.

Reynolds, LJ., Sala-Comorera, L., Martin, N.A,, Nolan, T.M,, Stephens, ].H., Gitto, A., O’'Hare,
G.M.P., O'Sullivan, ].J., Meijer, W.G., 2020. Correlation between antimicrobial resis-
tance and faecal contamination in small urban streams and bathing waters. Sci.
Total Environ. 739, 140242. https://doi.org/10.1016/j.scitotenv.2020.140242.

Roslev, P., Bukh, A.S., 2011. State of the art molecular markers for fecal pollution source
tracking in water. Appl. Microbiol. Biotechnol. https://doi.org/10.1007/s00253-010-
3080-7.

Rutledge, R.G., 2003. Mathematics of quantitative kinetic PCR and the application of stan-
dard curves. Nucleic Acids Res. 31. https://doi.org/10.1093/nar/gng093 (93e - 93).

Shkoporov, A.N., Khokhlova, E.V., Fitzgerald, C.B., Stockdale, S.R., Draper, L.A,, Ross, R.P.,
Hill, C,, 2018. dCrAss001 represents the most abundant bacteriophage family in the
human gut and infects Bacteroides intestinalis. Nat. Commun. 9. https://doi.org/
10.1038/s41467-018-07225-7.

Sinigalliano, C.D., Fleisher, ].M., Gidley, M.L, Solo-Gabriele, H.M,, Shibata, T., Plano, LRW.,
Elmir, S.M., Wanless, D., Bartkowiak, ., Boiteau, R., Withum, K., Abdelzaher, A.M., He,
G., Ortega, C., Zhu, X., Wright, M.E,, Kish, ]., Hollenbeck, ]., Scott, T., Backer, L.C.,
Fleming, L.E., 2010. Traditional and molecular analyses for fecal indicator bacteria in
non-point source subtropical recreational marine waters. Water Res. 44,
3763-3772. https://doi.org/10.1016/j.watres.2010.04.026.

Soller, J.A., Schoen, M.E., Varghese, A., Ichida, A.M., Boehm, A.B., Eftim, S., Ashbolt, N.J.,
Ravenscroft, J.E., 2014. Human health risk implications of multiple sources of faecal
indicator bacteria in a recreational waterbody. Water Res. 66, 254-264. https://doi.
org/10.1016/j.watres.2014.08.026.

Stachler, E., Kelty, C., Sivaganesan, M., Li, X., Bibby, K., Shanks, 0.C., 2017. Quantitative
CrAssphage PCR assays for human fecal pollution measurement. Environ. Sci.
Technol. 51, 9146-9154. https://doi.org/10.1021/acs.est.7b02703.

Stachler, E., Akyon, B., De Carvalho, N.A,, Ference, C., Bibby, K., 2018. Correlation of
crAssphage qPCR markers with culturable and molecular indicators of human fecal
pollution in an impacted urban watershed. Environ. Sci. Technol. 52, 7505-7512.
https://doi.org/10.1021/acs.est.8b00638.

Ung, A., Goss, MJ., 2004. Transport of bacteria from manure and protection of water re-
sources. Appl. Soil Ecol. https://doi.org/10.1016/j.apsoil.2003.08.007.

Wade, TJ., Calderon, R.L, Sams, E., Beach, M., Brenner, K.P., Williams, A.H., Dufour, A.P,,
2006. Rapidly measured indicators of recreational water quality are predictive of
swimming-associated gastrointestinal illness. Environ. Health Perspect. 114, 24-28.
https://doi.org/10.1289/ehp.8273.

Walker, J., van Duivenboden, R., Neale, M., 2015. A tiered approach for the identification of
faecal pollution sources on an Auckland urban beach. NZ J. Mar. Freshw. Res. 49,
333-345. https://doi.org/10.1080/00288330.2015.1014376.

Wu, Z, Greaves, ]., Arp, L, Stone, D., Bibby, K., 2020. Comparative fate of CrAssphage with
culturable and molecular fecal pollution indicators during activated sludge wastewater
treatment. Environ. Int. 136, 105452. https://doi.org/10.1016/j.envint.2019.105452.

Wyer, M.D,, Kay, D., Morgan, H., Naylor, S., Clark, S., Watkins, J., Davies, C.M., Francis, C,,
Osborn, H., Bennett, S., 2018. Within-day variability in microbial concentrations at a
UK designated bathing water: implications for regulatory monitoring and the appli-
cation of predictive modelling based on historical compliance data. Water Res. X 1,
100006. https://doi.org/10.1016/j.wroa.2018.10.003.

Yahya, M., Blanch, A.R., Meijer, W.G., Antoniou, K., Hmaied, F., Ballesté, E., 2017. Compar-
ison of the performance of different microbial source tracking markers among
European and North African regions. J. Environ. Qual. 46, 760-766. https://doi.org/
10.2134/jeq2016.11.0432.

Yamabhara, K.M., Layton, B.A., Santoro, A.E., Boehm, A.B., 2007. Beach sands along the Cal-
ifornia coast are diffuse sources of fecal bacteria to coastal waters. Environ. Sci.
Technol. 41, 4515-4521. https://doi.org/10.1021/es062822n.

Yutin, N., Makarova, K.S., Gussow, A.B., Krupovic, M., Segall, A, Edwards, R.A., Koonin, E.V.,
2018. Discovery of an expansive bacteriophage family that includes the most abun-
dant viruses from the human gut. Nat. Microbiol. 3, 38-46. https://doi.org/10.1038/
$41564-017-0053-y.

Zmirou, D., Pena, L., Ledrans, M., Letertre, A., 2003. Risks associated with the microbiolog-
ical quality of bodies of fresh and marine water used for recreational purposes: sum-
mary estimates based on published epidemiological studies. Arch. Environ. Health 58,
703-711. https://doi.org/10.3200/AEOH.58.11.703-711.


https://doi.org/10.1038/ncomms5498
https://doi.org/10.1038/s41564-019-0494-6
https://doi.org/10.1038/s41564-019-0494-6
https://doi.org/10.1021/es502173s
https://doi.org/10.1021/es502173s
http://refhub.elsevier.com/S0048-9697(21)02899-0/rf0140
http://refhub.elsevier.com/S0048-9697(21)02899-0/rf0140
http://refhub.elsevier.com/S0048-9697(21)02899-0/rf0140
https://doi.org/10.1007/s12560-019-09369-1
https://doi.org/10.1111/1751-7915.12841
https://doi.org/10.1016/j.watres.2007.01.028
https://doi.org/10.1002/mbo3.313
https://doi.org/10.1128/AEM.03003-06
https://doi.org/10.1016/j.watres.2010.07.061
https://doi.org/10.1016/j.watres.2010.07.061
https://doi.org/10.1016/j.scitotenv.2015.06.119
https://doi.org/10.1016/j.chom.2020.06.011
http://refhub.elsevier.com/S0048-9697(21)02899-0/rf0185
http://refhub.elsevier.com/S0048-9697(21)02899-0/rf0185
http://refhub.elsevier.com/S0048-9697(21)02899-0/rf0190
http://refhub.elsevier.com/S0048-9697(21)02899-0/rf0190
http://refhub.elsevier.com/S0048-9697(21)02899-0/rf0190
https://doi.org/10.1016/S0140-6736(94)92267-5
https://doi.org/10.1016/S0140-6736(94)92267-5
https://doi.org/10.1021/acs.estlett.9b00041
https://doi.org/10.1128/AEM.00019-08
https://doi.org/10.1007/s12560-019-09398-w
https://doi.org/10.1007/s12560-019-09398-w
https://doi.org/10.1021/acs.est.7b04438
https://doi.org/10.1016/j.jviromet.2003.11.013
https://doi.org/10.1016/j.marpolbul.2017.10.062
https://doi.org/10.1016/j.jenvman.2015.01.050
https://doi.org/10.1136/jech.55.6.442
https://doi.org/10.1093/ije/27.1.1
https://doi.org/10.1016/j.scitotenv.2020.140242
https://doi.org/10.1007/s00253-010-3080-7
https://doi.org/10.1007/s00253-010-3080-7
https://doi.org/10.1093/nar/gng093
https://doi.org/10.1038/s41467-018-07225-7
https://doi.org/10.1038/s41467-018-07225-7
https://doi.org/10.1016/j.watres.2010.04.026
https://doi.org/10.1016/j.watres.2014.08.026
https://doi.org/10.1016/j.watres.2014.08.026
https://doi.org/10.1021/acs.est.7b02703
https://doi.org/10.1021/acs.est.8b00638
https://doi.org/10.1016/j.apsoil.2003.08.007
https://doi.org/10.1289/ehp.8273
https://doi.org/10.1080/00288330.2015.1014376
https://doi.org/10.1016/j.envint.2019.105452
https://doi.org/10.1016/j.wroa.2018.10.003
https://doi.org/10.2134/jeq2016.11.0432
https://doi.org/10.2134/jeq2016.11.0432
https://doi.org/10.1021/es062822n
https://doi.org/10.1038/s41564-017-0053-y
https://doi.org/10.1038/s41564-017-0053-y
https://doi.org/10.3200/AEOH.58.11.703-711

