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ARTICLE INFO ABSTRACT

Keywords: The EU Bathing Water Directive (BWD) requires member states to assess bathing water quality according to the
Bathing water directive levels of faecal indicator bacteria (FIB) in designated bathing areas. However, this criterion has two significant
Decay rate o limitations given that the BWD does not; (i) account for differences in hydrodynamic properties of bathing waters
i\s:sz;t}ll‘;z:nd dispersion and, (ii) assumes that all faecal pathogens decay equally in aquatic environments. This study simulated sewage
PMMoV discharge events in three hypothetical aquatic environments characterised by different advection and dispersion

parameters in the solute transport equation. Temporal changes in the downstream concentration of six faecal
indicators were determined in simulations that utilised measured decay rates of each faecal indicator from a
programme of controlled microcosm experiments in fresh and seawater environments. The results showed that
the decay rates of faecal indicators are not a critical parameter in advection dominant water bodies, such as in
fast-flowing rivers. Therefore, faecal indicator selection is less important in such systems and for these, FIB re-
mains the most cost-effective faecal indicator to monitor the public health impacts of faecal contamination. In
contrast, consideration of faecal indicator decay is important when assessing dispersion and advection/disper-
sion dominant systems, which would pertain to transitional (estuarine) and coastal waterbodies. Results suggest
that the inclusion of viral indicators, such as crAssphage and PMMoV, could improve the reliability of water
quality modelling and minimise the risk of waterborne illnesses from faecal contamination.

Faecal indicator bacteria

1. Introduction has improved bathing water quality in the EU (World Health Organi-

sation, 2007), significant shortcomings need to be addressed to update

Bathing water quality in the European Union (EU) is governed by the
EU Bathing Water Directive (2006) which classifies coastal and inland
bathing waters as excellent, good, sufficient, and poor. These classifi-
cations are based on the 95th and 90th percentiles of the concentrations
of two faecal indicator bacteria (FIB), Escherichia coli (E. coli) and in-
testinal enterococci, over a four-year period (EU, 2006). The levels of
these two FIB are correlated to the risk of contracting a gastrointestinal
and respiratory disease (Wade et al., 2003; Wade et al., 2006). In the
context of recreational bathing waters, the presence of human-specific
enteric pathogens, in particular human enteric viruses, is of particular
concern regarding the risks of gastrointestinal illnesses (Kay et al., 1994;
Fleisher et al., 1996). Although the implementation of this EU Directive
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these regulatory standards in line with epidemiology. For example, the
Bathing Water Directive does not consider the biological source of faecal
contamination which impacts the risk of gastrointestinal and respiratory
disease (Soller et al., 2010; Soller et al., 2014). This study addresses two
major limitations which result from the use of just two types of faecal
indicator bacteria as a proxy for faecally derived pathogens in the
aquatic environment. These are the assumptions that; (i) all bathing
waters have the same hydrodynamic properties and, (ii) that all faecally
derived pathogens decay at the same rate in aquatic environments.
Although the EU Bathing Water Directive differentiates between
inland and coastal bathing waters, the hydrodynamic characteristics of
the waterbody are not considered-rivers, lakes and coastal waters being
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undifferentiated in this regard. This is a potentially important issue in
that, the physical transport parameters of a waterbody which are gov-
erned by advection and dispersion, are important to assess the transport
and fate of pathogenic organisms. Numerical models and frameworks
have been developed to simulate the transport and fate of sewage
associated microorganisms in both fluvial and coastal systems (Pas-
cual-Benito et al., 2020; Jalliffier-Verne et al., 2016; Scroccaro et al.,
2010; Bedri et al., 2015), and these models provide understanding of the
environmental dynamics of infectious agents.

Several studies have shown that the decay rate of pathogens may be
significantly different from those of E. coli and intestinal enterococci
(Greaves et al., 2020). Furthermore, recent studies have shown con-
flicting results with regard to the quantifiable relationships between FIB
and the presence of viral and protozoan waterborne pathogens such as
cryptosporidium (Cabelli et al., 1982; Wu et al., 2011; Lalancette et al.,
2014). Therefore, if FIB is not detected in a bathing water, it does not
necessarily imply that faecally derived pathogens are not present. In
recent years, several alternative faecal indicators or human associated
microbial source tracking (MST) markers have been proposed that may
be more suitable as a proxy for viral pathogens. These include somatic
coliphages, F-RNA bacteriophages (Moce-Llivina et al., 2005; Havelaar,
1991), the Bacteroidales-associated human faecal marker HF183 (Seur-
inck et al., 2005; Green et al., 2014; Boehm and Soller, 2020), the Pepper
Mild Mottle Virus (PMMoV) (Rosario et al., 2009) and crAssphage
(Stachler et al., 2017; Dutilh et al., 2014).

This study aims to examine whether E. coli and intestinal enterococci
are appropriate proxies for the presence of pathogens in the aquatic
environment. We determined the decay rates of ten alternative faecal
indicators and used these decay rates in hypothetical hydrodynamic
models of waterbodies characterised by different advection and
dispersion parameters. We show that decay rates of faecal indicators are
not a critical parameter in advection dominant water bodies, and hence
the use of E. coli and intestinal enterococci as FIB is appropriate. How-
ever, in dispersion dominant systems, consideration of the decay rate of
potential faecal indicators is critical to assess the impact of faecal
contamination on public health.

2. Materials and methods
2.1. Viral stocks

E. coli strain (ATCC 700,078) and Salmonella typhimurium strain
WG49 (NCTC 12,484) were used for PhiX174 (ATCC13706-B1) and MS2
bacteriophages (ATCC 15,597-B1) propagation. Phage lysates were
prepared by plating plaque-purified phage according to ISO
10,707-1:1995 and ISO 10,707-1:2000. The plaques were resuspended
in Modified Scholten’s broth (MSB) and tryptone-yeast extract-glucose
(TYGB), respectively, and centrifuged at 3000 g for 10 min. The phage
lysate was then filtered through a 0.22 pm filter (Dennehy and Turner,
2004).

2.2. Experimental design

The decay rates of culturable faecal markers and molecular markers
in freshwater and seawater were determined using microcosm experi-
ments. Freshwater and seawater were collected from the Grand Canal,
Dublin, and Sandymount Strand in Dublin Bay. Wastewater influent (24-
hour composite samples) was obtained from the Ringsend wastewater
treatment plant in Dublin, Ireland.

Microcosms consisted of flasks (1 litre) containing fresh or seawater
(500 ml) mixed with wastewater influent (25 ml). The microcosms were
spiked with PhiX174 (final concentration 3.2 x 10% pfu/ml) and MS2
(final concentration 6.5 x 107 pfu/ml) and were maintained in the dark
at 4 °C + 2 °C and 20 °C £+ 2 °C. Each microcosm was set up in
duplicate.

Microcosms were sampled daily during the first week and
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subsequently every two days until day 21 to enumerate culturable
markers, whereas molecular markers were quantified on days 2, 4, 6, 9,
11, 15, 21 and 30.

2.3. Enumeration of faecal indicator organisms

Water and wastewater influent samples (ten wastewater 24-h com-
posite samples) were filtered through 0.45 um nitrocellulose membranes
(Thermo Fisher Scientific, USA) to enumerate faecal indicator bacteria.
Membranes were placed on Tryptone Bile X-Glucuronide agar (Sigma-
Aldrich, USA) at 37 °C for 4 h, followed by incubation at 44 °C for 18 h
for the enumeration of E. coli (International Organization for Stan-
dardization, 2001). The levels of intestinal enterococci were quantified
by incubating membranes on Slanetz and Bartley agar (Oxoid, USA) at
37 °C for 48 h. Membranes were subsequently transferred onto Bile
Aesculin agar at 44 °C for 2 h to confirm positive intestinal enterococci
colonies.

The double-agar layer technique was used to enumerate somatic
coliphages and F-RNA specific phages using E. coli strain (ATCC
700,078) and S. typhimurium strain WG49 (NCTC 12,484) as a host, as
described in ISO 10,705-2:2000 and 10,705-1:1995.

2.4. Nucleic acid extraction

DNA was extracted from water samples (10 ml) after filtering
through 0.22 ym mixed cellulose ester membranes (Thermo Fisher Sci-
entific, USA). Membranes were divided into 2 ml screw cap tubes for
nucleic acid extraction using DNeasy PowerSoil Pro-Kit (Qiagen, Ger-
many). RNA was directly extracted from water samples (250 ul) with the
RNeasy PowerMicrobiome Kit (Qiagen, Germany). DNA from waste-
water influent samples was extracted using DNeasy Blood and Tissue kit
(Qiagen, Germany) as described by Sala-Comorera et al. (2021), and
RNA from wastewater influent samples was concentrated using 100 kDa
Centricon Plus-70 filters and extracted using RNeasy PowerMicrobiome
Kit (Qiagen, Germany) (Reynolds et al., 2022).

2.5. Molecular marker quantification

Gene targets were quantified using previously described gPCR and
RT-qPCR assays with TagMan probes and SYBR green assays (Table 1)
on the Roche Lightcycler 96 platform (Roche Diagnostics, Switzerland).
Amplification reactions were performed in a 20 ul reaction mixture
using LightCycler, FastStart Essential DNA Probes Master, FastStart
Essential DNA Green Master or Multiplex RNA Virus Master as described
by the manufacturer (Roche Diagnostics, Switzerland). Primer se-
quences and concentrations, and thermal cycling conditions for each
gene, are given in Table 1.

Standard curves were generated using 10-fold dilutions of gBlock
Gene Fragments (Integrated DNA Technologies, USA) or cloned target
genes (Reynolds et al., 2020; Balleste et al., 2020). The limit of detection
(LOD) of each assay was determined as the lowest number of nucleic
acid target in each template volume, detected in at least 95% of repli-
cates (Rutledge and Stewart, 2008). The limit of quantification (LOQ)
was calculated as the lowest concentration of the target quantified
within 0.5 standard deviations of the log;o concentration. The amplifi-
cation efficiency of every reaction was calculated by using the slope of
the linear regression lines employing the following equation (Rutledge
and Cote, 2003):

E= 107(W> —1 )

For every set of samples, a negative control, positive control, and
four dilutions of purified plasmid or gBlock Gene Fragments for con-
struction of a standard curve were added. The efficiency for all runs was
between 93 and 102% (Table S1).
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Table 1
Inactivation parameters of each indicator in freshwater and seawater, 95% confidence intervals (CI) have been included. s: stable for the duration (30 days) of the
experiment.
Microcosm Temp (°C) Model Kiean (day ~) 95% CI
Culturable E. coli Freshwater 4°C Biphasic s 0.45 0.52 to 0.38
18°C Biphasic 0.44 °0.25 20.59 to 0.36 °0.29 to 0.19
Seawater 4°C Biphasic s °0.49 0.62 to 0.33
18 °C Linear 1.10 1.29 to 0.92
E. coli DNA Freshwater 4°C Linear 0.23 0.29t0 0.17
18 °C Linear 0.25 0.29 to 0.21
Seawater 4°C Linear 0.21 0.27 to 0.16
18°C Biphasic %0.65 bs 0.77 to 0.53
Culturable Intestinal enterococci Freshwater 4°C Biphasic “0.1 °0.33 %0.15 to 0.04 °0.4 to 0.28
18°C Biphasic ?0.59 "0.55 ?0.62 to 0.56 "0.58 to 0.52
Seawater 4°C Linear 0.09 0.11 to 0.07
18°C Biphasic 0.51 °0.54 %0.54 to 0.48 °0.56 to 0.52
Enterococcus faecalis DNA Freshwater 4°C Linear s
18 °C Linear 0.21 0.25 to 0.17
Seawater 4°C Linear s
18°C Linear 0.10 0.16 to 0.05
Somatic Coliphages Freshwater 4°C Linear s
18 °C Biphasic s 0.28 0.32 to 0.24
Seawater 4°C Linear s
18°C Biphasic s b0.25 0.31 to 0.21
F-RNA bacteriophages Freshwater 4°C Linear 0.12 0.16 to 0.09
18°C Linear 0.97 1.07 to 0.87
Seawater 4°C Linear 0.25 0.29 to 0.21
18 °C Linear 0.55 0.61 to 0.5
MS2 RNA Freshwater 4°C Linear s
18°C Linear 0.19 0.23 to 0.15
Seawater 4°C Linear 0.09 0.16 to 0.02
18 °C Linear 0.19 0.23t0 0.14
HF183 Freshwater 4°C Linear 0.24 0.29 to 0.19
18°C Linear 0.71 0.77 to 0.65
Seawater 4°C Biphasic s 0.31 0.45 to 0.17
18°C Linear 0.50 0.57 to 0.43
PMMoV RNA Freshwater 4°C Linear s
18°C Linear s
Seawater 4°C Linear s
18°C Linear s
crAssphage_2 Freshwater 4°C Linear s
18 °C Linear 0.22 0.25 to 0.19
Seawater 4°C Linear 0.19 0.24 to 0.14
18°C Linear 0.14 0.16 to 0.11

@ Decay rate 1 (kq),.
b Decay rate 2 (ko).

2.6. Mathematical model for sewage overflow event simulation

Under steady and uniform flow fields, the solute transport equation
can be simplified to (Runkel, 1996):
aC oc Py
5 = U +D35—kC @)
where C = concentration; t = time; U = velocity; x = distance; D =
dispersion coefficient; k = decay rate.

The analytical solution of the above equation was adopted in this
study to model the concentration of various faecal indicators down-
stream of a human sewage spill, at x = 0, for a finite time period, =
(O’Loughlin and Bowmer, 1975; Runkel, 1996).

For t < 7, the solution is:

e () (=120 @

and for t > 7, the solution is:

,@ex —hx ercw 7&%‘(:%
Clx1) = P(U) f{ Vi } f i
4

where Cy = initial concentration at the point of spill (x=0) andn = %’

is the estuary number.

Three hypothetical water systems were considered for the simulation
of sewage discharges into different water bodies. The first was an
advection dominant water system with U = 0.2 m/s and D = 5 m?/s to
reflect a typical river system, the second was an advection/dispersion
dominant system with U = 0.05 m/s and D = 50 m? /s, characteristic of
an estuarine or coastal system, and the third was a dispersion dominant
water system with U= 0.001 m/s and D = 1 m?/s, typical of a fresh-
water lake. To determine the impact of the hydrodynamic properties on
the spatial concentration of faecal indicators in the different water sys-
tems, six faecal indicators reflecting a variety of decay rates were
selected for analytical modelling. Indicators included E. coli, intestinal
enterococci, crAssphage, PMMoV, HF183 and somatic coliphages, and
all were simulated in a hypothetical sewage spill of 2 h duration over a
10 km distance for 200 h. The initial concentrations (Table S4) of the
simulated indicators and molecular markers at the point of spill were the
calculated means determined from untreated influent sewage samples
(n = 10) taken from the Ringsend WWTP. The decay rates for each in-
dicator, determined from the microcosm experiments (Section 2.2) were
used in these simulations.

2.7. Data analysis

Data were analysed and plotted using GraphPad Prism9 (GraphPad
Software, USA). Decay rates for culturable microorganisms and molec-
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ular markers in freshwater and seawater were calculated assuming the
first order exponential model (Chick, 1908), defined by the equations:

()

N, = Nge ™

N;

Ln (Nu)
where N¢ and Ny are the concentrations of the viable microorganism or
the molecular marker in the microcosm at time t and time 0, respec-
tively, and k is the decay rate. A linear and a biphasic decay model was
determined for each indicator using segmented pairwise regression. A
break point between segments was identified, and decay rate constants
(k; and ky) were calculated for each of the two segments. The best fit
model was determined by comparing the linear and biphasic decay
models using the Akaike information criteria (AIC), rz, RMSE and Wald-
Wolfowitz runs test (Supplemental material).

The time required to reduce the concentration by 1 log;( unit (Tgg)
and 2 logio units (Tgg) was determined as follows:

= —kt ©)

—In(0.1)

Too = M )
—In(0.01
Ty = 0001 ®
k
3. Results

3.1. Decay of culturable faecal indicator bacteria and their associated
marker genes in fresh and seawater

To compare the decay rates of different faecal indicators in fresh-
water and seawater, we first determined the culturable and molecular
bacterial indicator decay rates of FIB included in the Bathing Water
Directive (2006) in a microcosm system (Fig. 1). The decay profile of
culturable E. coli was biphasic in all microcosm experiments with the

a) Culturable E. coli
105_
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CFU/ml
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exception of the seawater microcosm at 18 °C (Table 1, 2). For both
freshwater and seawater at the lower temperature (4 °C), E. coli
remained stable for five days and seven days, respectively, after which
decay rates for the two waters became similar (k = 0.45 days’1 Tgo=5.1,
k = 0.49 days™! Tgy=4.7 days, respectively). E. coli in freshwater at
20+/—2 °C exhibited a rapid decay in the first phase (k = 0.43 days ™,
Tgp=5.2 days), followed by a slower decay in the second phase (k=0.24
days™!, Top=9.3 days). The highest decay rate was observed in seawater
at 18 °C (k=1.10 days !, Tgp= 2.1 days).

In contrast to culturable E. coli, the decay profile of the E. coli 16S
rRNA gene was linear for all experimental conditions, except for
seawater at 18 °C (Table 1, 2). Under these conditions, the gene marker
decayed rapidly in the first phase (k=0.65 days ', Tgo=3.5 days) and
remained stable for the remaining 13 days of the experiment. In
contrast, the E. coli gene marker was more stable in freshwater at 18 °C
(T90=9.3 days). At 4 °C, the decay rates of the E. coli gene marker were
comparable in freshwater and seawater (k=0.21-0.23, Tgo= 9.9-10.7
days).

Similar to culturable E. coli, intestinal enterococci were characterised
by a biphasic decay profile in three out of four conditions. However, the
two faecal indicators showed different decay profiles (Fig. la, ¢ &
Fig. Sla, c). The intestinal enterococci decay was higher (Tgp=3.9 days)
than that for E. coli (Tgp=5.2 days) in freshwater at 18 °C, whereas in-
testinal enterococci were more stable in seawater at 18 °C (Tgp=4.5
days) than E. coli (Tgp=2.1 days). At 4 °C, intestinal enterococci
remained reasonably stable in freshwater and seawater for the first 10
days, but from this time, levels decayed more rapidly in freshwater than
in seawater (T9p=22.9 and 26.3 days, respectively). Similarly, the
Enterococcus faecalis gene marker remained constant for the duration of
the experiment at 4 °C. However, and somewhat surprisingly, the decay
rate of this gene in freshwater at 18 °C was 2-fold higher than in
seawater (k=0.21 days’l, Tgo=11 days and k=0.10 days’l, Tgo= 22.2
days, respectively).

b) E. colfi DNA

FW 4°C
FW 18°C
SW4°C
SW 18°C

LR K

Time (days)

d) Enterococcus faecalis DNA

Time (days)

Fig. 1. Decay of a) culturable E. coli, b) E. coli DNA, c) culturable intestinal enterococci, and d) Enterococcus faecalis DNA in freshwater (FW) and seawater (SW) at
4 °C and 18 °C. Data points represent mean values obtained from duplicate experiments. Error bars represent standard deviation. CFU/ml: Colony forming units per

millilitre, GC/ml: gene copies per millilitre.
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Table 2
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Tgo and Tog (days) with 95% confidence intervals (CI) for all indicators. The turning point (TP): the day at which decay rate 1 (k;) changes to decay rate 2 (k»), s: stable
for the duration (30 days) of the experiment.

Microcosm Temp ( °C) TP Too (CD) Tgo (CD)
Culturable E. coli Freshwater 4°C 5.0 % 5.1 (4.4-6) s 10.3 (8.8-12.1)
18°C 5.0 “5.2(3.9-6.4) 9.3 (7.9-12.1) 710.5 (7.8-12.7) 18.7 (15.8-24.2)
Seawater 4°C 7.8 ’s °4.7 (3.7-6.9) % 9.3 (7.4-13.9)
18 °C 2.1 (1.7-2.5) 4.2(3.5-5)
E. coli DNA Freshwater 4°C 9.9 (7.9-13.5) 19.8 (15.8 - 27)
18°C 9.3 (7.9-10.9) 18.6 (15.8-21.9)
Seawater 4°C 10.7 (8.5-14.4) 21.5 (17-28.7)
18°C 8.0 3.5(2.9-4.3) °s 7.04 (5.9-8.6) bs
Culturable Intestinal enterococci Freshwater 4°C 7.7 922.9 (15.4 - 57.6) 6.9 (5.7-8.2) s 13.9 (11.6-16.4)
18°C 11.5 “3.9(3.7-4.1) 4.2 (3.9 - 4.4) 7.8 (7.4-8.2) 8.3 (7.9-8.8)
Seawater 4°C 26.3 (20.9-32.9) s
18°C 11.3 4.5 (4.2-4.8) 4.2 (4.1-4.4) %9.0 (8.5-9.5) 8.5 (8.2-8.8)
Enterococcus faecalis DNA Freshwater 4°C S s
18°C 10.9 (9.2-13.5) 21.9 (18.4-27)
Seawater 4°C S s
18°C 22.2 (14.3 - 46) s
Somatic Coliphages Freshwater 4°C S s
18°C 3.9 s "8.3 (7.2-9.5) s 16.7 (14.3 - 19)
Seawater 4°C S H
18°C 4.0 's "9.2 (7.4-10.9) % "18.4 (14.8-21.9)
F-RNA bacteriophages Freshwater 4°C 18.9 (14.3-25.5) s
18°C 2.4 (2.1-2.6) 4.8 (4.3-5.8)
Seawater 4°C 9.1 (7.9-10.9) 18.2 (15.8-21.9)
18°C 4.2 (3.7-4.6) 8.3(7.5-9.2)
MS2 RNA Freshwater 4°C S s
18°C 12.2 (10-15.3) 24.3 (20-30.7)
Seawater 4°C 26.1 (14.3-5) s
18°C 12.4 (10-16.4) 24.8 (28.7 - s)
HF183 Freshwater 4°C 9.6 (7.9-12.1) 19.2 (15.8-24.2)
18°C 3.3(2.9-3.5) 6.5(5.9-7)
Seawater 4°C 11.0 % 7.3 (5.1-13.5) s 14.6 (10.2 - 27)
18°C 4.6 (4-5.3) 9.3 (8-10.7)
PMMoV RNA Freshwater 4°C S s
18°C S H
Seawater 4°C S s
18°C S s
crAssphage_2 Freshwater 4°C S s
18°C 10.4 (9.2-12.1) 20.8 (18.4-24.2)
Seawater 4°C 12 (9.6-16.4) 24 (19.1-32.9)
18°C 17.2 (14.4-0.9) H

@ Decay rate 1 (kq),.
b Decay rate 2 (ko).

3.2. Decay of infectious bacteriophages and their associated marker gene
in fresh and seawater

Somatic coliphages and F-specific RNA bacteriophages are abundant
in human faeces and have been suggested as indicators of human viral
pathogens of faecal origin (Balleste et al., 2021; Jebri et al., 2017). So-
matic coliphages followed a biphasic decay profile in freshwater and
seawater at 18 °C, which remained stable for four days. However, from
this time, decay was similar in both microcosms (ko= 0.28 and 0.25
days™! for freshwater and seawater). Unlike the decay of bacterial in-
dicators at 4 °C, somatic coliphages remained stable in all treatments for
the duration of the experiment at this temperature (Fig. 2a).

Both F-RNA bacteriophages and the MS2 RNA markers followed a
linear decay model (Table 1, 2). Interestingly, the two infectious bac-
teriophages decayed at very different rates, F-RNA bacteriophages
decaying more rapidly than somatic coliphages under all conditions,
most notably in freshwater at 18 °C. At 4 °C, F-RNA decay rates were
similar in both fresh and seawaters (k = 0.12 and 0.25 days’l). A similar
decay profile was observed for the MS2 marker, which was stable for the
duration of the experiment (30 days). Furthermore, at 18 °C, the F-RNA
decay rate was 1.8-fold higher in freshwater (k = 0.97 days’l, Tgo= 2.4
days) than in seawater (k = 0.55 days’l, Tgo= 4.2 days). In contrast, the
decay rates for MS2 RNA were similar at 4 °C, with Tyg values of 12.2
and 12.4 days, respectively, being determined in freshwater and
seawater.

3.3. Decay of human sewage associated molecular marker genes in fresh
and seawater

We evaluated the decay rate of the crAssphage, PMMoV and HF183,
which are used as human source tracking markers (Fig. 2d, e, f &
Table 1,2). The HF183 marker decayed more rapidly at 18 °C in fresh-
water (k=0.71 days ", Tgo= 3.3 days) than in seawater (k=0.50 days !,
Tgo= 4.6 days). At 4 °C, the HF183 marker remained stable for 11 days
in seawater before it began to decay. The crAssphage marker was more
persistent than the HF183 marker under all conditions. For example, at
18 °C under both conditions, the Tqq values for crAssphage were around
three times higher than that of HF183 (Table 2). However, similar to the
HF183 marker, crAssphage levels decreased 1.7-fold faster in freshwater
(k=0.22 days’l, Tgo= 10.4 days) than in seawater at 18 °C (k=0.14
days™!, Tgo= 17.2 days). Moreover, the crAssphage marker remained
stable in freshwater at 4 °C for the duration of the experiment. In
comparison to all other indicators, the viral PMMoV RNA marker was
the only indicator to remain stable under all tested conditions for the
entire experiment (30 days), and therefore, no decay parameters were
determined for this marker.

3.4. Sewage overflow event simulation in different water systems

As described in Section 2.6, six (of 10 in Table 2) faecal indicators
were simulated in a hypothetical sewage spill of 2 h duration over a 10
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Fig. 2. Decay of a) culturable somatic coliphages, b) F-RNA bacteriophage, ¢) MS2 gene marker, d) HF183, e) crAssphage, f) PMMoV in freshwater (FW) and
seawater (SW) at 4 °C and 18 °C. Data points represent mean values obtained from duplicate experiments. Error bars represent standard deviation. PFU/ml: Plaque

forming units per millilitre. GC/ml: gene copies per millilitre.

km distance for 200 h. Data for three indicators (a faecal bacterial
species - E.coli, a phage - crAssphage and a virus-PMMoV) are shown in
Fig. 3. Data for intestinal enterococci, somatic coliphages and the human
marker HF183 exhibited similar trends and are shown in Fig. S3. In the
simulation of the advection dominant (river) system (Fig. 3(a), (d) and
(g)), the sewage spill was shown to have minimal impact over time on
the downstream water quality, but the peak concentrations further
downstream were shown to be significantly higher than for both the
advection/dispersion dominant estuarine/ coastal (Fig. 3(b), (e) and
(h)) and dispersion dominant (lake) systems (Fig. 3(c), (f) and (i)). All
indicators displayed a sharp rise and fall over a relatively short period of
time (Fig. 4(a)). The rate of decay had only a limited impact on the
downstream indicator concentrations, as the Tgg and Tgg values were
shown to be greater than the time it took for the indicators to be
distributed over the 10 km model length. In contrast, the downstream
concentration was impacted for a much longer period in the estuarine/

coastal system, but with a lower peak concentration compared to the
river system. The decrease in concentration was observed over a
considerably longer time period in the estuarine/ coastal and lake sys-
tems than the river system (Fig. 4). Furthermore, the concentration of
indicators with higher decay rates, such as E. coli, intestinal enterococci
and HF183, were shown to decrease more rapidly than the stable in-
dicators, such as somatic coliphages and PMMoV (Fig. 4(b), (c)) in the
estuarine/ coastal and lake systems. In the lake system, none of the
faecal indicators travelled further than 7 km from the point of discharge
over the 200-hour simulation period (Fig. 3(c), (f) and (i)). The stable
indicators, such as somatic coliphages (Fig. S3(i)) and PMMoV (Fig. 3(i))
were shown to continue spreading to further downstream cross-sections
after the 200-hour period, and until the concentration stabilised, while
indicators with higher decay rates, such as E. coli, (Fig. 3(c)) intestinal
enterococci (Fig. S3(c)), and HF183 (Fig. S3(f)), were shown to not
impact the further downstream cross-sections, since at the end of the
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Fig. 3. Simulation of the faecal indicator concentration distribution over a 10 km area for 200 h for; culturable E. coli in a) advection dominant river system, b)
advection/dispersion dominant estuarine/ coastal system, and c¢) dispersion dominant lake system; crAssphage in d) advection dominant river system, e) advection/
dispersion dominant estuarine/ coastal system, and f) dispersion dominant lake system; PMMoV in g) advection dominant river system, h) advection/dispersion
dominant estuarine/ coastal system, and i) dispersion dominant lake system. X (m): 10,000 m area.

200-hour simulation, the areal extent of the simulated domain being

impacted was already diminishing.

4. Discussion

The use of FIB to assess bathing water quality and the accompanying
risk of contracting gastrointestinal and/ or respiratory disease, as

required by the EU Bathing Water Directive (2006), has led to a signif-

icant increase in bathing water quality throughout the European Union
(World Health Organisation, 2007). However, the EU Bathing Water
Directive does not consider the hydrodynamic properties of a given

waterbody, nor does it consider the decay rates of faecal indicators in the
aquatic environment. A systematic review of decay rates of mammalian
viruses of public health concern in aquatic environments, including
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Fig. 4. Concentration of microbial indicators at 1000 m downstream of a simulated sewage spill for a) advection dominant river system, b) advection/dispersion

dominant estuarine/ coastal system, and c) dispersion dominant lake system.

Norovirus, Rotavirus and Enterovirus, reported k-values that are
considerably smaller than those of E. coli and intestinal enterococci. The
authors of this review conclude that FIB may therefore have limited use
in assessing the risks to public health by mammalian enteric viruses
introduced by faecal contamination (Boehm et al., 2019). Our study
considered whether the two FIB in the Bathing Water Directive (E. coli
and intestinal enterococci) are sufficient in different waterbodies with
differing hydrodynamic properties to fully assess public health risks

associated with faecal contamination. With E. coli and intestinal
enterococci, we determined decay rates (from experimental micro-
cosms) of four additional faecal indicators in hypothetical simulations of
river, estuarine/ coastal and lake systems to identify the appropriate
faecal indicators, with some not currently included in the Bathing Water
Directive, to adequately reflect the public health risks associated with
waterborne pathogens.

The model simulation results show that the decay rate of each
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indicator had a minimal impact on the concentration levels of faecal
indicators in advection dominant (river) systems. All faecal indicators
showed a similarly sharp rise and fall in concentration and were below
the detection limit within six hours. The rate at which the marker con-
centration increased and decreased in the simulated domain was sub-
stantially higher than the corresponding measured decay rates in this
study. This means that the transport profiles of mammalian viruses of
public health concern with low k-values, e.g., Norovirus, Rotavirus or
Enterovirus under these conditions is highly similar to those of FIB
which have a greater k-value (Boehm et al., 2019). Therefore, the choice
of a particular faecal indicator is not critical in advection dominant
(river) systems systems, and in these, FIB remain the most cost-effective
indicators to assess public health risks associated with faecal contami-
nation. However, of the approximately 22,000 designated bathing waters
across the EU, 6% are river systems. The vast majority (over 85%) of EU
designated bathing areas are coastal with the remainder comprising the
non-river ‘inland’ waterbodies (European Environment Agency, 2021).

In less dynamic waterbodies that include estuarine/ coastal water
bodies and lakes, faecal indicator selection is critical in assessing faecal
pollution. Dispersion rather than advection is the primary driver of
contaminant transport in these settings. In advection/dispersion (estu-
arine/ coastal settings) and dispersion (lake settings) simulations, the
faecal indicators were observed in the model domain for longer time
periods, as the water movement is slower than in the advection driven
model. The lake simulation showed that the faecal indicators remained
detectable within seven km of the discharge point over a 200-hr simu-
lation period, suggesting that water quality remains compromised for a
longer period of time than that for the estuarine/coastal and river sys-
tems that were simulated. Furthermore, after 4-5 days in an estuarine/
coastal system, the levels of intestinal enterococci are shown to decrease
below the no-observed-adverse-effect levels (NOAELSs) of less than 40
CFU/100 ml (WHO, 2003). The NOAEL applies to healthy adult bathers
exposed to marine water and does not consider other activities nor in-
dividuals with a lower immunity, such as children, the elderly or
immunocompromised persons. The simulation shows that when intes-
tinal enterococci levels fall below the NOAEL, other indicators with
k-values similar to some human viral pathogens are still present at
substantial levels, indicating that a risk to public health may remain.
Overall, the indicator specific decay rates were shown to have greater
impacts on reductions in faecal indicator concentrations in scenarios
where the Tgg values were lower than the rate of dispersal. It should also
be noted that the observed Tyg values for FIB are comparable to other
studies, ranging from 1.52 to 6.19 days and 1.15 to 5.46 days for cul-
turable E. coli and intestinal enterococci, respectively (Balleste et al.,
2018). Ahmed et al. (2021) have reported a biphasic decay profile for
culturable E. coli under similar conditions as reported here.

In both the freshwater and seawater simulations, the bacteriophage
markers were shown to persist for longer periods than the culturable and
molecular bacterial indicators. Therefore, these markers are arguably
more suitable as a proxy for viral pathogens because, as previously
indicated, those viral pathogens have k-values that are considerably
smaller than those of bacterial indicators. Somatic coliphage and F-RNA
phage plaque assays are valuable as they measure the level of infectious
particles in the water. However, as is the case for E. coli and intestinal
enterococci, culturable bacteriophages and the MS2 marker are not
exclusively associated with human contamination. The crAssphage and
PMMoV markers are more representative of human viral pathogens in
water quality analysis, as they have been shown to be correlated to the
presence of human-specific gastrointestinal viruses in the aquatic envi-
ronment (Jennings et al., 2020; Gonzalez-Fernandez et al., 2021).
Moreover, Crank et al. (2019) demonstrated a relationship between
observed PMMoV and crAssphage concentrations and the probability of
bather illness in sewage-polluted waters. PMMoV and crAssphage
markers are also highly abundant in sewage (Kato et al., 2018; Wu et al.,
2020; Crank et al., 2020), with no seasonal fluctuations reported. In
addition, studies have shown a good correlation between the crAssphage
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marker and other faecal indicators, such as FIB, HF183 and somatic
coliphages (Ahmed et al., 2020; Balleste et al., 2019; Sala-Comorera
et al., 2021). Furthermore, the k-values observed for crAssphage are
within the range observed in other studies, for example Ahmed et al.
(2021). Other studies have reported a higher persistence for PMMoV
under similar conditions (Greaves et al., 2020). In comparison to other
stable indicators, i.e., somatic coliphages, the PMMoV was detectable for
the longest time period because of its high sewage content and low decay
rate. It is, therefore, a suitable indicator in situations where a stable
marker is required to monitor long-term spatial trends of a sewage spill
because the decrease in PMMoV levels is due to the dispersal rate rather
than its decay rate.

Monitoring human pathogens in the environment remains chal-
lenging. Adopting a more conservative approach by selecting a viral
marker with a higher decay rate and higher concentration could
improve the reliability of water quality monitoring in estuarine/ coastal
waterbodies and lakes. Our results confirm that choosing the most
appropriate faecal indicator markers is dependent on the type of water
body and the nature of the spill. The study results point toward the
increased level of public health protection that could be realised by
using site-specific risk-control measures for different recreational water
bodies depending on the resources available to responsible authorities,
regulatory agencies and policymakers.

5. Conclusions

This study investigated whether the two FIB that underpin the cur-
rent implementation of the EU Bathing Water Directive (namely, E. coli
and intestinal enterococci) are sufficient for assessing the public health
risks associated with faecal contamination in bathing waters. The model
simulation results demonstrated that decay rates of faecal indicators are
not a critical parameter in advection dominant water bodies, as the
faecal indicators will be below the limit of detection before the viability
or integrity of their genetic material is lost. Therefore, the choice of
E. coli and intestinal enterococci as FIB are appropriate. However, in
dispersion and advection/dispersion dominant systems, which includes
the vast majority of EU bathing waters, the consideration of the decay
rates of potential faecal indicators is critical to assess the impact of faecal
contamination on public health. Therefore, more consideration should
be given to marker selection when modelling waterbodies such as
coastal beaches and estuaries. Inclusion of stable viral markers, such as
crAssphage and PMMoV, will improve the reliability of water quality
modelling and minimise the risk of waterborne illnesses from faecal
contamination.
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