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Abstract: Sewage pollution leads to the contamination of bivalve shellfish by pathogenic microor-
ganisms. Bacterial indicators support the management of risks associated with the consumption
of shellfish; however, they often fail to indicate adequately the potential hazard to human health
posed by certain human enteric viruses. Bacteriophages have been proposed as alternative indicators
that may more effectively predict the presence of enteric viral pathogens. This study explored the
relationships between bacterial indicators (Escherichia coli (E. coli), faecal coliforms (FC) and intestinal
enterococci (IE)), phages (somatic (SOMPH), F-specific RNA (F + PH) and human-specific Bacteroides
GB-124 phages (GB124PH)) and Norovirus (NoV) (GI/GII) in mussels (Mytilus edulis) and their over-
lying waters. The bioaccumulation of these indicators and Norovirus in shellfish matrices (e.g., flesh,
digestive gland) was investigated bimonthly over a 12-month period in an English estuary. The
findings revealed a marked seasonality in the distribution of all organisms, with the highest levels
occurring during the autumn/winter months. The levels of all phages in shellfish and their overlying
waters correlated better with the levels of Norovirus than with those of bacterial indicators. Somatic
coliphages were the indicator that exhibited the strongest correlations with NoV (rho = 0.929). This
study suggests that relatively low-cost culture-based phage enumeration appears to offer a more
accurate indication of the likely presence of Norovirus in mussels than traditional bacterial indicators.

Keywords: bacteriophages; bacteria; faecal pollution; shellfish; indicators; norovirus; mussels;
oysters; enteric viruses

1. Introduction

Bivalve molluscs (shellfish) are filter feeders; thus, they may bioaccumulate pathogenic
microorganisms originating from sewage pollution. During the twentieth century; advances
in wastewater treatment, improvements to shellfish safety regulations, the implementation
of methods for shellfish purification, and the adoption of bacterial indicators for the
monitoring of shellfish all served to decrease the incidence of human excreta-borne illnesses,
particularly those caused by pathogenic bacteria (e.g., typhoid fever) [1–3]. However, it has
been suggested that the failure of bacterial indicators to identify accurately the potential risk
to human health posed by enteric viral pathogens [4], which tend to be both more resistant
to wastewater treatment processes [5,6] and more persistent during purification treatments
than bacteria [7], explains why pathogenic viruses continue to pose a significant threat [8]
to the health of shellfish consumers. Additionally, 359 disease outbreaks associated with
the ingestion of bivalves that occurred in various parts of the world between 1980 and 2012
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demonstrated a viral aetiology. Of these, Norovirus (NoV) was the principal disease-causing
agent (responsible for 83.7% of cases), followed by the hepatitis A virus (HAV) (responsible
for 12.8% of cases) [9].

It has been suggested [10] that long-term site-specific monitoring studies are needed
to assess pathogen–indicator correlations, in order to provide a better estimation of con-
tamination by specific pathogens within a particular water body, and thus to provide a
useful assessment of potential risks to human health. Therefore, to address the problem
of predicting and managing the viral contamination of surface waters and shellfisheries,
several measures have been explored in recent years, including direct viral pathogen de-
tection and the implementation of microbial source tracking (MST) techniques [11]. The
ISO/TS 15216-1 method [12,13], which is based on real-time quantitative polymerase chain
reaction (RT-PCR), allows for the enumeration of norovirus in bivalve shellfish, although it
does not provide information on the infectivity of the pathogen [14]. However, a previous
study suggested that high levels of NoV genome copies in molluscan shellfish detected
by RT-PCR are indicative of a significantly elevated health risk [15]. The adoption of ap-
propriate indicators of viral pathogens for use in shellfish and surface water surveillance
has been proposed, with the most promising candidates being certain groups of enteric
bacteriophages (phages) [16].

Bacteriophages (or ‘phages’) are viruses that infect the prokaryotic organisms (bacteria).
To date, some groups of bacteriophages found among the gastrointestinal microbiota of
mammals have been proposed as indicators of viral pathogens for use in shellfish and
surface water surveillance. These include somatic coliphages (SOMPH) [17], F-specific RNA
phages (F + PH) [18] and phages specific to human sources of faecal contamination, such as
those infecting certain Bacteroides strains (e.g., HSP40) [19]. More recently strain GB-124
(GB124PH) has also been investigated [20,21]. The use of human-specific phages in shellfish
hygiene monitoring is innovative and potentially important, as it has been suggested [22]
that, although shellfish may also become contaminated by zoonotic pathogens originating
from non-human faeces, pathogens associated with human faeces remain the main focus of
public health concern.

In 2007, a US Environmental Protection Agency (EPA) scientific review of recreational
water quality criteria suggested that the use of phages in health and epidemiological studies
(alongside E. coli and intestinal enterococci (IE)) should be made a priority to support efforts
to estimate the risks associated with a range of viral pathogens, including NoV [23]. Since
then, the detection and enumeration of phages infecting the Bacteroides fragilis strain GB-124
has shown considerable promise, both for identifying the presence and source of faecally
impacted surface waters in the UK [24] and in the USA [25].

In 2015, a further review of the extant evidence by the US EPA [26] concluded that while
some knowledge gaps remain regarding the behaviour of coliphages in some environmental
matrices, they are likely to be a better indicator of viruses from faecal contamination than
currently used faecal indicator bacteria. Therefore, phages may not only offer a better
indication of the likely presence and levels of human enteric viruses in shellfisheries than
existing bacterial indicators, but they may also indirectly provide valuable information
on the possible infectious state of the viral pathogens. Hence, the inclusion of phages as
part of shellfish sanitary surveys may help support the more rational assessment of human
health risks. The following study explores the bioaccumulation of, and the relationships
between, traditional bacterial indicators and phage-based indicators in a range of mussel
(Mytilus edulis) matrices (e.g., mussel flesh, intravalvular liquid, and digestive glands)
and their overlying waters, within a tidal river estuary in southeast England (UK). These
levels were then compared with the levels of NoV (GI and GII) present in the digestive
glands of the mussels and for compliance with both EU and US shellfish legislation. It was
hypothesised that the groups of bacteriophages would serve as a more efficacious indicator
than traditionally utilised bacterial indicators for NoV contamination of shellfish.
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2. Materials and Methods
2.1. The Study Site

The samples of mussels (Mytilus edulis) and their overlying waters were collected from
a site (latitude = 50◦48′595 N; longitude = 000◦02′196 E) on the River Ouse (East Sussex,
UK), located 4 km north of the coastal port town of Newhaven, where the river meets the
English Channel. The R. Ouse watershed consists of approximately 290 km of river and
tributaries [27] and more than 20 municipal wastewater treatment works (WWTW) and
combined sewage overflows (CSO), which discharge partially treated wastewaters into
the watershed; other sources of faecal pollution within the watershed include agricultural
and wild inputs [24]. A map containing the sampling site and major wastewater discharge
points to the watershed area can be found in Figure S1.

2.2. Sample Collection

A total of twenty-four (n = 24) grab samples of mussels and overlying waters were
collected twice monthly from the study site. Three sample matrices, namely (a) overlying
water, (b) mussel flesh including intravalvular liquid (mussel flesh), and (c) digestive gland
(mussel gland), were analysed for the presence of six faecal indicators. These indicators
were: Escherichia coli (E. coli); faecal coliforms (FC); intestinal enterococci (IE); somatic
coliphages (SOMPH); F-specific RNA phages (F + PH); and phages infecting a human-
specific Bacteroides fragilis strain (GB-124PH). Additionally, the detection and quantification
of human NoV (GI and GII) in the mussel digestive glands was performed using RT-PCR.
Samples were collected in the morning (08.00–10.00 a.m.) during the low tide, when the
mussel beds were easily accessible. On each sampling occasion, 45 mussel samples were
handpicked from a depth of approximately 20 cm below the water surface, and 1-L samples
of overlying water were obtained. All samples were placed in sterile 1-L polyethylene
containers (Fisher Scientific, Loughborough, UK) and transported on ice (within an hour)
to the laboratory for immediate processing.

2.3. Sample Processing

Samples were processed in accordance with the standard methods, with some minor
modifications, as described here. In brief, each batch of 45 mussels was separated into three
sub-batches of approximately 15 mussels (equivalent to approximately 100 (±2) grams
of flesh and intravalvular liquid). The mussels were scrubbed under running water to
avoid cross-contamination from sediments and opened with a sterile shucking knife on
sterile stainless-steel trays (Scientific Labs® Nottingham, UK). Flow charts detailing all the
sampling processing steps can be found in the supporting information (Figures S2 and S3).

From the first batch of samples, the mussel flesh and intravalvular liquid were removed
from the shells, placed in stomacher bags and blended (Seward® Stomacher400, Worthing,
UK) at 230 rpm (paddle speed) for three minutes. The homogenate was then placed in a
sterile Petri dish, weighed, and subdivided into two 50 (±1) gram homogenates. One of the
resulting homogenates was then used to enumerate E. coli in accordance with the multiple
tube technique [24]. The other homogenate was used for the enumeration of FC, IE and
phages (SOMPH, GB124PH, F + PH). This homogenate was placed in another stomacher
bag containing 50 mL of glycine buffer (pH10) and blended for an additional three minutes
at 230 rpm. Subsequently, the homogenate was placed in a 200 mL Schott bottle, filled with
an additional 50 mL of glycine buffer (pH10), resulting in a 1:3 (w/v) final solution.

From the second batch of mussels, 15 digestive glands (±0.4–0.5 g each) were extracted,
placed in a sterile Petri dish, weighed, pooled and then finely chopped to homogenize
using a sterile stainless-steel scalpel. This was followed by a 1:5 dilution with glycine buffer
(pH10), producing a 42 (±2.5) mL final solution, which was subsequently used for the
enumeration of FC, IE and phages (SOMPH, GB-124PH, F + PH). Finally, from the third
batch of mussels, 15 digestive glands (0.4–0.5 g each) were extracted, placed in a sterile Petri
dish, weighed, pooled and then finely chopped to homogenize using a sterile stainless-steel
scalpel. The homogenate (7 ± 0.5 g) was then placed in a sterile 15 mL centrifuge tube
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and stored at −70 ◦C (for no more than 12 months). Approximately 2 g of the frozen
homogenate were subsequently used for the detection of NoV (GI/GII).

2.3.1. Preparation of Mussel Homogenate and Overlying Water Samples for
Phage Analysis

Before phage detection, the samples of mussel flesh and mussel gland solution (±30
to 40 mL) were poured into sterile 50 mL centrifuge tubes and clarified by centrifugation
(Centaur® 2, Salford, UK) at 2000 G for 15 min. The supernatants and overlying waters
were filtered using 0.22 µm syringe-driven polyether sulfone filters (Merck, Millipore®,
Burlington, MA, USA), attached to 10 mL sterile plastic syringes (Plastipak®, Wrexham, UK)
in order to remove background contamination. Filtered supernatants and overlying waters
(approximately 20–30 mL each) were stored in 15 mL plastic sterile test tubes (Sterilin®

,
Thermo Scientific, Waltham, MA, USA) and kept in the dark at 4 ◦C before being assayed
the following day, in accordance with standard methods.

2.3.2. Preparation of Mussel Homogenate for Bacterial Analysis

For each sampling event, 1 mL, 10 mL and 100 mL volumes of overlying waters were
filtered through a 0.45 µm pore-size cellulose nitrate filter (Thermo Scientific, UK) and
incubated on selective agar. Owing to the viscous nature of the shellfish homogenates,
which tended to clog the membrane filters following laboratory trials (data not shown),
0.5 mL volumes of homogenate (diluted in 10 mL of 1

4 strength Ringer’s solution) were
filtered through a 0.45 µm pore-size cellulose nitrate filter onto selective agar. This volume
showed the greatest filtration efficacy and was subsequently adopted for the entire study,
as a modification of the standard method.

2.4. Detection and Enumeration of Bacterial Indicators

Enumeration of E. coli followed the EU/UK reference method [28] for the testing of
shellfish; therefore, it was only undertaken for mussel flesh and intravalvular liquid, as pre-
scribed. The results were expressed as Most Probable Number MPN/100 g of mussel flesh
and intravalvular liquid. The enumeration of FC and IE in the overlying waters and shell-
fish homogenates followed ISO standard methods: 9308/1:2000 [29] and 7899/2:2000 [30],
respectively. Triplicate filters of the overlying water, mussel flesh and mussel gland ho-
mogenates were placed onto either m-faecal coliform (mFC) or m-Enterococcus (mEnt)
agar (Difco®, Lawrence, KS, USA) in Ø 55 mm Petri dishes. The results were expressed as
colony-forming units (CFU) (e.g., CFU/100 g, CFU/100 mL or CFU/1 g). The detection
limits for the overlying water, mussel flesh and mussel gland samples were 1 CFU/100 mL,
200 CFU/100 g and 4 CFU/g, respectively.

2.5. Detection and Enumeration of Phage-Based Indicators

Somatic coliphages (SOMPH) were enumerated in accordance with the ISO standard
10705-2 [31] and E. coli (WG5) was used as a host bacterium. F-specific RNA phages
(F + PH) were enumerated according to the ISO standard 10705-1 [32], and Salmonella
typhimurium (WG49) was used as a host. Phages infecting B. fragilis (GB124 PH) were
enumerated according to the ISO standard 10705-4 [33] using the strain GB-124 as host. For
overlying waters, 1 mL samples were processed; for mussel flesh, 1 mL samples from the
1:3 (w:v) dilution were processed; and for mussel flesh, 1 mL from the 1:5 (w:v) dilution
was processed. All phage enumeration was carried out in triplicate and the results were
expressed as plaque-forming units (PFU) (e.g., PFU/100 g, PFU/100 mL or PFU/1 g). The
detection limits for the overlying water, mussel flesh and intravalvular liquid, and mussel
gland samples were 33 PFU/100 mL, 100 PFU/100 g and 2 PFU/1 g, respectively. The MS2
F-RNA reference phage, Bacteroides fragilis B-124 reference phage, and naturally occurring
somatic coliphages (previously isolated, propagated and stored at a known titre) were used
on all occasions as positive controls throughout the study.
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2.6. Detection and Enumeration of NoV

The concentrations (genome copies) of human NoV (GI and GII) were enumerated in
the mussel gland samples at the laboratories of CEFAS (Centre for Environment, Fisheries
and Aquaculture Science) in Weymouth (UK). NoV were extracted exclusively from the
mussel glands according to a standardized (European Committee for Standardization,
CEN) quantitative RT-PCR method reported elsewhere (ISO 15216-1:2017) [13]. The results
were expressed as genome copies per gram (genome copies/g) of mussel gland digestive
tissue, with a detection limit of 40 genome copies/g. Mengo virus was used as a process
control for the detection of NoV. Quantification used a log dilution series (range 1 × 105 to
1 × 101 copies/µL) of linear dsDNA molecules carrying the GI and GII target sequences
and followed the principles outlined in the ISO 15216-1 [13]. For the mengo virus, this gave
an indication of extraction efficiency and again is part of the CEN standard, where there is
a criterion for the extraction efficiency to be greater than 10%, otherwise the sample is re-
tested. No inhibition due to co-concentration was reported as part of the CEN method—this
was not a duplex/multiplex PCR; therefore, no competition of qPCR reagents is expected.

2.7. Statistical Analysis

Statistical analysis was performed using SPSS statistical software. All data were
tested to determine whether they demonstrated a normal distribution by applying the
Kolmogorov–Smirnov (KS) Test and by analysing histograms and normal Q-Q plots and
P-P plots of data. Parametric statistical tests were also used whenever the data followed a
normal distribution, whereas equivalent non-parametric tests were employed when the
data did not follow a normal distribution. For the non-parametric tests, the median, rather
than the mean, was used to express the average levels more accurately [34]. The criterion
of 95% confidence, or a 0.05 probability (p), was applied to test the significance of the
various statistical tests. Prior to statistical testing samples from each matrix in which faecal
indicators were not detected were identified (Table 1). The non-parametric Spearman’s rank
correlation coefficient (ρ or Spearman’s rho) was then used for all correlational analyses
and applied to the data to measure the significance and strength of the relationship be-
tween bacterial and phage-based indicators and NoV. Firstly on the entire ‘annual’ dataset
(Table 2) and secondly by splitting the data into ‘spring/summer’ (April–September) and
‘autumn/winter’ (October–March) months (Table 3 and Table 4).

This somewhat arbitrary division of the data into two separate seasonal phases (au-
tumn/winter and spring/summer) was performed to help identify specific temporal trends
in the dataset associated with particular months; similarly, other divisions, e.g., wet and
dry, cold and warm seasons or months, could also have been used to achieve this. This
is supported by the work of Lowther et al. [35], wherein a ‘marked winter seasonality’ of
NoV contamination was noted.

To visualise the contamination data, bacteria counts were logged, replacing left-
censored values with 1.0. Therefore, values beneath the detection limits were assigned a
value of zero. Those samples presenting 0 PFU, or CFU per 100 mL or 100 g were trans-
formed to log10 (+1) PFU, or CFU per 100 mL or 100 g. The logged counts were then plotted
as box-plot charts.

3. Results
3.1. Levels of Faecal Pollution Indicators and Norovirus (NoV)

Table 1 displays the number and percentage of samples from each matrix in which fae-
cal indicators were undetected during field-based research (including preliminary studies).
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Table 1. Number (n) and percentage (%) of samples from each sample matrix in which faecal
indicators were undetected during field-based research (including preliminary studies).

Indicator Sample Matrix (n = 42)
n %

Overlying waters 0 0
Faecal coliforms (FC) Mussel flesh 2 4.8

Mussel gland 0 0

Overlying waters 2 4.8
Intestinal enterococci

(IE) Mussel flesh 3 7.1

Mussel gland 2 4.8

Overlying waters 1 2.4
Somatic coliphages

(SOMPH) Mussel flesh 0 0

Mussel gland 0 0

Overlying waters 13 31
F-specific RNA

phages (F + PH) Mussel flesh 5 11.9

Mussel gland 3 9.1

Overlying waters 23 54.8
Bacteroides fragilis

phages (GB124PH) Mussel flesh 18 42.9

Mussel gland 18 42.9

Mean (%) Undetected Samples Per Matrix

Overlying waters 7.8 18.5
Mussel flesh 5.6 13.3
Mussel gland 4.6 10.9

The results revealed that SOMPH were the most abundant faecal indicator and were
detected in all samples of mussel flesh, digestive glands and in most samples (98%) of
overlying water. Conversely, F + PH and GB124PH were more frequently detected in mussel
flesh (88% and 57%, respectively) and digestive glands (91% and 57%, respectively), than in
overlying waters (69% and 45%, respectively). Figure 1 displays the overall levels of faecal
indicators in overlying waters (A) and in mussel flesh and intravalvular liquid matrices (B),
while Figure 2 displays the overall levels of faecal indicator and NoV (genogroups I and II)
in mussel digestive glands. A statistical summary of the annual levels of faecal indicators
and NoV in all three sample matrices can be found in Table S1.

The levels of all faecal indicators in mussel flesh and intravalvular liquid were above
those of the overlying waters. F + PH was the indicator that showed the greatest difference
(1.98 Log10) between its levels in mussel flesh and intravalvular liquid, and its levels in
the overlying waters, followed by IE (1.46 Log10); SOMPH (1.20 Log10); FC (0.88 Log10);
and GB124PH (0.54 Log10). Combining the observed results from all three sample matrices
(e.g., overlying water, flesh/intravalvular liquid, and digestive gland), the overall levels of
SOMPH were found to be 1.46 and 1.72 log units higher than those of F + PH and GB-124PH,
respectively. Levels of F + PH were also 0.26 log units higher than those of GB124PH phages.
These proportions are in broad agreement with those observed in a research study from
Spain [36], which compared the levels of phages infecting B. fragilis strains HSP-40 and
RYC2056 with those of F + PH and SOMPH in mussels (Mytilus galloprovincialis).
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Figure 2. Box plots of faecal indicator (A) and NoV (B) (genogroups I and II) concentrations in
mussel digestive glands (n = 24). Values beneath the detection limits were assigned a value of
zero. Those samples presenting 0 PFU, CFU or genome copies/g were transformed to log10 (+1)
PFU, CFU or genome copies/g. (FC: faecal coliforms; IE: intestinal enterococci; SOMPH: somatic
coliphages; F + PH: F-specific RNA phages; GB124PH: Bacteroides fragilis GB-124 phages). Coloured
circles represent mild outliers.

Although the levels of human-specific GB124PH were generally lower than those of
the other indicators (mean = 0.98 log10 PFU/100 mL in overlying waters), on two occasions
they were detected at notably elevated levels (up to 4.24–4.93 log10 PFU/100 g; Table S2) in
mussel flesh (i.e., at levels higher than those found in municipal wastewater effluents) [24].
Whilst specific discharge release data for nearby combined sewer overflows (CSO) was
not available, it is interesting to note that these elevated levels of GB124PH coincided with
storm events (>12 mm rainfall in 48 h). NoV was consistently detected throughout this
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study (24/24), although there were two sampling events at which NoV GI was undetected.
Overall, the levels of NoV (median = 985 genome copies/g) observed in this study were
relatively high, and similar to those observed in Ireland [37] and in England [38]. However,
the levels of NoV reported in Scotland (50–169 genome copies/g) were much lower than
those found during this study [35].

3.2. Relationship between Faecal Indicators and NoV in Mussels

Table 2 displays the annual Spearman’s rank correlation coefficient (ρ), measuring
the strength and significance of relationships between bacterial and phage-based indi-
cators and NoV (GI/GII). The strongest correlation coefficients per sample matrix are
highlighted (shadowed).

Table 2. Annual correlation coefficients (Spearman’s ρ) between levels of faecal indicators and
Norovirus with respect to mussel sample matrix.

FC IE SOMPH F + PH GB124PH NoV
Mussel overlying Waters

FC 1.000 0.848 ** 0.601 ** 0.417 * 0.532 ** 0.577 **
IE 1.000 0.506 * 0.481 * 0.439 * 0.615 **

SOMPH 1.000 0.577 ** 0.720 ** 0.859 **
F + PH 1.000 0.471 * 0.601 **

GB124PH 1.000 0.596 **
Mussel flesh and intravalvular liquid

E. coli 0.600 ** 0.843 ** 0.723 ** 0.678 ** 0.725 ** 0.646 **
FC 1.000 0.601 ** 0.518 ** 0.267 0.461 * 0.386
IE 1.000 0.753 ** 0.699 ** 0.699 ** 0.656 **

SOMPH 1.000 0.706 ** 0.821 ** 0.761 **
F + PH 1.000 0.718 ** 0.658 **

GB124PH 1.000 0.661 **
Mussel digestive gland

FC 1.000 0.603 ** 0.529 ** 0.534 ** 0.545 ** 0.466 **
IE 1.000 0.694 ** 0.755 ** 0.778 ** 0.689 **

SOMPH 1.000 0.755 ** 0.764 ** 0.684 **
F + PH 1.000 0.780 ** 0.879 **

GB124PH 1.000 0.734 **
* Correlation is significant at the 0.05 level (two-tailed). ** Correlation is significant at the 0.01 level (two-tailed).
The strongest correlation coefficients per sample matrix are shadowed.

The analyses revealed that the strongest correlations with NoV (up to ρ = 0.879;
p = 0.01) were observed in phage-based indicators. The strongest NoV correlation observed
in the overlying waters and in mussel flesh and intravalvular liquid was with SOMPH
(ρ = 0.859; p = 0.0, and ρ = 0.761; p = 0.01, respectively), while the strongest NoV correlation
observed in digestive gland was with F + PH (ρ = 0.879; p = 0.01). The levels of all other
faecal indicators in mussel flesh were significantly, strongly and positively correlated
with NoV, with the notable exception of FC. Interestingly, FC demonstrated the lowest
correlation coefficient with NoV with respect to all mussel sample matrices, and it was the
only faecal indicator that demonstrated a non-significant correlation with NoV levels.

The further breakdown of the samples into ‘spring/summer’ correlations (Table 3)
and ‘autumn/winter’ correlations (Table 4) revealed that there were no significant correla-
tions (p > 0.05) between any of the faecal indicators and NoV in overlying waters during
the ‘spring/summer’ months. Furthermore, SOMPH and F + PH phages were the only
faecal indicators to demonstrate any significant correlations (p > 0.05) with NoV in mussel
flesh and digestive gland during this period. Interestingly, no significant correlation was
observed between E. coli and FC during the ‘spring/summer’ months.
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Table 3. ‘Spring/summer’ correlation coefficients (Spearman’s ρ) between faecal indicators and
Norovirus with respect to mussel sample matrix.

FC IE SOMPH F + PH GB124PH NoV
Mussel Overlying Waters

FC 1.000 0.591 0.415 0.335 0.256 0.336
IE 1.000 0.027 0.156 −0.135 0.418

SOMPH 1.000 0.359 0.081 0.506
F + PH 1.000 0.189 0.480

GB124PH 1.000 −0.243
Mussel Flesh and Intravalvular Liquid

E. coli 0.167 0.499 0.115 0.485 0.703 * −0.238
FC 1.000 0.526 0.639 * 0.262 0.672 * 0.415
IE 1.000 0.437 0.470 0.608 * 0.056

SOMPH 1.000 0.314 0.620 * 0.610 *
F + PH 1.000 0.428 0.182

GB124PH 1.000 0.035
Mussel Digestive Gland

FC 1.000 0.327 0.492 0.550 0.426 0.395
IE 1.000 0.629 * 0.372 0.450 0.009

SOMPH 1.000 0.656 * 0.336 0.683 *
F + PH 1.000 0.160 0.723 *

GB124PH 1.000 0.035
* Correlation is significant at the 0.05 level (two-tailed). The strongest correlation coefficients per sample matrix
are shadowed.

Table 4. ‘Autumn/winter’ correlation coefficients (Spearman’s ρ) between faecal indicators and
Norovirus with respect to mussel sample matrix.

FC IE SOMPH F + PH GB124PH NoV
Mussel Overlying Waters

FC 1.000 0.786 ** 0.264 0.240 0.408 0.236
IE 1.000 0.335 0.612 * 0.425 0.451

SOMPH 1.000 0.657 * 0.764 ** 0.929 **
F + PH 1.000 0.517 0.746 **

GB124PH 1.000 0.708 **
Mussel Flesh and Intravalvular Liquid

E. coli 0.768 ** 0.719 ** 0.598 * 0.575 * 0.563 * 0.733 *
FC 1.000 0.623 * 0.501 0.201 0.470 0.476
IE 1.000 0.415 0.656 * 0.553 * 0.641 *

SOMPH 1.000 0.629 * 0.684 ** 0.764 **
F + PH 1.000 0.599 ** 0.770 *

GB124PH 1.000 0.759 **
Mussel Digestive Gland

FC 1.000 0.617 * 0.310 0.249 0.466 0.340
IE 1.000 0.253 0.629 * 0.769 ** 0.725 **

SOMPH 1.000 0.441 0.501 0.495
F + PH 1.000 0.744 ** 0.767 **

GB124PH 1.000 0.840 **
* Correlation is significant at the 0.05 level (two-tailed). ** Correlation is significant at the 0.01 level (two-tailed).
The strongest correlation coefficients per sample matrix are shadowed.

Conversely, the most significant and frequent correlations between NoV and faecal
indicators were observed during the ‘autumn/winter’ months, with the strongest cor-
relations again observed in phage-based indicators. In fact, SOMPH demonstrated the
strongest observed correlation with NoV in overlying waters (ρ = 0.929; p = 0.01), F + PH
demonstrated the strongest correlation with NoV observed in mussel flesh (ρ = 0.770;
p = 0.05) and GB124PH demonstrated the strongest observed correlation with NoV in the
digestive gland (ρ = 0.840; p = 0.01) during the ‘autumn/winter’ period. The strongest
correlation between a bacterial indicator (E. coli) and NoV (ρ = 0.733; p = 0.05) was observed
in mussel flesh during the ‘autumn/winter’ months.
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4. Discussion
4.1. Compliance with EU Shellfish Classification Criteria

Although the study site is not an officially designated UK shellfish-harvesting area, an
annual geometric mean of 930 Most Probable Number (MPN) E. coli/100 g in mussel flesh,
combined with the fact that >90% of the test results were below the ‘Class C’ threshold,
suggest that this site would most likely be classified as a ‘Class B’ harvesting site, according
to the microbiological criteria of the European Regulation (EC 854/2004) [38]. According to
a recent list (2020–2021) of designated shellfish areas in England and Wales, 8% are classed
as ‘A’, 78% are classed as ‘B’ and 14% are classed as ‘C’ [39]. Therefore, the microbial loads
observed at the study site may be regarded as broadly representative of the majority of
shellfish production areas found in England and Wales.

4.2. Effect of Seasonality

The importance of gathering data over a 12-month period in a temperate climate, to
encompass both ‘spring/summer’ and ‘autumn/winter’, is apparent from this study. For
example, the levels of E. coli (the EU standard indicator organism for bivalve shellfish)
exhibited a good correlation with NoV when the data for the entire study were combined,
or particularly when the data from ‘autumn/winter’ alone were considered. However, in
this study, the levels of E. coli did not exhibit any significant correlation with those of NoV
when data from the ‘spring/summer’ period were treated independently (Table 4). This
suggests that, although the levels of E. coli did not correlate as strongly with the levels of
NoV as the phage-based indicators proposed here, this traditional indicator bacterium still
has a role to play in protecting consumers of shellfish from the effects of pathogenic viruses.

Examining again the three seasonal groupings—namely ‘annual’, ‘spring/summer’
and ‘autumn/winter’—and the three sample matrices, eight combined parameters emerged
as having the strongest correlations with NoV (Table 5).

Table 5. Indicators demonstrating greatest NoV predictive capacity for mussels (Mytilus edulis).

Period
Sample Matrices

Overlying Water Mussel Flesh Mussel Gland

Annual
SOMPH SOMPH F + PH

(rho = 0.859) (rho = 0.761) (rho = 0.879)

Spring/Summer None
SOMPH F+PH

(rho = 0.610) (rho = 0.723)

None
SOMPH F + PH GB124PH

(rho = 0.929) (rho = 0.770) (rho = 0.840)

Interestingly, all were phage-based approaches (four involving SOMPH, three involv-
ing F + PH and one involving GB-124PH). All three phage groups therefore demonstrated
greater potential to predict the risk of NoV contamination of shellfish than did existing
bacterial indicators. Therefore, these relatively low-cost methods could be employed alone,
or as part of a ‘toolbox approach’, either during routine monitoring or as part of a focused
sanitary investigation of shellfish harvesting areas. It is noteworthy that FC, the indicator
prescribed by the US National Shellfish Sanitation Program (NSSP) [40] to classify shellfish
growing areas, demonstrated the lowest significant correlations with NoV regardless of
seasonal groupings. However, the latest revised version of the US NSSP [41] suggests that
F + PH might be included as a tool during sanitary surveys of the microbiological quality
of water in growing areas adjacent to wastewater discharges. Therefore, despite still not
being used to classify the growing areas, this shows that the potential of using phages for
shellfish safety is starting to be recognized.
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4.3. Faecal Pollution Indicators and NoV in Mussel Matrices

The levels of all faecal indicators in mussel flesh and intravalvular liquid were above
those of the overlying waters, suggesting bioaccumulation in these organisms. F + PH
and SOMPH were the indicators that showed the highest bioaccumulation. SOMPH were
observed to be the most abundant faecal pollution indicator observed in all sample matrices,
including overlying waters, and its levels agreed with those observed in various species of
shellfish in other parts of Europe [17]. Interestingly, these phages are normally recorded as
being less abundant than FC (and often IE) in both local municipal wastewaters [24] and
other aquatic matrices [42]. This increase in the relative proportion of SOMPH may suggest
that these phages are replicating in the environment. However, this suggestion has been
disputed, since the conditions needed for the replication of coliphages in the environment
(i.e., the presence of a metabolically-active bacterial host at a sufficiently high cell density)
are unlikely to be encountered in temperate climates; even when these conditions may
occur, the impact on phage numbers is likely to be insignificant, given the relatively low
levels of these phages in the natural environment [43,44]. Therefore, this relative increase
in the abundance of SOMPH in the various matrices is more likely to be explained by the
observation that this diverse group of phages appears to be more resilient to common
wastewater treatment processes and to inactivation by natural environmental factors [45],
and/or that they are more persistent in fresh, estuarine and marine waters than certain bac-
terial indicators [46]. SOMPH were the indicator that exhibited the strongest correlations
with NoV (rho = 0.929). Another research study revealed that SOMPH demonstrated the
most significant correlations with adenoviruses in mussels (ρ = 0.55) and their overlying
waters (ρ = 0.66) [21]. SOMPH appear to be a useful phage group available as a generic
indicator of the faecal pollution of shellfish and are a tool for predicting the likely presence
of enteric viral pathogens, such as NoV. Key evidence to support this conclusion includes
the observations that SOMPH: (1) exhibited high correlation coefficients with an important
causative agent of shellfish-related food poisoning; (2) were highly abundant in faecally
contaminated waters; and (3) were easily and rapidly quantified by a simple standardized
culture-based phage-lysis method. Furthermore, our results suggest that a simple assay of
overlying waters for SOMPH may be sufficient in more polluted areas; however, in less
polluted areas, it is advisable to assay SOMPH in shellfish flesh and intravalvular liquid.
Indeed, since shellfish may be harvested from water with lower levels of faecal contami-
nation than are found in EU ‘Class B’ harvesting areas, further research should usefully
consider whether the indicator–pathogen relationships described here are maintained in
such waters.

The levels of F + PH and GB124PH were typically 1–2 logs lower than those of
SOMPH, a finding that is in accordance with previous studies [17,36]. These phages were
also frequently undetected in the overlying water and mussel flesh matrices, potentially
limiting their suitability for routine monitoring in these matrices. However, the sensitivity
of the mussel gland assay was greater, and consequently the detection rates for F + PH
and GB124PH in this shellfish matrix were markedly higher. The reasons for these higher
correlations of F + PH and GB124PH with NoV may include the following: F + PH were the
least diverse phage group studied and their size, morphology and structure are the most
similar to those of NoV [7,18,47,48], and GB124PH are human-specific [49] and theoretically
they are more likely to co-present with human NoV than are phages that are found in a
wider range of faecal sources.

The results from this study suggest that F + PH may be suitable indicators of the
presence of NoV in mussels. However, as they were often recorded at low levels in overlying
waters that presented with relatively high levels of faecal contamination, as is commonly
observed in UK coastal waters (especially during the ‘autumn/winter’ period), it may be
more appropriate in less-polluted waters to analyse the shellfish digestive gland. These
observations support, to some extent, the work of other researchers who have proposed
F + PH as an indicator of human viruses [18,50,51]. Furthermore, recent research [52,53]
has highlighted the correlations between the F + PH subgroup II and NoV, suggesting that
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specific detection of infectious F + PH subgroup II could be regarded as an indication of
the presence of infectious NoV.

During the ‘autumn/winter’ months, GB124PH phages exhibited the highest correla-
tion coefficient with NoV within the mussel gland matrix. This was a highly significant
finding, since the standard assay for quantifying levels of NoV uses this matrix. Moreover,
it is during the ‘autumn/winter’ months that most NoV outbreaks associated with shellfish
consumption occur in northern Europe [53]. A recent study [54] compared phages and NoV
in wastewaters from five European countries and found a significant positive correlation
between phages infecting the human-associated Bacteroides thetaiotaomicron strain GA17 and
NoV, strengthening the findings of this research. GB124PH might be a suitable candidate
for indicating NoV in shellfisheries, with the proviso that their use might be better focused
on the investigation of more polluted waters, or when the origin of contamination is unclear.
The human specificity of these phages makes them particularly useful for conducting initial
sanitary surveys of proposed shellfish growing/harvesting areas, or in areas receiving
intermittent human sources of faecal contamination.

Although, there have been recent advances in the study of NoV infectivity [55], such
as the use of propidium monoazide compounds to indicate viral infectivity [56–58], the
absence of robust, reliable and easy-to-use capsid integrity methods to solve the limitation
of qPCR suggests that phages may have an important role to play in the assessment of
health risks associated with the presence of enteric viruses in such matrices. This proposed
application of phage technology is reiterated by Lowther et al. [59]. This research suggests
that qPCR alone overestimates viral infectivity; however, combining qPCR with F + PH
phage testing has the potential to better predict the presence of NoV.

It is worth mentioning that research has demonstrated that the reduction in levels of
NoV, measured by q-PCR, during wastewater treatment [37], shellfish heat-treatment [60]
and shellfish depuration [61] do not appear to follow the same patterns as those of infectious
phages. Given that it is a requisite that shellfish harvested from ‘Class B’ areas must be
purified (depurated) prior to sale and consumption, it is therefore necessary to assess the
depuration efficiency.

Finally, although there is growing evidence for a dose−response relationship between
the amount of NoV genome ingested and the probability of illness [11], molecular-based
approaches remain technologically unfeasible and/or prohibitively expensive for routine
monitoring in many parts of the world.

5. Conclusions

During this study, the levels of NoV and of all faecal indicators demonstrated a marked
seasonality, with higher levels occurring during the colder and darker months of autumn
and winter. Mussel digestive gland was shown to be the most useful and effective matrix
for assessing levels of faecal indicators, being easier to assay than the mussel flesh and
intravalvular liquid. Furthermore, as the presence of human enteric viruses is measured in
shellfish digestive glands, a focus on this matrix when enumerating pathogen surrogates is
recommended. Of all the microbial species investigated, SOMPH demonstrated the greatest
potential for predicting levels of NoV in mussels and their overlying waters. The findings
of this study suggest that existing ways to assess the microbiological safety of shellfish, as
prescribed by US and EU legislation (such as the use of FC as an indicator organism, or
the analysis of mussel flesh and intravalvular liquid), may not adequately indicate risk to
the health of shellfish consumers of enteric viral pathogens, particularly NoV. Therefore,
the enumeration of phages using relatively low-cost, culture-based approaches potentially
offers a more accurate indication of the likely presence of NoV in mussels than does the use
of traditional bacterial indicators, while also providing information on both the probable
source and the infectious state of the pathogen. Therefore, the enumeration of SOMPH and
F + PH may offer a better indication of NoV contamination of mussel harvesting areas than
the enumeration of traditional bacterial indicators, and the enumeration of GB124PH in
mussel matrices may offer a better indication of human faecal pollution impacts. Although
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this study used norovirus as a readout for the viral contamination of shellfish, future work
may also focus on other relevant pathogenic viruses. It will be of interest to analyse the
cross-species efficacy of bacteriophages as indicators of shellfish safety. In conclusion, given
the aforementioned findings, continued research into the application of bacteriophages as
indicators of shellfish safety is of vital importance.
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Abbreviations

CFU Colony-Forming Units
CSO Combined sewer overflow
FC Faecal coliforms
F + PH F-specific RNA phages
G I/II Norovirus genogroup I and II
GB124PH Phages infecting Bacteroides fragilis strain GB-124
IE Intestinal enterococci
NoV Norovirus
NSSP National Shellfish Sanitation Program
PFU Plaque-forming units
RT-PCR Real-time polymerase chain reaction
SOMPH Somatic coliphages
WWTW Wastewater treatment works
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