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Abstract: River water that receives treated wastewater can be contaminated by pathogens including
enteric viruses due to fecal pollution, which may represent an important public health hazard. There is
a great diversity of enteric viruses and fecal bacteriophages, especially F-specific RNA bacteriophages
(FRNAPHs), are commonly proposed as indicators of viral pollution due to a variety of characteris-
tics such as their structural similarities to the main enteric viruses, their high concentrations in raw
wastewater and their environmental survival rate, which is better than other cultivable enteric viruses.
However, evaluating the viral contamination of water on the basis of FRNAPH concentration levels
continues to present a challenge. This is because the quality of detection is strongly dependent on the
quantity of viral particles, high spatio-temporal variabilities and the physico-chemical conditions of
the water during sampling. To overcome these limitations, the present study aims to evaluate whether
the bivalve mollusk Dreissena polymorpha (zebra mussel) could be considered a suitable experimental
model for assessing the viral contamination of rivers. In order to determine this, the capacity of
D. polymorpha to accumulate FRNAPHs and assimilate them into their soft tissue was studied.
This provided a proof of concept for the use of D. polymorpha to evaluate the viral contamination
of surface water. Two experiments were conducted: (1) an in situ experiment to confirm that ze-
bra mussels naturally accumulated FRNAPHs and (2) a laboratory experiment to determine the
accumulation and depuration kinetics of FRNAPHs in D. polymorpha tissue. The study highlights
the capacity of the mussels to accumulate infectious FRNAPHs both on a laboratory scale under
controlled conditions as well as in situ at different sites that are representative of different bod-
ies of water. An analysis of the mussels’ soft tissue showed that they were capable of reflecting
the water’s contamination level very quickly (within less than 24 h). Moreover, the soft tissue
retained the viral load much longer than the water due to a low depuration rate. The analysis
of FRNAPH concentrations in mussels exposed in situ suggested that there were differences in
contamination levels between sites. These preliminary results underline the potential utility of zebra
mussels in assessing viral contamination by measuring the accumulation of FRNAPHs in their tissue.
This may ultimately enable stakeholders to use zebra mussels as a means of monitoring viral pollution
in surface water.
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1. Introduction

River water is often used as a source of drinking water, to irrigate crops or for recre-
ational purposes. However, it can be contaminated by many pathogens, especially enteric
viruses, due to fecal pollution. The enteric viruses most frequently involved in waterborne
outbreaks are human noroviruses (HuNoV), adenoviruses, enteroviruses and some hep-
atitis viruses [1,2]. The small size of these viral particles (ranging between 25–100 nm),
together with the low infectious dose of enteric viruses (~10–1000 infectious units) and
their high viral load in stools (~106–109 particles/g) and high environmental survival rates
make them significant pollutants of river water [3–6]. Assessing the viral contamination
of water is challenging because of the rich diversity of enteric viruses, their low concen-
trations in water and the lack of routine cell culture systems that can be used to evaluate
their infectivity. The molecular tools widely used to detect the genomes of these enteric
viruses cannot be used to determine their infectivity. In addition, concerning surface water,
high volumes of water (1–1000 L) from a single sampling point generally need to be
concentrated into small volumes (0.1–1 mL) for analysis.

Fecal bacteriophages are commonly proposed as indicators of viral pollution [7,8].
F-specific RNA bacteriophages (FRNAPHs) belonging to the Leviviridae family are par-
ticularly useful because of their structural similarities to the main waterborne enteric
viruses [9–11]. Infectious FRNAPHs can also be easily quantified using standardized
methods [12]. Molecular tools are also available to quantify the genomes of all four FR-
NAPH genogroups [13,14], which are commonly found in the environment. Of the four,
genogroups II and III are generally associated with human fecal contamination [10,15]
while genogroup I is associated with both human and animal fecal pollution. Genogroup
IV is associated with animal fecal contamination. FRNAPHs belonging to genogroup III
and IV have a low environmental resistance meaning they are limited to use in detecting
recent contaminations [10]. FRNAPHs are present in surface water at a fairly wide range of
concentrations depending on the level of fecal pollution, i.e., from 0 (the complete absence
of phages) to 105 PFU (plaque forming units)/100 mL [10,16,17]. FRNAPHs, especially
those belonging to genogroups I and II, are also highly resistant to UV radiation and have
a better environmental survival rate than other cultivable enteric viruses especially at
temperatures below 25 ◦C [8].

No replication is expected in surface waters [8] and their spread depends on hydrocli-
matic conditions [16,17]. Thunderstorms and heavy rainfall have the greatest impact on
water quality [17,18]. These climatic events may increase viral concentrations in rivers as
a result of the overflow of wastewater treatment plants or runoff. Whether and to what
extent viral particles are present also depends on their interactions with other particles
suspended in water or sediments [17]. In surface waters, FRNAPHs are part of a complex
ecodynamic affected by variations in fecal pollution, the differential survival of enteric
viruses, interactions with particles and hydroclimatic conditions. Assessing the viral pollu-
tion of surface water, which involves monitoring the presence of FRNAPHs, is therefore far
from easy.

To overcome all of these issues, an accumulator organism can be used to monitor viral
pollution. Bivalves and crustaceans are known to be useful accumulators of contaminants
and can be used to continuously monitor and provide long-term insights into surrounding
contamination levels [19,20]. They are often proposed as tools for monitoring the chemical
contamination of water [21–23]. Likewise, the concentrations of FRNAPHs and other
enteric viruses in bivalve mollusks are traditionally used to monitor pollution in the
context of public health [24,25]. The zebra mussel (Dreissena polymorpha) is a continental
bivalve mollusk extensively used to monitor inland waters [23,26,27]. This bivalve’s
bioecological traits (i.e., its abundance, wide distribution and filtration activity) make it a
useful sentinel species especially as its tolerance of transplantation allows for the active
monitoring of various types of water bodies. Moreover, D. polymorpha is one of only a
few inland water bivalve species with a sessile (rather than intrasedimentary) lifestyle.
Bivalves have a high water filtration capacity, which allows them to bioaccumulate many
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different types of contaminants present in the aquatic environment [21,28]. This species’
potential utility for assessing protozoa water contamination was recently demonstrated
under laboratory conditions and in situ [27,29,30]. No data are currently available on the
potential presence/accumulation of viral indicators such as FRNAPHs in D. polymorpha.
However, a few studies have shown that D. polymorpha can accumulate other enteric
viruses [31,32].

This study aims to evaluate whether the bivalve mollusk Dreissena polymorpha
(zebra mussel) could be considered a suitable experimental model for assessing the viral
contamination of rivers. Two experiments were conducted:

1. an in situ experiment to confirm that D. polymorpha naturally accumulates FRNAPHs,
2. a laboratory experiment to determine the accumulation and depuration kinetics of

FRNAPHs in D. polymorpha tissue.

2. Materials and Methods
2.1. Mussel Collection and Maintenance

For both experiments, adult zebra mussels (of 18–22 mm) were collected from the Lac
du Der (51290 Giffaumont-Champaubert, France, 48◦33′35” N; 4◦45′11” E) in autumn 2018
and brought back to the laboratory where they were kept in 40 L glass tanks of aerated
Cristaline Aurele drinking water at 12 ◦C. The acclimation period lasted three weeks. The
mussels were fed with two microalgae species (Scenedesmus obliquus and Chlorella pyrenoidosa,
using 1,000,000 microalgae of each species per mussel) twice a week and the water was also
changed twice a week. Following the acclimation period, a pool containing five individuals
was checked to confirm the absence of phages from their tissue before both the in situ and
laboratory experiments.

2.2. Experimental Design
2.2.1. The In Situ Experiment

Different sites in the French Reference Network (Water Framework Directive, WFD)
representative of different bodies of water were selected for the purposes of monitoring
the quality of the natural surface water. The sites were chosen in collaboration with the
Regional Public Water Agency (https://rhin-meuse.eaufrance.fr/ accessed date 10 Septem-
ber 2018) to represent a range of different anthropogenic pressures (resulting from indus-
trial, urban and agricultural activities). Eleven sites in the Grand Est region were selected
to represent various types of hydrological systems with a wide range of physico-chemical
characteristics. After acclimation, D. polymorpha mussels were randomly distributed into
experimental 5 mm mesh polyethylene cages (7 × 7 × 19 cm) (200 mussels per cage) and
left at the 11 sites for two months (from mid-October to mid-December 2018) (Figure 1).
All of the cages were directly anchored to the bank using wire and ballasted over a distance
of 2 m at a depth of about 40 cm–1 m, depending on the site (river size). The conductivity,
dissolved oxygen and pH were measured at the beginning and end of the exposure period
using a handheld multiparameter probe (pHenomenal® MU 6100 H). For each parameter,
the average values corresponding to the mean of these two measurements were consid-
ered. The dissolved oxygen and pH values at the different sites were relatively similar
(pH ranged from 7.7 to 8.4; O2 ranged from 8.4 to 11.2 mg/L) except at Petite Rosselle,
which had a lower dissolved oxygen concentration (5.1 mg/L). By contrast, a wide range
of conductivity levels was observed. In the Meuse basin, values ranged from 136 µS/cm at
Fromelennes (on the Houilles, a tributary of the Meuse) to 642 µS/cm at Saint-Mihiel. At Millery,
on the Moselle, the mean conductivity was 1731 µS/cm. On the Sarre watershed, the mean
conductivity ranged from 330 µS/cm at Sarraltroff to 1882 µS/cm at Petite Rosselle (on
the Rosselle, a tributary of the Sarre). At the Ill watershed, the mean conductivity ranged
from 470 µS/Cm at Colmar to 1115 µS/cm at Mundolsheim on the Souffel (a tributary
of the Ill). The temperature was measured continuously using a probe (Hobo MX2201);
the values corresponded to the average of the daily mean temperatures. The temperatures
at the different sites were relatively similar, ranging from 8.5 ◦C at Fromelennes to 10.6 ◦C

https://rhin-meuse.eaufrance.fr/
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at Millery, except at Petite Rosselle, which had a mean temperature of 12.2 ◦C. At the end of
the exposure period, three pools containing whole soft tissue from five individual mussels
were sampled per site and weighed and stored at −80 ◦C prior to the quantification of
infectious FRNAPHs (the remaining organisms were used in another study).
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Figure 1. The geographical locations of the eleven experimental sites (1–11). Several sites were located on the tributaries of
major rivers (the Meuse, Moselle, Sarre and Ill). The tributaries are indicated in brackets.

2.2.2. Laboratory Experiments

On the day prior to the laboratory scale experiment, 50 mussels were placed in two
6 L tanks of Cristaline Aurele drinking water (similar to maintenance conditions) and kept
at 12 ◦C. The experiment was conducted over a period of three weeks with two pulses of
FRNAPHs, one on day 0 and one on day 7, a final concentration in each tank of 103 (1X)
or 105 (100X) PFU/mL; and a depuration step in FRNAPH-free water from days 14–21.
The infectious FRNAPH suspension was composed of a mixture of phages belonging
to genogroups I (GGI) and II (GGII) (MS2, F-Specific RNA Bacteriophage belonging to
the Subgroup I and GA, F-Specific RNA Bacteriophage belonging to the Subgroup II,
phages, respectively) because they have a better environmental survival rate in water
than the other two genogroups, III and IV [10]. A ratio of 30% MS2 phages to 70% GA
phages was used to mimic the ratio of genogroups I and II in raw urban wastewater [10].
Stock phage suspensions were produced in accordance with the ISO procedure (ISO 10705-
1, 2001 [33]). The concentrations were between 108 and 1010 PFU/mL as determined by
the quantification procedure described in Section 2.3. The mussels were fed twice a week
as in the maintenance conditions (see 2.1) and the water was changed on day 7 prior to
the second pulse and on day 14 prior to the depuration step. The tanks were also replaced
on day 14 prior to the depuration step. A total of 5 mL of water was sampled prior to
the quantification of infectious FRNAPHs and stored at −80 ◦C until the analysis. During
the exposure step, the water was sampled on days 1, 3 and 7 (just before the water was
changed and the second pulse); day 8 (24 h after the second pulse) and days 10, 12 and
14. During the depuration step, the water was sampled on days 15 (24 h after changing
the water and tanks), 17, 19 and 21. Likewise, a representative pool containing whole soft
tissue from five mussels for each condition was sampled on days 1, 2, 7, 14 and 21 and
weighed and stored at −80 ◦C prior to the quantification of the infectious FRNAPHs.
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2.3. Quantification of Infectious FRNAPHs

The FRNAPHs in the water and mussel samples were counted. The frozen samples of
around 1.5 g of whole soft mussel tissue (from at least five individuals) were mixed with
two volumes of a solution of PBS (Phosphate Buffered Saline, 150 mM) and 0.3% peptone
in a DT-20 tube with an ULTRA-TURRAX® Tube Drive (IKA-Werke GmbH and Co. KG,
Staufen, Germany) for 3 min. Following centrifugation (2000× g for 5 min), the supernatant
was collected and used for the enumeration. The enumeration was performed directly
on 1 mL samples of several different dilutions of the supernatants from the mussel tissue
samples and 1 mL of water (from the 5 mL sampled in the tanks) in petri dishes of 90 mm
in diameter following the standard procedure (ISO 10705-1, 2001 [33]). FRNAPHs were
quantified using Salmonella enterica serovar Typhimurium WG49 (National Collection of
Type Culture 12484) as the host strain [34]. Kanamycin and nalidixic acid were added to
obtain a final antibiotic concentration of 100 µg/mL during titration. Each titration was
realized in triplicate. Viral concentrations and standard deviations were expressed in PFU
per milliliter or gram of soft tissue (fresh weight, fw).

2.4. Statistical Treatment

Assumptions of normality (using the Shapiro–Wilk normality test) and the homogene-
ity of variance (using Levene’s test) were verified before analyzing data from the in situ
experiments. As normality was not confirmed, a non-parametric analysis of variance was
performed using the Kruskall–Wallis test followed by a post-hoc Dunn’s multiple pairwise
comparison test with a Bonferroni factor using XLSTAT (2017, addinsoft, Paris France).

The time required to obtain a 90% reduction (T90) in the concentration of the FRNAPHs
in the water and in the mussels was calculated using trend curve equations obtained from
the experimental data. The T90s of the two viral concentrations (1X and 100X) during days
0–7 and days 8–21, respectively, were determined. The mean T90 in water and mollusk
tissue were compared using the Kolmogorov and Smirnov test (XLSTAT, 2017)

3. Results and Discussion

The first part of this study focused on the accumulation of FRNAPHs in D. polymorpha
mussels under natural conditions at representative surface water body sites within the
WFD. Zebra mussels were left at several locations subject to different anthropic impacts for
two months. The concentrations of total infectious FRNAPHs are shown in Figure 2. No in-
fectious FRNAPHs were detected in the control after the mussels’ acclimation, immediately
before their transplantation or in the mussels exposed at Saint-Mihiel, Sassey or Hutten-
heim. This result suggests that these three sites were less impacted by anthropic activities.
Conversely, the mussels exposed at the other sites accumulated infectious FRNAPHs at a
wide range of concentrations. The lowest concentration was measured at Carignan (with
a mean of 28 PFU/g of fw), a tributary of the Meuse. The highest concentration was
measured at Colmar, on the Ill river (a mean of 1006 PFU/g of fw), suggesting that the
Colmar site, located just downstream of the city, was particularly impacted by anthropic
activities. These results were consistent with previous studies showing the accumulation
of enteric viruses in D. polymorpha [31,32] as well as the accumulation of infectious FR-
NAPHs in edible mollusk species [8,25]. These results demonstrated for the first time the
capacity of zebra mussels to accumulate FRNAPHs under in situ conditions. Our results
suggested that the use of D. polymorpha could highlight significant (p < 0.005) differences in
contamination levels between sites. This approach could provide a simple and effective
tool that water stakeholders could deploy to improve water quality management. The use
of D. polymorpha could improve the assessment of the viral contamination of water bodies
by increasing the sensitivity of the monitoring system and allowing the comparison of
contamination levels by exposing similar organisms for the same length of time at different
sites. The infectious FRNAPH content measured at the different sites indicated pollution
stemming from various human and/or animal sources.
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Figure 2. Concentrations of total infectious F-specific RNA bacteriophages (FNRAPHs) (mean ±SD,
N = 3; PFU/g fw) quantified in the fresh weight (fw) of zebra mussel soft tissue before (control, T0)
and after their introduction at the different sites for two months. Histograms marked with the same
letter (a,b) are not statistically different at the 95% significance level.

The second part of this study focused on FRNAPH accumulation and release kinetics
in zebra mussels. The concentrations of infectious FRNAPHs in water and mussel soft
tissue were measured continuously throughout the three weeks of the laboratory experiment
(Figure 3). Twenty-four hours after the first pulse, the FRNAPH concentrations measured
in the water were 2.83 Log10 PFU/mL and 5.39 Log10 PFU/mL under the 1X and 100X
conditions, respectively. At the same point in time, the FRNAPH concentrations measured in
the mussels were 3.08 Log10 PFU/g and 5.78 Log10 PFU/g under the 1X and 100X conditions,
respectively. The FRNAPH content of the mussels was twice as high as that of the water after
one day of exposure. A similar result was obtained after the second pulse (day 8).

Water 2021, 13, x FOR PEER REVIEW 6 of 10 
 

 

different sites. The infectious FRNAPH content measured at the different sites indicated 

pollution stemming from various human and/or animal sources. 

 

Figure 2. Concentrations of total infectious F-specific RNA bacteriophages (FNRAPHs) (mean 

±SD, N = 3; PFU/g fw) quantified in the fresh weight (fw) of zebra mussel soft tissue before (con-

trol, T0) and after their introduction at the different sites for two months. Histograms marked with 

the same letter (a,b) are not statistically different at the 95% significance level. 

The second part of this study focused on FRNAPH accumulation and release kinetics 

in zebra mussels. The concentrations of infectious FRNAPHs in water and mussel soft 

tissue were measured continuously throughout the three weeks of the laboratory experi-

ment (Figure 3). Twenty-four hours after the first pulse, the FRNAPH concentrations 

measured in the water were 2.83 Log10 PFU/mL and 5.39 Log10 PFU/mL under the 1X and 

100X conditions, respectively. At the same point in time, the FRNAPH concentrations 

measured in the mussels were 3.08 Log10 PFU/g and 5.78 Log10 PFU/g under the 1X and 

100X conditions, respectively. The FRNAPH content of the mussels was twice as high as 

that of the water after one day of exposure. A similar result was obtained after the second 

pulse (day 8). 

 

Figure 3. Concentrations of infectious FRNAPHs in water and mussel soft tissue during the con-

tamination and depuration periods. Results are expressed in Log10 PFU/mL for the FRNAPH con-

tent of the water and PFU/g of fresh weight for the FRNAPH content of the mussels. Squares: 

Figure 3. Concentrations of infectious FRNAPHs in water and mussel soft tissue during the con-
tamination and depuration periods. Results are expressed in Log10 PFU/mL for the FRNAPH
content of the water and PFU/g of fresh weight for the FRNAPH content of the mussels. Squares:
FRNAPHs in the mussels; circles: FRNAPHs in the water; black: high-density suspension (100X);
white: low-density suspension (1X). D0 and D7: inoculation of FRNAPHs containing a ratio of 30%
of GGI (subgroup I) in the form of MS2 phages and 70% of GGII (subgroup II) in the form of GA
phages. The water was changed in all tanks on day 7.
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The FRNAPH decay was substantially slower in the mussels than in the water.
In water, the T90 values were 3.39 and 3.43 days at 12 ◦C on days 1–7 for the 1X and
100X concentrations, respectively. Likewise, the T90 values were 3.02 and 2.67 days at
12 ◦C on days 8–21 for the 1X and 100X concentrations, respectively. The average value was
3.13 days for all mixed conditions (concentrations and duration). These T90 values were
much lower than those cited in the literature data. Schaper et al. [35] reported no reduction
in GGI and GGII FRNAPHs after seven days of exposure in PBS at 4 ◦C and 20 ◦C. However,
the authors describe a 1.9 Log reduction in GGII FRNAPHs after seven days of exposure in
mineral water or seawater at 20 ◦C. The faster reduction of infectious FRNAPHs in water
observed in this study could be explained in part by the mussels’ accumulation capacity
(discussed below) but also by other FRNAPH interactions with microalgae used to feed the
mussels or with the tank wall.

The mussels’ T90 values were 8.12 and 8.31 days at 12 ◦C on days 1–7 for the 1X
and 100X concentrations, respectively. These values were 10.2 and 16.7 days at 12 ◦C on
days 8–21 for the 1X and 100X concentrations, respectively. T90 values ranged from 8.12
to 16.7 days and were higher following the second contamination. This highlighted the
fact that FRNAPHs were able to survive significantly (p = 0.037) longer in the mussel
tissue than in the water with average T90 values of 10.8 days for mussels and 3.13 days in
water. Infectious FRNAPHs appeared to be inactivated faster in water than in the mussels,
which highlighted the protective effect of the mussel tissue. T90 values of ~20 days are
currently described in the literature for the reduction of infectious FRNAPHs in oysters at
~10 ◦C [25,36], which is in the same range as our study.

The final step of our laboratory experiment was to study the depuration of FRNAPHs
in D. polymorpha mussels. During the third week of exposure (days 14–21), low and
decreasing concentrations of infectious FRNAPHs were observed in the water after the
tank and the water had been changed. These infectious FRNAPHs were released by the
mussels and could be detected in the water for a few days. The concentrations fell to
zero after days 17 and 19 under the 1X and 100X conditions, respectively. On day 21,
the concentrations of 2.99 Log10 PFU/g and 5.46 Log10 PFU/g were measured in the
mussels from the 1X and 100X conditions, respectively. In the mussels, the decrease was
very slight; a loss of less than 1 Log10 PFU/g per seven days. These results suggested
that specific and/or non-specific interactions between the FRNAPHs and the mussel soft
tissue led to low rates of depuration in D. polymorpha. As Leduc et al. [36] suggested,
the main mechanism involved in the depuration carried out by the mussels is not the
release of FRNAPHs into the water but their inactivation in soft tissue. In this context,
it is relevant to understand why and how sentinel species such as zebra mussels pro-
cess high levels of viral particles in surface water. The assumption that they can process
high viral concentrations is supported by data, especially data from studies on the inter-
actions between HuNoVs and the digestive tissue of bivalve mollusks such as mussels
(Mytilus edulis) and oysters (Crassostrea gigas) [37,38]. Specific interactions between HuNoVs
and some carbohydrates (histo-blood group antigen (HGBA)-like carbohydrates) as well as
the sialic acid residues present in bivalve mollusks have been extensively described over
the last decade [37–39]. These specific interactions favor HuNoV accumulation in digestive
tissues [38,40]. The accumulation of FRNAPHs in the digestive tissue of oysters is also well
documented [25,36,41]. Further experiments are required to better understand the specific
and/or non-specific interactions between infectious FRNAPHs and the soft tissue of zebra
mussels. This will improve our knowledge of organotrophic mechanisms.

4. Conclusions

Our original results concerning inland waters confirmed the capacity of zebra mussels
to accumulate infectious FRNAPHs both on a laboratory scale under controlled condi-
tions and in the field at various sites that were representative of different water bodies.
This study highlighted (1) the capacity of zebra mussels to accumulate contaminants and
reflect the water’s contamination level very quickly (within less than 24 h) and (2) their
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capacity to retain the viral load in their soft tissue much longer than in the water due
to a lower depuration rate. These results highlighted the fact that zebra mussels are of
potential interest to water stakeholders as a practical means of actively monitoring viral
surface water pollution. However, further studies are necessary to better characterize the
interactions between infectious FRNAPHs and zebra mussels in water. This will improve
our knowledge of accumulation and depuration processes. The possible influence of envi-
ronmental parameters (temperature, trophic level) on the capacity of mussels to accumulate
FRNAPHs will have to be addressed with a view to describing the fate of viruses in organ-
isms using modelling tools. The final outcome will enable a more precise assessment of the
viral contamination of water bodies through more accurate measurements in mussels.
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