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The elimination of sewage effluent-associated poliovirus, Escherichia coli, and a 22-nm icosahedral coliphage
by the common mussel, Mytilus edulis, was studied. Both laboratory- and commercial-scale recirculating, UV
depuration systems were used in this study. In the laboratory system, the logarithms of the poliovirus, E. coli,
and coliphage levels were reduced by 1.86, 2.9, and 2.16, respectively, within 52 h of depuration. The relative
patterns and rates of elimination of the three organisms suggest that they are eliminated from mussels by
different mechanisms during depuration under suitable conditions. Poliovirus was not included in experiments
undertaken in the commercial-scale depuration system. The differences in the relative rates and patterns of
elimination were maintained for E. coli and coliphage in this system, with the logarithm of the E. coli levels
being reduced by 3.18 and the logarithm of the coliphage levels being reduced by 0.87. The results from both
depuration systems suggest that E. coli is an inappropriate indicator of the efficiency of virus elimination during
depuration. The coliphage used appears to be a more representative indicator. Depuration under stressful
conditions appeared to have a negligible affect on poliovirus and coliphage elimination rates from mussels.
However, the rate and pattern of E. coli elimination were dramatically affected by these conditions. Therefore,
monitoring E. coli counts might prove useful in ensuring that mussels are functioning well during depuration.

Bivalve shellfish have been implicated as vectors in the
transmission of enteric diseases for many decades (15). The
advent of depuration in Europe in the 1920s played a major
role in preventing the transmission of human enteric bacte-
rial pathogens via shellfish, and depuration technology has
remained largely unchanged since then (4). However, it has
not proven as successful in curtailing the transmission of
human enteric viruses through shellfish, as recent epidemi-
ological and laboratory studies have shown (7, 8). Hepatitis
A virus, the Norwalk agent, and small round structured
viruses constitute the infectious viruses of major public
health concern associated with transmission via shellfish at
present (15).
Much of the literature on depuration has focused on

oysters (2, 6, 14, 19) and clams (3, 9, 11) for economic
reasons and also because these shellfish have frequently
been implicated in disease outbreaks (15). Model enteric
viruses (necessitated by the inability to cultivate the viruses
of concern in vitro), such as poliovirus, and fecal bacteria,
such as Escherichia coli, have been used frequently in
depuration experiments, usually independently (17). Little
information is available on comparative viral and bacterial
depuration, despite the volume of work reported in this area.
Only four such reports (3, 10, 14, 18) could be located, each
using different shellfish species and two using nonhuman
viruses as models.

Little is known of the virus depuration capabilities of
mussels because only one study is reported in the literature
(5). No information is available about the comparative
abilities of mussels to depurate viruses and bacteria. This
information seemed important in Ireland in view of a rapidly
expanding mussel culture industry. This paper describes a
comparative study of the efficiency of depuration in elim-
inating poliovirus, E. coli, and a 22-nm icosahedral coliphage
from mussels. Experiments were performed in laboratory-
and commercial-scale UV recirculating depuration systems,
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since these are the most common types of purification plants
used in Ireland and the United Kingdom.

MATERIALS AND METHODS
Mussels and seawater. The common mussel, Mytilus edu-

lis, was used throughout this study. Mussels were harvested
in Cork Harbour, Ireland, and transported to the laboratory
within 1 h. In the laboratory they were scrubbed vigorously
to remove detritus and fouling organisms, and subsequently
the byssus threads were removed. Seawater was collected
from the same location as the mussels to minimize environ-
mentally induced stress during experimentation.

Tissue culture cells and viruses. Buffalo green monkey
(BGM) kidney cells (Flow Laboratories, Inc., McLean, Va.)
were used to propagate the poliovirus. Cell stocks were
maintained in 75-cm2 culture flasks (Costar, Cambridge,
Mass.) by using Eagle minimal essential medium supple-
mented with 5% newborn calf serum. Titers of virus stocks
were determined, and the virus content of contaminated
mussels was enumerated on cells grown in 25-cm2 culture
flasks (Costar) with a semisolid tragacanth gum overlay
plaque assay technique, as described by Manning and Col-
lins (13). Plaque-purified poliovirus type 1 vaccine strain was
chosen as the model enterovirus for experimental purposes.
Poliovirus stocks were prepared by inoculating confluent
monolayers of BGM cells with virus at a multiplicity of
infection of 10 PFU per cell. When greater than 90%
cytopathic effect was evident (18 h), cells and medium were
subjected to three cycles of freezing (-80°C), thawing, and
sonicating (1 min). The lysate was centrifuged at 4,000 x g
for 10 min. The clarified lysate was used as the virus stock
and contained 107 to 108 PFU/ml. The virus stock was stored
at -80°C until required.

E. coli and coliphage. A wild-type strain of E. coli isolated
during routine bacteriological screening of shellfish was used
in this study. This isolate was used to avoid using a labora-
tory strain which may not reflect typical E. coli uptake and
survival in shellfish in the marine environment. The strain
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was chromosomally marked by isolating spontaneous ri-
fampin-resistant (Rif) mutants by spreading ca. 1010 cells on
violet red bile agar (Oxoid Ltd., London, England) plates
containing 100 ,ug of rifampin (Sigma Chemical Co., St.
Louis, Mo.) per ml. This marking facilitated recovery and
enumeration of the strain in contaminated mussels. In addi-
tion, from this Rif' isolate, a strain resistant to a broad
spectrum of coliphages was selected by a challenge with a
collection of environmental coliphage isolates (including the
coliphage isolate used in this study) at a high multiplicity of
infection. This prevented the possibility of reduced E. coli
levels and elevated coliphage levels resulting from coliphage
replication during depuration. This Rif, coliphage-resistant
strain was designated E. coli 4A.

E. coli A-19 (Hfr) (kindly provided by R. E. Stetler, U.S.
Environmental Protection Agency), which exhibits a broad-
spectrum phage sensitivity, was used to isolate wild-type
coliphages from sewage effluent. These phages were plaque
purified by using a double-agar-overlay technique, as de-
scribed by Maniatis et al. (12), with Luria broth (LB) agar
and E. coli A-19 (Hfr) as the host bacterium. A number of the
plaque-purified isolates were examined under transmission
electron microscopy by negative staining with phosphotung-
stic acid. One isolate displayed a tailless, 22-nm icosahedral
morphology which closely mirrored the morphology of en-
teroviruses and hence was chosen as the model coliphage for
experimental purposes. It was designated 4A1-5a. The dou-
ble-agar-overlay technique described above (12) was used to
prepare phage stocks, determine the phage titers, and enu-
merate the coliphage content of contaminated mussels.
Coliphage stocks were prepared as outlined by Maniatis et
al. (12). Briefly, E. coli A-19 (Hfr) was inoculated with
(A1-5a at a multiplicity of infection of 10 PFU per cell. The
coliphage was harvested from plates exhibiting confluent
lysis after 8 h of incubation at 37°C by flooding the plates
with 5 ml of salt-magnesium-gelatin buffer (12), incubating
them for 4 h at 4°C with intermittent shaking, and removing
the buffer. The plates were flooded with a further 1 ml of
buffer and stored tilted at 4°C for 15 min. Again, the buffer
was removed and added to the initial 5 ml. This constituted
the crude coliphage stock. The stock was treated with 1%
chloroform, vortexed briefly, and centrifuged at 4,000 x g
for 10 min. The clarified stock contained 109 to 1010 PFU/ml
and was stored at -80°C until required.

Preparation of contaminated sewage. To simulate natural
conditions of contamination, the model contaminating or-
ganisms were thoroughly mixed with sewage effluent ob-
tained from the local municipal sewage works. Prior to use,
the sewage effluent was heat treated at 85°C for 1 h to
inactivate any indigenous enteric viruses, E. coli, or coliph-
ages that may have been present. A 1-mi sample of the
poliovirus stock was added to 500 ml of the heat-treated
effluent, and the mixture was stirred for 1 h at room
temperature. The pH was reduced to 3.5 with hydrochloric
acid to actively adsorb the virus to fecal particulates. After
stirring at room temperature for 1 h, the pH was readjusted
to 7 with sodium hydroxide. Subsequently, 10 ml of an
overnight culture of E. coli 4A and 1 ml of 4A1-5a stock
were added to the effluent, and the entire mixture was stirred
overnight at 4°C. Poliovirus was omitted from experiments
undertaken in the commercial depuration plant to prevent
the unacceptable risk of cross-contaminating valuable com-
mertial shellfish.
Aquarium and tank designs for acclimatization, contamina-

tion, and depuration. In the laboratory, a polypropylene
aquarium was used to acclimatize the mussels prior to

experimentation. It had dimensions of 60 by 40 by 20 cm and
could hold ca. 20 liters of seawater. A plastic-coated alumi-
num grid, placed on the bottom of the aquarium, served to
elevate the mussels from the bottom and curtail recontami-
nation with feces and pseudofeces. A flowthrough pump
(Camlab, Cambridge, England) was used to recirculate the
water. During circulation, water was passed through a
charcoal-glass wool filter to remove nitrogenous waste and
excess suspended material. The water was continuously
aerated by using an air pump (Rena 101) through attached air
stones to maintain dissolved oxygen (DO) levels above 60%
saturation. The air stones were placed far enough from the
mussels that the local turbulence did not resuspend settled
biodeposits into the water column.

Mussels were contaminated in the above system with the
charcoal-glass wool filter already removed to prevent virus
adsorption to the charcoal.

For depuration purposes, the laboratory aquarium was
modified by incorporating a UV sterilizing system. The
water was diverted onto a Perspex tressel (30 by 4 cm)
before being introduced to the filter unit. The tressel pro-
vided a very thin film of water, which facilitated sterilization.
A Hanovia 30-W UV lamp with dimensions similar to the
tressel was placed 2 cm above the water film to effect
sterilization.
The commercial depuration unit was a recirculating UV

system. It was composed of three tanks in parallel, each 6 by
1.8 by 0.6 m. Each tank had a capacity of 5,000 liters. The
water was recirculated by using a Beresford pump at a rate
of 15,000 liters/h. The water was pumped to an elevated weir
which contained the UV sterilizing system. This consisted of
two 30-W low-pressure tubes (TUV 30 W; Philips, Eind-
hoven, The Netherlands) which were elevated 5 cm above
the water. The water was effectively aerated by the fall (3 m)
to the tanks after UV irradiation.

Acclimatization, contamination, and depuration. All mus-
sels were acclimatized for at least 4 days prior to contami-
nation. Mussel activity was monitored constantly to ensure
viability. Activities monitored included shell opening, the
extension of sensory papillae, foot extension and movement,
byssus thread production and reattachment, and the rapidity
of response to disturbance. Mussels showing reduced activ-
ity levels and failure to respond to physical disturbance were
removed from the aquarium. Water temperature, DO, salin-
ity, and pH were monitored to ensure that suitable physico-
chemical parameters prevailed, as suggested by Canzonier
(4).

Contamination was carried out over a 24-h period. Labo-
ratory-contaminated sewage suspension (500 ml) was added
to 12.5 liters of fresh seawater. The contaminated seawater
was recirculated for 30 min to facilitate uniform contaminant
distribution in the system. The maximum concentrations of
the contaminants in the water during these experiments were
as follows: poliovirus, 5 x 102 to 5 x 103 PFU/ml; E. coli 4A,
5 x 104 to 5 x 105 CFU/ml; 4A1-5a, 5 x 104 to 5 x 105
PFU/ml. Acclimatized mussels were placed into the contam-
inated water for 24 h to accumulate contaminants. During
this time, mussel activity and water temperature were regu-
larly monitored.

After 24 h the mussels were removed from the aquarium
and washed thoroughly in tap water prior to depuration. At
this point, four mussels were retained as an undepurated
control zero time sample. The remaining mussels were
immersed in either the laboratory-scale or the commercial
depuration system. In the commercial system, the mussels
were depurated in association with at least 500 other shell-
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TABLE 1. Physicochemical parameters under which the
depuration experiments were performed

Phase Temp Salinity pH DOrange (°C) range (%0) (% saturation)

Acclimatization 15-21 27-30.6 7.3-8.1 >60
Contamination 15-20 27-29.3 7.4-8.1 >60
Depuration 15.5-19.5 27-29.3 7.4-8.3 >60

fish. Depuration was undertaken over a 52-h period. Mussels
were removed at 0, 10, 26, and 52 h for assay. Mussel
activity and water temperature were routinely monitored
throughout depuration, as were DO, salinity, and pH.

Assay procedures. For the laboratory-depurated samples,
25 g of mussel tissue was used for poliovirus extraction and
another 25 g was used for E. coli 4A enumeration and
4A1-5a extraction. For samples depurated in the commercial
plant, 25 g of mussel tissue was used for E. coli 4A
enumeration, and a separate 25 g was used for XA1-5a
extraction. All mussels were washed thoroughly before
being shucked. In all cases, infrabranchial water was dis-
carded during shucking.

Poliovirus was extracted from shellfish meat by the elu-
tion-adsorption technique described by Richards et al. (17).
The final homogenate and appropriate dilutions were as-
sayed in triplicate as described above.
The mussel tissue used for E. coli 4A enumeration and

XA1-5a extraction was finely chopped with sterile scissors
and placed in a Stomacher 400 (Coleworth) for 2 min. The
homogenate obtained was diluted 1:2 (wt/vol) in 0.25x
Ringer buffer (Oxoid). Triplicates containing 1 ml of the final
homogenate and appropriate dilutions were overlaid with 5
ml of tryptone soy agar (Oxoid) containing 100 p.g of
rifampin per ml. The plates were allowed to stand for 1 h at
room temperature and were then overlaid with violet red bile
agar. When set, the plates were incubated at 44.5°C for 24 h.
Typical E. coli 4A colonies were enumerated.
For (A1-5a extraction, the remaining homogenate from

laboratory experiments and the entire homogenate from
commercial plant experiments were diluted with sterile
double-distilled H20 to give a final dilution of 1:5 (wt/vol).
This homogenate was decanted into 250-ml centrifuge bot-
tles and shaken for 5 min at maximum speed on a multitube
shaker (The Vortex Manufacturing Co., Cleveland, Ohio). It
was then centrifuged at 10,000 x g for 15 min, and the
supernatant was retained as the coliphage extract. Tripli-
cates of the extract and appropriate dilutions were assayed
as described above.

RESULTS
Physicochemical parameters were similar for all experi-

ments (Table 1).
The results of comparative depuration under suitable

physicochemical conditions and mussel activity are plotted
in Fig. 1. E. coli 4A was eliminated very rapidly over the first
10 h, showing a 2.65-log reduction. Thereafter, this organism
was eliminated slowly, and a final 2.8-log reduction resulted
within 52 h. Poliovirus elimination, on the other hand,
appeared to be relatively constant throughout the 52-h
depuration period, and a final 1.86-log reduction was ob-
tained. The (A1-5a elimination rate appeared to be interme-
diate between those of E. coli 4A and poliovirus. During the
initial 10 h of depuration, the coliphage level was reduced by
the logarithm of 1.5, and a final 2.16-log reduction was
obtained within 52 h.
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FIG. 1. Elimination of poliovirus (PFU per gram) (0), E. coli 4A

(CFU per gram) (G), and 4A1-5a (PFU per gram) (A) from mussels
during depuration in the laboratory-scale system. Environmental
conditions during depuration were as follows: temperature, 15.5 to
19.5°C; salinity, 27 to 29.3 %c; DO, >60% saturation; pH, 7.4 to 8.3.

The results of a comparative elimination study undertaken
in the commercial depuration plant are shown in Fig. 2. The
pattern and extent of E. coli 4A elimination closely resem-
bled the results obtained in the laboratory-scale system. A
2.61-log reduction was obtained within 10 h, followed by a
slower elimination that resulted in a 3.18-log reduction after
52 h. In contrast, MA1-5a was not efficiently eliminated.

Complications of depuration during the principal months
of mussel harvesting include spawning and accompanying
poor mussel activity. Experiments were undertaken to de-
termine the effect of these conditions on depuration effi-
ciency. The results of a representative experiment are illus-
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FIG. 2. Elimination of E. coli 4A (CFU per gram) (-) and

4A1-5a (PFU per gram) (A) from mussels during depuration in the
commercial-scale system. Environmental conditions during depura-
tion were as follows: temperature, 15.5 to 19.5°C; salinity, 27 to
29.3%c; DO, >60% saturation; pH, 7.4 to 8.3.
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FIG. 3. Elimination of poliovirus (PFU per gram) (-), E. coli 4A

(CFU per gram) (U), and (Al-5a (PFU per gram) (A) from mussels
during depuration in the laboratory-scale system under conditions of
spawning-associated poor mussel activity. Environmental condi-
tions during depuration were as follows: temperature, 15.5 to
19.5°C; salinity, 27 to 29.3%c; DO, >60% saturation; pH, 7.4 to 8.3.

trated in Fig. 3. The effect of spawning on poliovirus
elimination appeared to be negligible, since the characteris-
tic pattern of gradual reduction over the 52-h period was

retained, and the logarithm of the poliovirus level was
reduced by 1.54 within this time. Like poliovirus, the extent
of 4A1-5a elimination appeared to be virtually unaffected by
these adverse conditions, with a log reduction of 1.88
occurring within 52 h. However, the pattern of elimination
changed and became similar to the pattern observed for
poliovirus. In contrast to the viruses, the effect of these
stressful conditions on E. coli 4A elimination was dramatic.
First, the rapid elimination normally seen over the first 10 h
was not evident. The elimination pattern was gradual over 52
h, resembling that of poliovirus. Second, the final 1.93-log
reduction obtained was quite inefficient when compared with
the 2.8-log reduction that occurred under suitable condi-
tions.
For all experiments undertaken, the relative rates of

elimination during depuration were as follows: E. coli 4A >
MA1-5a > poliovirus type 1, irrespective of experimental

conditions.

DISCUSSION

This study was undertaken to determine the efficiency
with which poliovirus is eliminated from the common mussel
during depuration and to compare the relative rates and
patterns of its elimination with those of E. coli, the interna-
tionally accepted fecal indicator, and a 22-nm icosahedral
coliphage. Coliphages are currently generating considerable
interest as alternatives to E. coli as environmental indicators
of enteric viruses. The experiments were performed in a

laboratory-scale recirculating UV system and a commercial
UV recirculating depuration plant.

Depuration, under the conditions outlined for the labora-
tory-scale system (Fig. 1), resulted in significant reductions
in the levels of poliovirus type 1, E. coli 4A, and 4A1-5a in
contaminated mussels. Both the laboratory- and commer-

cial-scale depuration systems produced similar rates of E.
coli 4A elimination, and although the rate of A1-5a elimi-
nation was lower in the commercial-scale system, a substan-

tial reduction in the level of this coliphage was obtained
nonetheless. Thus, the process of depuration, as reported in
this communication, considerably reduces the risk of virus
or bacterial infection from contaminated mussels, if it can be
assumed that the behavior of the model contaminating
organisms we used reflects that of pathogens commonly
associated with mussels, such as hepatitis A virus.
The pattern of poliovirus elimination from mussels was

very similar to the pattern of poliovirus elimination from
Olympia oysters depurated in a free-flowing system as

reported by DiGirolamo et al. (6). E. coli 4A and ~A1-5a
elimination patterns also reflected those reported elsewhere
for other shellfish species (3, 9, 15). Hence, mussels appear
to be depurated in a similar fashion to other shellfish under
conditions suitable for good activity.
The relative rates and patterns of removal of poliovirus, E.

coli 4A, and MA1-5a from mussels during depuration in the
laboratory-scale systems under suitable conditions (Fig. 1)
indicate that the contaminating microorganisms were differ-
entially eliminated. This differential elimination was empha-
sized by the depuration results from the commercial plant
(Fig. 2). Canzonier (3) reported similar results for clams. If
depuration were a function of defecation alone, similar rates
of removal would be expected. The differential elimination
found indicates that another factor(s) must influence the
removal of the contaminants from mussels during depura-
tion. Such factors may include adsorption to gastrointestinal
tract cells, interstitial sequestering, and spontaneous and/or
hemocyte-induced inactivation.
The differences seen in the rates of depuration of E. coli,

coliphage, and poliovirus also suggest that the mechanism(s)
effecting elimination may vary from one microorganism to
another. This coincides with the work of Canzonier (3) and
Scotti et al. (18). Since poliovirus and XA1-5a have similar
sizes and shapes, the discrepancies in the elimination rates
and patterns of these viruses suggest that virus elimination
from mussels is not a product of particle size and shape
alone. Sobsey et al. (19) recently reported similar discrep-
ancies in the rates of poliovirus and hepatitis A virus
elimination from oysters.
When the rate of E. coli 4A elimination is compared with

the rate of elimination of coliphage or poliovirus under
suitable conditions of depuration, it is evident that E. coli is
not a reliable indicator of the efficiency of depuration in
eliminating these viruses from mussels. Canzonier (3) and
Scotti et al. (18) arrived at similar conclusions when report-
ing findings with hard clams and Pacific oysters, respec-
tively. Comparative analysis of the results suggests that
4A1-5a is more reliable than E. coli as an indicator of the
efficiency with which enteric viruses are eliminated from
mussels. The appropriateness of this coliphage as an exper-
imental indicator is greatly enhanced by the ease and rapid-
ity of assaying and its innocuous nature. These properties
facilitate safe and rapid elucidation of information about
virus depuration mechanisms and the factors affecting them
under commercial conditions. However, the differences in
the rates of elimination of poliovirus and MA1-5a reported
here and of poliovirus and hepatitis A virus as reported by
Sobsey et al. (19) suggest that caution is required in applying
conclusions from such coliphage-based experiments to depu-
ration characteristics of enteric viruses in general.
None of the depuration experiments were successful in

eliminating either of the viruses or E. coli 4A to undetectable
levels within 52 h. It is likely that the high initial levels of
contamination contributed to this failure. There are reports
in the literature of successful virus depuration from shellfish
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contaminated to levels similar to those used in the present
study and within a similar period (5, 11, 16). However, these
studies invariably used monodispersed viruses and were
undertaken at a time when procedures for extracting viruses
from shellfish were less reliable than that of Richards et al.
(17). The inability to eliminate E. coli 4A to undetectable
levels corresponds to the work of Buisson et al. (2), who
reported consistently unsuccessful fecal-coliform depuration
from oysters contaminated with >103 MPN/g. Hence, it is
evident that depuration cannot be relied on to render mus-

sels safe for human consumption after they have become
contaminated with high levels of viruses and bacteria. This
coincides with other reports (2, 4, 9), which suggest that
successful cleansing of shellfish depends to a large extent on
the initial contamination levels.
The results presented in Fig. 3 suggest that conditions

affecting mussel activity during depuration dramatically af-
fect the rate and pattern of E. coli 4A elimination. In
contrast, the extent of mussel activity appeared to have little
or no effect on the rates at which poliovirus and XA1-5a were

removed. Canzonier (3) observed similar relationships in
hard clams. During depuration under stressful conditions
associated with spawning, the rate and pattern of E. coli 4A
elimination reflected those of poliovirus (Fig. 3). The poor

activity was probably related to the spawning, since spawn-

ing is physiologically stressful (1). In experiments on E. coli
and poliovirus elimination from Eastern oysters, Mitchell et
al. (14) showed that both microorganisms exhibited very

similar elimination rates and patterns. They concluded that
the mechanisms of elimination of both organisms by shellfish
are very similar, if not identical. However, a salinity range of
8.5 to 23%o was reported for one of the experiments; this was
likely to have been stressful for the oysters. Hence, the
results obtained by Mitchell et al. (14) would appear to
coincide with those illustrated in Fig. 3.

Although E. coli appears to be an unreliable indicator of
virus elimination from mussels, the rate and pattern with
which it is removed appear to reflect the physiological status
of the mussels. Thus, monitoring E. coli elimination may

provide a useful guide to the level of mussel activity during
depuration.
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