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Low levels of feces-associated natural virus, simulating virus numbers estimated
to exist in moderately polluted shellfish-growing waters, were used to evaluate
the effectiveness of depuration as a virus depletion procedure in soft-shell clams.
Depuration effectiveness depended upon the numbers of virus bioaccumulated
and whether virus was solids associated. Virus uptake was greatest when viruses
were solids associated and pollution levels were equivalent or greater than those
likely to be found in grossly polluted growing waters. Virtually all bioaccumulated
feces-associated natural virus was deposited within either the hepatopancreas or

siphon tissues. Viruses usually were eliminated within a 24- to 48-h depuration
period. Dependence upon depuration of clams to eliminate health hazards of virus
etiology involved a risk factor not measureable in the study. The greatest
reduction of health risks would come from the routine depuration of clams
harvested from growing waters of good sanitary quality.

The transfer of shellfish from moderately pol-
luted to clean waters to take advantage of a self-
cleansing pumping mechanism of the animal has
been practiced before the twentieth century in
Europe and, more recently, in North America
(8, 9, 25). The self-cleansing mechanism (depur-
ation) has been used to reduce potential public
health hazards associated with the consumption
of shellfish which might have been exposed to
bacterial or viral pathogens. Generally, depura-
tion has been considered to be effective for the
reduction or elimination of bacteria, but opin-
ions about its effectiveness for the elimination of
viruses are divided (3, 4, 13, 20).

Studies of depuration effectiveness of oysters
and hard-shell clams which contained small to
large numbers of laboratory strains of enterovi-
ruses usually have shown a rapid initial reduc-
tion in numbers, followed by a low-level virus
persistence that lasted for several days (14, 17,
19, 23). These findings have raised serious ques-
tions about the virus depletion potential of de-
puration for oysters and hard-shell clams where
the usual depuration interval seldom exceeds 48
h.
A review of the literature indicated that no

information was available on the bioaccumula-
tion and depletion of naturally occurring human

t Present address: Quality Control Laboratory, Corning
Glass Co., Oneonta, NY 13820.

enteric viruses by the soft-shell clam, Mya ar-
enaria. The soft-shell clam has been shown to
eliminate bacteria, including salmonellae,
through depurative action (2). The bivalve mol-
lusk, which is extensively consumed by inhabit-
ants of the northeastern United States, is har-
vested on a year-round basis and was available
for study. A new recovery method developed
specifically for soft-shell clam studies made it
possible to assess depuration effectiveness
through the ability to recover as few as 1 to 5
plaque-forming units (PFU) of enteroviruses
from 100 g of shellfish homogenate.

MATERIALS AND METHODS
Viruses and viral assays. Plaque-purified polio-

virus, type 2 (strain W-2), and feces-associated natural
virus (infant feces collected 5 days post-oral polio-
myelitis vaccination) were used in the study. Feces-
associated natural virus represented virus progeny
from the replication of attenuated, active-vaccine
poliovirus in tissues lining the infant gut. The infant
feces were kindly supplied by M. Michael Sigel, Uni-
versity of Miami Medical School. The virus content of
the feces was titrated at 9.5 x 10i PFU/g. Assays were
made by using a specially cloned Buffalo green mon-
key kidney (BGM) cell line of maximum sensitivity for
polioviruses (22). Samples (1 ml of inocula) were added
to bottles containing 45-cm2 cell monolayers. Dilutions
were made in isotonic phosphate-buffered saline
(PBS), pH 7.2. Inocula were adsorbed for 1 h, and the
monolayers were rinsed with PBS and overlaid with
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20 ml of agar medium (5). PFU were determined from
the results of replicate assays 3 to 5 days later.
Preparation of clam samples. Three kinds of

samples were prepared: the combined meat and shell
liquor of individual clams; separate pools of hepato-
pancreas, siphon, and remaining tissue from 10 clams;
or the pooled meats and shell liquor from 10 clams.
Homogenates were prepared by omnimixing the clam
pool plus a 6x (pool mass) volume of distilled water
for 2 min at high speed. Clam tissues were precipitated
at pH 4.5 and a salt concentration of 1,500 ,ug/ml.
Virus was recovered by omnimixing the precipitate at
low speed with 300 to 400 ml of 0.1 M glycine (pH 9.5)
in the presence of a salt concentration of 10,000 jig/
ml. After adjustment of the resulting eluate to pH of
8 and a salt concentration of 8,500 ,g/ml, an equal
volume of 3% beef extract was added. The pH was

adjusted to 3.5, and the virus was precipitated in an

organic floc. Virus was recovered by elution with a 5x
(pellet mass) volume of 0.15 M Na2HPO4, pH 9.5. The
eluate was adjusted to pH 7.2 and clarified by addition
of a polycationic electrolyte (cat floc), and the volume
was reduced to a final 15 to 20 ml by ultrafiltration
using an Amicon PM30 membrane filter. The cat floc
was kindly supplied by Richard Kenney, Calgon Corp.
The final sample (isotonic) was treated with an anti-
biotic mixture (penicillin, streptomycin, gentamicin,
and amphotericin B) or ether if necessary to control
microbial contamination.
Bioaccumulation of virus. Clams used through-

out the study were purchased from commercial
sources and depurated in virus-free seawater for 2
weeks. The shellfish were exposed to test virus in
tanks containing 3 to 4 liters of seawater. Virus was
added either as stock or natural virus with or without
added suspended solids. Cornstarch and the clay ka-
olinite were used with stock virus. Cornstarch was
used to encourage high feeding rates, and kaolinite
was used to study the effect of suspended solids-ad-
sorbed virus upon bioaccumulation. Natural virus
within infant feces was associated with fecal particu-
lates which were finely suspended when added to
seawater. Use of low-level virus inputs was emphasized
with both forms of the suspended solid state. Clams
usually were exposed to viruses for 2 to 6 h during
which time the seawater was agitated and aerated by

means of aeration stones. A 20- to 24-h bioaccumula-
tion period was used when depuration immediately
followed virus bioaccumulation. Seawater salinity var-

ied between 0.02 to 0.028 g/ml, water temperature
varied from 17 to 23°C, and dissolved oxygen values
were estimated at 6 mg/liter. Bioaccumulation of virus
was reported either as percent accumulation [(total
PFU per clam or tissue/total PFU in seawater) x 100]
or fold concentration (PFU per g of clam tissue/PFU
per ml of seawater).
Depuration of virus. Depuration was carried out

in a depuration unit modeled after the soft-shell clam
depuration plant located at Newburyport, Mass. The
unit consisted of an ultraviolet radiation chamber, a

tank within which shellfish were held, and a seawater
reservoir. All surfaces in contact with seawater were

lined with polyvinylchloride. Seawater was recycled
through the unit by means of a pump and connecting
pipes. The ultraviolet chamber consisted of two 36-
inch (ca. 914 mm) General Electric 30-W germicidal
lamps (G30T8), positioned 5 inches (ca. 127 mm) above
the seawater flowing through the chamber. Flow rates
equivalent to 1.5 liters per bushel of clams per min
were used. During operation the unit had a total
volume of 60 liters. Fresh seawater was added at 24-h
intervals. Toxic materials influencing clam depurative
activity were removed by passage of seawater through
a charcoal filter.

RESULTS

Bioaccumulation of test virus. The ability
of individual clams to bioaccumulate stock and
natural enteroviruses was examined in a series
of trials in which the numbers of virus in the
overlay water varied from 0.09 to 34.0 PFU/ml.
The results in Table 1 showed considerable

variability in the bioaccumulative capabilities of
individual clams. In general, the greatest degree
of bioaccumulation took place in the presence of
the greatest numbers of virus when stock virus
was used. More virus was bioaccumulated when
suspended solids were present. When cornstarch
was used, viruses were detected in ca. 38% (5/
13) of the clams exposed to 0.2 PFU/ml or less

TABLE 1. Bioaccumulation of enteroviruses by the soft-shell clam, M. arenaria'
Virus input PFU of virus recovered per clam

Trial Solids addedb
(PFU/ml) (Total PFU) 1 2 3 4 5 6 7

1 None 21.0 63,000 0 0 0 0 0
2 Cornstarch 34.0 102,000 8 13 0 0 3
3 Cornstarch 3.0 9,000 6 7 5 12 0
4 Cornstarch 3.0 9,000 2 0 0 0 0
5 Cornstarch 0.2 600 0 0 0 0 0
6 Cornstarch 0.09 270 1 1 1 2
7 Cornstarch 0.09 270 1 0 0 0
8 Feces 0.17 510 3 4 3 0 7 5 0
9 Feces 0.17 510 2 1 0 0

a Stock poliovirus 2 used in trials 1 to 7. Feces-associated natural poliovirus used in trials 8 and 9. Clams were
exposed for 2 to 4 h.

' Cornstarch added in final concentration of 0.01%.
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DEPURATION OF ENTEROVIRUSES BY M. ARENARIA 277

of stock virus. None of these virus-carrying
clams had more than 2 PFU/animal. A slightly
greater number of clams exposed to natural virus
in a feces-associated form was shown to bioac-
cumulate virus (7/11).

Site of virus deposition. To obtain data on

the distribution of bioaccumulated virus within
soft-shell clams, a series of trials were made in
which siphon, hepatopancreatic, and "remain-
ing" (non-alimentary tract) tissues were tested
for their virus content. The results of these tests
are given in Table 2.

Viruses were found in all types of tissues ex-

amined, but to varying degrees. In the first six
trials bioaccumulated virus was found as often
in other tissues as in hepatopancreas tissues. In
the second study viruses were found in siphons
as well as in hepatopancreas tissues. In view of
these results much of the virus found in non-

hepatopancreas sites in the first trials probably
was siphon-associated since "remaining tissues"
in these trials included siphons in the test pools.
The numbers of virus bioaccumulated in the

first six trials not only were higher than the
numbers found in the second six trials, but they
also were greater than those reported in Table
1. These differences were the result of two fac-
tors: clam size and virus input numbers. When
virus numbers per gram of tissue were calcu-
lated, there was virtually no difference in bioac-
cumulative activity. Virus numbers bioaccumu-
lated in the second six trials were very similar to
Table 1 data which were obtained with 60 to 120
times less virus than was used in four of the first
six trials.
Bioaccumulation of solids -associated

stock virus. The ability of clams to bioaccu-
mulate stock virus in the presence of cornstarch
and the clay kaolinite was studied in a series of
tests in which the clams were exposed to a fresh
input of virus at 24-h intervals for 3 days. Fresh
seawater and virus was added, after 10 clams
had been removed for testing at 24, 48, and 72 h.
No pattern of a constant increase in the num-

bers of virus recoverable from any of the tissues
examined during the entire 96-h test period was

detected after examination of the data in Table
3. The PFU of the three tissue pools tested
increased slightly at 48 h, but remained constant
or declined thereafter. These data indicated that
the rate of bioaccumulation exceeded the rate of
elimination for about 48 h. After this time the
uptake and elimination rates of the two proc-
esses were approximately equal in siphon and
remaining tissue pools, but not in the hepato-
pancreatic pool where the rate of elimination
exceeded the rate of bioaccumulation. The
higher numbers of virus found in hepatopan-
creatic and siphon tissues emphasized the extent
of participation of these tissues in bioaccumula-
tion and elimination activities. In the case of the
hepatopancreas, the greater numbers were con-

sidered as evidence of an initial virus deposition
and concentration at this site. Siphon-associated
virus indicated the extent of siphon involvement
in the transportation of virus into and out of the
clam. Recovery of virus from the remaining
(non-alimentary tract) tissues showed that small

numbers of virus either escaped from the ali-
mentary tract at a more or less constant rate or

were deposited directly in non-alimentary tract
tissues. The non-alimentary tract tissues con-

TABLE 2. Tissue distribution of virus bioaccumulated by M. arenaria"
Tissue location of bioaccumulated virush

Trial Virus input Hepatopancreas Siphons Remaining tissues"Trial (PFU/ml)

(Total M (Total (%) (Total MPFU) PFU) PFU)

1 12.0 180 0.5 202 0.55
2 14.0 257 0.6 300 0.7
3 5.0 75 0.5 125 0.8
4 2.0 445 7.4 169 2.8
5 2.0 407 6.8 237 4.0
6 1.8 274 5.0 449 8.3
7 0.4 115 9.5 13 1.0
8 0.5 7 0.46
9 0.1 8 2.7 5 1.7
10 0.1 4 1.3 0 0.0
11 0.2 2 0.3 0 0.0
12 0.2 0 0.0 5 0.8

a Poliovirus 2 added to seawater containing final concentration of 0.01% cornstarch.
b Total PFU represented total virus recovered per pooled tissues from 10 clams.
'Remaining tissues for trials 1 to 6 represented all clam tissues minus hepatopancreatic tissues.
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TABLE 3. Bioaccumulation of stock virus by M.
arenaria in the presence of cornstarch and

kaolinitea
Time of vi- Trial no.

Sample tested rus bioaccu-
mulation (h) 1 2 3

Seawater 0 0.3b 0.3 0.4
24 0.2 0.7 0.4
48 0.3 0.4 0.5
72 0.3 0.4 0.4
96

Siphons 24 2.3' 0.5 7.0
48 2.5 0.1 15.7
72 3.7 1.0 10.2
96 1.3 1.0 14.0

Hepatopancreas 24 0 0 23.2
48 4.0c 1.1 28.7
72 2.0 1.7 19.0
96 1.0 2.2 17.7

Remaining tissues 24 0.7c 0 3.5
48 2.0 0 4.2
72 0.7 0 3.2
96 0 0.5 4.5

Poliovirus 2 used with cornstarch in trials 1 and 2,
and with kaolinite in trial 3. Tissue pools at each test
interval were prepared from 10 clams.

b Number of viruses in seawater - PFU/ml.
C Number of viruses in clam tissue - fold concentra-

tion (PFU per gram of clam tissue/PFU per milliliter
of seawater).

sisted principally of adductor muscle, mantle
lobes, gill structures, and pericardium (heart and
vascular sinuses). At the time of these experi-
ments it was felt that the greater numbers of
virus found in all tissues in trial 3 were directly
attributable to the use of kaolinite even though
one could not eliminate the possibility that the
greater numbers resulted from an increased clam
feeding activity. Data obtained subsequent to
these experiments strongly indicated the greater
bioaccumulation observed to be the result of a
solids-associated virus status. The greater bioac-
cumulation potential realized with kaolinite in-
dicated that the nature and amount of estuarine-
suspended solids could determine the extent of
virus bioaccumulation by clams as well as influ-
ence the effectiveness of depurative activities.

Bioaccumulation of feces-associated nat-
ural virus. Seawater suspension of feces-asso-
ciated natural viruses adsorbed to fecal particu-
late matter represented the closest approxima-
tion possible to shellfish waters polluted with
human natural virus. The extent of virus uptake
by the clam after exposure to feces-associated
natural virus is shown in Table 4.
Bioaccumulation occurred readily, and con-

centrations of virus up to 34-fold were measured.
The concentrations measured were similar to
those found during the continuing 72-h kaolin-
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ite-associated virus exposure experiments (Ta-
ble 3). The time and numbers of test virus to
which the clams were exposed in the two sets of
experiments suggested feces-associated natural
virus was more efficiently bioaccumulated than
kaolinite-associated virus. The virus concentra-
tions obtained with feces-associated virus, ap-
proximately the same as that with kaolinite-
associated virus, resulted with only one-half as
much virus applied for one-twelfth as much
time.
Data from the two sets of experiments indi-

cated solids-associated virus could be expected
to be bioaccumulated more efficiently than non-
solids-associated virus. Some difference in effi-
ciency probably should be anticipated depend-
ing upon the identity of the suspended solids
involved.

In view of the depurative importance attached
to the tissue distribution of bioaccumulated vi-
rus, tests using feces-associated virus were car-
ried out in which clams were divided into hepa-
topancreas, siphon, and remaining tissue pools.
Each pool was tested for virus.
The greatest numbers of virus bioaccumulated

were found in the siphon and hepatopancreas
pools (Table 5). The concentration of virus
found in the siphons in the three trials, on the
average, was slightly greater than the degree of
concentration obtained in the hepatopancreas
tissues. However, the siphon mass was about
1.5-fold greater than the hepatopancreas mass,
so the total numbers of virus found in the two
tissues were about the same. Very low numbers
of virus were found outside of the siphon and
hepatopancreas tissues. These results indicated
that most of the feces-associated natural virus
remained within the alimentary tract and pre-
sumably would be subject to removal by depur-
ation. The data also showed a degree of effi-
ciency in the bioaccumulation of feces-associ-
ated virus which resulted in greater numbers of
virus in the clams than had been obtained in
previous experiments. This was attributed to a

TABLE 4. Bioaccumulation of feces-associated
natural virus by M. arenariaa

Virus
recoveries ConcnTrial PFU/g bioaccumulation (fold)

(%)
1 3.9 28 19.5
2 6.4 38 32.0
3 6.9 35 34.5

a Feces-associated virus added to seawater to give
a final concentration of 0.2 PFU/ml. The clams were
allowed to feed for 6 h. Ten clams were used in each
trial.
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greater degree of pumping and feeding activity
by the clams used in these trials.
Bioaccumulation andelimination offeces-

associated natural virus. Depuration was car-
ried out using clams carrying feces-associated
natural virus bioaccumulated during a 24-h ex-
posure period. Pools of 10 clams each were re-
moved at 4, 16, and 24 h, respectively, to deter-
mine the numbers of virus bioaccumulated. The
remaining virus-carrying clams were depurated
for 72 h, with removal of 10 clams after the 24-,
48-, and 72-h periods to determine the rate and
extent of virus elimination.
The results of the depuration experiments

given in Table 6 indicated that bioaccumulation
of virus numbers ranging from 5 to 80 PFU per
test pool was shown during the 24-h exposure
period. A 4- to 16-h exposure period resulted in
maximum bioaccumulation in two out of three
trials. In general, the bioaccumulated virus was
reduced significantly within the first 24 h of
depuration. If failure to detect virus is accepted
as evidence of elimination, depuration was com-
plete within 24 h in one trial and 72 h in a second
trial. In the third trial the trace of virus found at

TABLE 5. Tissue distribution offeces-associated
natural virus bioaccumulated by M. arenaria'

Virus in tissues

Hepato- Remaining
Trial Siphons pancreas tissueb

PFU/ Concn PFU/ Concn PFU/ Concn
g g g

1 4.4 22.0 3.8 19.0 1.7 8.5
2 4.5 22.5 11.7 58.5 0 0
3 11.2 56.0 2.1 10.5 0.9 4.5
a Feces-associated virus was added to seawater to

give a final concentration of 0.2 PFU/ml. Clams were
exposed to virus in overlay water for 6 h. Ten clams
were used in each trial. The amount of virus bioaccu-
mulated is reported as fold concentration.

b Clam tissues remaining after removal of siphon
and hepatopancreas tissues.

72 h followed a negative assay finding at 48 h
and may have been caused by a failure of one or

two clams in the 72-h pool to depurate.
The potential for elimination of bioaccumu-

lated feces-associated natural virus by depura-
tion was examined in continuing experiments in
which the percentage of virus eliminated was

calculated. Forty clams were used in each of
three trials. Depuration was started immediately
after the conclusion of the bioaccumulation
phase. Ten clams were removed after a 20-h
bioaccumulation interval (0 h depuration pe-

riod) for deternination of the extent of bioac-
cumulation obtained. Ten clams each were re-

moved at 48, 96, and 144 h for the determination
of the extent of depuration achieved. The results
of these experiments are given in Table 7.
The maximum rate of depletion of bioaccu-

mulated natural virus took place within the first

TABLE 6. Bioaccumulation and elimination of
feces-associated natural virus by M. arenariaa

Bioaccumulation Elimination

Trial Total Total
h PFU h PFU

1 0 0 11.1
4 6.9 24 1.6
16 5.3 48 0
24 11.1 72 0

2 0 0 29.5
4 66.7 24 4.8
16 80.4 48 0
24 29.5 72 1.6

3 0 0 19.0
4 27.0 24 2.1
16 17.0 48 5.2
24 19.0 72 0

a Depuration of virus-carrying clams carried out in
model depuration recycling unit with disinfection of
virus by ultraviolet radiation. Feces-associated virus
was added to seawater to give a final concentration of
0.2 PFU/ml. Pools of 10 clams were used for each test
interval in the bioaccumulation and elimination
phases of study.

TABLE 7. Depletion of bioaccumulated feces-associated natural virus in M. arenaria by depurationa
Trial no.

Depuration 1 2 3
(days)

Virus no. (to- Virus deple- Virus no. (to- Virus deple- Virus no. (to- Virus deple-
tal PFU) tion (%) tal PFU) tion (%) tal PFU) tion (%)

0 226 303 283
2 44 80.5 36 88.1 37 87.0
4 12 94.7 16 94.7 23 92.0
6 5 97.8 0 100.0 4 98.6

a Forty clams with bioaccumulated feces-associated natural virus were used in each trial. Feces-associated
natural virus added to seawater to give a final concentration of 0.2 PFU/ml. Clams were exposed to virus for 20
h. Ten clams were tested for virus at each test interval.
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48 h. Eighty to 88% of the virus content of the
clam pools was eliminated during this period.
The rate of depletion was much slower after 48
h, and elimination of virus within a 144-h (6-
day) period was achieved in only one of three
trials. Approximately 98 to 99% of the initial
virus content was eliminated after 144 h in the
other two trials. The data showed a significant
reduction of bioaccumulated virus within 48 h in
the soft-shell clams even though initial numbers
were in excess of those estimated to exist in
clams subject to low-level natural virus pollu-
tion.

DISCUSSION
The use of feces-associated natural virus in

numbers estimated to be equivalent to the great-
est numbers likely to be found in moderately
polluted shellfish waters in northern New Eng-
land was instrumental in providing new insights
into the effectiveness of depuration as a virus
depletion procedure in the soft-shell clam.
Feces-associated virus was regarded as an ex-
ample of a solids-associated virus state which
had a decisive influence upon virus bioaccumu-
lation and elimination. The effects observed may
be representative of the influence of solids-as-
sociated virus in general upon these activities in
other shellfish species.

Interpretation of the quantitative aspects of
bioaccumulation was made with the knowledge
it could be influenced significantly by shellfish
exposure conditions. While not all conditions
influencing shellfish bioaccumulative processes
in a natural estuarine habitat may be known, it
seemed highly improbable that clams exposed
to 0.2 PFU/ml would bioaccumulate much virus.
The low-level virus carriage state found in clams
was considered more representative of the virus
numbers likely to exist within shellfish subject
to occasional virus pollution than numbers re-
ported in previous studies (20). The data from
these bioaccumulation experiments using stock
virus added to overlay waters were greatly in
excess of those found within soft-shell clams.
One explanation for the differences was the
greater numbers of virus added to overlay waters
in these studies. Pollution levels of from 200 to
100,000 PFU per ml were used. Virus concentra-
tions of 10- to 27-fold were obtained in oysters
exposed to 300 to 1,000 PFU per ml (20), and 10-
to 100-fold in hard-shell clams exposed to
100,000 PFU per ml (23). One study with a
reported 1,140-fold concentration of bacterial
virus in hard-shell clams used only 0.05 PFU/ml
of overlay water (3). Unusually lengthy depura-
tion periods of several days to several weeks
were necessary to reduce virus carriage states to
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low or undetectable levels. The longer reported
depuration times may have been caused by the
need to eliminate greater numbers of virus or
have been the result of using a bacterial virus
rather than an animal virus. Differences between
these two virus groups and uncertainties about
the equivalency of shellfish responses made it
difficult to assess how relevant these data were
for uptake and elimination of animal viruses by
shellfish.
The determination in the present study of the

numbers expected for low-level virus carriage
provided an idea of how many viruses would
have to be removed by depuration. More impor-
tant than a number per se was the concept
advanced that, in order to be effective, virus
numbers to be removed through depuration
would be low rather than high. Depuration was
shown to have the potential to eliminate low or
high numbers of virus. Removal of high numbers
took longer, which made virus numbers to be
removed a critical factor in assessing the effec-
tiveness of depuration. Another critical factor
involved the participation or degree of partici-
pation of individual clams in feeding activities.
Occasionally rates of virus elimination measured
during the study were unaccountably slower
than expected based upon previous results.
These data indicated no reason to expect a sig-
nificant degree of virus deposition in non-ali-
mentary tract tissues where it might be pro-
tected from depuration, or to assume that ali-
mentary tract-located virus would not be elimi-
nated within a 24- to 72-h period. The most
plausible explanation for a slow elimination rate
was a recognized variability in individual clam
depurative effectiveness. One or two non-depur-
ating or ineffectively depurating clams could
account for the virus numbers remaining after
48 h. Consideration of virus numbers should
include the influence of shellfish size upon bioac-
cumulation activity. Larger specimens pump
more water through gill structures during feed-
ing and have a greater opportunity to bioaccu-
mulate virus. A 50-fold concentration of virus
from overlay water with 0.01 PFU/ml would
result in 7 PFU within an oyster with a tissue
mass of 15 g, whereas bioaccumulation of only 3
PFU would occur under the same conditions in
a soft-shell clam with a tissue mass of 6 g.
The decisive nature of the feces-associated

virus effect was demonstrated where clams were
shown to bioaccumulate virus from overlay wa-
ters containing numbers too small to regularly
produce virus carriage in the absence of sus-
pended solids. The adsorption of virus to kaolin-
ite which occurred rapidly, and which led to an
enhancement of virus bioaccumulation effi-
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ciency comparable to that obtained with feces-
associated virus, was considered illustrative of
the in situ solids-associated status represented
by feces-associated virus. Cornstarch essentially
was considered an in vitro stimulant of shellfish
feeding activity, simulating phytoplankton in
situ and helpful therefore in facilitating the
bioaccumulation process. An opportunity for ad-
sorption of virus existed, but no evidence of a
substantial solids-associated virus effect upon
bioaccumulation accompanied the use of corn-
starch. Another explanation for an increased
bioaccumulation efficiency involves a virus-
binding mechanism advanced to explain attach-
ment of virus to shellfish tissues (7). Attachment
is considered to occur through an irreversible
binding of virus to secreted mucus, followed by
ingestion of mucus-bound virus. This concept
indicated that a greater likelihood of ingestion
of solids-associated virus would exist after re-
lease of virus from suspended solids preferen-
tially bound by shellfish mucus. Another expla-
nation is based upon the greater degree of pro-
tection against inactivation reported to take
place when virus is in a solids-associated form
(21, 24). Such virus would be more likely to
retain infectivity than freely suspended virus.
This difference could result in success or failure
in demonstrating that virus bioaccumulation
had taken place. The influence of solids-associ-
ated virus upon uptake rates in Pacific Coast
oysters and the Manila clam was reported by
Hoff and Becker (15). The concentration ob-
tained with stock virus in crude and clarified cell
culture suspensions was compared. Increases of
10- to 900-fold were obtained with crude suspen-
sions compared to 0.4- to 3.6-fold with clarified
preparations. The higher concentrations re-
ported by Hoff and Becker, compared to those
obtained in soft-shell clams, were attributed in
part to the use of virus pollution levels 1,000- to
3,000-fold greater maintained over a 24-h expo-
sure interval and in part to the different species
used. The size of the shellfish may also have
been a factor contributing to the greater degree
of bioaccumulation reported.
Another aspect of the influence of feces-asso-

ciated virus upon bioaccumulation and ulti-
mately upon elimination was the tissue distri-
bution of bioaccumulated virus. Earlier studies
in which significant numbers of bioaccumulated
virus were reported to spread beyond the ali-
mentary tract and into body tissues raised ap-
prehensions that the time required for removal
of virus would be increased to a point where
depuration would become impractical (6, 17).
Bioaccumulation of feces-associated virus by
clams resulted in distribution of only a small

fraction to non-alimentary tract tissues. There
was no indication that this fraction could not be
eliminated within the time required for elimi-
nation of alimentary tract-associated virus. The
location of virus within hepatopancreas tissue
was not determined, but judging from the time
required for its elimination it was available to
depuration activity. If virus was within cellular
depots, it was not irreversibly sequestered.

It was concluded that bioaccumulation of
small numbers of feces-associated virus repre-
sented a different kind of virus carriage situation
than that existing when large numbers were
involved. The major difference appeared to be
the availability of virus to depurative activity.
The results of distribution studies of viruses
were interpreted as evidence that virus remained
chiefly within the alimentary tract.
The extent of the ability of depuration to

deplete virus and eliminate virus health hazards
in depurated clams involved a risk factor which
could not be measured in the study. Shellfish-
associated outbreaks involving hepatitis A and
gastroenteritis viruses continue to occur, which
means that clams, as well as other species lo-
cated in sewage-polluted waters, continue to
bioaccumulate and harbor these viruses. An
opinion that the true incidence of shellfish-as-
sociated virus diseases has been underestimated
infers that an even greater number of virus-
carrying shellfish exists than suggested by the
number of outbreaks recorded (11). This opinion
is based upon the contention that many clinical,
and especially silent, cases of these virus diseases
escape the attention of public health authorities
and go unreported. The opinion also takes into
consideration the observation that many clinical
cases of infectious hepatitis exist which have not
been recognized to be of shellfish-associated vi-
rus etiology. Koff et al. (16) reported that epi-
demic patterns for sporadic cases of infectious
hepatitis from unknown sources were found
which were linked retrospectively by epidemio-
logical studies after the outbreak to ingestion of
steamed clams or raw shellfish.
The failure to recognize the existence of even

sizeable outbreaks of shellfish-associated virus
disease was well-illustrated by Goldfield (12). An
outbreak numbering an apparent 459 cases of
clam-associated infectious hepatitis in New Jer-
sey occurred which would have gone entirely
unrecognized by classic public health reporting
practices. It was only after a postepidemic study
of shellfish-associated hepatitis in New Jersey
was made that ingestion of raw clams was rec-
ognized to be the source of the hepatitis out-
break. The true incidence during the outbreak
was estimated at several times the 459 cases
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recognized.
An increasing number of cases of nonbacterial

gastroenteritis have been attributed to shellfish-
associated gastroenteritis viruses such as the
rotaviruses, as the result of epidemiological stud-
ies and the detection of rotavirus-like particles
in fecal samples examined by electron micros-
copy (1).

It seems plausible to assume that opportuni-
ties for carriage of a number of different enteric
viruses will continue to exist as long as clams are
exposed to fecal pollution. Study data suggested,
however, that low-level carriage states may be
more common than previously thought. As in-
dicated previously, maximum depuration effec-
tiveness is more likely to be achieved with low-
level virus carriage states. An inseparable, as
well as imponderable, aspect of depuration lies
in the knowledge that not all clams function
with equal effectiveness in the elimination of
virus. The uncertainty about depuration effec-
tiveness in eliminating the risk of virus health
hazards is compounded by the inability to study
conveniently and directly "difficult to work
with" viruses such as hepatitis and rotavirus
which either have been shown as, or implicated
as, causal agents in shellfish-vectored virus dis-
ease.
While the risk factor from virus health hazards

associated with depuration could not be meas-
ured in the study, evidence was obtained in
support of the contention that the greatest re-
duction in risk would come from the routine
depuration of clams harvested from growing wa-
ters of good sanitary quality.
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