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From 1991 through 1998, 1,266 cases of shellfish-related illnesses were attributed to Norwalk-like viruses.
Seventy-eight percent of these illnesses occurred following consumption of oysters harvested from the Gulf
Coast during the months of November through January. This study investigated the ability of eastern oysters
(Crassostrea virginica) to accumulate indicator microorganisms (i.e., fecal coliforms, Escherichia coli, Clostrid-
ium perfringens, and F1 coliphage) from estuarine water. One-week trials over a 1-year period were used to
determine if these indicator organisms could provide insight into the seasonal occurrence of these gastroin-
testinal illnesses. The results demonstrate that oysters preferentially accumulated F1 coliphage, an enteric
viral surrogate, to their greatest levels from late November through January, with a concentration factor of up
to 99-fold. However, similar increases in accumulation of the other indicator microorganisms were not
observed. These findings suggest that the seasonal occurrence of shellfish-related illnesses by enteric viruses
is, in part, the result of seasonal physiological changes undergone by the oysters that affect their ability to
accumulate viral particles from estuarine waters.

Molluscan shellfish are vectors of bacterial and viral patho-
gens, including Salmonella typhi, Vibrio parahaemolyticus, V.
vulnificus, hepatitis A virus, and Norwalk-like virus (NLV) (22,
23). The consumption of raw or partially cooked shellfish re-
sulted in more than 2,100 illnesses in the United States from
1991 to 1998. The majority of these shellfish-associated ill-
nesses (1,266 cases) were attributed to enteric viruses, partic-
ularly NLV (14, 26). Unlike illnesses caused by naturally oc-
curring Vibrio spp. in shellfish, illnesses from enteric viruses in
shellfish originate from the bodily wastes (including feces and
vomit) from ill individuals. Seventy-eight percent of the re-
ported illnesses due to NLV reported in the 1990s are associ-
ated with oysters harvested from the Gulf Coast during the
months of November to January (Table 1) (14).

Oysters are filter-feeding animals that can filter several liters
of seawater daily (13). If pathogenic microorganisms are
present in the water, oysters may accumulate the pathogens to
levels considerably greater than those in the overlying water
(20, 21). The bioaccumulation and elimination kinetics of en-
teric bacteria and viruses by bivalve mollusks vary with the
species of shellfish (7), type of microorganism (4), environmen-
tal conditions, and season (4, 8).

The objective of this study was to identify factors that con-
tribute to the temporal occurrence of enteric viruses in oysters
from the Gulf Coast. Identification of these contributing fac-
tors was assessed by investigating the seasonal bioaccumula-
tion of the traditional (fecal coliforms, Escherichia coli) and
alternative sanitary indicator microorganisms (Clostridium per-
fringens and F1 coliphage) from estuarine water by oysters.

MATERIALS AND METHODS

Shellfish contamination. Eastern oysters (Crassostrea virginica) were harvested
from reefs in the Mississippi Sound near Dauphin Island, Ala. Oysters were
depurated in a flow-through, natural-seawater, UV-disinfected depuration sys-

tem for a minimum of 7 days prior to each bioaccumulation trial to provide the
shellfish an opportunity to purge any background levels of indicator organisms.
This length of time has been determined previously to effectively reduce fecal
coliform densities by .99.9% under similar conditions (4).

Following depuration, 30 oysters were placed as a monolayer into a circular,
fiberglass tank (80-cm diameter; 40-liter working volume). Seawater pumped
from Little Dauphin Island Bay was continuously metered (2 liters/min) into this
circular tank with a proportioning pump (Barnant Co., Barrington, Ill.). Waste-
water collected from the City of Mobile (Ala.) Conception Street and the City of
Bayou La Batre (Ala.) wastewater treatment facilities was metered into the
circular contamination tank with a proportioning pump (model 7511-50; Ismatec
Co.). The final dilution of seawater to sewage was approx 700:1. Wastewater
served as the primary source of the indicator microorganisms present in the
contamination system. Seawater and wastewater were continuously and thor-
oughly mixed in the contamination tank with a submersible pump (model 1;
Little Giant, Inc., Oklahoma City, Okla.).

At the onset of each contamination trial, 30 additional oysters were collected
from the depuration system and analyzed to determine the background levels of
indicator microorganisms (see description below). These oysters served as the
time zero control samples.

Sample collection. Water samples from the contamination tank water were
collected in sterile 500-ml polypropylene bottles on days 2, 6, and 7 for indicator
organism density determinations. Samples were held under refrigeration until
analysis, which was performed within 3 h of collection. Temperature, salinity, and
dissolved oxygen (DO) of the contamination water were determined prior to the
collection of each water sample by using a combination conductivity salinom-
eter–DO meter (model 85; Yellow Springs Instruments, Yellow Springs, Ohio).
Following 7 days of wastewater exposure, the oysters were collected and placed
into a new, clean polyethylene bag for transport to the adjacent shucking room.

Water analysis. Densities of the indicator organisms in the contamination
water were determined using membrane filtration procedures (HC filters; Mil-
lipore Corp., Bedford, Mass.). Fecal coliform and E. coli densities were deter-
mined by using the mTEC procedure (Difco Laboratories, Detroit, Mich.) (12,
24); mCP agar was used to determine C. perfringens densities (3), and male-
specific coliphage densities (F1 coliphage) were determined by using a modified
double-agar-overlay procedure that incorporates E. coli strain (HS [pFamp] R)
as the bacterial host strain (10).

Shellfish analysis. Shellfish samples comprising of 24 to 30 oysters were
randomly subdivided into three subsamples of 8 to 10 animals each. Each sub-
sample was scrubbed, shucked, and independently analyzed in accordance with
the recommended procedures for shellfish analysis (2). Fecal coliform and E. coli
densities were determined by using the conventional five-tube multiple dilution
most-probable-number (MPN) procedure. Lauryl tryptose broth (Difco) was
chosen as the presumptive growth media, while presumptively positive tubes
were confirmed for fecal coliforms and E. coli in EC media (Difco) with MUG
(50 mg/ml; Biosynth International, Naperville, Ill.) (25). C. perfringens densities
were determined by using a five-tube multiple dilution procedure incorporating
iron milk media (1). F1 coliphage densities were determined by using a modified
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double-agar-overlay method described by Cabelli (6). Again, the E. coli strain HS
(pFamp) R was utilized as the host strain.

Data analysis. Densities of each indicator organism in the oysters were ex-
pressed as the geometric mean/100 g calculated from the three subsamples.
Indicator densities, water temperature, salinity, and DO for the contamination
water were calculated as the geometric mean of determinations made on days 2,
6, and 7. Accumulation factors were calculated as the geometric mean of the
indicator density of each microorganism in the shellfish divided by the geometric
mean density of the particular indicator found in the contamination water.

Statistical analyses of shellfish bioaccumulation of indicator microorganisms
were conducted using SigmaStat (version 2.0; SPSS, Inc., Chicago, Ill.). Analysis
of variance and Pearson regression analyses were performed to determine the
relationships of indicator bioaccumulation and environmental parameters.

RESULTS
Study conditions. Bioaccumulation of indicator organisms

from estuarine water by the oysters was investigated for 12

consecutive months (October 1997 through September 1998)
and consisted of 23 7-day trials. Trials were conducted to
regulate contaminant exposure levels while allowing the shell-
fish to be exposed to estuarine conditions reflective of the area
from which they were harvested. Temperature, salinity, and
DO of the water varied considerably reflecting short-term local
meteorological events and seasonal changes. The mean water
temperature of the 23 trials was 22.5 6 5.9°C with a range of
14 to 30°C (December to July, respectively) (Fig. 1). The mean
dissolved oxygen concentrations and salinities were 6.9 6 1.5
ppm and 19.3 6 7.4 ppt, respectively. Dissolved oxygen con-
centrations were significantly related to water temperatures
(r 5 0.82; P , 0.001). The mean densities (6 the standard
error) of fecal coliforms, F1 coliphage, and C. perfringens in
the water for the 23 trials were 1,300 (6150), 212 (637), and
19 (62.8) per 100 ml, respectively.

Indicator organism accumulation. Oysters accumulated F1

coliphage to densities averaging 19 times greater than the
levels in the contaminated estuarine water; however, accumu-
lation varied, from ,1- to 99-fold. From late October through
January, the accumulation was significantly (P , 0.001) greater
than during any other time of the year (Table 2). This period
of increased bioaccumulation activity we identified as a period
of hyperaccumulation, defined as a period when the mean
accumulation factor of a particular organism is greater than
one standard deviation (SD) of the mean for the entire data
set. During the period of hyperaccumulation, the mean accu-
mulation factor for F1 coliphage was 49.9. In contrast, the
mean accumulation factor for F1 coliphage during the months

FIG. 1. Geometric mean bioaccumulation of fecal coliforms and F1 coliphage by C. virginica in Gulf Coast estuarine water assessed with respect to season and
temperature.

TABLE 1. Gastrointestinal illnesses associated with NLV and the
Eastern oysters (C. virginica) by month (1991 to 1997)a

Mo of harvest No. of outbreaks No. of cases

November 3 218
December 5 692
January 3 77
February–April 3 43
May–October 0 0

Total 14 1,030

a Data compiled from Glatzer (14) and Rippey (21).
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of February through early October was 2.9. Regression analysis
on the bioaccumulation of F1 coliphage throughout all 23
trials demonstrated that the F1 coliphage bioaccumulation
factors were inversely related to temperature (r 5 20.401; P ,
0.001).

In contrast to F1 coliphage, neither fecal coliforms, E. coli,
nor C. perfringens exhibited a period of hyperaccumulation
during any period of the year. The mean accumulation fac-
tors 6 the SE for fecal coliforms, E. coli, or C. perfringens were
4.4 6 0.5, 3.8 6 0.5, and 59.5 6 6.6, respectively (Table 2). A
significant correlation between fecal coliforms and E. coli ac-
cumulation by Gulf Coast oysters was found throughout all
seasons and trials (r 5 0.845; P ,0.001). However, the accu-
mulation factors of fecal coliforms and E. coli (data not shown)
were unrelated to those of F1 coliphage or C. perfringens (P .
0.05). In addition, the bioaccumulation factors of F1 coliphage
were unrelated to those of C. perfringens (r 5 0.081; P 5 0.47).
Background levels of fecal coliforms and F1 coliphage in the
shellfish were always below the sensitivity of their respective
assays (,20/100 g for fecal coliforms; ,6/100 g for F1 coliph-
age) prior to the initiation of each bioaccumulation trial. C.
perfringens organisms were generally below the level of detec-
tion (,20/100 g); however, when C. perfringens was detected,
the levels were subtracted from those at the conclusion of
bioaccumulation to account for the elevated levels at the onset.

DISCUSSION

Our investigation of bioaccumulation of several groups of
traditional and alternative sanitary indicator organisms by
Eastern oysters from the Gulf Coast attempted to identify a
connective link with the seasonal occurrence of shellfish-re-
lated illnesses from oysters from the Gulf Coast. Conditions
were selected to reflect conditions experienced by oysters in a
nearby reef but to allow control of the type and level of con-
taminant exposure. In comparison, previous studies have in-
vestigated the bioaccumulation of microorganisms by shellfish
in ways which are inherently different from the way shellfish
are usually exposed to pollutants, including (i) utilization of
laboratory strains of microorganisms, (ii) use of synthetic sea-
water, and (iii) batch or short-term exposure (24 h) of contam-
inants. In addition, these earlier studies paid little attention to
the physiological state (e.g., dormancy, spawning condition) of
the shellfish prior to these investigations.

Fecal coliforms are a group of gram-negative bacteria gen-
erally associated with the waste of warm-blooded animals and
are used as indicators of sanitary quality of shellfish-growing
waters. This study found that eastern oysters in the estuarine
environment of the Gulf Coast accumulated fecal coliforms to

levels that averaged 4.4 times (SD 5 4.0) greater than levels in
the water to which they were exposed.

Shellfish harvest areas are classified, in part, by the densities
of fecal coliforms present in their surface waters. Estuarine
waters approved for unrestricted shellfish harvest have a mean
fecal coliform MPN of #14/100 ml, with 10% of the samples
not to exceed an MPN of 43/100 ml in a five-tube decimal
dilution test (28). Assuming oysters are harvested from a grow-
ing area where the mean fecal coliform level is 14/100 ml and
the uppermost accumulation factor for fecal coliforms by oys-
ters is 8.4 (mean 1 the SD), a prediction of fecal coliform
density can be made by multiplying the concentration factor of
fecal coliforms by oysters and the mean maximum level of fecal
coliforms in the water: fecal coliform density would not exceed
118/100 g of oysters. In addition, assuming all of the fecal
coliforms in a harvest area were E. coli, and the accumulation
factor of E. coli by oysters is 7.9 (mean 1 the SD), the pre-
dicted densities of E. coli in the oysters would generally not
exceed 111/100 g. This scenario assumes that the level of con-
tamination exposure is constant, that the indicator densities in
bottom waters reflect those of the surface water, and that the
period of shellfish exposure is lengthy. These conditions, how-
ever, are not generally maintained in shellfish harvest areas,
and therefore these densities would likely be the upper levels
encountered in approved growing areas. Conversely, assuming
the minimum accumulation of fecal coliforms by oysters is 0.4
(mean 2 the SD), while maintaining fecal coliform levels in the
water at 14/100 ml, the predicted density of fecal coliforms in
shellfish could be 6/100 g or less. On the basis of these calcu-
lations, therefore, it can be assumed that oysters harvested
from an approved growing area could be expected to have fecal
coliform densities of ,6 to 118/100 g.

C. perfringens, a spore-forming anaerobic bacteria, is more
resistant to disinfection (4, 15) and environmental conditions
than fecal coliforms and E. coli (5). However, unlike fecal
coliforms, there are no established standards for using C. per-
fringens densities to assess the sanitary quality of shellfish or
shellfish-growing waters. This is attributed to the inability to
distinguish the age of the contamination due to the extreme
stability of this organism in the environment. The present study
demonstrates that C. perfringens bioaccumulation was not sig-
nificantly influenced by the environmental conditions (temper-
ature, salinity, or DO) or seasonal changes. However, since this
organism is highly accumulated (up to 245-fold), it may serve
as a sentinel to determine if an oyster harvest area had been
impacted by waste. Unfortunately, the extreme range of accu-
mulation (5- to 245-fold) makes its utility in determining the
magnitude of such an impact speculative.

F1 coliphage are a heterogeneous group of bacteriophage
that are more resistant to chlorine, UV, and ozone than fecal
coliforms (4, 16, 17) but which, like the Norwalk virus, are
resistant to chlorine (18). The survival of F1 coliphage in
seawater is similar to the enteric viruses hepatitis A virus,
poliovirus, and rotavirus (9).

We found that the accumulation of F1 coliphage by Gulf
Coast oysters was highly variable, with accumulation factors
ranging from ,1 to 99. Hyperaccumulation of F1 coliphage
was not related to environmental conditions (e.g., tempera-
ture, salinity, and DO). However, it appeared that the period
of hyperaccumulation began as water temperature declined in
the fall, and ended when water temperature began to rise in
early spring. This is significant since the period of hyperaccu-
mulation of these coliphage corresponds with the months when
oysters harvested from the Gulf Coast result in the majority of
illnesses due to NLVs (Table 1).

This study complements previous studies that suggest there

TABLE 2. Bioaccumulation of indicator organisms by the
eastern oyster (C. virginica)

Indicator
organism(s)

February–early
October (n 5 15)

Late
October–January

(n 5 8)

BAFa SE BAFa SE

Fecal coliforms 4.4 0.5 4.2 0.5
E. coli 4.1 0.5 3.3 0.5
C. perfringens 58.1 7.8 62.0 12.2
F1 coliphage 2.9 0.5 49.9b 7.4

a BAF, bioaccumulation factor. Value is the mean ratio of the indicator or-
ganism in shellfish compared to water.

b Significant increase (P , 0.001) as determined by the Mann-Whitney rank
sum test.
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are at least three factors responsible for the occurrence and
timing of shellfish-associated viral illnesses. First, the enteric
viral pathogen must be present in the population. The preva-
lence of enteroviruses in wastewater and sewage fluctuates
seasonally, with the greatest levels occurring in the winter and
the lowest occurring in the summer (27). Unfortunately, little
is known specifically about the carrier rate of NLVs in the
population or its seasonal occurrence. Second, the viral patho-
gen(s) must survive in the estuarine environment for a period
long enough to impact a shellfish-growing area. Viral survival
in estuarine water is modulated by temperature and sunlight
exposure (5, 9, 19). The occurrence of shellfish-related ill-
nesses corresponds generally to periods when water tempera-
ture and sunlight intensity are at or near their lowest levels. We
suggest a third factor influencing the timing and occurrence of
shellfish-related outbreaks: the ability of shellfish to selectively
accumulate viruses, as demonstrated by the accumulation of
F1 coliphage. This aspect of selective accumulation can be
attributed to the mechanism by which shellfish feed. The ac-
cumulation of viruses by shellfish during feeding is due, in part,
to the ionic bonding of viral particles to the mucopolysaccha-
ride moiety of shellfish mucus (11). The level of mucus pro-
duction, in turn, corresponds generally to the glycogen content
of the connective tissue and gonadal development (13). Fur-
ther research is needed to determine if a connection exists
between the concentration of glycogen, which is highest in
oysters from late November through March, and the timing of
illnesses. These findings, however, demonstrate clearly that the
incidence of shellfish-related illness is a dynamic relationship
between the level of fecal pollution and the ability of the
shellfish to accumulate and retain enteric pathogens.
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