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Asian freshwater clams, Corbicula fluminea, exposed for 24 h to 38 liters of water contaminated with
infectious Cryptosporidium parvum oocysts (1.00 3 106 oocysts/liter; approximately 1.9 3 105 oocysts/clam) were
examined (hemolymph, gills, gastrointestinal [GI] tract, and feces) on days 1, 2, 3, 7, and 14 postexposure
(PE). No oocysts were detected in the water 24 h after the contamination event. The percentage of oocyst-
containing clams varied from 20 to 100%, depending on the type of tissue examined and the technique
used—acid-fast stain (AFS) or immunofluorescent antibody (IFA). The oocysts were found in clam tissues and
feces on days 1 through 14 PE; the oocysts extracted from the tissues on day 7 PE were infectious for neonatal
BALB/c mice. Overall, the highest number of positive samples was obtained when gills and GI tracts were
processed with IFA (prevalence, 97.5%). A comparison of the relative oocyst numbers indicated that overall,
58.3% of the oocysts were found in clam tissues and 41.7% were found in feces when IFA was used; when AFS
was used, the values were 51.9 and 48.1%, respectively. Clam-released oocysts were always surrounded by feces;
no free oocysts or oocysts disassociated from fecal matter were observed. The results indicate that these benthic
freshwater clams are capable of recovery and sedimentation of waterborne C. parvum oocysts. To optimize the
detection of C. parvum oocysts in C. fluminea tissue, it is recommended that gill and GI tract samples be
screened with IFA (such as that in the commercially available MERIFLUOR test kit).

Cryptosporidium parvum-associated cryptosporidiosis is a
zoonotic diarrheal disease which is life threatening for immu-
nocompromised or immunosuppressed humans (7) and can
severely debilitate immunocompetent people (20). The infec-
tious stage, the oocyst, is transmitted via the fecal-oral route or
via water. Contamination of surface waters is caused by agri-
cultural and urban runoff (11, 16, 21). Waterborne transmis-
sion is facilitated by the long-lasting infectivity of oocysts, their
small size (3.5 to 6.0 mm), and their low sedimentation rate (0.5
mm/s) (21).

The Asian freshwater clam, Corbicula fluminea, introduced
to North America in the early 1900s (18), is well adapted to life
in unstable and unpredictable habitats (17). The species is
highly successful in drainage systems with periodic human in-
terference (17, 19). This benthic clam can survive in waters
receiving agricultural and industrial pollution and urban waste
(17). C. fluminea serves as a bioindicator of major, minor, and
trace constituents (15), pollution with organochlorine insecti-
cides and metals (22, 23), and waterborne polycyclic mutagens
(14).

C. fluminea is a suspension feeder able to filter detrital
particles of 1.5 to 10.0 mm at a rate of up to 2.50 liters/h (17).
It was demonstrated that hemocytes of C. fluminea phagocy-
tosed in vitro infectious C. parvum oocysts and Giardia duode-
nalis cysts (12, 13). By mathematical extrapolation it was de-

termined that a single clam can retain in its tissue over 3
million C. parvum oocysts (12) or G. duodenalis cysts (13).
Although in vitro phagocytosis of C. parvum oocysts was effi-
cient (12), it remains unknown if intact clams are capable of
recovering oocysts from contaminated water and if waterborne
oocysts can be subsequently detected in clam tissue.

The purpose of the present study was to determine if C.
fluminea clams could recover and sediment waterborne C. par-
vum oocysts and if in vivo-phagocytosed oocysts retained their
infectivity. Additional aims of the study were to determine
which tissue of a clam, e.g., hemolymph or gills and gastroin-
testinal (GI) tract, was best suited for the detection of C.
parvum oocysts and which technique, e.g., acid-fast stain (AFS)
or immunofluorescent antibody (IFA), was optimal for the
detection of oocysts in clam tissue.

MATERIALS AND METHODS

Oocysts of C. parvum (AUCP-1 strain) were obtained and purified as de-
scribed previously (4). Oocysts resuspended in phosphate-buffered saline (PBS)
(pH 7.4) were counted with a hemacytometer (4) and stored at 4°C for no longer
than 1 week.

A 38-liter (approximately 10-gal) aquarium was filled with dechlorinated
drinking water filtered by a Filterite 10-mm-pore-size, yarn-wound cartridge
(Memtec America Corp., Baltimore, Md.). Aliquots of the water were tested for
Cryptosporidium oocysts by the cellulose acetate membrane (CAM) filter dis-
solution method (10) and were found to be oocyst free. The aquarium was
equipped with a Fluval filter (model 403; Askoll) and an air stone, and the system
had been working continuously for 1 week prior to clam introduction. Two
hundred C. fluminea clams with shell lengths of 1.5 to 2.5 cm were collected from
Lake Cheston (Franklin County, Tenn.) and placed in the aquarium. The clams
were fed on alternate days with a 20-ml suspension of algae (Chlorella pyrenoid-
osa; Carolina Biological Supply Co., Burlington, N.C.) cultured in a 3.9-liter
all-glass aquarium according to the manufacturer’s instructions. The filter system
(but not the air stone) had been off for 5 h at the moment of addition of the algae
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to the aquarium with the clams. Dead C. fluminea clams were removed from the
aquarium.

Thirty randomly selected control clams were removed from the aquarium. The
filter (but not the air stone) was turned off, and the water was seeded with 3.8 3
107 oocysts of C. parvum (1.00 3 106 oocysts/liter; approximately 1.9 3 105

oocysts/clam). After 24 h (1 day postexposure [PE]), five water samples of 3.8
liters each were collected from the aquarium and the remaining water was
removed. The aquarium was filled with 38 liters of dechlorinated drinking water
processed as described previously, and the clams were maintained as prior to the
exposure to C. parvum oocysts. Another five water samples of 3.8 liters each were
collected from the aquarium on day 3 PE; a similar volume of water was added
to the aquarium. The water samples were individually processed by the CAM
filter dissolution method for the detection of waterborne Cryptosporidium oocysts
(10).

Thirty randomly selected clams were examined on days 1, 2, 3, 7, and 14 PE.
While the clam was kept on ice, the anterior and posterior adductor muscles
were cut by a scalpel inserted gently below the anterior and posterior lateral
teeth (17). The shell was opened, and the hemolymph (approximately 0.5 ml)
was aspirated from the blood sinuses with a 1.0-ml pipette. Hemocyte monolay-
ers were prepared by filling one 12-mm-diameter well on a slide of the
MERIFLUOR Cryptosporidium/Giardia test kit (Meridian Diagnostics, Inc., Cin-
cinnati, Ohio) with 50 ml of the hemolymph from a clam. The remaining hemo-
lymph samples were each spread evenly on glass slides which were processed with
AFS following air drying and fixation with methanol. The MERIFLUOR slides
were processed with IFA as described previously (5). The concentration of
hemocytes was determined as described previously (12) for the first 10 control
clams and the first 10 test clams at each time point.

After hemolymph collection, the gills and GI tract were excised from each
clam and placed individually in 0.25 ml of PBS in a Kimble pellet Eppendorf tube
with a plastic grinding pin fitting the bottom of the tube (VWR, Piscataway,
N.J.); grains were removed from the samples, which were then vortexed, and the
fluid was aspirated with a pipette. One MERIFLUOR slide and one AFS slide
were prepared from the fluid in the same manner as that described for the
hemolymph.

Clam feces were aspirated daily from the bottom of the aquarium on days 1
through 7 PE and on day 14 PE. Efforts were made to collect all feces. The water
(approximately 0.5 liters) containing the feces was left overnight at 4°C in a
Kimax conical graduated container (VWR). Each daily feces sediment collection
was used for the preparation of 10 AFS and 10 IFA slides in the manner
described for the hemolymph.

Examination of the fluorescein-stained slides followed a previously described
protocol (9), and the confirmation approach (2) was used to rule out presumptive
Cryptosporidium oocysts. The number of C. parvum oocysts on IFA and AFS
slides was determined during a 5-min examination with a 340 objective. To
ensure that C. pyrenoidosa algae were not mistakenly identified as C. parvum
oocysts in AFS and IFA reactions, direct wet smears of C. pyrenoidosa were
stained with IFA and AFS and examined microscopically.

On day 7 PE, the hemolymph and the gill and GI tract samples collected from
30 clams were pooled separately. Tubes with pooled samples were centrifuged at
2,000 3 g for 15 min at 4°C, and the supernatant was discharged. The hemolymph
and the gill and GI tract pellets were resuspended in 300 and 400 ml of PBS,
respectively. Hemolymph-derived and gill- and GI tract-derived suspensions
were administered by gastric intubation to three and four neonatal BALB/c mice,
respectively. Two control mice were inoculated with 100 ml of PBS. Mice were
euthanized by overexposure to CO2 96 h postinoculation and necropsied, and
their ilea were recovered and processed for histologic examination (3). Hema-
toxylin- and eosin-stained sections were examined for developmental stages of C.
parvum by light microscopy (3), and the severity of infection was scored as
described previously (3).

Statistical analysis was carried out with Statistix 4.1 (Analytical Software, St.
Paul, Minn.). The variables were examined by the Runs test to determine con-
formity to a normal distribution. A nonparametric test included a Kruskal-Wallis
analysis of variance (ANOVA). The degree of linear association between vari-
ables was assessed with the regression test. Prevalences and fractions were
compared with a G-heterogeneity test and a x2 test, respectively, and mean
values were compared with a two-sample t test. Mean values were associated with
standard deviations. Statistical significance was set at P # 0.05.

RESULTS

The mean hemocyte concentrations varied from 3.3 3 105 to
6.7 3 105 cells/ml, with an overall mean of 4.6 3 105 cells/ml
(69.9 3 104 cells/ml). Fluctuations in the mean hemocyte
concentrations were not significant (G-heterogeneity test; G 5
1.70, P . 0.05).

Overall, the clam mortality rate was 10%.
No C. parvum oocysts were detected in the water samples

collected on days 1 and 3 PE. The filtration rates were consid-
erably accelerated compared with drinking water filtration

rates, indicating that the filtered water was substantially de-
pleted of particulate matter.

C. pyrenoidosa algae did not produce a positive IFA or AFS
reaction.

Four of 30 (13%) hemolymph monolayers from control
clams contained one presumptive Cryptosporidium oocyst each,
as determined with IFA and AFS.

At 24 h after exposure of clams to waterborne oocysts of C.
parvum, the pathogen was observed, although at various con-
centrations, in the hemolymph, gills and GI tract, and feces
(Fig. 1). The oocysts were detected in clam tissues and feces as
late as 14 days PE (Fig. 1). As determined by IFA, the number
of phagocytosed oocysts progressively increased up to day 7 PE
and then decreased (Fig. 1). When AFS preparations were
used, the peak in the number of phagocytosed oocysts occurred
on day 3 PE (Fig. 1). Hemocyte-internalized C. parvum oocysts
were clearly visible in both IFA and AFS preparations. On
AFS slides, the oocysts displayed nonuniform, bright red col-
oration with characteristic black granules. Viewed by fluores-
cence microscopy, the oocysts were bright green. No free oo-
cysts were observed in hemocyte monolayers. The density of
oocysts detected in the gill and GI tract samples was highest on
days 1 and 2 PE and then progressively decreased (Fig. 1). The
IFA patterns of oocyst concentrations in clam tissues and feces
did not differ significantly (Kruskal-Wallis ANOVA; F 5 3.00,
P . 0.05) from the results obtained by AFS.

The number of C. parvum-positive clams varied depending
on the type of tissue examined and the technique used for
oocyst detection (Table 1). The most apparent differences were
observed on day 1 PE, when all 30 samples of gills and GI tract
were found oocyst positive by either AFS or IFA and only 6

FIG. 1. Mean numbers (and standard deviations) of C. parvum oocysts de-
tected in tissues of Asian freshwater clams, C. fluminea, and in their feces. Clams
were exposed for 24 h to 38 liters of water contaminated with 3.8 3 107 C.
parvum oocysts and examined in batches of 30. Ten fecal specimens were ob-
tained.
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and 14 hemolymph samples were found positive by AFS and
IFA, respectively (Table 1). The differences between the num-
bers of oocyst-positive hemolymph samples and gills and GI
tract samples were significant only on day 1 PE (x2 test; x2 5
3.84, P , 0.05) for either AFS or IFA. Also, only on day 1 PE,
the number of IFA-positive determinations was significantly
higher than the number of AFS-positive readings (x2 test; x2 5
4.31, P , 0.05). Overall, the highest number of oocyst-positive
samples was obtained when gill and GI tract samples were
screened with IFA (prevalence, 97.5%) (Table 1). This preva-
lence value was significantly higher (G-heterogeneity test; G 5
7.9, P , 0.05) than the values obtained for hemolymph samples
examined by AFS and IFA, 72.5 and 86.7%, respectively (Ta-
ble 1).

Based on the results presented in Table 1, the sensitivities of
detection by AFS of C. parvum oocysts were 83.6% for hemo-
lymph and 96.5% when the gills and GI tract were examined.
If we assume the superiority of gill and GI tract testing, the
sensitivities of oocyst detection in hemolymph were 77.0% for
AFS and 88.8% for IFA.

When the relative numbers of C. parvum oocysts in the
hemolymph and the gill and GI tract samples were summa-
rized, it appeared that most of the oocysts were detected on
days 1 and 2 PE and that the oocyst numbers then progressively
decreased (Fig. 1). For AFS (but not for IFA), the decrease in
the mean oocyst number per clam was significantly related to
the length of PE time (regression test; F 5 13.95, P , 0.03).
Interestingly, on days 7 and 14 PE, when the numbers of
detected oocysts were low (Fig. 1), IFA produced significantly
higher levels of positive determinations than AFS (two-sample
t test; t 5 5.13, P , 0.03).

Not all C. parvum oocysts were retained in clam tissues;
some were released in feces. All fecal samples contained oo-
cysts (Fig. 1). Peak numbers of oocysts in feces were found on
days 2 and 3 PE (Fig. 1). The oocysts were always surrounded
by feces and were frequently observed in clusters. No free
oocysts or oocysts disassociated from fecal matter were ob-
served. On day 14 PE, over 30% of all detected oocysts were
found in clam feces (Table 2). The patterns of oocyst numbers
detected in clam tissues and feces did not differ significantly
between IFA and AFS readings (Kruskal-Wallis ANOVA; F 5
0.25, P . 0.05). A comparison of the relative numbers of
detected oocysts indicated that overall, 58.3% of oocysts were
found in clam tissues and 41.7% were found in feces when the
IFA technique was used; these values were 51.9 and 48.1%,
respectively, when the AFS method was used.

The ilea of all seven neonatal BALB/c mice inoculated with
C. parvum oocysts recovered from clam hemolymph and gill
and GI samples on day 7 PE contained large numbers of
Cryptosporidium life-cycle stages. Over 65% of the epithelial
cells harbored the developmental stages of C. parvum. Control
mice were negative for C. parvum developmental stages.

DISCUSSION

As demonstrated in the present study, the Asian freshwater
clam, C. fluminea, can remove C. parvum oocysts from water.
Based on negative findings from the CAM filter dissolution
method, 200 clams removed 3.8 3 107 oocysts from 38 liters of
water within 24 h. To achieve such removal, an average clam
had to recover and retain within its body approximately 1.9 3
105 oocysts. As C. fluminea can filter as much as 2.5 liters/h
(17), it is assumed that under the conditions given in the
present experiment (approximately 0.2 liter/clam), the water in
the aquarium was filtered multiple times. A similar phenome-
non was described in a natural situation in the Trinity River,
Clear Fork, W.Va. (average depth, 0.25 m; current flow, 18.5
m/min), where the entire water volume overlying C. fluminea
beds was filtered every 16 min (17).

The present study showed that in addition to in vitro phago-
cytosis (12), waterborne oocysts of C. parvum could be phago-
cytosed in vivo. The hemocyte-internalized oocysts could be
detected by IFA or AFS for at least 14 days after exposure of
clams to contaminated water. However, as oocyst size and
morphology do not vary considerably within the genus Crypto-
sporidium, we conclude that oocysts of other Cryptosporidium
species (11) might also be recovered from water and retained
in the clam tissue. The mechanism of particle circulation in the
branched GI system of C. fluminea ensures the most efficient
utilization of water-recovered matter. In C. fluminea, before
particles filtered from water are accepted for extracellular or
intracellular digestion or are rejected as feces, they may pass
through the gut several times (17).

C. fluminea clams are preferential filter feeders rather than
detritus feeders (they will sporadically ingest detrital particles
from substrata, e.g., sediments) (17). Thus, the presence of
oocysts in the clam tissue would be indicative of water con-
tamination rather than contamination of sediments. These bi-

TABLE 1. Numbers of Asian freshwater clams (C. fluminea) positive for C. parvum oocysts after exposure for 24 h
to 38 liters of C. parvum-contaminated watera

Tissue

No. of clams with a positive result on day PE Total no. (%) of clams found
positive by:1 2 3 14

AFS IFA AFS IFA AFS IFA AFS IFA AFS IFA

Hemolymph 6 14 27 30 29 30 25 30 87 (72.5) 104 (86.7)
Gills and stomach 30 30 29 30 27 30 27 27 113 (94.2) 117 (97.5)

a The water contained 1.00 3 106 oocysts/liter. Clams were examined in batches of 30.

TABLE 2. Mean numbers and percentages of C. parvum oocysts
detected in tissues and feces of Asian freshwater clams

(C. fluminea)a

Day PE

No. (%) with oocysts detected in indicated samples by:

IFA AFS

Tissues Feces Tissues Feces

1 87.6 (66.6) 44.0 (33.4) 95.8 (61.6) 59.8 (38.4)
2 92.5 (31.7) 200.1 (68.3) 103.8 (32.1) 220.0 (67.9)
3 55.0 (22.5) 190.3 (77.5) 65.7 (21.2) 245.0 (78.8)
7 57.5 (76.7) 14.0 (23.3) 31.0 (40.8) 45.0 (59.2)

14 32.0 (66.7) 16.0 (33.3) 15.5 (68.6) 7.1 (31.4)

a Clams were exposed for 24 h to 38 liters of water contaminated with 3.8 3
107 C. parvum oocysts and were examined in batches of 30. Ten fecal specimens
were obtained.
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valves are abundantly prevalent in Cryptosporidium-contami-
nated waters; have a wide geographical range (17), facilitating
the comparison of water contamination; can survive in waste-
waters (1); can be collected throughout the year; and can be
held in field enclosures (17). Also, their small size and conse-
quently the small amount of tissue to be tested facilitate more
accurate detection of oocysts.

Examination of gill and GI tract samples for the presence of
C. parvum oocysts was superior to examination of hemocyte
monolayers based on overall higher oocyst concentrations in
the former samples. Sensitivities of oocyst detection obtained
for AFS and IFA for either type of clam tissue compare favor-
ably for IFA. Thus, it is recommended that gill and GI tract
samples be screened with IFA. However, technician time and
the costs of IFA and AFS compare favorably for AFS. Given 5
min for slide examination (either AFS or IFA) and assuming
similar times allocated for the processing of clam tissue by both
techniques, an IFA slide has to be processed for 40 min, versus
10 min for an AFS slide. The cost of a single IFA determina-
tion is approximately six times higher than that of an AFS
determination, but IFA costs can be reduced as much as two
times by use of the approach taken for the monitoring of
Eastern oyster (Crassostrea virginica) tissue for C. parvum oo-
cysts (5).

C. fluminea clams develop high-density beds (up to 3,750
clams/m2) in agricultural drainages in North America (17),
which may carry as many as 5,500 Cryptosporidium oocysts/liter
(21). Because these benthic clams can substantially reduce (up
to 75%) the amount of seston (17), it was suggested (12) that
they may have significant epidemiological and epizootiological
importance in recovering C. parvum and thereby provide an
efficient reduction of the waterborne oocyst load. The present
study confirms this suggestion. Waterborne oocysts were effi-
ciently removed from the water by the clams even when
present in high concentrations. The concentration of oocysts in
the present study exceeded by over 180 times the number
reported for heavily contaminated agricultural drainage water
(11, 21). Negative results for water filtering on day 3 PE and
the absence of free oocysts in the water or oocysts disassoci-
ated from fecal matter indicate that C. fluminea clams are able
to sediment waterborne oocysts of C. parvum. Sedimentation
of recovered particles is characteristic for these benthic clams.
All particles recovered by C. fluminea gills are bound to the
mucus rope before entering the stomach (17). Also, mucus
secreted by clam hindgut and rectal cells tightly binds the
particles before egestion, preventing recirculation of fecal mat-
ter with inhalant currents (17). In an aquarium with mild water
circulation enforced by air stone and filter actions, clam feces
adhered to the bottom of the aquarium and were never ob-
served in the water volume.

In some parts of the world, Corbicula bivalves are consumed
raw and serve as reservoirs of intestinal helminths (8). In the
United States, C. fluminea clams are not commercially offered
for human consumption; however, they are collected from the
wild by some ethnic groups and consumed raw (6). Mammals,
e.g., otters, minks, muskrats, raccoons, and even wild hogs,
have been reported to feed extensively on C. fluminea (17). As
demonstrated by the mouse bioassay results, C. parvum oocysts
retain their infectivity for at least 1 week after being recovered
by clams. Thus, these benthic clams may play an epidemiolog-
ical and epizootiological role in food-borne cryptosporidiosis.
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