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When filter-feeding shellfish are consumed raw, because of their ability to concentrate and store waterborne
pathogens, they are being increasingly associated with human gastroenteritis and have become recognized as
important pathogen vectors. In the shellfish industry, UV depuration procedures are mandatory to reduce
pathogen levels prior to human consumption. However, these guidelines are based around more susceptible
fecal coliforms and Salmonella spp. and do not consider Cryptosporidium spp., which have significant resistance
to environmental stresses. Thus, there is an urgent need to evaluate the efficiency of standard UV depuration
against the survival of Cryptosporidium recovered from shellfish. Our study found that in industrial-scale
shellfish depuration treatment tanks, standard UV treatment resulted in a 13-fold inactivation of recovered,
viable C. parvum oocysts from spiked (1 X 10° oocysts liter ~') Pacific oysters. Depuration at half power also
significantly reduced (P < 0.05; ninefold) the number of viable oocysts recovered from oysters. While UV
treatment resulted in significant reductions of recovered viable oocysts, low numbers of viable oocysts were still
recovered from oysters after depuration, making their consumption when raw a public health risk. Our study
highlights the need for increased periodic monitoring programs for shellfish harvesting sites, improved
depuration procedures, and revised microbial quality control parameters, including Cryptosporidium assess-

ment, to minimize the risk of cryptosporidiosis.

Cryptosporidium spp. are obligate intracellular Apicomplexa
protozoan parasites which infect a wide range of vertebrates
and undergo endogenous development, culminating in the pro-
duction of an encysted stage (oocyst), which is discharged in
the feces of their host (38). There are currently 16 recognized
species of Cryptosporidium (43, 44), and cryptosporidiosis in
humans and livestock is caused mainly by C. parvum and C.
hominis (39). Cryptosporidiosis is usually associated with
drinking contaminated water, visits to swimming pools, or an-
imal exposure (34). Globally, Cryptosporidium is responsible
for the majority of gastrointestinal parasitic infections, repre-
senting a significant cause of morbidity and mortality in its
hosts (32, 42). In immunocompetent humans, cryptosporidiosis
normally causes a self-limited diarrhea, but it can cause life-
threatening conditions in immunocompromised patients due
to dehydration by chronic diarrhea. Due to its widespread
occurrence in drinking water supplies and its significant resis-
tance to environmental stresses, Cryptosporidium is regarded as
one of the most important waterborne microbial parasites (41).
Cryptosporidium oocysts can retain infectivity for months out-
side of hosts, in both freshwater and salt water (40). Since the
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year 2000, the global production of several shellfish types,
including the bivalve Pacific oyster (Crassostrea gigas), which is
generally consumed raw, has increased dramatically by several
million metric tons (3). This increased consumption directly
correlates to the significant rise of reported seafood-borne
infections (2, 27, 28).

Raw shellfish, e.g., molluscs, oysters, clams, scallops, and
other marine life, in costal waters are increasingly being im-
plicated as potential reservoirs for the transmission of the
viable and infective stages of Cryptosporidium (2, 8, 13, 16, 19).
Contamination is apparent mainly in near-shore waters and
estuaries where human sewage is discharged and runoff from
land exposed to animal manure occurs (18, 25). While no
development of the pathogen in tissue has been observed,
shellfish concentrate and retain viable oocysts within their he-
mocytes and gills (16, 19), and viable oocysts recovered from
shellfish have been shown to be infectious (10). Thus, raw
shellfish have potentially important roles in spreading Crypto-
sporidium infection in depuration plants and areas where
aquatic organisms are cultivated (15, 41). Chemical disinfec-
tion with chlorine is not effective against oocysts of Cryptospo-
ridium and Giardia spp., and ozone applied at low cycle thresh-
old values to limit the formation of bromate has relatively little
effect on oocyst viability (1, 20, 21). UV disinfection technology
is of growing interest to water industries because the treatment
can be readily applied, is low maintenance, results in significant
viability reductions of all waterborne pathogens, and produces
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no hazardous by-products (20, 30, 33). Previous studies have
found that the effects of UV irradiation on C. parvum oocysts,
as determined by animal infectivity and DNA repair, can con-
clusively be considered irreversible (24, 30).

The European Community (EC) directive 91/492 demands
periodic checks on the microbial quality of live bivalve mollusc
relaying and in production areas (7). However, currently these
microbial parameters do not include monitoring Cryptospo-
ridium (7). Depending on the water quality (measured by the
amount of fecal coliforms), bivalve molluscs are either directly
placed on the market, undergo purification, or are relayed for
a minimum of 2 months in clean water, which can be combined
with a final depuration purification step to remove contami-
nants (7). EC legislation demands the depuration of oysters for
48 h to remove potentially harmful contaminants, which is
based upon the removal of fecal coliforms to within safe levels
for human consumption; <300 coliform bacteria per 100 g of
oyster tissue (7, 12, 14). Novel methods such as E-beam irra-
diation, microwaves, and exposure to high pressure have been
evaluated as alternative means for the removal of contami-
nants from shellfish, but UV depuration is still the only method
which is commercially practiced (4, 5).

To our knowledge, no research has been previously per-
formed to assess whether current industrial protocols for UV
depuration are sufficient to inactivate C. parvum recovered
from oysters to within safe limits for human consumption.
Thus, we replicated Pacific oyster commercial depuration con-
ditions, artificially spiked the oysters with C. parvum, and as-
sessed the depuration efficiency of standard UV treatment at
oocyst inactivation.

MATERIALS AND METHODS

Harvesting and ating Cryptosporidium. A modification of a previously
described method was used to purify and collect oocysts from fecal material (31).
Fecal material from calves with a positive diagnosis of cryptosporidiosis was
obtained from the Department of Parasitology, Department of Agriculture and
Food, Central Veterinary Laboratory, Dublin, Ireland. To enumerate oocysts,
aliquots (100 wl) of Cryptosporidium-positive stool samples were mixed with 250
wl of double-distilled water (ddH,O) by vortexing for 30 s. Approximately 150 pl
of ether was added, and samples were shaken vigorously by hand for 30 s. Tubes
were then centrifuged at 14,000 X g for 1 min, and the fluid both above and below
the oocysts was aspirated and discarded. The sediment (oocysts) was then
washed three times with 1 ml of ddH,O. Harvested oocysts were counted using
a hemocytometer and genotyped as described below.

DNA extractions. An additional two washes in 1 ml of lysis buffer (LB medium,
50 mM Tris-HCI [pH 8.5; Bio-Rad, Hercules, CA], 1 mM EDTA (Sigma, Dorset,
United Kingdom), 0.5% sodium dodecyl sulfate [Sigmal]), followed by centrifug-
ing and careful aspiration with a pipette, were required to prepare collected
oocysts for DNA extraction (31). Sediment with oocysts was resuspended in 100
wl LB medium and subjected to five freeze-thaw cycles, as follows: 5 min in liquid
nitrogen, then 5 min at 65°C, followed by 10 s of vortexing and centrifugation at
2,000 X g for 1 min. Samples were then treated with proteinase K (200 ug ml~';
Sigma) at 55°C for 3 h, followed by 20 min at 90°C for inactivation (31). Samples
were then placed on ice and centrifuged at 10,000 X g for 5 min, and superna-
tants were removed and replaced with equal amounts of 70% ethanol. Samples
were then vortexed and centrifuged at 10,000 X g for 2 min (31). This step was
repeated, supernatants were removed, samples were air dried, and the DNA
pellets were then resuspended in 30 pl of ddH,O, and stored at —20°C (31).

Oocyst identification. Oocysts isolated from fecal material were identified
using a previously described nested PCR-restriction fragment length polymor-
phism (RFLP) technique targeting a polymorphic region of the 18S rRNA gene
of Cryptosporidium species (23, 43). Briefly, PCR conditions for primary ampli-
fication reaction primer pair 5'-TTCTAGAGCTAATACATGCG-3' and 5'-CC
CTAATCCTTCGAAACAGGA-3' were used to obtain amplicons of approxi-
mately 1,325 bp (43). The internal forward primer 5'-GGAAGGGTTGTATTT
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ATTAGATAAAG-3' and reverse primer 5'-AAGGAGTAAGGAACAACCTC
CA-3'" were then used to amplify an 820-bp region of the primary PCR product
(23). Cryptosporidium genotyping was then carried out using RFLP analysis
following digestion of secondary products using endonucleases Vspl and Sspl
(Promega Ltd., Southampton, United Kingdom) as per the manufacturer’s in-
structions (23, 43). Digested products were fractionated on a 1.5% agarose gel
and visualized using ethidium bromide staining. Only C. parvum oocysts were
isolated and genotyped as bovine genotype 2.

Oyster sample preparation and oocyst enumeration and viability. For oocyst
recovery, whole-oyster tissue was homogenized using a stomacher (Lab Blender
400, Seward, London, United Kingdom). Using immunomagnetic separation
(IMS) (26), oocysts were recovered from 1-ml aliquots of homogenized tissue by
using Cryptosporidium-specific Dynal beads (Dynal Ltd., Bromborough, United
Kingdom) according to the manufacturer’s instructions. IMS-recovered oocysts
were dissociated from magnetic beads and then diluted in ddH,O, and oocyst
counts were determined using a hemocytometer.

To assess oocyst viability, sporozoite nuclei were stained with 4',6’-diamidino-
2-phenyl indole (DAPI; Roche Diagnostics Ltd., Sussex, United Kingdom) fluo-
rogenic dye and inclusion/exclusion propidium iodide (PT) vital dye (Sigma) (1).
Aliquots (30 ul) of phosphate-buffered saline (PBS; Sigma) containing DAPT (1
mg ml~') and PI (1 mg ml~ ') were added to samples and incubated for 2 min at
37°C in darkness. Samples were washed twice with PBS (pH 7.4). Samples were
air dried and fixed with methanol. Samples were then mounted with glycerol-
PBS-based antibleaching agent AF1 (Citifluor Ltd., London, United Kingdom).
Oocyst numbers and viability were determined (at a magnification of X400)
using a Nikon Eclipse E400 microscope. A blue filter block (480-nm excitation,
520-nm emission) was used for viewing fluorescein isothiocyanate emissions, a
UV filter block (350-nm excitation, 450-nm emission) for DAPI emissions, and
a UV filter block (560- to 580-nm excitation, 600- to 650-nm emission) for PI
emissions. Low numbers of doubtful “oocyst-like” entities were examined at a
magnification of X1,000 to confirm their identity by the identification of sporo-
zoite nuclei (DAPI), suture lines, and if possible, internal structures (37).

Opyster collection, contamination checks, and spiking. Bivalve Pacific oysters
(Crassostrea gigas) were grown for 28 months (median weight including shell,
100 g; meat weight, 25 g) and harvested from commercial sites in Northern
Ireland. Five oysters (a representative sample) were assessed for the presence of
contaminating Cryptosporidium organisms and their levels of coliform. Both
standard immunofluorescence fluorescein (1, 11) and nested 18S rRNA PCR
(23, 43) were used to confirm the absence of Cryptosporidium. A 24-h direct
plating method for fecal coliform enumeration with a resuscitation step (prein-
cubation for 2 h at 37 = 1°C and transfer to 44 = 1°C for 22 h) using fecal
coliform agar (Difco, Detroit, MI) (9, 22) was also used to quantify oyster
coliform contamination levels, both before and after depuration.

Artificial seawater was produced using Seamix (Peacock Salt, Ayr, United
Kingdom) to approximately 32 ppt salinity for all experiments. Seawater (400
liters) containing oysters was spiked with Cryptosporidium bacteria-positive bo-
vine stool samples to final concentrations of 1 X 10° oocysts liter ! in 400-liter-
capacity commercial-size (1 m by 1 m by 0.6 m) shellfish depuration tanks (Depur
Systems Ltd., Dundrum, Co. Down, United Kingdom). Oysters were allowed to
filter circulation water and uptake Cryptosporidium oocysts for 4 h under the
continuous circulation of spiked seawater. The health of oysters was frequently
assessed (every 4 h) by checking their respiration (36). In order to remove
oocysts which were not taken up by the oysters, oysters were rinsed for 15 min
with fresh, uncontaminated artificial seawater prior to depuration.

Industrial-scale standard UV depuration. All of the following experiments
were carried out in triplicate, and UV depuration was carried according to
current United Kingdom legislation requirements (36). Batches of 100 spiked
and nonspiked (negative control) oysters were positioned in the middle of com-
mercial-size depuration tanks containing 200 liters of freshly made, circulated,
artificial seawater (Fig. 1A to C). Previous studies have shown that oocysts
remain viable for up to 2 weeks during storage in artificial seawater (30 ppt) at
20°C and for even longer periods when stored at lower temperatures (Fayer et al.
[8]). Thus, to avoid oyster sporulation, all depuration was carried out at <15°C
(36). Briefly, in commercial-size tanks, water was circulated at 1,200 liter min ™"
and was exposed to continuous UV treatments, with full-power tanks at 50 W per
pass and half-power tanks at 25 W per pass. Circulation water samples were
analyzed both during (24 h) and after depuration (48 h), and oocyst viability was
assessed.

During depuration, salinity, water temperature, and oxygen levels were all
measured using TetraCon 325 and OxyCal SL 197 probes (WWT, Limonest,
France) and maintained within industrially acceptable levels (36). Samples of five
oysters were taken before and after depuration to measure the efficacy of depu-
ration. From each sample, determination of oocyst numbers and viability was
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FIG. 1. (A) Commercial-size depuration unit. (B) Oysters in a tray
undergoing depuration. (C) Diagram of a depuration unit: (i) UV filter
for treatment of circulation water; (ii) circulation water pump; (iii)
spray for aeration of water; (iv) oysters in a tray; (v) flow meter.

carried out in triplicate. Additionally, nested PCR targeting the 18S rRNA gene
(23, 43), followed by sequencing, was carried out to check for cross-contamina-
tion and verification of C. parvum (formerly genotype 2).

Circulation water sampling. Oocysts were concentrated using immunomag-
netic separation according to the manufacturer’s instructions. Briefly, anti-Cryp-
tosporidium magnetic beads were added to 10 ml of water sample, and oocysts
were captured for 4 h on a Dynal rotary mixer (26). Bound oocysts were collected
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and recovered from beads in 20 pl of 0.1 M HCI (Sigma). Samples were neu-
tralized, and oocysts were stained with DAPI and PI as described previously.
Oocyst counts and viability assessments were performed in triplicate. After
spiking, oysters were washed to remove fecal debris and excess oocysts not taken
up by oysters. Oyster oocyst uptake rates were based on the differences between
counts from spiked water and the numbers of oocysts retained in oyster tissue.

Statistical analysis. Data from individual experiments were collected and
examined for significant differences (P < 0.05) using Excel-based statistical
Analyze-It software (Analyze-It Software Ltd., Leeds, United Kingdom). The
effect of UV dosage on oocyst viability in experimentally spiked Pacific oysters
was analyzed by one-way analysis of variance (ANOVA). When the effect of
treatment was significant (P < 0.05), the Bonferroni ¢ test with 95% confidence
interval for multiple measurements was carried out. Two-way ANOVA tests
were used to analyze the effect of standard depuration conditions on oocyst
viability in circulation water over the 48-h period.

RESULTS

Oysters of satisfactory microbial quality prior to spiking
and coliform inactivation. Before spiking, Cryptosporidium was
not detected in oysters, and coliform levels were within cate-
gory B levels for shellfish, i.e., <6,000 coliform bacteria per
100 g of oyster tissue (14). Control experiments confirmed the
efficiency of standard UV depuration at totally inactivating
Escherichia coli in both circulation water and oyster flesh. Ge-
notype analysis of recovered oocysts prior to and postdepura-
tion confirmed that only C. parvum was present in fecal mate-
rial, oysters, and circulation water, ruling out the possibility of
cross-contamination during experimentation (data not shown).

Significant inactivation of Crypfosporidium from oysters us-
ing UV depuration. In this study, we assessed the ability of
commercial depuration units to inactivate C. parvum oocysts
recovered from oysters. As expected, standard UV treatment
(at full power) for 48 h resulted in the largest and most signif-
icant reduction (P < 0.05; 13-fold) of viable oocysts recovered
from oysters (Table 1). Depuration at half-power for 48 h also
significantly reduced (P < 0.05; ninefold) amounts of viable
oocysts recovered from oysters (Table 1). While significant
amounts (P < 0.05) of viable oocysts were inactivated with no
UV treatment (Table 1), as expected, significantly more (P <
0.05) oocysts were inactivated when both full- and half-power
UV depuration treatments were administered. During UV
treatment, oysters remained in a healthy condition during spik-
ing, washing, and depuration, as they showed normal respira-
tion rates as determined by monitoring soluble oxygen levels,
water temperature, salinity, and visual checks (data not
shown).

Inactivation of Cryptosporidium from circulation water. Dur-
ing depuration (24 h) and postdepuration (48 h), circulation
water samples were taken from tanks to evaluate the effect UV
treatment had towards oocyst viability. While the average via-

TABLE 1. Survival of C. parvum oocysts recovered from experimentally contaminated oysters during UV depuration treatments®

No UV treatment Half UV dosage Full UV dosage

Time (h)
Avg count g~ Avg viability (%) Avg count g~ Avg viability (%) Avg count g Avg viability (%)
0 46.0 = 1.7 73.0 =52 46.5 = 2.1 71.5 6.4 47725 71.7 £ 4.5
48 14.0 £ 2.6 53.7+25 11.0 = 0.0 325 +0.7 14712 17.6 = 3.7

“ Oocyst counts and viability were measured from oysters prior to and after 48 h of depuration at both full (standard) and half-power UV treatments. Each assay
was performed in triplicate, and oocyst numbers and viability were assessed using standard immunofluorescent antibody and DAPI/PI staining with microscopic
examination at magnifications of X40 and X100. Standard deviations were calculated using three separate oocyst counts from each trial, which were each performed
in triplicate. UV dosage was administered according to United Kingdom guidelines for standard depuration.
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TABLE 2. Survival of C. parvum oocysts recovered from the
circulation water of experimentally contaminated oysters”

No UV treatment Full UV dosage

Time
(h) Avg viability ~ Avg total oocyst  Avg viability = Avg total oocyst
(%) count liter ! (%) count liter !
24 71.8 £2.3 5156 15725 17.3 = 11.8
48 63.9 = 8.0 922 + 64.0 32+4.0 766.7 = 520.4

“Total oocyst count and viability in circulation water with experimentally
contaminated oysters during (24 h) and after (48 h) standard UV depuration
were determined using standard immunofluorescent antibody and DAPI/PI
staining, with microscopic examination at magnifications of X40 and X100. Each
assay was performed in triplicate, and standard deviations were calculated on the
basis of three separate oocyst counts. Values represent the average number of
oocysts recovered per liter of circulation water. UV dosage was administered
according to United Kingdom guidelines for standard depuration.

bility of oocysts was significantly lower (P < 0.05) after 48 h of
depuration, because oysters had more time to depurate, sig-
nificantly more oocysts per ml were present in the circulation
water (Table 2) where they were exposed to UV, significantly
lowering their viability (P < 0.05).

DISCUSSION

Our study is the first to report that both standard and
half-power UV depuration significantly lowered quantities of
recoverable, viable C. parvum oocysts from oysters in commer-
cial-size depuration tanks. Importantly, concentrations of
oocysts used for the current study (10° liter ') were equivalent
to quantities of C. parvum commonly found in surface waters
due to urban runoff, wastewater discharges, and agricultural
runoff from ruminant farms (14, 19). Therefore, by using fecal
calf material which contained levels of oocysts commonly
found in contaminated surface water, our experimental trials
replicated environmental fecal contamination. While standard
UV depuration treatment resulted in the largest degree of
oocyst inactivation (P < 0.05; 13-fold), it still did not totally
remove all viable oocysts recovered from oysters. Previous
studies found that various depuration strategies, including UV,
are unable to totally remove oocyst contamination in shellfish
(10) and that no correlation exists between depuration times
(14). Water type, temperature, and the concentration of oo-
cysts in the suspension have all been found not to have signif-
icant impacts on oocyst inactivation during UV depuration (6).

We found that oocysts recovered from oysters were signifi-
cantly inactivated during depuration without UV treatment.
Depuration studies with C. parvum bacterium-spiked shellfish
(the oyster Ostrea edulis and marine clam Tapes decussatus)
have also found that sharp decreases in levels of recovered
viable oocysts occurred during depuration in the first 4 days,
with 15 to 25% viable oocysts remaining thereafter (10). Thus,
longer depuration periods, both with and without UV, for
shellfish are still not sufficient to totally remove all viable oo-
cysts from shellfish. This persistence may be due to the immo-
bilization and protection of oocysts within the shellfish gills and
hemocytes (10, 14, 17).

As expected, during depuration with the application of a
higher UV dosage (standard depuration), more oocysts were
inactivated, both in circulation water and within oysters. When
applying half the UV dosage during depuration, mimicking a
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less effective administration of UV intensity, the number of
viable oocysts within oysters remained significantly higher. Pre-
vious studies have also shown that the amount of UV dosage
during treatment is directly related to treatment effectiveness
(30).

Shellfish (mussels and cockles) harboring infective C. par-
vum oocysts can transport >10° oocysts, and this contamina-
tion is strongly associated with shellfish recovered from areas
located near the mouths of rivers with a high density of grazing
ruminants on their banks (13). However, there is no relation-
ship between the presence of Cryptosporidium oocysts in shell-
fish and fecal coliform levels, a common indicator of microbi-
ological contamination (14). United Kingdom and EC
guidelines for shellfish depuration have been based around the
removal of fecal coliforms and Salmonella organisms (36).
However, shellfish, including oysters, show different behavior
when purging Cryptosporidium during depuration, and viable
oocysts can survive within them (10, 14-16, 19). After depura-
tion, the survival of Cryptosporidium in shellfish destined to be
consumed raw by humans is a serious concern to public health,
especially considering the low infective dose of Cryptospo-
ridium (35). Our study showed that current United Kingdom
and European Union guidelines for removing Cryptosporidium
may not guarantee that shellfish are safe for raw consumption.
Furthermore, the existence of viable oocysts in samples with
microbiological contamination levels <300 fecal coliforms/100
g, which in accordance with current European Union legisla-
tion are considered suitable for human consumption, suggests
the need to include parasitological analyses in the quality con-
trol parameters for these molluscs (14, 25, 29, 36).

Our findings support the need for establishing continuous
Cryptosporidium monitoring programs at shellfish harvesting
sites and for the implementation of periodic quality checks on
oysters prior to human consumption. Thorough cooking
should be sufficient to inactivate Cryptosporidium, although
oysters are often eaten raw and are therefore a potential
source of food-borne cryptosporidiosis.
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