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Cryptosporidium is a significant cause of water-borne enteric disease throughout the world and represents a
challenge to the water industry and a threat to public health. In this study we report the use of a cell
culture-TagMan PCR assay to measure oocyst inactivation rates in reagent-grade and environmental waters
over a range of temperatures. While oocysts incubated at 4°C and 15°C remained infective over the 12-week
holding period, we observed a 4 log,, reduction in infectivity for both 20 and 25°C incubation treatments at 12
and 8 weeks, respectively, for all water types examined, a faster rate of inactivation for oocysts than previously
reported. This temperature-dependent inactivation was further investigated using a simple and rapid ATP
assay described herein. Time course experiments performed in reagent-grade water at incubation temperatures
of 4, 15, 20, 25, 30, and 37°C identified a close relationship between oocyst infectivity and oocyst ATP content,
demonstrating that temperature inactivation at higher temperatures is a function of increased oocyst metabolic
activity. While water quality did not affect oocyst inactivation, biological antagonism appears to be a key factor
affecting oocyst removal from environmental waters. Both the cell culture-TagMan PCR assay and the ATP
assay provide a sensitive and quantitative method for the determination of environmental oocyst inactivation,
providing an alternative to the more costly and time-consuming mouse infection assay. The findings presented
here relating temperature to oocyst inactivation provide valuable information for determining the relative risks

associated with Cryptosporidium oocysts in water.

Members of the genus Cryptosporidium are protozoan par-
asites that can cause the gastrointestinal disease cryptospori-
diosis and represent an emerging and highly infectious risk
(30). Cryptosporidia are transmitted as infective oocysts di-
rectly by the fecal-oral route or by ingestion of contaminated
food or water (23). In immunocompetent individuals, infection
causes self-limiting, watery diarrhea but can become persistent,
leading to chronic diarrhea and wasting in immunocompro-
mised individuals (4). The disease has been documented
worldwide, with speculation that many undiagnosed cases of
gastroenteritis may have been caused by this parasite (19, 42).

Oocysts of Cryptosporidium are excreted with the feces of the
host and subjected to the rigors of the environment until ren-
dered noninfectious or ingested by a susceptible host (6). The
infectivity of sporozoites is maintained by the oocyst wall, an
extremely robust multilayered structure (15). Upon ingestion,
exposure to stomach acid and bile salts promotes destabiliza-
tion of the oocyst wall, resulting in the release of sporozoites
that can then invade host enterocytes (30).

Cryptosporidium oocysts are prevalent in surface waters (for
reviews, see Rose et al. [32] and Smith and Rose [34]) and
thick-walled oocysts are extremely resistant to chlorine and
monochloramine at levels used in the disinfection of potable
water (8, 25). In addition to being resistant to commonly used
disinfectants, it has been thought that oocysts generally survive
for several months in an aquatic environment (22, 26, 31).
Cryptosporidia therefore represent a challenge to the water
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industry and a threat to public health. Accurate measurement
of oocyst inactivation is critical for any risk assessment of
cryptosporidia in water. However, little is known about the
inactivation rates of cryptosporidia by natural processes in
environmental waters, especially in regard to measuring infec-
tivity.

A limited number of studies have examined the survival of
oocysts in natural waters using indicators such as vital dye
staining or in vitro excystation (3, 31), but such methods are
only viability indicators and are known to overestimate infec-
tivity in comparison to animal infectivity (2). Until recently, the
only methods which appeared to be appropriate for evaluating
infectivity were animal or cell culture models of infection (33).
The development of a cell culture-TagMan PCR assay (24),
which has been demonstrated to be quantitative, sensitive, and
reproducible for measurement of oocyst inactivation by disin-
fection, promises to dramatically improve our ability to quan-
tify environmental inactivation of oocysts through biotic and
abiotic mechanisms.

While water-borne Cryptosporidium oocysts appear to be
resilient at a wide range of temperatures (3, 6, 10, 11, 21, 45),
increased holding temperatures correspond to decreased oo-
cyst infectivity (6). The ability of Cryptosporidium oocysts to
initiate infection has been linked to finite carbohydrate energy
reserves in the form of amylopectin, which are consumed in
direct response to ambient environmental temperatures (6).
Amylopectin has been identified as the carbohydrate storage in
different life cycle stages of a number of apicomplexans (1, 27,
36, 37). It has been concluded that amylopectin constitutes the
energy reserve needed for excystation and invasion of host cells
by coccidian sporozoites and that when the content of amyl-
opectin falls below a critical level, sporozoites lack sufficient
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energy to invade cells (43). However, assays measuring amyl-
opectin content or levels of amyloglucosidase mRNA display
only marginal agreement with mouse infection and cell culture
infection (20).

We report the investigation of inactivation rates of Crypto-
sporidium parvum oocysts incubated in reagent water and an
environmental water sample at temperatures representative of
the conditions that water-borne oocysts may encounter in the
environment. We also tested the hypotheses that oocyst infec-
tivity is energy dependent and that prolonged exposure of
oocysts to environmental temperatures results in the depletion
of energy reserves by investigating the relationship between
oocyst ATP content and cell culture infectivity at different
temperatures over prolonged holding periods. Inactivation
constants derived from the cell culture-TagMan PCR and ATP
assays over a wide range of environmental temperatures will
provide a valuable framework for risk assessment and be par-
ticularly applicable for integration with hydrodynamic models
to estimate the risk of infectious oocysts reaching the off-takes
of reservoirs. This is critical for the risk assessment of crypto-
sporidia in water and other environmental matrices and in
determining the effectiveness of residence in reservoirs as a
barrier in the water treatment process.

MATERIALS AND METHODS

Source of oocysts. Oocysts of C. parvum (cattle isolate Swiss cattle C26, type
1I genotype) were purchased from the Department of Veterinary and Biomedical
Sciences, Murdoch University, Perth, Australia. Oocysts were passaged through
mice as previously described (16, 28). Oocysts were stored in sterile phosphate-
buffered saline supplemented with antibiotic solution (15 wl/ml) containing am-
picillin (10 mg/ml) and lincomycin (4 mg/ml). On receipt, the infectivity of each
oocyst batch was determined using a cell culture-TagMan PCR assay (24).
Standard curves of oocyst infectivity were constructed using serial dilutions of
10°, 104, 103, 10%, 10" and 10° oocysts. All oocyst standards were applied to cell
culture in triplicate.

TagMan cell culture infectivity assay. Prior to cell culture, oocyst concentra-
tions were determined for each sample by microscopy as described previously
(24). Ten thousand oocysts were used in each cell culture infection experiment.
In vitro culturing, cell culture infection of the HCT-8 cell line, and DNA extrac-
tion from the infected cell monolayer were as described by Keegan et al. (24).
Real-time PCR and the preparation of DNA standards for the quantitation of
the level of cell culture infection were conducted as described by Keegan et al.
(24), except that an alternative TagMan probe was used, EUK3 (5’-6-carboxy-
fluorescein  (FAM)-AAGTCTGGTGCCAGCAGCCGC-BHQ1 3'), reaction
volumes were decreased to 25 wl, and reactions were analyzed using a Rotor-
Gene 3000 and version 6 of the RotorGene analysis software.

Survival was calculated using the equation log,, survival = log;(treated sam-
ple cell culture TagMan PCR result) — log,y(control sample cell culture Tag-
Man PCR result). A result of >0 indicates that the treated sample has increased
in infectivity relative to the control, whereas a result of <0 indicates that the
treated sample has decreased in infectivity relative to the control. The 4°C time
zero sample was used as the control to measure survival for the other 4°C
samples. For samples incubated at other temperatures, the 4°C sample for that
time point was used as the control. This approach was taken to minimize any
interassay variation that could be attributed to changes in the cell line infectivity
over time.

Water sources. Reagent-grade MilliQ water (Milli-Q Plus ultrapure water
system, Millipore) and Hope Valley reservoir water were used for oocyst incu-
bation experiments. Hope Valley reservoir is located 10 km north of Adelaide,
South Australia. Water samples for replicate experiments were collected during
the months of May, June, and November 2003. A summary of water character-
istics for Hope Valley raw water is presented in Table 1.

Oocyst storage experiments for MilliQ, Hope Valley raw, and Hope Valley
autoclaved waters. Four incubators held at 4, 15, 20, and 25°C were utilized for
oocyst incubation experiments. For each holding temperature and water type
(MilliQ, Hope Valley raw, and Hope Valley autoclaved water), 5 X 10° oocysts
were suspended in a 30-ml yellow-cap polystyrene container in a total volume of
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TABLE 1. Characteristics of Hope Valley raw water samples”

Parameter Range Avg
pH 7.9-8.7 8.3
Alkalinity (mg of CaCo; per liter) 79.5-132 112
Dissolved organic carbon (mg/liter) 5.7-11.7 7.7
Turbity (NTU) 0.61-87 4
Color (HU) 8-95.9 33

“ Based on 12 months of routine monitoring. NTU, nephelometric turbidity
units; HU, Hazen units.

10 ml of water. Oocysts were incubated at each temperature over a 12-week
period; 1-ml sample aliquots were removed from the tubes after thorough vor-
texing at chosen time points for each temperature and oocyst concentrations
were determined for all treatments at each sampling point so that 10,000 oocysts
could be applied to cell monolayers for infection studies. Each sampling point
was analyzed in triplicate using the cell culture infectivity assay.

ATP assay and ATP standard curve construction. The ATPlite luminescence
ATP detection assay system (PerkinElmer), based on the firefly luciferin-lucif-
erase reaction (12), was used to determine ATP concentration according to the
manufacturer’s instructions. Samples were measured in a 96-well Isoplate
(PerkinElmer) using a luminescence counter (Wallac 1420 multilabel counter,
PerkinElmer) to measure light emission.

Serial dilutions were made from an ATP stock provided by the manufacturer
for use as ATP standards. Lysis solution (50 pl) and enzyme-substrate solution
(50 p, luciferase/luciferin) was added to 1.5-ml centrifuge tubes containing ATP,
and reactions were made to a final volume (200 ) using MilliQ water. Standards
were transferred to Isoplates and read using the luminescence counter. Each
standard concentration was analyzed in triplicate for standard curve construc-
tion. The linearity of the relationship between bioluminescence and ATP con-
centration was initially tested over the range of 10™* M to 10™° M (R* = 0.98).
Appropriate standards were constructed for each experiment as required.

ATP extraction from oocysts. The lysis solution (50 wl) provided by the man-
ufacturer was added to 1.5-ml centrifuge tubes containing an oocyst suspension
(100 wl) and snap frozen in liquid nitrogen. Centrifuge tubes were stored in the
freezer at —20°C until use. Samples were taken through five cycles of freeze/
thawing by immersing in liquid nitrogen for 30 seconds before transferring to a
heating block at 100°C for 1 min. A final incubation for 2 min at 100°C was
performed. Centrifuge tubes were spun at 10,000 X g for 5 min. Substrate-
enzyme solution (50 wl) was added to centrifuge tubes in subdued light and
mixed well before the total sample (200 pl) was transferred to an Isoplate and
dark adapted for 10 min before measuring luminescence at 22°C using the plate
counter.

Standard curve construction of oocyst number and extracted ATP concentra-
tion. Oocysts (2 X 10°) were sterilized with sodium hypochlorite (final concen-
tration of 13 ppm of free available chlorine) which was neutralized after 2 h by
1% vol/vol 40 mM sodium thiosulfate. A standard curve of oocyst number versus
ATP concentration was constructed using serial dilutions of 10°, 5 X 10% 2.5 X
104,104, 5 x 103, 103, 5 X 10% 10% and 10" oocysts. ATP oocyst extraction was
performed as described above. ATP standard curves were determined over a
concentration range of 1 X 1077 M to 1 X 107'° M.

Oocyst storage experiments comparing ATP concentration and cell culture
infectivity. Six incubators held at 4, 15, 20, 25, 30, and 37°C were utilized for
oocyst incubation experiments. For each holding temperature, 5 X 10° oocysts
were suspended in a yellow-cap polystyrene container in a total volume of 5 ml
MilliQ water containing 13 ppm of chlorine, which was neutralized after 2 h by
1% vol/vol 40 mM sodium thiosulfate. Oocyst counts were performed for all
treatments to confirm that oocyst concentrations were 10,000 oocysts/100 wl. To
confirm the sterilization of oocyst-associated bacteria by sodium hypochlorite, 10
pl from each treatment was diluted in a total volume of 100 pl of MilliQ water
and plated onto R2A (Oxoid) heterotrophic plate count medium and incubated
at 20°C for 3 days. Sample aliquots (1 ml) for each treatment were transferred
into 1.5-ml centrifuge tubes after thorough vortexing at each of the chosen time
points. Aliquots were analyzed in triplicate by both ATP analysis and cell culture
infectivity. ATP standard curves were determined over a concentration range of
25X 107°Mto1 X 1071 M.
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FIG. 1. Cryptosporidium oocyst counts for one replicate experiment in reagent-grade MilliQ water (MQH20), Hope Valley raw water (HV raw),
and Hope Valley autoclaved water (HV autoclaved) at four temperatures: 4, 15, 20, and 25°C. Oocyst standard counts were determined by serial
dilution and performed in triplicate. Error bars indicate standard deviations.

RESULTS

Determination of oocyst removal and oocyst inactivation
rates for three water types. Three replicate in vitro experi-
ments were performed in reagent-grade MilliQ water, Hope
Valley raw water, and Hope Valley autoclaved water to assess
oocyst removal rates and oocyst inactivation rates. Figure 1
illustrates oocyst removal for one of these experiments at four
temperatures, 4, 15, 20, and 25°C. For MilliQ and autoclaved
Hope Valley reservoir water treatments, oocyst counts re-
mained constant throughout the incubation period for all four
temperatures in all replicate experiments. Oocysts were not
clumped when observed under fluorescence microscopy, were
regular in shape, and showed consistent staining intensity with
the fluorescein isothiocyanate (FITC) antibody. However, one
replicate experiment conducted on Hope Valley raw water
identified a gradual decrease in oocyst numbers at 15°C and
more rapid decreases for both 20°C and 25°C over the 12-week
incubation period (Fig. 1). Oocysts examined in these samples

were often clumped together (as many as 18 in an individual
clump, data not shown). Variation was also evident in FITC
staining intensity between oocysts, especially within oocyst
clumps (data not shown). In some instances there appeared to
be deformation of the oocyst wall. Disappearance of oocysts in
raw water varied between replicate experiments and was not
consistent between replicates at the same temperature. For
20°C and 25°C samples where oocyst numbers decreased, the
rate of decrease was similar to that presented in Fig. 1 (see
20°C and 25°C graphs for raw water).

Figure 2 illustrates oocyst inactivation as determined by the
cell culture-TagMan PCR assay at four temperatures (4, 15,
20, and 25°C) in three different water types (MilliQ, Hope
Valley raw, and Hope Valley autoclaved reservoir water). Mi-
croscopy counts of oocysts were performed prior to cell culture
to ensure that 10,000 oocysts were assayed for each time point.
Oocyst survival for 15, 20, and 25°C samples was calculated by
using the 4°C samples as controls for each time point. The
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FIG. 2. Cryptosporidium oocyst inactivation rates for reagent-grade MilliQ water (MQH20), Hope Valley raw water (HV raw), and Hope Valley
autoclaved water (HV autoclaved) at four temperatures: 4, 15, 20, and 25°C. Experiments were performed in triplicate for all three water types.
Infectivity was calculated using the cell culture-TagMan PCR assay. Oocysts were applied to cell monolayers in triplicate for each sampling point.

Error bars indicate standard deviations.

survival of the 4°C samples was calculated using the 4°C zero
time point as a control. Following application of 10,000 fresh
and infective oocysts to the HCT-8 cell line, the real-time PCR
assay typically measured between 30,000 and 50,000 infectious
bodies (sporozoite equivalents) in the monolayer after 48 h of
incubation, allowing a 4 log,, reduction in oocyst infectivity to
be measured.

Incubation temperatures of 20°C and 25°C showed the
greatest reduction in oocyst infectivity as determined by cell
culture-TagMan PCR. However, there was no significant re-
duction in oocyst infectivity throughout the 12-week period for
either the 4°C or 15°C incubation treatments. At 20°C, a 3 log,
reduction in infectivity was achieved after 8 weeks of incuba-
tion for all three water types. Inactivation at 25°C was more
rapid, with a 3 log,, reduction in infectivity achieved as early as
6 weeks for both Hope Valley waters and at 8 weeks for MilliQ.
A 4 log,, reduction, which represents complete inactivation as
measured by the cell culture-TagMan PCR assay, was achieved

in all three water types by 12 weeks for 20°C and by 8 weeks for
25°C for all water types tested. The inactivation rate of cryp-
tosporidia for all three water types appeared to be strongly
temperature dependent, with no pronounced effect of water
type on oocyst infectivity. This temperature-dependent inacti-
vation led to the investigation of the relationship between
oocyst ATP content, oocyst infectivity, and temperature over
prolonged holding periods.

Development of an assay for measuring ATP concentration
from Cryptosporidium oocysts. The reliability of ATP measure-
ment depends upon an extraction procedure that completely
transfers ATP into solution and does not destroy ATP (18).
Standard methods used for direct ATP measurement from
most microorganisms are unlikely to be suitable for oocysts
due to the robustness of the oocyst wall (35). To overcome this,
a freeze-thaw process was investigated as a possible method for
quick and reliable extraction of ATP from Cryptosporidium
0ocysts.
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FIG. 3. a. Effect of freeze-thaws on ATP as quantified by biolumi-
nescence using the luciferin-luciferase reaction (n = 3). Error bars
indicate standard deviations. b. Effect of freeze-thaws on ATP ex-
tracted from 10,000 Cryptosporidium oocysts (n = 3). Error bars indi-
cate standard deviations.

Experiments were initially conducted to determine if freeze-
thawing affected ATP stability. A solution of 1077 M ATP in
either the presence or absence of lysis buffer was subjected to
a series of freeze-thaws (1, 3, 5, or 10 times). No significant
degradation of ATP was observed during the freeze-thaw
treatments in comparison to the control that had no freeze-
thawing of the ATP (Fig. 3a). With the exception of 10 cycles
of freeze-thawing, addition of lysis buffer before the freeze-
thaw process did not result in significantly greater lumines-
cence than addition of lysis buffer after processing (Fig. 3a).
However, a consistent trend towards higher luminescence for
freeze-thawing in the presence of lysis buffer was evident. Lysis
buffer addition before processing was used in our methodology
thereafter and was considered essential for inactivation of en-
dogenous ATPases that may be present within samples and

APPL. ENVIRON. MICROBIOL.

1E-8 o

R’=0.99

1E-9

ATP (M) (+- St.Dv.)

1E-10

T MRERAS]
10000 100000

Oocyst Number

T ML |
100 1000

FIG. 4. Standard curve of Cryptosporidium oocyst number and ATP
extracted using freeze-thaw methodology (n = 3). Error bars which
indicate standard deviations are smaller than data points plotted.

capable of ATP degradation after oocysts have been freeze-
thawed.

Cryptosporidium oocysts were suspended in 50 pl of lysis
buffer and taken through a series of multiple freeze-thaw treat-
ments to determine optimal conditions for ATP extraction
(Fig. 3b). The absence of any freeze-thawing resulted in sig-
nificantly less (P > 0.01) ATP extracted in comparison to
treatments utilizing freeze-thawing. The inclusion of only one
cycle of freeze-thawing appeared to be sufficient to extract all
ATP from oocysts, and increasing the number of freeze-thaw
cycles did not result in any further improvement.

A standard curve to examine the relationship between oo-
cyst number and ATP extracted by freeze-thawing was con-
structed (Fig. 4). A linear relationship was observed between
ATP extracted and oocyst number over the range of 500 to
100,000 oocysts. The lower level of sensitivity for this test was
determined to be 500 oocysts.

Relationship between oocyst infectivity and oocyst ATP con-
centration. Time course experiments were performed in Mil-
1iQ water at incubation temperatures of 4, 15, 20, 25, 30, and
37°C to investigate the relationship between oocyst ATP con-
tent and oocyst infectivity as a function of temperature (Fig. 5).
Ten thousand oocysts were analyzed by each method for each
time point because this number of oocysts was within the linear
range of the ATP assay and also the upper limit for the number
of oocysts that can be analyzed by the infectivity assay. For 4°C,
oocyst ATP concentration was constant over the 10-week in-
cubation period. At week 4 there was greater than a 1 log,,
reduction in infectivity for oocysts, after which oocyst infectiv-
ity remained constant (Fig. 5). A similar reduction was appar-
ent in the raw infectivity values (data not shown) for the same
time periods for all other incubation temperatures for this time
point. This reduction in infectivity is likely to be an artifact of
the assay due to a decrease in the sensitivity of the HCT-8 cell
line to infection, which can occur during continuous passage.
Variation in infectivity caused by the cell line was normalized
for temperatures other than 4°C by using the 4°C treatment as
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FIG. 5. Relationship between oocyst infectivity and oocyst ATP for 10,000 Cryptosporidium oocysts incubated in reagent-grade MilliQ water at
incubation temperatures of 4, 15, 20, 25, 30, and 37°C. For cell culture results, survival at 4°C was calculated using the 4°C time zero sample as
a control. For other temperatures, the corresponding 4°C sample was used as a control for each time point. Error bars indicate the standard

deviations for ATP measurements.
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the control for the measurement of inactivation at each time
point.

Both ATP concentration and oocyst survival remained con-
stant throughout the 15°C incubation period. However, signif-
icant decreases in ATP concentration and oocyst infectivity
were evident for both the 20 and 25°C treatments. At week 8
for 20°C, significant decreases occurred for both ATP concen-
tration and oocyst infectivity, with greater than a 1 log,, re-
duction in oocyst infectivity. The rate of decrease in ATP
concentration and oocyst infectivity was more rapid at 25°C. By
week 8 at 25°C, there was no detectable ATP or infectivity for
any of the oocysts sampled. Decreases in oocyst ATP concen-
tration and infectivity for 30 and 37°C were so rapid that
experiments were sampled over a time scale of hours. For
30°C, significant decreases in ATP concentration and oocyst
infectivity were evident after 48 h incubation, followed by a
gradual decrease over a 2-week period, with complete inacti-
vation and no detectable ATP observed by 3 weeks. At 37°C, a
rapid decrease in ATP and infectivity occurred by 50 h, with
complete inactivation and no detectable ATP observed after
72 h. For all six temperatures examined, the ATP concentra-
tion closely paralleled oocyst infectivity as measured by the cell
culture-TagMan assay.

ATP concentrations and infectivity data derived from five
temperature trials (excluding the 4°C trial) were plotted to
determine the relationship between these two parameters (Fig.
6). A gradual decrease in oocyst infectivity was accompanied
by a gradual decrease in ATP until the amount fell below 10~°
M. Beyond this point, the decrease in infectivity was much
more rapid. An exponential decay curve calculated using Or-
igin-7 graphing software provided a good fit for the data (R* =
0.91).

DISCUSSION

One of the main goals of this work was to evaluate the
survival of cryptosporidia in three water types incubated under
common environmental temperatures and quantify changes in
oocyst infectivity using a cell culture-TaqgMan assay. Data from
Chauret et al. (3) identified that total oocyst counts must be
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accounted for to estimate relative oocyst viability. We em-
ployed fluorescence microscopy so that consistent oocyst num-
bers were applied to cell culture for inactivation studies and to
determine oocyst removal rates in the three water types exam-
ined. It was noted in some replicate experiments for raw Hope
Valley reservoir water that oocyst numbers decreased, but this
was not consistent between replicate experiments.

Chauret et al. (3) proposed that natural biological antago-
nism has a pronounced influence in determining the environ-
mental stability of cryptosporidia. They hypothesized that the
observed biological antagonism may be due to microbial deg-
radation, environmental modification by microbial metabo-
lism, or microbial predation by larger organisms. Heterotro-
phic bacterial plate counts for Hope Valley raw waters were
consistent between replicate raw water experiments (data not
shown), suggesting that variation in oocyst removal is more
likely to result from predation by larger organisms and not via
bacterial degradation. This conclusion is strengthened by the
results of a limited study of Hope Valley raw water with the
addition of an antibiotic cocktail (penicillin, streptomycin, gen-
tamicin, and lincomycin), which found removal of oocysts to
occur at a similar rate to that described herein (A. R. Keegan,
unpublished data). The variation in oocyst removal between
replicate experiments is most likely explained as a result of
sampling variation, spatial variation within the reservoir, or
seasonal variation of predator densities.

For Hope Valley raw water experiments where oocyst num-
bers decreased, other effects, such as clumping of oocysts,
differential FITC staining with the monoclonal antibody, and
in some instances deformation of the oocyst wall, were appar-
ent. Clumping of oocysts in raw waters has also been observed
by Chauret et al. (3). These results suggest that predation may
play an important role in the removal of oocysts in natural
waters. Preliminary examination of raw Hope Valley reservoir
water from the same location used in the experiments de-
scribed herein has identified a number of organisms, including
rotifers, ciliates, and amoebae (K. Harvey, unpublished data).
Such organisms have previously been reported as being capa-
ble of ingesting oocysts (7, 38, 39), and it is known that rotifers
excrete oocysts in boluses (clumps) (7). This behavior suggests
that the clumped oocysts observed in this study are due to
oocyst predation by rotifers.

The observed variation in oocyst FITC staining may be the
result of partial digestion of oocysts by predatory organisms,
resulting in degradation of the epitope to which the Cryptospo-
ridium antibody is targeted. This change in staining intensity
might provide a useful marker for separating ingested oocysts
from noningested oocysts, by techniques such as flow cytom-
etry, to determine if such treatment alters long-term survival or
susceptibility of oocysts to disinfectants such as chlorine and
monochloramine. Minimal work has been directed towards
characterizing the organisms in the water column that are
capable of ingesting Cryptosporidium oocysts (7, 38, 39). An
understanding of their ecology and predation kinetics will be
invaluable in determining their contribution to oocyst removal
from reservoirs and whether they provide a viable means of
biological control of oocysts in environmental waters.

Water-borne Cryptosporidium oocysts have been described
in the literature as being resilient to a wide range of environ-
mental temperatures (3, 6, 10, 11, 21, 45). One of the main
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goals of this work was to evaluate the survival of cryptosporidia
in different water types incubated under common environmen-
tal temperatures using a quantitative cell culture-TagMan
PCR assay. Real-time PCR has previously been used for the
quantification of Cryptosporidium numbers in environmental
water samples and sewage samples (9, 13), but until this study
has not been used in conjunction with cell culture for the
determination of oocyst inactivation rates in environmental
waters. The data clearly demonstrate that temperature is a
major factor in the inactivation of oocysts in water. The inac-
tivation rate was not affected by the water quality, with oocysts
in MilliQ and Hope Valley reservoir raw water showing the
same inactivation rate. Similarly, no difference in oocyst inac-
tivation rates between autoclaved and raw Hope Valley water
samples indicates that biological antagonism due to bacterial
degradation was not present within the water samples exam-
ined.

Our results are in accordance with other observations pre-
viously described in the literature for the survival of oocysts at
4°C and 15°C (6). The current data suggest that oocysts can
maintain infectivity for at least 3 months when stored at be-
tween 4°C and 15°C. This is in agreement with the results of
Fayer et al. (6), who used a mouse infectivity model to dem-
onstrate that oocysts stored in deionized water at 5°C or 15°C
maintained infectivity for at least 24 weeks. In comparison,
inactivation measured using cell culture-TagMan PCR was
much more rapid at 20°C and 25°C, leading to complete (4
log,,-fold) inactivation after 12 weeks and 8 weeks, respec-
tively. These results contrast with those of Fayer et al. (6), who
found that oocysts held at 20°C for 24 weeks or at 25°C for 12
weeks were still infectious to mice. However, the doses used in
the Fayer et al. (6) experiments were 10-fold higher than those
used herein and the infections were only low level, as deter-
mined by histology, with only 1/10 mice becoming infected. In
addition, oocysts held at 20°C for 20 weeks were not infectious
to mice, suggesting that the number of infectious oocysts
present was near the limit of detection for the assay.

The recent observation of the ability of cryptosporidia to
complete their life cycle in a cell-free system (17) provides a
possible explanation of these differences in inactivation rates.
In our experimental design, oocysts used in incubation exper-
iments were stored at a concentration of 50,000 oocysts/ml, 2
orders of magnitudes less than in the experiments conducted
by Fayer et al. (6), where oocysts were stored at 3 X 10°/ml.
Hijjawi et al. (17) identified that high densities of cryptospo-
ridia are able to complete their life cycle in RPMI 1640 main-
tenance medium. It is therefore feasible that in high densities
of Cryptosporidium oocysts stored in deionized water, some
excysted sporozoites may be able to complete their life cycle
using the available energy sources of amylopectin, lipid, and
protein from broken and excysted oocysts, resulting in the
production of new infective oocysts and increasing the appar-
ent length of time that oocysts retain their infectivity. This
hypothesis is further strengthened by the recent report of the
cell-free growth of cryptosporidia in rain water (Boxell et al.,
presented at the 4th International Giardia Conference and first
combined Giardia/Cryptosporidium meeting, Amsterdam, The
Netherlands, 20 to 24 September 2004). This questions the use
of high densities of oocysts in temperature storage experiments
for determination of temperature-dependent inactivation.
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Following the demonstration that temperature plays an im-
portant role in oocyst inactivation, an additional objective of
this study was to determine the mechanism of this inactivation.
One hypothesis was that elevated temperatures result in the
exhaustion of oocyst energy reserves, resulting in the inability
of sporozoites to initiate infection. This hypothesis was tested
by measuring the levels of ATP in oocysts exposed to different
temperatures and comparing this with cell culture-TagMan
PCR. Reductions in oocyst ATP content were found to closely
parallel decreases in oocyst infectivity for all temperatures
investigated. Importantly, the rate of decrease in ATP content
and oocyst infectivity became more rapid as incubation tem-
peratures approached 37°C, indicating that temperature-de-
pendent inactivation of oocysts is indeed a function of oocyst
metabolic activity.

The ability of Cryptosporidium oocysts to initiate infection
has previously been linked to finite carbohydrate energy re-
serves in the form of amylopectin, which are consumed in
direct response to ambient environmental temperatures (6).
However, mixed results had been reported for its use as a
surrogate marker (20). The use of amylopectin or assays tar-
geting a particular amyloglucosidase activity (21) as a surrogate
marker for oocyst infectivity may be problematic. Total amyl-
opectin includes the amylopectin content of broken oocysts
and oocysts already inactivated. Additionally, assays targeting
a particular mRNA or activity of an amyloglucosidase may only
represent part of the spectrum of glucosidase activity within
the oocyst (21, 40, 44). Finally, measurement of the substrate
amylopectin or enzymatic processes targeting amylopectin as a
surrogate marker for oocyst infectivity makes the assumption
that amylopectin is the principal energy source utilized by
sporozoites.

Within the oocyst residuum, a large lipid body and crystal-
line protein body reside alongside amylopectin granules (14).
It is possible that these structures contribute as a source of
metabolites for energy production during long storage periods.
Glycolysis is thought to be the principal source of energy pro-
duction in coccidia (5), so the breakdown of lipid could enter
this pathway via the conversion of glycerol to dihydroxyacetone
phosphate. Quantification of amylopectin or targeting enzy-
matic reactions acting upon this substrate may therefore un-
derestimate energy reserves available for Cryptosporidium oo-
cysts during long periods of storage.

The energy-rich triphosphate moiety ATP is the free-energy
donor in most energy-requiring processes in biological systems
(41). We propose that measuring oocyst ATP provides a more
accurate measurement of total metabolic energy and therefore
the potential sporozoite infectivity than measurement of amy-
lopectin content or quantification of specific metabolites or
enzymatic processes within the oocyst. Measurement of ATP
using the luciferase reaction has been described for the eval-
uation of the growth of parasitic protozoa, including Entam-
oeba histolytica, Trichomonas vaginalis, Giardia spp., and Leish-
mania spp. (29). Recently, the measurement of oocyst ATP
content has been identified as a suitable indicator of viability
for cryptosporidia in regards to ozone disinfection (35). Here
we present data demonstrating that quantification of oocyst
ATP levels can provide a simple and rapid alternative to esti-
mating oocyst viability and determination of temperature de-
pendent oocyst inactivation rates.
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In conclusion, we demonstrate that the cell culture-TagMan
PCR assay is able to provide a sensitive and quantitative
method for the determination of environmental oocyst inacti-
vation, providing an alternative to the more costly, time-con-
suming, and ethically questionable mouse infection assay. This
work also identifies oocyst predation as an important biotic
factor responsible for oocyst removal. However, we emphasize
the need for further attention to this process in order to un-
derstand the fate of Cryptosporidium oocysts in the environ-
ment. An increased rate of inactivation for oocysts incubated
at temperatures greater than 15°C, higher than that previously
reported, was also identified, suggesting that temperature in-
activation is a key abiotic factor affecting oocyst survival and
infectivity in the environment. Finally, we have demonstrated
that temperature inactivation at higher temperatures is a func-
tion of increased metabolic activity of oocysts and describe a
rapid and simple ATP assay which can be used as an alterna-
tive for determination of oocyst inactivation rates.

The data described in this paper should provide valuable
information when combined with hydrodynamic models in de-
termining guides for risk analysis and determining the effec-
tiveness of residence in reservoirs as a barrier. Assumptions
can also be made regarding oocyst survival in waterways with
regard to prevailing ambient temperatures.
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