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Because Cryptosporidium parvum oocysts are very resistant to conventional water treatment processes,
including chemical disinfection, we determined the kinetics and extent of their inactivation by monochromatic,
low-pressure (LP), mercury vapor lamp UV radiation and their subsequent potential for DNA repair of UV
damage. A UV collimated-beam apparatus was used to expose suspensions of purified C. parvum oocysts in
phosphate-buffered saline, pH 7.3, at 25°C to various doses of monochromatic LP UV. C. parvum infectivity
reductions were rapid, approximately first order, and at a dose of 3 mJ/cm2 (530 J/m2), the reduction reached
the cell culture assay detection limit of ;3 log10. At UV doses of 1.2 and 3 mJ/cm2, the log10 reductions of C.
parvum oocyst infectivity were not significantly different for control oocysts and those exposed to dark or light
repair conditions for UV-induced DNA damage. These results indicate that C. parvum oocysts are very sensitive
to inactivation by low doses of monochromatic LP UV radiation and that there is no phenotypic evidence of
either light or dark repair of UV-induced DNA damage.

Cryptosporidium parvum is an important health-related
waterborne pathogen that is ubiquitous in surface and source
waters (16) and very resistant to conventional water treatment
processes (9). Although conventional water filtration systems
achieve some removal (9), chemical disinfection by chlorina-
tion is incapable of achieving appreciable inactivation of C.
parvum oocysts at practical disinfectant doses and contact
times (7, 23). Previous studies using the in vitro viability assays
of excystation and vital dye staining suggested that C. parvum
oocysts are also very resistant to monochromatic low-pressure
(LP) UV radiation (5, 21) and much more resistant than the
enteric viruses that have been proposed as the basis for deter-
mining UV dosimetry in water and wastewater treatment (11,
12, 19). However, recent studies using in vivo animal bioassays
indicate that polychromatic medium-pressure mercury lamp
UV as well as LP UV extensively reduce C. parvum oocyst
infectivity at relatively low doses (4, 6).

Animal bioassays are considered the “gold standard” for
assessing Cryptosporidium oocyst infectivity (14). However,
they are costly, require tedious and lengthy procedures for
handling animals and scoring for infection, give variable and
imprecise estimates of infectious dose and infectivity concen-
trations, and raise ethical concerns about the use of experi-
mental animals when alternative infectivity assays are available
(24). In vitro cell culture infectivity assays using fluorescent
antibodies against living stages of C. parvum (27, 32) are reli-
able and convenient alternatives to animal infectivity assays,
but comparisons of cell culture and animal infectivity assays for
assessing UV inactivation of Cryptosporidium oocysts have not
yet been reported in the literature. In this study, we compared

mouse and cell culture infectivity assays in LP UV disinfection
experiments on C. parvum oocysts. The kinetics and extent of
inactivation of C. parvum oocysts also were compared to those
for coliphage MS2, a widely used viral indicator of the efficacy
of UV radiation disinfection in water.

Nucleic acids are considered the primary targets of UV
radiation (13), and some health-related microorganisms in wa-
ter, including most indicator bacteria (10, 30), and at least
some pathogenic bacteria (8, 28) have one or more DNA
repair pathways. However, it is not known if a coccidian pro-
tozoan such as C. parvum has DNA repair pathways for UV-
induced damage. Therefore, in addition to developing the UV
dose-response relationship for C. parvum oocysts exposed to
LP UV radiation, comparing its inactivation using animal and
cell culture infectivity assays, and assessing coliphage MS2 as a
surrogate indicator for UV inactivation of C. parvum oocysts,
we evaluated the potential for C. parvum oocysts to repair
UV-induced DNA damage through light and dark repair path-
ways.

MATERIALS AND METHODS

C. parvum and coliphage MS2. C. parvum oocysts (Iowa strain) were pur-
chased from Pat Mason, Pleasant Hills Farm, Troy, Idaho. Shed oocysts collected
daily from experimentally infected 3-day-old calves were screened to remove
large debris and hair and then purified and dispersed by processing through
discontinuous sucrose gradients, followed by cesium chloride (CsCl) gradients
(1.15 g/ml; specific gravity, 1.15). Recovered oocysts were washed in phosphate-
buffered saline (PBS; pH 7.2), resuspended in PBS containing 1,000 U penicil-
lin/ml and 1,000 mg of streptomycin/ml, and stored at 4°C.

Bacteriophage MS2, a male-specific (F1) RNA coliphage, was grown and
assayed in Escherichia coli C3000 by the double-agar-layer plaque technique (11,
12, 20). Virus stock was produced by scraping the top agar layer of plates having
confluent lysis of host cells into a small amount of PBS, extracting it with an equal
volume of chloroform, centrifuging it at 4,000 3 g for 30 min at 4°C, and
recovering the supernatant fluid.

LP UV irradiation system and radiometry. A collimated-beam UV apparatus
consisted of two 15-W LP mercury vapor germicidal lamps emitting nearly
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monochromatic UV radiation at 253.7 nm that was directed through a circular
opening to provide incident radiation normal to the surface of the test suspen-
sion in a 60- by 15-mm cell culture petri dish. UV irradiance at 253.7 nm was
measured with a radiometer and UV 254 detector (IL500; International Light)
that had been factory calibrated, traceable to National Institute of Standards and
Technology standards, just prior to this study.

Petri factor and dose determinations. The measured incident irradiance at the
surface of the test liquid (approximately 0.06 mW/cm2) was corrected for any
nonhomogeneity of irradiation across the surface area of the petri dish to provide
a value for the average incident irradiance. The average irradiance in the mixed
suspension was determined mathematically from an integration of the Beer
Lambert law over the sample depth, accounting for UV absorbance and incident
average irradiance (18). Target doses were computed as the product of average
irradiance and time (in seconds), and required exposure times were calculated by
dividing the desired UV dose by the average UV irradiance.

UV disinfection experiments. Five-milliliter volumes of PBS containing puri-
fied C. parvum oocysts or coliphage MS2 at concentrations of ;106 organisms/ml
in 60- by 15-mm cell culture petri dishes were irradiated with a UV collimated-
beam system while the samples were magnetically stirred slowly at room tem-
perature (23 to 25°C). After predetermined exposure times, the samples were
removed from the UV irradiation system and serially diluted 10-fold for subse-
quent infectivity assays.

DNA repair experiments. Five samples, each with ;5 3 106 C. parvum oocysts
in 5 ml of PBS, in 60- by 15-mm cell culture petri dishes, were exposed to low
doses of UV irradiation (1.2 or 3 mJ/cm2) and then wrapped with aluminum foil
immediately after UV exposure. One sample was immediately serially diluted
10-fold and inoculated into cell cultures as an experimental, nonrepair control.
Duplicate samples were transferred to 25 and 37°C incubators. One dish at each
temperature was illuminated by a 15-W fluorescent lamp at a distance of ;25 to
50 cm with slow stirring (light repair), and the other was just stirred while kept
wrapped with aluminum foil (dark repair). Conditions were 25°C for 2 to 4 h and
37°C for 1 to 2 h as commonly used in bacterial and mammalian cell DNA repair
of UV damage (8, 10, 25). After incubation, the samples were immediately
serially diluted and inoculated into cell cultures for infectivity assay.

C. parvum infectivity assays. (i) Mouse bioassays. Oocysts in samples were
concentrated by centrifugation at 3,500 3 g for 20 min. resuspended in small
volumes of water, and administered to week-old, neonatal BALB/c mice at doses
of 50,000, 5,000, and 500 oocysts in 25-ml volumes. Mice were housed for ap-
proximately 1 week postinoculation and then examined for evidence of infection.
Mouse infection was determined by flow cytometric enumeration of intestinal
oocysts. Each neonatal mouse was killed by CO2 inhalation, the terminal colon
(below the cecum) was removed to a siliconized microcentrifuge tube containing
400 ml of 2.5% aqueous potassium dichromate, and the intestinal contents were
expressed and homogenized into potassium dichromate using the wooden appli-
cator and extensive vortexing. The intestinal homogenates were subjected to a
microscale discontinuous sucrose gradient method for oocyst purification and
suspended in PBS with 0.1% bovine serum albumin (1, 3). For immunofluores-
cence, the partially purified stool concentrate was incubated for 30 min at 37°C
with 5 ml of an oocyst-specific monoclonal antibody (OW50) conjugated with
fluorescein isothiocyanate (1/50 dilution in PBS). Samples were adjusted to 600
ml with PBS, stored at 4°C, and protected from light until analyzed for the
presence of oocysts by flow cytometry using a FACScan (Becton Dickinson,
Mountain View, Calif.) (2). The resulting data files collected were stored on
floppy disk and subsequently analyzed for the presence of fluorescing oocyst
signals using provided software (Lysis II; Becton Dickinson). Mouse infectivity
data, i.e., the number of positive mice out of five or six mice per sample dilution,
were analyzed, and the titers were calculated as most probable numbers.

(ii) Cell culture infectivity assay. Cell culture infectivity assays for C. parvum
were done in Madin-Darby canine kidney (MDCK) cell cultures (ATCC CCL-
34) grown in well slides and used C. parvum living-stage-specific monoclonal
antibodies (C3C3) fluorescently labeled with either the red fluorochrome Cy3 or
fluorescein isothiocynate to detect the parasite living stages according to meth-
ods similar to those previously described (22, 29). Infectivity assay was quantal
and based on scoring the presence or absence of living stages (sexual gamonts
and asexual meronts) in 50 to 100 sequential, nonoverlapping fields at a magni-
fication of 3250 or 3400 by epifluorescent microscopy. Fields containing one or
more fluorescent development stages of Cryptosporidium were scored as positive,
and fields containing no fluorescent life stages were scored as negative. From the
number of positive and negative test units (fields), the oocyst infectivity titer was
calculated as a most probable number with the Thomas equation.

Data presentation and statistical analysis. Microorganism concentrations in
control samples were computed and taken as No, the initial concentrations. For
each test sample, the average microorganism concentrations were computed for

each dose (d) as Nd. The proportions of initial microorganisms remaining at each
dose, Nd/No, were log10 transformed [log10 (Nd/No)], and the values of replicate
experiment were averaged. These average values were then paired with the data
for dose and plotted. The extent of log10 reductions of C. parvum oocyst infec-
tivity by different treatments, including DNA repair treatments, was statistically
compared by paired t tests and either one-way or repeated-measures analysis of
variance using a statistics software package (Statistica; StatSoft, Tulsa, Okla.) on
a personal computer.

RESULTS

Table 1 shows a comparison of mouse and cell culture in-
fectivity assays of C. parvum to determine inactivation by 2-, 5-,
and 10-mJ/cm2 doses of LP UV radiation. Cell culture and
animal infectivity assays provided comparable results, because
a UV dose of 2 mJ/cm2 gave reductions of C. parvum oocyst
infectivity (1.7 and 1.5 log10, respectively) that were not signif-
icantly different (by paired t test at the 5% level).

Figure 1 shows the average kinetics of reduction of C. par-
vum and coliphage MS2 by several different doses of LP UV
radiation in PBS at room temperature. The reductions of C.
parvum infectivity were very rapid, approximately first order,
and reached the detection limits of the infectivity assays (;3
log10) within a dose of 3 mJ/cm2. The reductions of coliphage
MS2 were considerably slower and less extensive than those of
C. parvum, with only an ;2-log10 reduction at a dose of 30
mJ/cm2. These kinetics of MS2 reduction by LP UV radiation
are similar to those previously reported in the literature (17,
20, 26, 31).

FIG. 1. Kinetics of inactivation of C. parvum and coliphage MS2 by
monochromatic LP UV radiation. Error bars indicate ranges of data
from two to five replicate experiments per dose. 2, detection limit.

TABLE 1. Comparison of inactivation of C. parvum oocysts by
LP UV based on cell culture and mouse infectivity assays

UV dose
(mJ/cm2)

C. parvum reduction (log10 value)a

Cell culture infectivity assay Mouse infectivity assay

Expt 1 Expt 2 Mean
(SD) Expt 1 Expt 2 Mean

(SD)

2 1.7 1.7 1.7 (0.01) 1.2 1.9 1.5 (0.45)
5 .2.7 .3.2 2.7 .3.9

10 .2.7 .3.2 .2.6 4.3

a A “greater than” sign indicates that no living stages of C. parvum were
observed in the sample volume analyzed. However, for calculation purposes, it
was assumed that one living stage was detected in the total sample volume
analyzed, and this was used to calculate an infectivity concentration.
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Table 2 summarizes the results of experiments investigating
dark and light DNA repair of UV-irradiated C. parvum oocysts
dosed with 1.2 and 3 mJ of LP UV/cm2. The reductions of C.
parvum oocyst infectivity by both doses were not restored by
exposing UV-irradiated oocysts to either light or dark repair
conditions. At a UV dose of 1.2 mJ/cm2, the log10 reductions of
C. parvum oocyst infectivity for control, dark repair, and light
repair samples were not significantly different at the 5% level
by one-way or repeated-measures analysis of variance (data
not shown). At a UV dose of 3 mJ/cm2, C. parvum inactivation
was .2.6 log10 and there was no restoration of this infectivity
reduction by exposure of the oocysts to light or dark repair
conditions. Therefore, there was no evidence of either light or
dark repair of DNA damage caused by LP UV irradiation of C.
parvum oocysts at doses causing relatively low (;1-log10) and
high (.2.6-log10) infectivity reductions and associated nucleic
acid damage.

DISCUSSION

In vitro cell culture infectivity assays provided a level of
sensitivity similar to that of in vivo animal infectivity assays for
C. parvum and gave comparable results for oocyst inactivation
by LP UV. Cell culture infectivity assays have several advan-
tages over mouse infectivity assays: the former are more pre-
cise (because the numbers of test units scored as infected or
uninfected per oocyst dose are more than an order of magni-
tude greater), faster (days instead of weeks), simpler (because
mice do not have to be acquired, housed, fed, handled, sacri-
ficed, and necropsied, etc.), less variable (because cell lines are
more genetically stable than mice from different litters), and
not ethically controversial. Therefore, in vitro cell culture as-
says are reliable and convenient substitutes for animal assays of
C. parvum infectivity.

C. parvum oocysts were very sensitive to UV irradiation from
LP UV lamps, a finding which supports a recently published
study using a mouse infectivity assay (6). Appreciable inacti-
vation of C. parvum oocysts was achieved at practical doses of
LP UV radiation comparable to doses reported for polychro-
matic medium-pressure UV radiation (4). The enteric bacte-
riophage MS2 was much more resistant than C. parvum to LP
UV radiation. Because C. parvum has a much larger overall
size and genome size than MS2 (five chromosomes ranging in
size from 1,400 to .3,300 kb [15], compared to about 4 kb of

single-stranded RNA), it is a much larger “target” for UV
irradiation. Because MS2 is one of the waterborne enteric
microorganisms more resistant to UV radiation (17, 31), it and
the other male-specific coliphages are useful treatment indica-
tors for UV disinfection processes (11, 12).

There was no detectable phenotypic evidence of either light
or dark repair of UV-damaged DNA in C. parvum oocysts
under the conditions tested (both bacterial and mammalian
DNA repair conditions). The UV doses tested in this study
were at least an order of magnitude lower than the UV doses
typically used in water and wastewater treatment practice (1 to
3 mJ/cm2, compared to 30 to 40 mJ/cm2). It is unlikely, there-
fore, that typical UV treatment doses would allow for DNA
repair and reactivation, due to the greater extent of UV dam-
age. However, alternative DNA repair mechanisms may exist
and be activated under different environmental conditions
than those used in this study. Therefore, more thorough bio-
chemical and genetic studies are recommended to further in-
vestigate the presence of DNA repair activities in C. parvum
under a variety of reactivation conditions. Because C. parvum
oocysts are very sensitive to low doses of LP UV radiation,
properly designed and operated LP UV disinfection systems
should be able to control this pathogen in wastewater effluents
and water supplies.
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