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To investigate the effect of UV light on Cryptosporidium parvum and Cryptosporidium hominis oocysts in vitro,
we exposed intact oocysts to 4-, 10-, 20-, and 40-mJ - cm~2 doses of UV irradiation. Thymine dimers were
detected by immunofluorescence microscopy using a monoclonal antibody against cyclobutyl thymine dimers
(anti-TDmADb). Dimer-specific fluorescence within sporozoite nuclei was confirmed by colocalization with the
nuclear fluorogen 4’,6'-diamidino-2-phenylindole (DAPI). Oocyst walls were visualized using either commer-
cial fluorescein isothiocyanate-labeled anti-Cryptosporidium oocyst antibodies (FITC-CmAb) or Texas Red-
labeled anti-Cryptosporidium oocyst antibodies (TR-CmAb). The use of FITC-CmAb interfered with TD detec-
tion at doses below 40 mJ - cm ™2, With the combination of anti-TDmAb, TR-CmAb, and DAPI, dimer-specific
fluorescence was detected in sporozoite nuclei within oocysts exposed to 10 to 40 mJ - cm ™2 of UV light. Similar
results were obtained with C. hominis. C. parvum oocysts exposed to 10 to 40 mJ - cm™2 of UV light failed to
infect neonatal mice, confirming that results of our anti-TD immunofluorescence assay paralleled the outcomes
of our neonatal mouse infectivity assay. These results suggest that our immunofluorescence assay is suitable

for detecting DNA damage in C. parvum and C. hominis oocysts induced following exposure to UV light.

UV irradiation as a sterilization technology in the water and
food industry is effective in killing contaminating organisms,
such as viruses, bacteria, fungal spores, and parasites (8). The
major DNA lesions caused by UV light are cyclobutyl pyrim-
idine dimers (CPD), which are responsible for UV-induced
cytotoxicity and mutagenicity in living cells and microorgan-
isms. UV-induced damage consists of chemical base modifica-
tions, whereby two adjacent pyrimidine residues (cytosine or
thymine) form a dimer (thymine dimer [TD], cytosine dimer,
or thymine-cytosine heterodimer) and 6-4 photoproducts. The
formation of these lesions in genomic DNA inhibits normal
replication and transcription of DNA and results in the inac-
tivation of cells (12). However, UV-induced DNA lesions in
living human epidermal cells (21) and in some unicellular
microorganisms (16) can be repaired by one or more mech-
anisms. These mechanisms include the enzyme-dependent
nucleotide excision repair, also named dark repair, and the
light-dependent reaction known as photoreactivation. Dark
repair and photoreactivation enable UV-inactivated micro-
organisms to recover, which can reduce the efficiency of UV
inactivation (20).

Cryptosporidium parvum oocysts have the ability to carry
out photoreactivation and dark repair at the genomic level
(13, 16). Also, nucleotide excision repair genes in C. parvum
and Cryptosporidium hominis have been identified. However,
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UV inactivation of Cryptosporidium oocysts is irreversible,
despite the presence of these UV repair genes (18). Ro-
chelle et al. (19) demonstrated the accumulation of cyclobu-
tane TDs in the genome of C. parvum oocysts exposed to
increasing dosages of UV light, using a chemiluminescent
Western blot assay.

Current United Kingdom regulatory (2, 3) and nonregula-
tory (United Kingdom Standing Committee of Analysts) (1)
and U.S. Environmental Protection Agency (EPA) (24, 25)
methods for detecting the presence of Cryptosporidium sp. oo-
cysts in water require that samples be analyzed by immunofluo-
rescence and differential interference contrast (DIC) microscopy
and that the identification and enumeration of oocysts be based
on specific morphological, morphometric, and fluorescence crite-
ria. Clearly, a chemiluminescent Western blot assay using soluble
oocyst extracts is not suitable for detecting UV damage in indi-
vidual oocysts in routine samples, as this assay cannot determine
whether all oocysts in a sample exposed to UV irradiation have
been disinfected.

Here, we report the development and in vitro validation of
an immunofluorescence assay to detect the presence of TDs in
the nuclei of individual sporozoites within intact, UV-irradi-
ated C. parvum and C. hominis oocysts by using an anti-TD
dimer monoclonal antibody (anti-TDmADb). The presence of
TDs in individual irradiated oocysts was detected by immuno-
fluorescence microscopy using a method compatible with cur-
rent United Kingdom and U.S. EPA methods (3, 24, 25). To
maximize TD localization in C. parvum and C. hominis oocysts,
we developed a TD-labeling procedure based on repeated
freezing and thawing of irradiated oocysts (14).
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TABLE 1. Effect of different treatments on the percent binding of anti-TDmAD to the nuclei of irradiated sporozoites

Sporozoite treatment

% Antibody binding

(mean = SD)* Sporozoite morphology

Fixed in PFA or methanol and air dried
Microwaved for 2 min, fixed in PFA or methanol, and air dried

Heated in water bath at 70°C for 5 min, fixed in PFA or methanol, and air dried

Air dried overnight at room temp and then fixed in methanol

103 £ 4.0 Excellent
28.7 =175 Damaged
63.3 £ 6.5 Damaged
83.7x179 Varies from good to damaged

“ Percent antibody binding indicates the number of sporozoites with anti-TDmAb™, DAPI" nuclei (n = 300 observations per sporozoite treatment).

MATERIALS AND METHODS

Parasites. Purified C. parvum oocysts (Iowa isolate) were purchased from
Bunch Grass Farm (BGF, Idaho) and stored between 4 and 8°C until used.
Recently excreted (<60-day-old) oocysts were used throughout the study. In
addition, aged (purified, stored in reverse osmosis water at 4°C for 2 years) C.
parvum (Iowa isolate; BGF, ID) oocysts were used to determine whether age and
viability influenced the production of UV-induced TDs in sporozoite nuclei.

C. hominis oocysts were obtained from fecal samples of human origin submit-
ted to the Scottish Parasite Diagnostic Laboratory for routine diagnosis. Oocysts
were purified by water-ether concentration followed by sucrose floatation (5) and
were genotyped at the Cryptosporidium oocyst wall protein (9) locus and at two
18S (15, 27, 28) loci.

C. parvum and C. hominis oocyst viability was determined using both the
fluorogenic vital dye assay of Campbell et al. (6) and the maximized in vitro
excystation assay of Robertson et al. (17).

Antibodies. The following antibodies were used: (i) mouse anti-TDmAD, im-
munoglobulin G (IgG) isotype (Kamiya Biomedical Co.), which reacts specifi-
cally with thymine dimers produced by UV irradiation in double-stranded DNA
(dsDNA) or single-stranded DNA; its optimal dilution of 1:40 was used in all
experiments; (ii) mouse anti-dsDNA monoclonal antibody (anti-dsDNAmADb,
1gG isotype; Alpha Diagnostic, United Kingdom) optimally diluted to 1:40; (iii)
rabbit-anti-Cryptosporidium sporozoite polyclonal antibody (anti-CspAb) pre-
pared in our laboratories and optimally diluted to 1:80; (iv) fluorescein isothio-
cyanate (FITC)-labeled rabbit anti-mouse IgG (FITC anti-mouse IgG, 1:50 op-
timal dilution; Sigma, United Kingdom) or FITC-labeled mouse anti-rabbit IgG
(FITC anti-rabbit IgG, 1:50 optimal dilution; Sigma, United Kingdom); (v)
FITC-labeled anti-Cryptosporidium monoclonal antibody (FITC-CmAb, 1:20
optimal dilution, Waterborne, Inc.); and (vi) Texas Red-labeled anti-Cryptospo-
ridium monoclonal antibodies (TR-CmAb, 1:20 optimal dilution; Waterborne,
Inc.).

Oocyst irradiation. Approximately 1 X 10° C. parvum oocysts suspended in 5
ml of Hanks’ balanced salt solution (HBSS) were placed in plastic petri dishes
(36-mm diameters) and mixed constantly during exposure to UV light, using a
magnetic stirrer. Oocysts were exposed to a low-pressure UV lamp with an
output at 254 nm. The procedure was adapted from that described by Rochelle
et al. (18). Short-wave UV irradiation from a UVGL-58 Mineralight lamp was
used. The intensity of the UV light, measured using a digital UVX radiometer,
was (on average) 350 pW - cm ™2 at 254 nm. A rig was set up 10 cm below the
lamp, and a position where the UV intensity was maximal (350 pW + cm™?) was
marked. The UV dose was then determined as follows:

UV dose = irradiance X exposure time (seconds)

mJ-cm ™2 = mW - cm ™2 X seconds
To achieve different UV dosages (mJ + cm~?), oocysts were exposed to UV light
for various periods of time at a constant distance (10 cm) from the constant-
intensity UV source. Oocysts were exposed to 4-, 10-, 20-, or 40-mJ - cm ™2 doses.
For each experiment, control oocysts were exposed to the same conditions but
without irradiation.

TD localization in the nuclei of irradiated sporozoites. Irradiated or control C.
parvum oocysts were excysted in an excystation solution (1% bile in Hanks’
minimum essential medium and 0.4% NaHCOj in deionized water) (17). Freshly
excysted sporozoites were passed through a 3-um membrane filter (cellulose
acetate; Millipore, United Kingdom) to remove empty oocysts and other larger
particulates. Five wl of filtrate was pipetted individually onto eight-well multispot
microscopic slides (Hendley Essex Ltd., United Kingdom) and left to air dry
overnight at room temperature (RT). Initially, air-dried sporozoites were fixed in
4% paraformaldehyde (PFA) or absolute methanol. Slides were washed and
blocked with HBSS containing 0.2% Triton X-100 and 5% dried skim milk
(blocking solution) for 1 h at RT. Slides were washed thoroughly in wash solution

(1% dried skim milk in HBSS) and incubated for 30 min at 37°C and then
overnight at 4°C with anti-TDmAD, anti-dsDNAmAD, or anti-CspAb. Slides were
washed three times for 5 min each time, drained, and then incubated with the
appropriate FITC-labeled antibody (anti-mouse IgG or anti-rabbit IgG) for 1 h
at 37°C, followed by washing three times for 5 min each time in wash solution and
then twice for 5 min each time in HBSS. Slides were counterstained with 4',6'-
diamidino-2-phenylindole (DAPI, 1:5,000 dilution; Sigma, United Kingdom)
(23) for 5 min at RT and rinsed in HBSS before being air dried at RT and
mounted with fluorescence antifadant medium (MDCI Ltd., United Kingdom).
Slides were analyzed by both epifluorescence and Nomarski DIC microscopy
(Olympus, United Kingdom).

Maximizing anti-TDmAb localization in the nuclei of excysted, irradiated
sporozoites. To maximize the localization of anti-TDmAD into sporozoite nuclei,
various membrane disruption treatments were tested. These included fixation of
sporozoites in suspension in PFA (4%, 5 min) or methanol (absolute, 5 min)
followed by air drying on microscope slides, microwaving sporozoites (650 W) for
2 min either in suspension or after air drying on microscope slides, heating
sporozoites (70°C, 5 min) either in suspension or after air drying on microscope
slides, and air drying sporozoites in suspension on microscope slides overnight at
RT followed by methanol fixation (Table 1).

Maximizing anti-TDmADb localization in the nuclei of irradiated sporozoites
within intact oocysts. The treatment used to maximize anti-TDmADb localization
in the nuclei of excysted, irradiated sporozoites was not as effective when intact,
irradiated oocysts were used. To study the effect of UV irradiation on the
formation of thymine dimers in Cryptosporidium oocyst DNA, we developed a
freezing and thawing method for maximizing the staining of irradiated oocysts by
using the antibodies described above and DAPI; this method is a modification of
the freeze-thaw protocol described by Nichols and Smith (14) for DNA extrac-
tion from C. parvum oocysts. Oocysts were irradiated at 4, 10, 20, or 40
mJ - cm 2 as described in “Oocyst irradiation” above. Immediately after irradi-
ation, oocysts were washed three times in HBSS and divided into two groups. In
the first group, a 200-pl volume of oocysts was placed in a 500-wl capped
microcentrifuge tube and exposed to various numbers of cycles of freezing and
thawing. Each cycle consisted of immersion in liquid nitrogen (LN,) for 1 min
and then thawing immediately in a 65°C water bath for 1 min. Fifty-microliter
volumes of irradiated, freeze-thawed oocysts were pipetted individually onto
four-well multispot microscopic slides (Hendley Essex Ltd., Loughton, Essex,
United Kingdom) and left to air dry overnight at RT. In the second group,
irradiated oocysts were pipetted onto four-well multispot microscopic slides and
air dried overnight at RT prior to freezing and thawing. Each cycle consisted of
immersion in LN, for 1 min and then thawing immediately for 1 min at 65°C in
a hot-air oven. To maximize anti-TDmADb localization in the nuclei of irradiated
sporozoites within intact oocysts, three different freezing and thawing regimens
(5, 7, and 10 cycles) were investigated. Following the freeze-thaw cycles, air dried
oocysts were fixed in absolute methanol at RT, and the methanol was left to
evaporate at RT.

Oocysts were labeled with the primary antibodies (anti-TDmAD, anti-
dsDNAmADb, or anti-CspAb) followed by their respective FITC-labeled second-
ary (anti-mouse IgG or anti-rabbit IgG) antibodies as described above (see “TD
localization in the nuclei of irradiated sporozoites”) for the sporozoite labeling
procedure. After washing, oocysts were labeled using either FITC-CmAb or
TR-CmAD for 30 min at 37°C. Slides were then washed in HBSS, counterstained
with DAPI (1:5,000), mounted with antifadant medium, and examined by both
epifluorescence and DIC microscopy. The disruption of oocysts and sporozoite
release was determined following labeling with FITC-CmAD to visualize oocysts
and DAPI to visualize nuclei.

Neonatal mouse infectivity assay. The neonatal mouse infectivity levels for UV
irradiated and nonirradiated oocysts were determined by the procedures we
published previously (11).



VoL. 73, 2007

(i) Preparation and confirmation of infectious doses. Two samples of C.
parvum oocysts, each containing ~1 X 10° oocysts, were irradiated separately at
10 and 20 mJ - cm ™2 as previously described. A further sample, containing ~1 X
10° nonirradiated oocysts, was used to prepare the standard curve. The prepa-
ration of infectious doses involved hemocytometer enumeration of the stock
oocyst suspension and its dilution in deionized water to produce suspensions
containing the required number of oocysts (see “Gavage of mice and determi-
nation of infection” below) in a 10-pul volume. Quality assurance in the delivery
of infectious doses was performed by delivering an infectious dose (in a 10-pl
volume) into a well of a four-well multispot slide (Hendley Essex Ltd., United
Kingdom) for every fifth infectious dose for each neonatal mouse group. Oocysts
delivered onto welled slides were air dried, methanol fixed, stained with FITC-
CmAD for 30 min at 37°C and DAPI, as described above, and then enumerated.

(ii) Gavage of mice and determination of infection. Seven groups of neonatal
(<6-day-old) CD-1 mice (20 mice per group) were infected with different doses
of UV-treated or control (untreated) C. parvum oocysts, as follows. Two groups
of mice were infected with oocysts irradiated at 10 mJ - cm™2; mice in the first
group were dosed with 300 and the second group with 3,000 irradiated oocysts.
Mice in a further two groups were each dosed with 300 or 3,000 oocysts, irradi-
ated at 20 mJ - cm~ 2. For the standard curve, three groups of mice were infected
with nonirradiated oocysts at doses of 30, 150, or 300 oocysts per group. Mice
were sacrificed 7 days postinfection, and the terminal ileum was excised, formalin
fixed, embedded in paraffin, sectioned longitudinally, and stained with hematox-
ylin and eosin. Slides were examined by bright-field microscopy (X20 and x40
objectives) to determine the presence of endogenous and exogenous C. parvum
stages (11).

Microscopy. Microscopy was performed with an Olympus BH2 microscope
equipped with epifluorescence and DIC optics, using the following filter sets:
350-nm excitation and 450-nm emission (sky blue) for DAPI, 480-nm excitation
and 520-nm emission (bottle green) for FITC-conjugated antibodies, and 500-nm
excitation and 630-nm emission (red) for TR-CmADb. Photography was per-
formed using a ColorView (Soft Imaging Systems Inc.) digital camera attached
to an Olympus BH2 microscope, and all images shown represent results of at
least three experiments. All oocyst enumerations were performed at a total
magnification of either X500 or X1,250, and the localization of all fluorogens
and organelles was investigated at a total magnification of x1,250.

Statistical analysis. Statistical analysis was performed by analysis of variance
(ANOVA) with P < 0.05 as the criterion of significance by using the MINITAB
version 11 program. The analysis of oocyst infectivity in the neonatal mouse
employed the calculation of the logit dose response and dose response curves as
described by Korich et al. (11).

RESULTS

Labeling nuclei of irradiated, excysted sporozoites with anti-
thymine dimers antibodies. Irradiated sporozoites, purified
from oocysts exposed to a 40-mJ - cm 2 dose of UV light, were
treated with anti-TDmADb and FITC-labeled anti-mouse IgG.
Sporozoite nuclei were also stained with DAPI, and their im-
ages are shown in Fig. 1. Evidence for TD localization in the
nuclei of irradiated sporozoites was obtained: both anti-
TDmADb and DAPI colocalized in the nuclei of irradiated
sporozoites (Fig. 1A), but only DAPI localized in the nuclei of
nonirradiated (control) sporozoites (Fig. 1B). Irradiated
sporozoites treated with anti-dsSDNAmAb acted as positive
controls. Anti-dsDNAmAD binding localized in the nuclei of
both irradiated and nonirradiated sporozoites (Fig. 1C and D),
whereas anti-TDmADb labeling was restricted to the nuclei of
irradiated sporozoites (Fig. 1A and B). Sporozoite external
surfaces, but not nuclei, of both irradiated and control sporo-
zoites bound anti-CspAb homogeneously (Fig. 1E and F). Sim-
ilar results were obtained when irradiated and control sporozoites
were treated with an “in-house” rabbit anti-Cryptosporidium sp.
oocyst extract polyclonal antibody (data not shown).

We estimated the percent binding of anti-TDmAb to the
nuclei of irradiated sporozoites after different membrane per-
meation treatments. The percent binding ranged between ~10
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and ~60% with PFA, microwaving, or heating in a water bath
at 70°C (Table 1). Maximal antibody binding to sporozoite
nuclei (>80%) was achieved when irradiated sporozoites were
air dried on slides overnight at RT prior to methanol fixation
(Table 1).

Freezing and thawing of irradiated oocysts. Freezing and
thawing of irradiated C. parvum and C. hominis oocysts facil-
itated the inclusion of anti-TDmADb into sporozoite nuclei lo-
calized within oocysts. C. parvum or C. hominis oocysts irradi-
ated with 40 mJ - cm ™2 were used to determine the effect of
the number of freeze-thaw cycles on the efficiency of anti-
TDmAD binding in individual oocysts by using oocysts which
were either freeze-thawed in suspension and then air dried on
microscope slides or air dried on microscope slides and then
freeze-thawed. Initially, 7 cycles of freezing and thawing (rep-
resenting ~50%) of the 15 recommended cycles used by Ni-
chols and Smith (14) were used with both oocyst suspensions
and air-dried oocysts. Irradiated samples showed specific nu-
clear localization of anti-TDmAb, which was absent in the
control group (Fig. 2A and B). Irradiated C. parvum and C.
hominis oocysts exhibited the same labeling pattern with anti-
TDmAD (data not shown).

Oocysts exposed to 10 freeze-thaw cycles showed large num-
bers of disrupted, empty oocysts with their sporozoites scat-
tered at a distance outside the empty oocysts, whereas oocysts
exposed to 5 or 7 cycles exhibited disrupted oocysts, with the
majority of sporozoites still localized within. We estimated the
percentage of binding of anti-TDmADb to the nuclei of irradi-
ated sporozoites localized within disrupted oocysts after 5, 7,
or 10 freeze-thaw cycles. The percentage of binding ranged
between ~99 and 100% for all freeze-thaw cycles tested. Only
intact oocysts with undisrupted oocyst walls showed no binding
to anti-TDmADb. As there were no significant differences be-
tween 5, 7, or 10 cycles with respect to the numbers of oocysts
disrupted and the percentages of binding of anti-TDmAb to
the nuclei of sporozoites within the irradiated oocysts (Table
2), we used 5 freeze-thaw cycles, to retain the majority of
sporozoites within their respective oocysts, in all further exper-
iments.

Maximizing the user friendliness of the assay. Freezing and
thawing of irradiated C. parvum and C. hominis oocysts either
in suspension or after air drying on microscope slides produced
similar and efficient labeling patterns with anti-TDmAb and
DAPI. We maximized the user friendliness of the assay by air
drying irradiated oocysts on slides for all further experiments,
as this procedure is also undertaken for the identification and
enumeration of Cryptosporidium sp. oocysts in both United
Kingdom and U.S. standard methods (2, 3, 24, 25). Also, in
addition to anti-TDmAb and DAPI labeling, we labeled oocyst
walls with a commercially available FITC-CmAb so that oo-
cysts could be recognized readily. Irradiated oocysts bound
both anti-TDmAb and FITC-CmAb, whereas control oocysts
bound FITC-CmAD only (Fig. 2C and D).

Influence of age and viability on the generation and/or de-
tection of thymine dimers following UV light damage. Recently
excreted and aged C. parvum oocysts were irradiated with 40
mJ - cm~ 2 as described above. Controls consisting of nonirra-
diated samples were also prepared from each group. Prior to
UV irradiation, oocyst viability was assessed using a fluoro-
genic vital dye assay (6). The percent viability of recently ex-
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FIG. 1. The effect of irradiation on the labeling of sporozoite nuclei with three different antibodies. Irradiated sporozoites were purified from
C. parvum oocysts exposed to a 40-mJ - cm 2 dose of UV light. Sporozoites were air dried on microscope slides, fixed in methanol, and labeled
with specific antibodies (see below) and DAPI. Sporozoites were visualized by Nomarski differential interference contrast optics (images in left
column) and by fluorescence microscopy using a blue filter set (emission, 461 nm) for DAPI (middle column) and a green filter set (emission, 518
nm) for FITC-labeled antibodies (right column). (A and B) Irradiated sporozoites (A) and controls (B) labeled with anti-TDmAb. (C and D)
Irradiated sporozoites (C) and controls (D) labeled with anti-dsSDNAmAb. (E and F) Irradiated sporozoites (E) and controls (F) labeled with
anti-CspAb. Arrows point to the nuclear localization of the fluorescent products at the posterior end of sporozoites.

creted oocysts was 92%, compared to 5% for the aged group.
The viable and dead oocysts in the irradiated samples bound
anti-TDmADb (Fig. 2A) identically, while control (recently ex-
creted and aged) oocysts failed to bind anti-TDmAD (Fig. 2B).

Effect of different UV irradiation doses of intact oocysts on
anti-TDmADb binding. Oocysts exposed to 40 mJ - cm ™2 and
labeled with anti-TDmAb, FITC-CmAb, and DAPI demon-
strated clear nuclear labeling with anti-TDmADb. Oocysts ex-
posed to 4, 10, or 20 mJ - cm ™2 and labeled with anti-TDmADb,

FITC-CmADb, and DAPI failed to demonstrate clear nuclear
labeling with anti-TDmAb. However, these oocysts demon-
strated clear anti-TDmAD nuclear labeling when the FITC-
CmAD labeling step was omitted. Thus, in oocysts exposed to
low (4- to 20-mJ - cm ™ ?) levels of UV irradiation, the addition
of the FITC-CmAD step interfered with the detection of FITC
emissions from the anti-TDmADb/FITC-labeled rabbit anti-
mouse IgG complex used to visualize TD localization. In all
further experiments, FITC-CmAb was replaced with TR-
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FIG. 2. Labeling of freeze-thawed C. parvum oocysts with anti-TDmAb. Oocysts were irradiated at a dose of 40 mJ - cm~2 of UV light, frozen,
and thawed and labeled with anti-TDmADb and DAPI (A and B) or with a combination of anti-TDmAb, FITC-CmAb, and DAPI (C and D). Panels
A and C show irradiated oocysts, whereas panels B and D show nonirradiated controls. Arrows point to the nuclear localization of the fluorescent
products at the posterior end of sporozoites within oocysts. Oocysts were stained with DAPI (images in left column) and FITC-labeled-anti-TD
antibody (middle column). The right column shows the same images viewed under Nomarski differential interference contrast optics.

CmAb for labeling oocysts exposed to low-level UV irradia-
tion. The combination of TR-CmAD, anti-TDmAb, and DAPI
enabled us to visualize specific binding to TD in the nuclei of
irradiated oocysts. Binding could be demonstrated after irra-
diation at 40 mJ - cm ™2 (Fig. 3A), 20 mJ - cm ™2 (Fig. 3B), and
10 mJ - cm~2 (Fig. 3C) but not at 4 mJ - cm™ 2 (Fig. 3D).
Control oocysts did not bind anti-TDmAb (Fig. 3E).

Effect of UV irradiation on the viability of C. parvum oocysts.
The fluorogenic vital dye assay (6) and the maximized in vitro

excystation method (17) were used to evaluate the effective-
ness of UV irradiation at doses of 10, 20, or 40 mJ - cm ™2 on
the viability of C. parvum oocysts. Both methods failed to
demonstrate significant changes in the viability of irradiated
compared to nonirradiated oocysts (the percent viable in the
irradiated group [mean * standard deviation {SD}] was 93.0 *
3.0at10mJ - cm 2 89.7 + 0.6 at 20 mJ - cm 2, or 86.0 = 6.1
at 40 mJ - cm 2, and the percent viable in the control group
[mean *= SD] was 87.0 = 4.4, 89.7 = 5.9, or §89.7 £ 2.5,
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TABLE 2. Percent disrupted oocysts and percent binding of anti-
TDmAD to the nuclei of irradiated sporozoites in C. parvum
and C. hominis oocysts®

No. of % Disrupted oocyst** % Antibody binding?¥
freeze-thaw
cycles C. parvum C. hominis C. parvum C. hominis
5 973 0.2 96.5 = 1.0 99.3 = 0.7 99.6 = 0.4
7 97.2 = 1.0 953 0.7 100 £ 0.0 99.0 £ 1.0
10 98.1 = 1.3 97.6 = 2.1 99.0 = 1.0 99.6 = 0.4

¢ C. parvum and C. hominis oocysts were air dried on microscope slides and
exposed to different numbers of cycles of freezing and thawing. The disruption of
oocysts and their contents was visualized by labeling with FITC-CmAb and
DAPI. The binding of anti-TDmADb to the nuclei of irradiated sporozoites within
oocysts was visualized by labeling with anti-TDmAb, DAPI, and FITC-CmAb.
Samples were examined by epifluorescence and Nomarski DIC microscopy.

 Results are given as means = SDs. The mean percentage was obtained by
enumerating 300 oocysts per treatment (n = 3). Results are not statistically
significantly different at P < 0.05.

¢ Disrupted oocysts had a morphological break in the perimeter of the oocyst
wall (Fig. 2, images in columns 2 and 3; Fig. 3, images in columns 3 and 4).

@ Percent antibody binding indicates the number of oocysts containing sporo-
zoites with anti-TDmAb™, DAPI™ nuclei (n = 300 observations per sporozoite
treatment).

respectively; P > 0.05). For the maximized in vitro excystation
assay, oocyst viability was as follows: for the irradiated group,
the mean * SD was 95.7 = 0.6 at 10 mJ - cm ™2, 91.0 = 2.6 at
20 mJ - cm 2, or 93.0 = 1.5 at 40 mJ - cm ™ 2; for the control
group, the mean = SD was 96.0 = 1.7, 943 = 1.5, or 93.3 =
2.1, respectively; P > 0.05.

Effect of different UV irradiation doses of intact oocysts on
neonatal mouse infectivity. (i) Determination of infectious
doses. The number of oocysts present in 10-ul doses adminis-
tered by gavage to neonatal mice was confirmed by immuno-
fluorescence microscopy. The number of oocysts enumerated
in infectious doses of 300 or 3,000 UV-treated oocysts ranged
between 225 and 234 and 2,511 and 2,480, respectively. For the
nonirradiated oocysts used to construct the standard curve, the
number present in 10-pl doses ranged between 12 and 21, 58
and 110, and 180 and 265 for infectious doses of 30, 150, and
300, respectively.

(ii) Determination of infection. In infected neonates, endog-
enous stages were localized readily within the brush border of
the intestinal villi, and oocysts were present in the lumen.
Slides were scored as positive or negative according to the
presence or absence of C. parvum life cycle stages. Neonates
infected with 300 or 3,000 oocysts irradiated at either 10 or 20
mJ - cm~ 2 showed no histopathological evidence of C. parvum
infection, whereas those infected with nonirradiated oocysts
showed various levels of infection. In these standard curve
groups, the percentage of infection ranged from 5.2% in neo-
nates infected with 30 oocysts to 80% in neonates infected with
300 oocysts (Fig. 4).

Comparison of the neonatal mouse infectivity assay with the
anti-TDmAb immunofluorescence assay. Neonates infected
with 300 or 3,000 oocysts irradiated at either 10 or 20
mJ - cm 2 showed no evidence of infection, whereas various
numbers of neonates infected with doses of 30, 150, or 300
oocysts became infected (Fig. 4). Sporozoite nuclei within oo-
cysts irradiated at either 10 or 20 mJ - cm~? bound anti-
TDmAD, whereas sporozoite nuclei within oocysts that were
not irradiated (control) did not bind anti-TDmAD (Fig. 3).

APPL. ENVIRON. MICROBIOL.

DISCUSSION

UV light damages DNA, and the major lesions induced are
CPD. TDs are common forms of CPD produced in cells when
UV light is absorbed by the double bond in the thymine base
in a DNA molecule, opening the bond and allowing it to react
with the adjacent thymine base, forming a tight four-member
ring (12). UV irradiation of C. parvum oocysts also produces
CPD, and UV inactivation of C. parvum and C. hominis is
irreversible, despite the presence of UV repair genes (10, 16,
18, 19). An assay that can detect the presence of TD following
UV inactivation in individual waterborne oocysts would prove
beneficial to the water industry, public health professionals,
and government regulators. We developed a fluorescence-
based localization system for detecting TD in irradiated C. par-
vum and C. hominis oocysts using a commercially available anti-
TDmAD. Dimer-specific fluorescence localization in sporozoite
nuclei was confirmed by colocalization with the nuclear fluorogen
DAPL

In our assay, fixed microscopic preparations of UV-irradi-
ated oocysts and purified sporozoites were labeled with anti-
TDmAD, the binding of which was detected by using fluores-
cent, species-specific secondary antibodies. Oocyst walls were
visualized by using commercially available, genus-specific, fluo-
rescence-labeled monoclonal antibodies reactive with exposed
epitopes in/on oocyst walls. To our knowledge, this is the first
description of an immunofluorescence-based assay to detect
UV damage by localizing TD in the nuclei of both irradiated,
purified sporozoites and sporozoites within oocysts of C. par-
vum and C. hominis.

Experimental evidence for the presence of TD in irradiated
C. parvum oocysts is limited. Oguma et al. (16) conducted an
endonuclease-sensitive site assay to determine the presence of
UV-induced pyrimidine dimers in C. parvum genomic DNA.
Using a chemiluminescence-based Western blot assay, Ro-
chelle et al. (19) demonstrated the accumulation of TD in the
C. parvum genome when oocysts were exposed to various doses
of UV light (3 to 104 mJ - cm ™ 2). Our data demonstrate the
validity and usefulness of fluorescence and immunofluores-
cence to detect TD in the nuclei of irradiated sporozoites
contained within C. parvum and C. hominis oocysts. Molecular
and immunoblotting methods are regarded as more sensitive
than immunofluorescence-based methods. However, our
method has its advantages. First, the morphology of oocysts is
preserved, permitting the examination of individual oocysts or
sporozoites by DIC. Second, the immunofluorescence labeling
method can be used with samples air dried on slides, consistent
with both United Kingdom Drinking Water Inspectorate (2, 3)
and U.S. EPA (24, 25) requirements for analyzing water for the
presence of Cryptosporidium sp. oocysts. Third, the use of both
positive (anti-dsDNA) and negative (nonirradiated oocysts)
controls increases the accuracy of the assay.

When we used FITC as a reporter for both the unlabeled
primary antibody (mouse anti-TDmAb and FITC-labeled rab-
bit anti-mouse IgG) and the oocyst wall (FITC-CmADb), visu-
alization of anti-TDmADb localization in sporozoite nuclei at
UV doses below 40 mJ - cm 2 became difficult, as the emission
from FITC-CmAb obscured that of the indirectly labeled anti-
TDmAD, being more intense and appearing as increased back-
ground staining. Thus, when oocysts were exposed to low (4- to
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FIG. 3. The effect of different doses of irradiation on anti-TDmAb labeling of C. parvum oocysts. (A to D) Oocysts exposed to 40 mJ - cm ™2
(A), 20 mJ - cm™2 (B), 10 mJ - cm ™2 (C), and 4 mJ - cm~2 (D) of UV light. (E) Control, nonirradiated oocysts. Oocysts in both irradiated and
control groups were labeled with a combination of anti-TDmAb, TR-CmADb, and DAPI, and the images are presented in four columns. First
column, DAPI localization; second column, FITC-anti-TDmADb localization; third column, TR-CmAb; fourth column, Nomarski differential

interference contrast microscopy image.

20-mJ - cm ™ ?) levels of UV irradiation and stained with FITC-
CmADb, we could not detect FITC emissions from the indirectly
labeled anti-TDmADb, although anti-TDmADb localization was
readily detectable at 10 and 20 mJ - cm™~? in the absence of the
FITC-CmAD step. As FITC-CmAD interfered with the detec-
tion of FITC emissions from the indirectly labeled anti-

TDmAD, this technical issue was overcome by replacing FITC-
CmAb with TR-CmAD in further studies.

Previous studies have shown that C. parvum oocysts can be
inactivated by low (<10-mJ - cm~?) doses of UV light using
low- or medium-pressure UV lamps (7, 16, 18, 22). We ob-
served nuclear, anti-TD binding in oocysts irradiated at 40, 20,
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FIG. 4. Dose-response curves for nonirradiated oocysts of the Iowa isolate of C. parvum in CD-1 mice. Infectivity was measured for the 10- or
20-mJ - cm ™ %-irradiated oocysts and control, nonirradiated oocysts (). Oocysts irradiated with 10 or 20 mJ - cm~2 of UV light in this study were
not infectious to neonatal CD-1 mice. @, response logit versus log dose per mouse for data from Korich et al. of the University of Alabama (UA)
(11). m, 90% confidence limits of response logit versus log dose per mouse for data from reference 11.

and 10 mJ -cm > but not in oocysts irradiated at <10
mJ - cm~ 2. Our assay should work when medium to high doses
of UV irradiance (range, 10 to 40 mJ - cm™?) are used, but its
sensitivity is limited, currently, if doses as low as 4 mJ - cm >
are used to dose Cryptosporidium-contaminated potable water.
Assay sensitivity can be increased, for example, by (i) direct
labeling of whole anti-TDmAb molecules, (ii) generating Fab
or (Fab), anti-TDmADb fragments to increase paratope/epitope
interaction, (iii) increasing the fluorescein-to-protein ratio of
the antibodies, and (iv) using confocal microscopy to visualize
and localize fluorescent images.

Our current understanding of the effectiveness of UV irra-
diation in the inactivation of C. parvum oocysts is based on
both animal infectivity and cell culture assays (4, 16, 22). The
experiments reported here, using the fluorogenic vital dye as-
say and the maximized in vitro excystation assay, do not pro-
vide supportive evidence for the inactivation of C. parvum
oocysts following exposure to 10, 20, and 40 mJ - cm ™ > doses of
UV irradiation. There is agreement in the literature that in
vitro viability assays can overestimate oocyst viability com-
pared with animal infectivity (19). We compared results of
anti-TDmAb immunofluorescence localization and the neona-
tal mouse infectivity assay, using C. parvum oocysts irradiated
with either 10 or 20 mJ - cm ™ 2. Our data indicate that irradi-
ated oocysts failed to cause infection in neonatal CD-1 mice
despite the fact that we used higher doses (up to 3,000 per os,
which is greater than 30 times the 50% infective dose for this
strain of mouse (11). Thus, based on our current neonatal
mouse infectivity data and previously published neonatal

mouse infectivity data on UV irradiation of C. parvum oocysts
(4,7, 8, 13, 18, 19, 22), results of our anti-TDmAb immuno-
fluorescence localization method correlate with those of the
neonatal mouse infectivity assay, following exposure to low
doses of UV irradiation.

Our data indicate that UV irradiation of viable, infectious,
as well as dead oocysts induces DNA damage demonstrated by
anti-TDmAb immunofluorescence localization. Regardless of
the viability of waterborne oocysts, this assay can demonstrate
the effect of exposure of viable and dead oocysts to 10 to 40
mJ - cm~ 2 of UV irradiation by determining the presence of
TD in C. parvum and C. hominis oocysts. Thus, the effect of
UV irradiation in water treatment processes can be deter-
mined for all C. parvum and C. hominis oocysts.

Given that C. parvum and C. hominis are the major species
causing human cryptosporidiosis, few studies have been con-
ducted into the effects of UV irradiation on C. hominis oocysts,
as this species is difficult to propagate in animal models (26).
Using a combination of data mining and DNA sequencing,
Rochelle et al. (18) demonstrated that C. hominis oocysts ex-
press genes to repair UV-induced pyrimidine dimers in their
genomic DNA. Johnson et al. (10) used cell culture-based
methods to measure the infectivity and inactivation of UV-
irradiated C. hominis oocysts and concluded that C. hominis
oocysts displayed similar levels of infectivity and had the same
sensitivity to UV light as C. parvum. Our findings indicate not
only that C. hominis and C. parvum oocysts display similar
levels of UV light sensitivity but also that irradiated C. hominis
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oocysts exhibit the same anti-TDmAb immunofluorescence lo-
calization pattern as C. parvum.
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