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Abstract

Quantitative real-time polymerase chain reaction (qPCR) assays to detect Cryptosporidium oocysts in clinical samples are
increasingly being used to diagnose human cryptosporidiosis, but a parallel approach for detecting and identifying
Cryptosporidium oocyst contamination in surface water sources has yet to be established for current drinking water quality
monitoring practices. It has been proposed that Cryptosporidium qPCR-based assays could be used as viable alternatives to
current microscopic-based detection methods to quantify levels of oocysts in drinking water sources; however, data on
specificity, analytical sensitivity, and the ability to accurately quantify low levels of oocysts are limited. The purpose of this
study was to provide a comprehensive evaluation of TagMan-based qPCR assays, which were developed for either clinical or
environmental investigations, for detecting Cryptosporidium oocyst contamination in water. Ten different gPCR assays, six
previously published and four developed in this study were analyzed for specificity and analytical sensitivity. Specificity
varied between all ten assays, and in one particular assay, which targeted the Cryptosporidium 185 rRNA gene, successfully
detected all Cryptosporidium spp. tested, but also cross-amplified T. gondii, fungi, algae, and dinoflagellates. When
evaluating the analytical sensitivity of these qPCR assays, results showed that eight of the assays could reliably detect ten
flow-sorted oocysts in reagent water or environmental matrix. This study revealed that while a gPCR-based detection assay
can be useful for detecting and differentiating different Cryptosporidium species in environmental samples, it cannot
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accurately measure low levels of oocysts that are typically found in drinking water sources.
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Introduction

Cryptosporidium, the causative agent of cryptosporidiosis, is an
intracellular apicomplexan parasite that infects the gastrointestinal
tracts of animals and humans. Infection typically occurs through
the fecal-oral route with waterborne transmission being most
common. The disease is a self-limiting gastroenteritis but can
potentially be fatal in immunocompromised individuals [1].
Effective treatment of cryptosporidiosis remains a challenge due
to the lack of efficacious drugs [2]. Currently, 26 Cryptosporidium
species have been identified with dozens more genotypes reported
[3-9]. Of the known species and genotypes reported, at least 12
have been found to infect humans, with Cryplosporidium paroum and
Cryptosporidium  hominis being associated with over 90% of the
cryptosporidiosis outbreaks [5-7,10,11].

In the United States alone over 58,000 cases of waterborne
assoclated cryptosporidiosis occurred between 1995 and 2007 and
in 1993, over 400,000 cases of cryptosporidiosis were reported
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during the Milwaukee outbreak [12,13]. Contamination of the
drinking water supplies with Cryptosporidium has also been reported.
More than 80% of surface water supplies and over 25% of treated
drinking waters in the United States were reported to be
contaminated with oocysts, underscoring the human health risks
associated with this pathogen [14]. In an effort to improve human
health and reduce risks posed by Cryplosporidium in drinking water
systems, the United States Environmental Protection Agency
(USEPA) promulgated the Long Term 2 Enhanced Surface Water
Treatment Rule, which requires public drinking water utilities to
monitor surface source waters for the presence of Cryptosporidium
oocysts using standardized methods such as USEPA Method 1622
[15]. This rule also serves to supplement existing regulations by
employing additional treatments to higher risk systems.

USEPA Method 1622 uses a microscope-based detection
method to enumerate oocysts in the environment. Although this
method has been proven useful in monitoring wastewater [16] and
drinking water matrices [17,18], it has certain limitations which
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include the inability to differentiate between species or determine
infectivity of the detected oocysts. Thus, methods that are more
user-friendly, less labor intensive, and faster at identifying,
genotyping, and determining oocyst viability are currently being
explored for use in surveillance monitoring practices within the
water industry [17,19-22].

Quantitative real-time PCR has proven itself to be a more user-
friendly and faster approach to detect and enumerate microor-
ganisms in various environmental samples [23], making it a
promising candidate for detecting waterborne pathogens such as
Cryptosporidium. Indeed, a Cryptosporidium-specific qPCR assay has
been proposed as a technique for detecting Cryptosporidium oocysts
in water matrices [24-27]. As with many molecular detection
assays, there are several potential limitations associated with this
technique including its range of specificity and ability to detect a
single oocyst in environmental matrices. Since recent studies have
shown levels of Cryptosporidium oocysts found in surface drinking
water sources to be very low along with its relatively low infectious
dose, it is critical that any methods proposed should have reliable
detection limits down to one oocyst [14,28]. While there have also
been many reports of qPCR-based Cryptosporidium detection assays
for clinical investigations [25,29-32], their use for detecting a
single Cryptosporidium oocyst in environmental samples, like raw
surface waters, as alternatives to the microscopic enumeration
component of USEPA Method 1622 have not been thoroughly
assessed.

The objective of this study was to determine the applicability of
a TagMan-based qPCR assay for detecting C. hominzs, C. paroum, or
all Cryptosporidium spp. oocysts in water matrices. Specificity and
analytical sensitivity of ten qPCR assays either published in the
literature or newly developed in-house were determined. More
importantly, the ability of these assays to reliably detect and
resolve low levels of oocysts (e.g., 1, 2, and 5, vs. 10 oocysts)
present in environmental matrices was investigated.

Materials and Methods

Ethics Statement

The use of animals in this study was approved and carried out in
strict accordance with the recommendations by the US Environ-
mental Protection Agency’s Institutional Animal Care and Use
Committee. All efforts were made to minimize animal suffering

(USEPA-CI IACUC: 08-10).

Cryptosporidium Oocysts

C. paroum oocysts (Harley Moon-lowa isolate) and Cryptosporidium
murts oocysts (RN66) were purchased from Waterborne, Inc. (New
Orleans, LA, USA). C. parvum oocysts were propagated using
immunosuppressed CF-1 mice as described [33]. Oocysts were
purified from feces by sieving, step sucrose gradients, and cesium
chloride purification [34]. Purified oocysts were then resuspended
in reagent grade water containing 100 U/ml penicillin, 100 pg/ml
streptomycin, and 0.25 pg/ml amphotericin B (Life Technologies,
Gaithersburg, MD, USA) and stored at 4°C. Purified C. hominis
oocysts (T'U502) and Cryplosporidium meleagridis oocysts (TU1867)
were obtained from Tufts University [35,36]. All oocysts in this
study were used within three months of shed date.

Flow Sorting of Cryptosporidium Oocyst Samples

A Fluorescence Activated Cell Sorter (FACS; FACS Aria II,
Beckton Dickinson, Palo Alto, CA, USA) was used for enumer-
ating oocysts as previously described [37]. Oocysts were gated by
forward and side scatter (FSC and SSC, respectively), with FSC
and SSC adjusted to distinctly identify the oocyst population.
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Oocysts ranging from 1 to 1x10% were sorted in sterile 1.5 ml
microcentrifuge tubes containing 100 ul of sterile reagent water
and used to spike reagent grade water and source water
concentrates.

Preparation of Oocyst Spiked Environmental Samples
An Ohio River water sample with turbidity of 129 Nephelo-
metric Turbidity Units (NTU) was collected according to USEPA
Method 1622 [15]. Briefly, at least 10 L of raw water was filtered
through an Envirochek HV filter (Pall, Port Washington, NY,
USA). The retentate was then eluted from the filter using an
elution buffer (0.01% Laureth-12 (Sigma, St. Louis, MO, USA);
10 mM Tris-Cl pH 7.4 (Sigma); 1 mM EDTA (Sigma); 0.015%
Antifoam A (Sigma)) and centrifuged. Volume equivalents of
0.5 ml packed pellets were resuspended in 10 ml elution buffer
and processed via an immunomagnetic separation (IMS) proce-
dure using anti-Cryptosporidium coated paramagnetic beads in
accordance with the manufacturer’s protocol (Invitrogen, Carls-
bad, CA, USA). Following the final IMS wash step, retained beads
were spiked with various numbers of flow-sorted oocysts for
subsequent genomic DNA (gDNA) extraction and qPCR analysis.
This was done to avoid loss during the immunomagnetic
separation process and allowing for a more accurate measurement
of the analytical sensitivity of the qPCR step in the presence of
PCR inhibitors carried over through the IMS step of the method.
The retained beads from each sample were pooled and used for all
spiked environmental samples in this study. This approach
increases the likelihood of capturing PCR inhibitors present in
the sample as well as eliminates variability introduced when
sampling at different times that have different levels of turbidity.

Genomic DNA Extraction

Genomic DNA was extracted from C. paroum, C. hominis, C.
muris, and C. meleagridis flow-sorted oocysts using the following
optimized protocol adapted from the Epicentre MasterPure
Complete (MPC) DNA and RNA Purification Kit (Epicentre
Biotechnologies, Madison, WI, USA). Oocysts were centrifuged at
2,500xg, and the supernatant was removed. Oocysts were
resuspended in 300 pl Tissue Cell Lysis solution (Epicentre) and
subjected to five freeze/thaw cycles consisting of transferring
samples between a liquid nitrogen bath and a 70°C water bath
until the samples were completely frozen or thawed, respectively.
Samples were then transferred into GeneRite pre-loaded glass
bead tubes (GeneRite, North Brunswick, NJ, USA). Samples were
bead milled twice at one minute intervals at 250 RPM using a
mini-bead beater (BioSpec Products, Inc., Bartlesville, OK, USA).
Samples were placed on ice in between the bead milling steps to
avoid excessive heat buildup during the process. Next, 50 pg of
Proteinase K (Epicentre) was added to each tube, and the samples
were incubated for 1 hr at 56°C with constant agitation. Following
digestion, samples were centrifuged at 21,000xg for 1 min, and
supernatants were transferred to nuclease-free microcentrifuge
tubes. Five micrograms of RNase A (Epicentre) was added to each
tube, and samples were incubated for 30 min at 37°C. Following
incubation, 150 ul of MPC Protein Precipitation solution
(Epicentre) was added to each sample and then centrifuged at
room temperature for 10 min at 12,000 xg. Supernatants were
transferred into new nuclease-free microcentrifuge tubes and
500 pl of 1sopropanol (Sigma) was added to each tube. The tubes
were inverted at least 30 times and placed on ice for 30 min. DNA
was pelleted by centrifugation at 4°C for 15 min at 21,000 xg.
DNA pellets were washed twice with 500 pl of 75% ethanol and
then allowed to dry at room temperature before resuspension in
100 pl nuclease-free water.
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Genomic DNA samples used for specificity testing were
obtained from the following sources. Cryptosporidium canis and
Cryplosporidium  felis DNA were extracted from environmental
samples as previously described [17]. Bacillus thuringiensis (35646-
D), Bacillus cereus (10987-D), Shigella flexner: (29903-D), and
Escherichia  coli K-12 (10798-D) gDNA were purchased from
American Type Culture Collection (ATCC, Manassas, VA,
USA). Genomic DNA from Giardia muns, Giardia duodenalis (H3;
Assemblage B), Encephalitozoon hellem (CDC:0291:V213), Fncephali-
lozoon ntestinalis (50502, ATCC), and Encephalitozoon cuniculi (50502,
ATCCQ) were 1solated from cysts/spores propagated at the USEPA
animal facilities or from cell cultures as previously described [38—
40], and DNA was extracted using the Epicentre kit extraction
procedure described above. Schistosoma mansoni gDNA was kindly
provided by Dr. Robert Greenberg (Department of Pathobiology,
University of Pennsylvania, School of Veterinary Medicine,
Philadelphia, PA, USA). Toxoplasma gondii gDNA was isolated
from the VEG strain (oocysts provided by J.P. Dubey, US
Department of Agriculture, Beltsville, MD, USA) using the
modified Epicentre kit extraction procedure described above.

Quantitative Real-time PCR

Primers to detect Cryptospordium spp. using a TagMan-based
gPCR assay are listed in Table 1. All forward and reverse primers,
JVA probe, JVAG1 probe, and JVAG2 probe were obtained from
Integrated  DNA  Technologies (Coralville, IA, USA). The
CRUIS8S probe, CRULib13Cp probe, and CRULib13Ch probe
were designed as minor grove binding (MGB) probes and obtained
from Applied Biosystems (Carlsbad, CA, USA). The qPCR
reaction consisted of 40 cycles of template denaturation at 95°C
for 15 sec, with an annealing temperature of 60°C for 1 min. For
the CpO0land Ch001 gqPCR assays, the annealing temperature
was adjusted to 64°C for 50 sec. QPCRs consisted of 4 ul of
template DNA into a total reaction volume of 25 ul. Each reaction
contained 1 xPCR Buffer II, 4.2 mM MgCly, 240 pM dNTP mix,
I xROX reference dye, 1.5 U of AmpliTaq Gold polymerase
(Applied Biosystems), 240 nM forward and reverse primers, and
120 nM probe. To minimize the effects of PCR inhibitors present
in each sample, 400 ng/pl non-acetylated bovine serum albumin
(Sigma) was also added to the qPCR reactions [41]. An ABI
PRISM® 7000 Sequence Detection System (Applied Biosystems)
was used for all gPCR analysis unless otherwise stated. Triplicate
gPCR reactions were performed for each sample analyzed.

DNA Sequencing of Environmental Samples

PCR amplicons were cloned into the plasmid vector pCR4-
TOPO (Invitrogen) according to manufacturer’s protocols.
Sequenced PCR products were first purified using the QIAquick
PCR  Purification kit according to manufacturer’s protocols
(Qiagen, Valencia, CA, USA). DNA sequences of the inserts were
determined by utilizing the ABI PRISM Big Dye Terminator cycle
sequencing kit (Applied Biosystems) and an ABI Prism 3730xl
DNA Analyzer (Applied Biosystems). Sequences were submitted to
NCBI (accession numbers: JX471018-JX471053).

Statistical and Bioinformatic Analyses

Statistical analysis was performed using Sigma Plot 11 (Systat
Software, Inc. San Jose, CA, USA) or Excel 2007 (Microsoft,
Redmond, WA, USA). Unless otherwise stated, a non-parametric
Mann-Whitney rank sum test was used to determine statistical
significance among the different conditions tested. P values less
than 0.05 were considered significant. DNA sequences were
identified by comparison to the NCBI BLASTn database [42].
Primers were aligned to a comprehensive list of /85 rRNA
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sequences with TestProbe implemented on the website http://arb-
silva.de [43]. PCR primers and probes were aligned to
Cryptosporidium reference 18S rRNA sequences with CAP imple-
mented in BioEdit [44]. The relationships of environmental DNA
sequences were inferred using the Neighbor-Joining method [45].
Trees were inferred with Molecular Evolutionary Genetics
Analysis, version 5 (MEGAS) [46] using the Jukes-Cantor
substitution model [47]. Bootstrap values were computed as
described [48].

Results

Identification and Development of Cryptosporidium
Genus- and Species-specific qPCR Assays

In order to establish a qPCR assay that could potentially detect
all Cryptosporidium species and genotypes, two primer/probe sets
were initially identified from the literature, JVA [24,29] and
CRUIS8S [30], both originally designed for clinical investigations
targeting the multi-copy 78S rRNA gene of Cryptosporidium. It was
reported that the JVA primer sets could detect at least ten
Cryptosporidium species: C. hominis, C. paroum, C. cams, C. felis, C.
ubiquitum, C. muris, C. andersont, C. baleyt, C. serpentis, and C. wrawrt. In
this study, the JVA qPCR assay detected C. paroum, C. hominis, C.
meleagridis, and C. felis but not C. murs or C. canis (Table 2).
Additionally, the JVA qPCR assay did not detect any other genera
tested, which was consistent with previous studies. As for the
CRU18S gqPCR assay, it detected all of the Cryptosporidium species
tested in the current study (Table 2). Moreover, Hadfield and
colleagues reported that the CRUILSS set also detected several
other Cryplosporidium species and genotypes including C. cuniculus,
C. andersonz, C. felis, C. ubiquitum, C. bovis, C. baileyt, C. canis, C. xwaot,
and the Cryptosporidium horse genotype [30]. Specificity analyses of
the CRUI18S assay revealed that while no qPCR signals were
detected from distantly related organisms including S. mansoni, E.
coli, B. thuringiensis, B. cereus, S. flexneri, E. hellem, E. intestinalis, E.
cunicult, or closely related species like G. muris and G. duodenalis,
significant qPCR signals were detected with 7. gondii gDNA
(1x10° oocysts; Cp values ~30). This was different than the results
reported by Hadfield and colleagues, where no cross-reactivity
with 7. gondii was observed. Triplicate qPCR reactions were
performed for each specificity test. Sequence alignment analyses of
the JVA primers and probes indicated that the forward primer and
probe sequences were identical to many Cryptosporidium spp. as well
as sequences from Eimeria tenella, Cyclospora cayetanensis, and T. gondii
(Figure S1). Specificity for this qPCR assay was partially achieved
by designing the reverse primer to span one of the hypervariable
regions in this locus. But as a consequence, it may not be able to
detect all Cryptosporidium spp. due to sequence polymorphisms
found among the different species. For example, there are two
nucleotide differences between the JVA reverse primer and the
188 rRNA gene sequence in C. muris. A four nucleotide difference
with the C. canis 185 rRNA gene sequence and the JVA reverse
primer was found resulting in no detectable amplification signal as
shown in Table 2. For CRU18S, all primers and probe sequences
were highly homologous to Cpyptosporidium spp., E. tenella, C.
cayetanensis, and T. gondii. Overall, specificity of these Cryplosporidium
genus-specific primer/probe sets proved to be the most variable
when targeting the 78S rRNA gene.

Since C. paroum and C. hominis cause over 90% of the
cryptosporidiosis reported worldwide [49], it is also important to
establish assays to specifically detect these two species for more
accurate exposure risk assessments. Therefore, four qPCR assays
were tested for their ability to specifically detect C. paroum or C.
hominis. Two qPCR assays identified from the literature that
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specifically detected C. hominis were the JVAGI1 [29] and the
CRULib13Ch [30] assays, both of which target single copy
regions of unknown function. Two additional C. homnis-specific
qPCR assays were also developed for this study, the Ch001 and
Ch003, which target the DNA-] like region of the genome and
a nuclear transport factor (NTF2) gene of Crptosporidium,
respectively (Table 1). The DNA-J like and NTF2 regions
showed promise in developing species specific primer/probe sets
since sequences from these two loci were different among the
different Cryplosporidium sequences in the database. Primer/probe
pairs were then designed to be specific for either C. hominis or C.
paroum using BLAST (data not shown). Analysis of the C. hominis
specific qPCR  assays (Ch001, Ch003, JVAGI, and CRU-
Lib13Ch) revealed that each assay only amplified C. hominis
DNA except the Ch001 qPCR assay, which also amplified C.
meleagridis DNA. Sequence analysis of the Ch001 amplicon
detected from the C. meleagridis sample aligned with C. meleagndis
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Table 1. Primer and probe sequences used in this study.
Target organism Name Target gene primer/probe Sequence (5'—3’') References
C. hominis Ch001 DNA-J like Forward ATC CTA CGT CTA ACT TCA CGC This study
Reverse GAA GCT CTT CAT ATG CCT TAT TA
Probe’ TTA TAG GGA TAC CAG TCG ATT CTG ATG AC
Ch003 NTF2 Forward AGC ATT ATT GGA TGT TGT AG This study
Reverse TAA TAA AAA TCA ATC AGT GGT
Probe’ CTG CTA ATA CTA GTA ATA CTA GTA GTA ATC
CRULib13Ch? Unknown Forward TCC TTG AAA TGA ATA TTT GTG ACT CG [30]
Reverse AAA TGT GGT AGT TGC GGT TGA AA
Probe? CTT ACT TCG TGG CGG CGT
JVAGT* Unknown Forward ACT TTT TGT TTG TTT TAC GCC G [29]
Reverse AAT GTG GTA GTT GCG GTT GAA
Probe’ ATT TAT TAA TTT ATC TCT TAC TTC GT
C. parvum Cp001 DNA-J like Forward ATC CTA CGT CTA ACT TCA CGT This study
Reverse GTA GCT CCT CAT ATG CCT TAT TG
Probe’ TTA TAG GGA TAC CAG TCG ATT CTG ATG AT
Cp003 NTF2 Forward AGC ATT ATT GGA TGT TGT AT TAG This study
Reverse TAA TAA AAG TCA ATC AGT GGC
Probe’ CTG CTA ATA CTA GTA ATA ATA GTA GTA ATA
CRULib13Cp? Unknown Forward TCC TTG AAA TGA ATA TTT GTG ACT CG [30]
Reverse TTA ATG TGG TAG TTG CGG TTG AAC
Probe’ TAT CTC TTC GTA GCG GCG TA
JVAG2* Unknown Forward ACT TTT TGT TTG TTT TAC GCC G [29]
Reverse AAT GTG GTA GTT GCG GTT GAA
Probe’ ATT TAT CTC TTC GTA GCG GCG
Cryptosporidium spp. CRU18S 18S rRNA Forward GAG GTA GTG ACA AGA AAT AAC AAT ACA GG [30]
Reverse CTG CTT TAA GCA CTC TAA TTT TCT CAA AG
Probe® TAC GAG CTT TTT AAC TGC AAC AA
JVA 18S rRNA Forward ATG ACG GGT AAC GGG GAA T [24]
Reverse CCA ATT ACA AAA CCA AAA AGT CC
Probe’ CGC GCC TGC TGC CTT CCT TAG ATG
"Probes labeled with 6-carboxy-fluorescein (FAM) and black hole quencher (BHQ).
Forward primer is the same.
3Probes labeled with VIC and with minor groove binding non-fluorescent quencher (MGB).
“Forward and reverse primers are the same.
SProbes labeled with 6-carboxy-fluorescein (FAM) and with minor groove binding non-fluorescent quencher (MGB).
doi:10.1371/journal.pone.0066562.t001

sequences deposited in NCBI (data not shown). All other non-
target genomic DNA tested listed in Table 2 were not amplified
by the Ch001, the Ch003, the JVAGI, or the CRULib13Ch
qPCR assays. Similarly, C. paroum specific qPCR assays were
evaluated, two from the literature, JVAG2 [29] and CRU-
Lib13Cp [30], and two developed in this study CpOO0l and
Cp003, which also target the DNA-J like region of the genome
and a nuclear transport factor (NTF2) gene of Cryptosporidium,
respectively. All four assays amplified C. paroum gDNA and did
not cross react with any of the closely related coccidian species
or with any of the bacteria, fungi, or helminth DNA tested
(Table 2).

Analytical Sensitivity of the Cryptosporidium TagMan-
based gPCR Assays

Analytical sensitivities of Cryptosporidium genus- and species-
specific qPCR assays listed in Table 1 were evaluated. Four
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independent sets of gDNA extracted from both C. paroum and C.
hominis flow-sorted oocysts were subjected to qPCR analysis,
with each reaction performed in triplicate (Tables 3 and 4). For
C. paroum, results indicated that JVA and CRUI18S qPCR assays
can easily detect 1000 flow-sorted oocysts with a 100%
detection rate. At 100 oocysts, both JVA and CRUI18S qPCR
assays successfully detected 83% and 100% detection rates,
respectively. As the numbers of oocysts decreased to 10 or less,
the detection frequency also dramatically decreased for the JVA
qPCR with only a 25% positive detection rate at 2 oocysts and
a 0% detection rate at 1 oocyst. The CRU18S qPCR assay had
a detection rate of 8% and 17% at the 2 and 1 oocyst level,
respectively (Table 3).

Among the C. parvum-specific qPCR assays, JVAG2 had
stronger qPCR signals as well as a higher frequency of detection
when compared to CRULib13Cp or the Cp003. The JVAG2
qPCR assay was also able to detect as low as 2 oocysts (8%) while
Cp003 and CRULib13Cp qPCR assays were unable to detect
samples containing less than 100 and 5 oocysts, respectively. Based
on these results, CRU18S was the only assay to successfully detect
a single flow-sorted C. parvum oocyst (Table 3).

For the C. homimis qPCR results (Table 4), the genus-specific
JVA and CRUIS8S assays successfully detected a single flow-
sorted oocyst In reagent water, with a positive detection
frequency of 50% and 17%, respectively. The species-specific
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Table 2. QPCR results indicating positive or negative detection with a TagMan probe and primer set'.

Primer/Probe sets

Cryptosporidium spp.  C. hominis C. parvum
Species CRU18S JVA Choo1 Cho03 JVAG1a CRULib13 Ch Cp001 Cp003 JVAG2a CRULib13 Cp
Protozoa
C. parvum + + - - - + + + +
C. hominis + + + + + — = _ _
C. meleagridis + + + - - — — — _
C. felis ND? + = - - ND? — = - ND?
C. canis ND? - - - - ND3 _ _ _ ND?
C. muris + +/— - = — — = = — _
G. muris - - — — — - — — - —
G. duodenalis = - - - - = = — - —
T. gondii +3 — - — — - — — — —
Bacteria
B. thuringiensis - - - — - — — _ _
B. cereus = = — — - = = — _
E. coli - - - — - — - — _
S. flexneri - — - - - = = - - —
Fungi
E. hellem = = — — - = = — — —
E. intestinalis - - - — — — — — - -
E. cuniculi = — - — — — — _ _ _
Helminth
S. mansoni ND = = — — ND = = - ND
'+, indicates positive qPCR signals (<40 Cy). —, indicates negative qPCR signals. Positive gPCR results were sequence verified.
2This primer/probe set gave positive qPCR signals for this species in Hadfield et al. [30].
*This primer/probe set gave negative qPCR signals for this species in Hadfield et al. [30].
ND, not done.
+/—, samples had high C; values close to detection limits.
doi:10.1371/journal.pone.0066562.t002

qPCR assays (JVAGI1, Ch003, and CRULib13Ch) had lower
frequencies of detection when tested with gDNA from less than
10 oocysts. Most notable is the CRULib13Ch assay, which had
a frequency of detection of 1 out of 12 replicates even when 10
oocysts were present as compared with JVA and CRU18S (67%
and 50%, respectively). As for the JVAGI and Ch003 qPCR
assays, both could detect 1 and 2 oocysts, respectively, with a
detection frequency of 8%. At higher oocyst spikes, the Ch003
assay had slightly better frequency of detection rate, with
slightly lower Cr values. Another notable difference was that
the JVAGI1 assay was unable to detect 2 oocysts. Similar to
what was observed with the C. paroum qPCR results, genus-
specific primers had higher frequency of detection rates when
compared to species-specific qPCR assays, particularly at low
numbers of oocysts. It should be noted that when low numbers
of oocysts are being assayed, high Cr values are expected, since
the amount of genetic material present is close to the limit of
what is detectable by qPCR. Nevertheless, an initial examina-
tion using standard curves analysis indicated that gDNA from a
single oocyst was easily detected when a cut off value of 40
cycles was chosen (data not shown), which was consistent with
recent studies by Caraguel and others suggesting that qPCR
protocols set to do 40 cycles can theoretically yield 1x10"2
amplicons from a single DNA molecule [50].
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Table 3. Detection of flow-sorted C. parvum oocysts using qPCR’.
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Primer/Probe set?

Cryptosporidium spp. specific

C. parvum specific

JVAG2

Cp003

CRULib13Cp

31.74£1.48 (12/12)
35.78+1.44 (12/12)
36.61+0.85 (9/12)
36.36£1.01 (6/12)
37.08 (1/12)

# Oocysts JVA CRU18S

1000 31.26%1.16 (12/12) 32.10%£1.25 (12/12)

100 34.65+1.65 (10/12) 35.05+0.79 (12/12)

10 37.03£0.92 (6/12) 38.420.95 (9/12)

5 37.37£1.28 (8/12) 39.06£0.47 (2/12)

2 37.64+0.84 (3/12) 38.22 (1/12)

1 * 39.60+0.53 (2/12) *
0? * * *

35.51+0.25 (9/12)
39.97 (1/12)

*

*

*

*

*

32.58+0.30 (12/12)
36.2220.95 (11/12)
39.061.23 (2/12)
38.40=0.01 (2/12)

*
*

*

3“Mock” flow-sorted sample containing no oocysts.
*, Not detected (Cy >40).
doi:10.1371/journal.pone.0066562.t003

Detection of Cryptosporidium Oocysts in Environmental

Samples

To determine if PCR inhibitors present in environmental
samples would affect the analytical sensitivity of the TagMan
assays, Ohio River water samples were processed using USEPA
Method 1622 [15]. The resulting packed pellets were spiked with
known amounts of flow-sorted oocysts and processed as described
in the Materials and Methods section. Three independent sets of
spiked environmental samples for both C. parvum and C. hominis
were isolated, and three qPCR replicates were performed for each
individual sample. Two sets of negative controls, each done in
parallel with the experimental samples and in triplicate qPCR
reactions, were also assayed: 1) the “O oocyst” samples were
environmental matrix containing no flow-sorted oocysts added to
the sample that were processed through the IMS procedure and 2)
the “unspiked” samples were reagent grade water that were also
processed through IMS procedure (e.g., no oocysts and no
environmental matrix added to the sample). Based on the Cp
values, there were some slight differences in detection frequencies

"Results presented are the average + standard deviation of four independent experiments. QPCR was performed in triplicate reactions for each experiment.
Flow-sorted oocysts spiked in reagent water were used to determine detection limits of the different gPCR assays evaluated.
2C; values + standard deviation. Numbers in parentheses indicate the number of positive samples (Cy values <40) over the total reactions performed.

between the two assays. The JVA qPCR assay detected a
minimum of 1 C. paroum oocyst with a mean Cr value of 38.14
(%£0.48 standard deviation (SD)) with a 22% positive detection rate
(Table 5). In contrast, the JVA qPCR assay was only able to detect
5 C. homimis oocysts with a 33% positive detection rate (Table 6).
Improved detection frequencies were observed at higher C. hominis
oocyst spike levels (100 oocysts; 67% positive detection rate). The
other Cryptosporidium species-specific qPCR assays tested in this
study, JVAGI, JVAG2, Ch003, Cp003, CRULib13Ch, and
CRULib13Cp, were less consistent in detecting oocyst levels at
or below 2 in environmental samples.

Unexpectedly, the CRU18S qPCR tested positive for the 0
spike samples (no oocyst control) when environmental matrix
was present, suggesting that the primers/probe set designed for
this assay cross-reacted with non-Cryptosporidium DNA present in
the environmental sample. Contamination of the assay was
ruled out as the unspiked controls (IMS beads only and no
environmental matrix added) and the no template qPCR
controls were consistently negative (Tables 5 and 6). Sequence

Table 4. Detection of flow-sorted C. hominis oocysts using qPCR'.

Primer/Probe set?

Cryptosporidium spp. specific

C. hominis specific

# Oocysts JVA CRU18S JVAG1 Choo03 CRULib13Ch
1000 30.21+0.59 (12/12) 33.65+1.47 (11/12) 33.75%1.23 (12/12) 32.33%+1.54 (12/12) 35.43%+1.69 (12/12)
100 35.08+2.15 (11/12) 36.19%1.36 (9/12) 37.38%0.59 (9/12) 36.06+1.28 (9/12) 37.72+1.01 (8/12)
10 36.62+1.48 (8/12) 37.32+1.34 (6/12) 37.25%0.71 (2/12) 37.70+0.45 (3/12) 38.23 (1/12)

5 37.71£1.59 (5/12) 38.87£0.43 (4/12) 39.07£0.49 (2/12) 36.77%0.26 (2/12) 38.93 (1/12)

2 36.78*1.31 (4/12) 38.10%1.10 (2/12) * 38.31 (1/12) 38.81 (1/12)

1 38.71%£0.72 (6/12) 39.14%0.18 (2/12) 39.06 (1/12) * 38.68 (1/12)

03 * * * * *
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"Results presented are the average * standard deviation of four independent experiments. QPCR was performed in triplicate reactions for each experiment.
Flow-sorted oocysts spiked in reagent water were used to determine detection limits of the different qPCR assays evaluated.
2C; values + standard deviation. Numbers in parentheses indicate the number of positive samples (Cy values <40) over the total reactions performed.
3“Mock” flow-sorted sample containing no oocysts.
*, Not detected (Cy >40).

doi:10.1371/journal.pone.0066562.t004
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Table 5. Detection of flow-sorted C. parvum oocysts in environmental samples’.

Primer/Probe set?

Cryptosporidium spp. specific C. parvum specific

# Oocysts JVA CRU18S JVAG2 Cp003 CRULib13 Cp
1000 31.88+2.22 (9/9) 33.64+0.92 (9/9) 32.15+1.91 (9/9) 33.00+2.48 (9/9) 32.65+0.22 (9/9)
100 32.77+1.88 (9/9) 34.33+0.28(8/9) 32.80+2.37 (9/9) 33.50+2.64 (8/9) 34.60+0.30 (9/9)
10 37.41+1.03 (9/9) 37.66+1.47 (7/9) 37.02+0.72 (9/9) 38.01+0.99 (3/9) 37.97+1.16 (4/9)
5 38.45+0.82 (7/9) 37.14+0.68 (9/9) 37.34+1.08 (4/9) * 38.27 (1/9)

2 38.98+0.59 (6/9) 37.26+1.14 (9/9) @ & 38.04 (1/9)

1 38.14+0.48 (2/9) 36.61+1.10 (9/9) 38.02 (1/9) * *

(0 @ 36.94+1.06 (9/9)* @ o @

Unspiked® * * i * *

*Unspiked, sample containing no oocysts and no environmental sample.
*, Not detected (C;>>40).
doi:10.1371/journal.pone.0066562.t005

alignment of the CRUI18S primer/probe set was conducted
against several closely related coccidia (C. parvum, C. hominis, C.
canis, C. muns, C. cayetanensis, E. tenella, and T. gondit) to predict
any potential cross reactivity of this genus specific qPCR assay.
Results revealed five mismatches between the forward and
reverse primers and the targeted regions. The first two were
found in the forward primer which contained a single T to C
mismatch at position 6, and a single A to T mismatch (both
with 7. gondii) at position 3 relative to the 3" end. The probe
sequence was identical to all selected species aligned. The
reverse primer also contained three mismatches, a G to A (with
C. cayetanensis), an A to T (with E. tenella and C. capetanensis), and

0.5 ml packed pellets from raw surface water were processed through the IMS procedure of USEPA Method 1622 and were spiked with flow-sorted C. parvum oocysts
to determine detection limits of Cryptosporidium spp. and C. parvum specific qPCR assays on environmental samples. Results are the average Cy values of three
independent experiments = standard deviation. Triplicate reactions were performed for each condition tested in each of the three experiments conducted.

2C; values + standard deviation. Numbers in parentheses are the ratio of positive qPCR reactions over the total reactions performed.

3“Mock” flow-sorted sample containing no oocysts, environmental sample present.

“the CRU18S pan-Cryptosporidium spp. cross reacted with indigenous non-Cryptosporidium oocyst present in the environmental sample.

a T to C (with E. fenella) at positions 10, 18 and 19 relative to
the 5" end, respectively (Figure S1).

To further identify the CRUI18S DNA amplicons from the
zero-spiked controls, samples were analyzed by Sanger sequenc-
ing. Extensive genetic diversity was found in the cloned
amplicons (Figure S2), but Cryplosporidium species were not
detected. BLAST analysis showed that the environmental DNA
sequences were highly similar to Basidiomycota fungi (e.g.,
Sistrotrema or Pachylepyrium), green algae (e.g., Ltthia or Chlamydo-
monas), dinoflagellate (e.g., Gymnodinium or Ornithocercus), and
amoebalflagellates (Table S1). This assay was originally intended
for use in clinical samples, therefore, such cross-reactivities with

Table 6. Detection of flow-sorted C. hominis oocysts in environmental samples’.

Primer/Probe set?

Cryptosporidium spp. specific C. hominis specific

# Oocysts JVA CRU18S JVAG1 Choo3 CRULib13 Ch
1000 35.65+1.31 (9/9) 32.40+1.02 (9/9) 33.02£1.95(9/9) 33.40=1.02 (8/9) 33.76=1.61 (9/9)
100 38.461.22 (6/9) 33.38+0.53 (9/9) 35.94+2.15 (8/9) 36.72+0.99 (8/9) 37.98+0.96 (9/9)
10 39.58 (1/9) 31.57+1.09 (9/9) 38.91+0.29 (2/9) 38.29+0.72 (5/9) 37.51=0.42 (4/9)
5 32.56+0.22 (3/9) 31.81+0.74 (9/9) * 38.88+0.64 (4/9) 38.36 (1/9)

2 * 32.91+0.93 (9/9) 38.41 (1/9) 37.71%0.17 (3/9) *

1 * 32.99+0.91 (9/9) * 39.24 (1/9) *

(0 * 33.41+0.87 (9/9)* * * *

Unspiked® * * * * *

0.5 ml packed pellets from surface raw water were processed through the IMS procedure of USEPA Method 1622 and were spiked with flow-sorted C. hominis oocysts
to determine detection limits of Cryptosporidium spp. and C. hominis specific gPCR assays on environmental samples. Results are the average Cr values of three
independent experiments =+ standard deviation. Triplicate reactions were performed for each condition tested in each of the three experiments conducted.

2C; values *+ standard deviation. Numbers in parentheses are the ratio of positive qPCR reactions over the total reactions performed.

3“Mock” flow-sorted sample containing no oocysts.

“the CRU18S pan-Cryptosporidium spp. cross reacted with indigenous non-Cryptosporidium oocysts present in the environmental sample.

Unspiked, sample containing no oocyst and no environmental sample.

*Not detected (C; >40).

doi:10.1371/journal.pone.0066562.t006
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these particular organisms would not typically be found in
clinical samples.

Effects of PCR Inhibitors Present in Environmental

Matrices

PCR inhibitors, such as humic acid, are present in the
environment and can potentially affect qPCR performance. To
determine if the gPCR assays evaluated in this study were sensitive
to PCR inhibitors, C values obtained from reagent water and
environmental samples were compared (Tables 3, 4, 5, and 6).
Samples spiked with 1000 oocysts were analyzed since it provided
the largest dynamic range to detect any potential changes in Cr-
values (changes between 5-10 Cr values can be detected) as a
consequence of PCR inhibition. Results revealed that qPCR assays
that detected C. paroum oocysts (CRULib13Cp, JVA, and JVAG2)
performed similarly in both matrices (p>0.50). Unexpectedly, the
Cp003 qPCR assay resulted higher Cp values in reagent water as
compared with environmental matrix (35.51%£0.25 vs.
33.00%2.48, respectively, p<<0.015). Conversely, while the effects
of environmental matrix was not evident when detecting C. hominis
oocysts using the Ch003 qPCR assay (reagent water: 32.33+1.54
vs. environmental matrix: 33.40%1.02, p>0.08), a reduction in
signal from C. hominis spiked environmental samples as compared
with spiked reagent water was observed when using the JVA
qPCR assay (35.65%+1.31 vs. 30.21%0.59, respectively, p<<0.001).
For the CRULib13Ch qPCR assay, a marked difference in Gy
values was also detected, although the signal reduction was seen in
spiked reagent water rather than with the spiked environmental
sample (35.43%£1.69 vs. 33.76%x1.61, respectively, p<<0.005). The
CRUI18S gPCR assay results were not analyzed since it cross-
reacted with other species found in the environment. Overall, the
effects of PCR inhibitors present in environmental samples were
detected and appear to be assay dependent.

Differentiating Low Numbers of Oocysts using gPCR

To better assess risks posed by Cryptosporidium, it is necessary to
be able to accurately enumerate the number of oocysts contam-
mating the water. Both genus-specific C. parvum and C. hominis
qPCR assays had higher frequencies of positive detection and
decreased analytical sensitivity when compared to species-specific
qPCR assays. However, the assays evaluated in this study did not
have the requisite resolution to differentiate between samples
containing 1, 2, 5, or 10 oocysts. For example, C values observed
from 2 or 5 C. parvum oocysts spiked in reagent water using the
JVA ¢PCR assay were not statistically different (37.64%0.84 SD
vs. 37.37%1.28 SD, respectively, p>0.60) (Table 3). Differences in
Crp values between 2 vs. 10 oocysts using the same qPCR assay
were also not statistically significant (p>0.55). A comparison
between samples spiked with a single oocyst was not possible since
we could not detect any signal from any of the replicates
performed. As for C. hominis, the JVA qPCR assay was able to
differentiate samples containing 1 vs. 10 flow-sorted oocysts
(»p<<0.02), however differentiating between 2, 5 or 10 oocysts was
not possible (p>0.50). Results observed using the CRU18S qPCR
assay were also similar to the JVA qPCR assay. For instance, Gy
values detected in samples spiked with 2 or 5 C. parvum (Table 3) or
C. hominis (Table 4) oocysts were not statistically different as
compared with values detected in samples spiked with 10 oocysts

(p>0.2).
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Discussion

Specificity at the Genus and Species Level

Developing a qPCR assay that can detect all Cryptosporidium
species as well as genotype unknown samples can be very useful for
assessing total oocyst burden in the environment as well as
identifying novel genotypes that can potentially cause disease in
humans. One common strategy for detecting a wide range of
species and genotypes is to target conserved regions of the genome,
like 18S rRNA. There are many advantages for targeting the
Cryptosporidium 18S rRNA gene: 1) it is a multi-copy gene that could
theoretically increase analytical sensitivity of the PCR assay, 2) it
contains conserved and polymorphic regions that have been useful
towards species and genotype identification, and 3) it is currently
the richest sequence database available for use to type Cryptospo-
ridum spp. [10,51]. In this study, we evaluated two qPCR assays,
both of which were originally designed for use in clinical
mvestigations and targeted the 78S rRNA gene, for detecting
multiple Cryptosporidium species (Table 1).

The CRU18S qPCR assay detected low numbers of oocysts
from each of the major species of Cryptosporidium tested, but cross-
amplified 7. gondii gDNA (Table 2). Hadfield and colleagues did
not detect any cross-reactivity with 7. gondiz DNA with this assay,
but there are several factors that could account for this
discrepancy. Although the primers and probes sequences and
qPCR thermocycling conditions (with the exception that our study
uses 40 cycles as opposed to 55 cycles in the Hadfield study) were
the same for both assays, different master mixes and different
thermocycling machine platforms were employed. This study also
used gDNA isolated from freshly harvested 7. gondii oocysts
(1x10%, whereas Hadfield et al. used 7. gondii reference gDNA.
The observed cross-reactivity with 7. gondi in this study was
further supported by pairwise alignments of the CRUI18S primers
and the 78S rRNA gene (Figure S1). There were five mismatches
between the forward and reverse primers and the targeted regions.
A single T to C mismatch at position 6 and a single A to T
mismatch (both with 7. gondii) at position 3 relative to the 3" end of
the forward primer. The probe sequence was identical to all
selected species aligned. The reverse primer also contained three
mismatches, a G to A (with C. cayetanensis), an A to T (with E. tenella
and C. cayetanensis), and a 'T' to C (with E. tenella) at positions 10, 18
and 19 relative to the 5" end, respectively (Figure S1). A recent
study showed that most single mismatches that occur at positions
3, 4, or 5 at the 3" end of a primer can be tolerated during PCR
[52]. Other sequence mismatches embedded in the middle are
tolerated as well. This explains why DNA from 7. gondi, and
perhaps other coccidia, can be amplified with this qPCR assay. To
further investigate the extent of CRUI18S primer cross-reactivity,
the primers were aligned to all eukaryotic sequences from the Silva
ribosomal DNA database (version 108), which contains a
comprehensive list of 765/18S rRNA sequences [43]. This analysis
suggested that PCR cross-reactivity was likely to occur with groups
other than Coccidia, such as Piroplasmida, Eugregarimda, and
Dinophyceae as well as divisions beyond Aveolata, such as fungi and
plants (data not shown). Indeed sequence analyses of amplicons
detected in environmental samples that did not contain Cryptospo-
ridium oocysts, revealed that the CRU18S qPCR assay amplified
DNA from Basidiomycota tungi, green algae, dinoflagellates, and
amocbaflagellates (Table S1). These results suggest that qPCR
assays designed to amplify a more conserved region of the 785
"RNA gene, while effective for detecting Cryptosporidium oocysts in
clinical samples, may not be as useful for environmental
monitoring. The JVA qPCR assay showed greater specificity than
CRUISS in the presence of environmental matrix, but its inability
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to amplify €. camis and C. murs DNA in our study calls into
question the genus specificity of these primers. All of the variability
between the primers and primer binding sequences were observed
with the reverse primer (Figure S1), JVAR was 83.3% (i.e., 1 indel
and 3 mismatches) and 73.9% (i.e., 6 mismatches) identical to the
primer binding sites of C. canis and C. muris, respectively.

Another strategy for monitoring Cryptosporidium contamination
in the environment is using pathogen-specific qPCR assays.
Although the eight C. parvum/C. hominis specific qPCR  assays
evaluated in this study were specific, with the exception of Ch001
(Table 2), these assays may underestimate the levels of potential
pathogenic species or genotypes contaminating the water supplies.
More importantly, these assays will not have the capability to
detect novel species or genotypes that can cause disease in
humans, like the recent identification of C. cuniculus or the horse
and skunk genotypes [53,54].

Limitations of a qPCR-based Detection Assay

The JVA and CRUISS assays were the most sensitive in
detecting DNA from low numbers of C. hominis and C. paroum
oocysts. This is not surprising since the /8SRNA gene is a multi-
copy gene whereas the CRULib13, JVAG, and 003 targets are
single copy genes. However, the difference in G values between
JVA and the JVAG qPCR assays was not as dramatic as previously
reported [29]. Jothikumar and colleagues reported ten-fold lower
detection limits in their species-specific assays when compared to
their genus-specific assays, and there was a relative difference of
~6 C values when comparing the two assays; such differences
were not observed in this study (Tables 3 and 4). There are
multiple factors that could account for the discrepancy in results.
In this study, DNA was isolated from flow-sorted oocysts in water
in the presence or absence of environmental factors, whereas
Jothikumar and colleagues isolated DNA from serially diluted
spiked stool samples. Using flow-sorted oocysts ensures the most
accurate count possible, and when using serial dilutions of large
numbers of oocysts or gDNA isolated from large numbers of
oocysts, it is more difficult to accurately determine if the PCR
assay is detecting DNA from a single oocyst. DNA isolation
methods and qPCR platforms used were also different, and gPCR
conditions differed between the two studies. Nonetheless, the uses
of Cryptosporidium specific qPCR assays are certainly applicable for
clinical samples where the numbers of oocysts per gram of feces
are more abundant as compared with environmental samples [30].
These assays may also be of more use when testing wastewater
matrices where oocyst levels are typically higher than those found
in the environment.

QPCR assays evaluated in this study demonstrated that it is
possible to detect low numbers of flow-sorted oocysts (2-10) in the
presence of environmental factors. However, based on C values
from C. parvum (Tables 3 and 5) and C. hominis (Table 4 and 6),
some of the qPCR assays were sensitive to environmental-derived
PCR inhibitors. While the CRULib13Cp, JVA, and JVAG2 assays
used to detect C. paroum oocysts were not affected by environ-
mental inhibitors, the analytical sensitivity of the JVA and Ch003
gPCR assays on detecting C. hominis oocysts were significantly
reduced. Unexpectedly, the Cp003 and CRULib13Ch performed
better in the presence of environmental matrix. The CRU18S
qPCR assay was not analyzed because of the unexpected cross-
reactivity to indigenous organisms present in water matrix (e.g.,
dinoflagellate). These findings further underscore the importance
of additional internal controls that should be incorporated into all
gPCR assays used for environmental monitoring [23].

Since the frequency of detection of a single oocyst is low and
every sample containing a single spiked oocyst tested was not
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positive, the likelihood of false negatives can be high. Also, gPCR
cannot definitively determine viability of the oocysts. One
possibility to determine viability using molecular detection
techniques would be with qPCR in conjunction with propidium
monoazide (PMA) treatment. PMA is a photoreactive dye that can
penetrate dead cells or damaged cells, but cannot penetrate live
cells with intact membranes. PMA intercalates into the DNA and
covalently binds to it upon exposure to light, therefore preventing
amplification of the DNA. This method would be useful when
examining mixed populations of dead and live oocysts that are
likely to be found within an environmental matrix [19].

QPCR and Compliance Monitoring

While studies that directly address limits of detection of USEPA
Method 1622 have not been formally conducted, it is currently the
only method that can accurately differentiate 1, 2, 3 or 5 oocyst
containing samples. The qPCR assays evaluated in this study are
currently not viable replacements for the microscopic enumeration
component of USEPA Method 1622 for water analysis due to their
limited resolution at low oocyst levels. One potential approach to
more accurately quantify the number of oocysts present in a given
sample containing less than 10 oocysts and potentially elucidate
the true limit of detection of these qPCR assays would be the use of
more sophisticated statistical approaches like a four parameter
logistic curve analysis. This regression analysis was conducted
using log transformed number of oocyst/PCR reactions versus the
proportion of samples that were PCR positive. Preliminary results
were inconclusive (data not shown), which was not surprising since
this type of statistical analysis requires a much larger experimental
data set. Alternatively, a Poisson distribution analysis of the
fraction of positive qPCR reactions may perhaps be a more
appropriate approach in estimating the average copies of
amplifiable DNA in a sample, in a manner similar to a Most
Probable Number (MPN) approach (Keely S., Staggs S., and
Villegas E., unpublished results). Again, the use of MPN would
require additional replicate sampling and may not be economically
and logistically practical at this time. A more definitive approach
that can potentially provide the requisite resolution to quantify and
differentiate low numbers of oocyst is by digital PCR [55];
however, additional studies are needed before using this technol-
ogy for monitoring microbial contamination in the environment.
Nevertheless, TagMan assays can be quite consistent, as some of
the DNA extractions and qPCR experiments shown here were
performed by two scientists with different levels of technical
experience. Data from side-by-side DNA extractions and qPCR
assay comparison revealed similar results that were not statistically
significant (data not shown). Consistency among different end-
users is an important factor to consider when developing any
assays that will be employed by numerous people with varying
levels of technical skills.

In this study, we have demonstrated several potential uses and
limitations of Cryptosporidium genus- and species-specific molecular
methods of detections. Although this approach may not be able to
distinguish between very low levels of Cryptosporidium within a given
matrix (1, 2, or 10 oocysts), it is still an important technique to
include in the microbial detection toolbox since it could be used in
conjunction with other Cryptosporidium oocyst detection methods,
such as USEPA Method 1622, to provide additional information,
such as species or genotype. The additional species/genotype
information will be valuable towards developing more accurate
risk assessment models associated with human health and
waterborne exposure to microbial pathogens.
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Supporting Information

Figure S1 ClustalW alignment of select 185 rRNA
sequences with JVA and CRU18S qPCR primers/probes.
Species abbreviations: Cpa, Cryptosporidium paroum; Cho, Cryptospo-
ridium hominisy; Cea, Cryptosporidium canis; Cmu, Cryptosporidium muris;
Cyc, Cyclospora capetanensis; Ete, Eimeria tenella; Tgo, Toxoplasma
gondu. Letters highlighted in grey indicate nucleotide mismatches
with the CRUI18S primer/probe set.

(DOCX)

Figure S2 Relationships of 36 environmental sequences
to reference Cryptosporidium 18S rRNA sequences. The
percentage (>50) of replicate trees in which the associated taxa
clustered together in the bootstrap test (500 replicates) are shown
next to the branches. The Neighbor-Joining tree is drawn to scale,
with branch lengths in the same units as those of the Jukes-Cantor
distances used to infer the tree. Branches labeled with 1-G or 2-G
prefixes are environmental samples. (JX471018-JX471053).
(DOCX)
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