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Real-time PCR has the potential to streamline detection and identification of Cryptosporidium spp. in human
clinical samples. In the present article, we report the first such assay to allow not only detection and
differentiation of the most common human pathogens, Cryptosporidium hominis and Cryptosporidium parvum,
but also simultaneous amplification of a region of the small subunit (SSU) rRNA gene, permitting direct
sequence analysis to identify any Cryptosporidium species. An internal control is incorporated to identify the
presence of PCR inhibitors. Analytical sensitivity was determined to be as low as 200 oocysts per gram of
feces processed, equivalent to 2 oocysts per PCR. The C. hominis and C. parvum PCRs specifically detected
only species/genotypes in their respective target clades. Diagnostic sensitivity and specificity, evaluated
against a widely used conventional nested SSU rRNA gene PCR as a nominated gold standard using a
panel of 258 (151 positive and 107 negative) samples, were 100% and 99.1%, respectively. The assay agreed
with PCR-restriction fragment length polymorphism analysis of the Cryptosporidium oocyst wall protein
gene for 134 of 136 (98.5%) samples tested prospectively and typed two additional isolates. The real-time
PCR assay was sensitive, specific, and reproducible and significantly improved laboratory work flow and

turnaround times.

Cryptosporidium is a genus of parasitic protozoa causing
diarrheal illness in humans and animals. Currently more than
20 species of Cryptosporidium have been identified, infecting a
wide range of hosts. In humans, the majority of cryptosporidi-
osis cases in most countries are caused by C. hominis or C.
parvum (39). However, a number of other species and ge-
notypes have been detected in human stools, especially in
developing countries, with Cryptosporidium meleagridis, Crypto-
sporidium felis, Cryptosporidium canis, and Cryptosporidium ubig-
uitum being the most commonly identified, but others have
been reported, including Cryptosporidium muris, Cryptospo-
ridium andersoni, Cryptosporidium suis, Cryptosporidium cunic-
ulus, Cryptosporidium chipmunk genotype I, and horse, skunk,
and C. hominis monkey genotypes (40).

Routine clinical diagnosis is by microscopy, immunoassay, or
PCR to ascertain the presence/absence of the genus. For the
identification of a Cryptosporidium species or genotype, re-
quired for epidemiological and outbreak investigations, PCR
followed by restriction fragment length polymorphism (RFLP)
analysis or sequencing has been widely employed. These assays
have targeted different regions of the genome, including the
small subunit (SSU) rRNA, Cryptosporidium oocyst wall pro-
tein (COWP), thrombospondin-related adhesive proteins, 70-
kDa heat shock protein (HSP70), and actin genes (14, 19, 29,
32, 33, 35). In our laboratory, COWP PCR-RFLP, supported
by SSU rRNA gene analysis, has been used routinely for typing
an annual average of 2,000 isolates for epidemiological pur-
poses in the United Kingdom since January 2000 (7-9). This

* Corresponding author. Mailing address: UK Cryptosporidium
Reference Unit, Public Health Wales Microbiology, Singleton Hospi-
tal, Sketty Lane, Swansea SA2 8QA, United Kingdom. Phone: 44 1792
285341. Fax: 44 1792 202320. E-mail: rachel.chalmers@wales.nhs.uk.

Y Published ahead of print on 22 December 2010.

918

work has shown that 96% of cases here are caused by C.
hominis or C. parvum but that other species/genotypes may be
involved in human infection and disease.

To improve work flow and efficiency for large-scale molec-
ular surveillance, a real-time PCR which would identify the
main human pathogenic species and also detect and allow
timely identification of other Cryptosporidium spp. was sought.
The lack of a requirement for downstream processing, such as
restriction digests and agarose gel electrophoresis, was a per-
ceived benefit, improving turnaround times, particularly for
outbreak investigations. Real-time PCRs for detection of Cryp-
tosporidium spp. and genotypes in human clinical samples have
been described (2, 17, 18, 20, 22, 36, 38). However, none
identify C. hominis and C. parvum and detect other Cryptospo-
ridium spp. by amplifying a region which can be directly se-
quenced to identify species/genotype. We describe the devel-
opment, evaluation, and clinical validation of a real-time PCR
targeting C. hominis and C. parvum alleles of a locus of un-
known function, LIB13 (36), while simultaneously detecting all
known Cryptosporidium species and genotypes by amplification
of a region of the SSU rRNA gene allowing identification by
direct sequence analysis (26). The assay also incorporates an
exogenous internal control (IC) for the identification of inhib-
ited reactions. The accuracy of the assay is assessed against
nested, conventional PCR analysis of the SSU rRNA gene and
compared with that of COWP PCR-RFLP.

MATERIALS AND METHODS

Cryptosporidium sources, DNA preparation, and species identification. Un-
less indicated otherwise, Cryptosporidium genomic DNA originated with and was
extracted from oocysts isolated from microscopy-positive diarrheic fecal samples
referred by local diagnostic laboratories for identification to the species level
using COWP and SSU rRNA PCR-RFLP and sequencing as described previ-
ously (8).
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TABLE 1. Real-time PCR primers and probes used in this study

Target locus Primer/probe Position (nt)* Sequence (5'-3')”
Cryptosporidium species CRUI18SF¢ 440-468 GAGGTAGTGACAAGAAATAACAATACAGG
SSU rRNA gene CRU18SR* 710-738 CTGCTTTAAGCACTCTAATTTTCTCAAAG

CRU18STM 587-609 FAM-TACGAGCTTTTTAACTGCAACAA MGB-NFQ

C. parvum LIB13 CRULib13F 228-253 TCCTTGAAATGAATATTTGTGACTCG
CRULIib13RCp 370-393 TTAATGTGGTAGTTGCGGTTGAAC
CRULIib13TMCp 339-358 VIC-TATCTCTTCGTAGCGGCGTA MGB-NFQ

C. hominis LIB13 CRULib13F 228-253 As above
CRULIib13RCh 374-396 AAATGTGGTAGTTGCGGTTGAAA
CRULib13TMCh 340-357 VIC-CTTACTTCGTGGCGGCGT MGB-NFQ

¢ Positions on C. parvum SSU rRNA gene and C. parvum and C. hominis LIB13 loci (GenBank accession numbers AF164102, B78618, and AF190627, respectively).

nt, nucleotide(s).
? MGB, minor groove binder; NFQ, nonfluorescent quencher.
¢ Modified from reference 26.

Design and development of real-time PCR for detection and characterization
of Cryptosporidium DNA. Real-time PCR was carried out in two duplex reactions:
(i) a genus-specific PCR amplifying ~300 bp of the Cryptosporidium SSU rRNA
gene, duplexed with a C. parvum-specific PCR amplifying 166 bp of the LIB13
locus, and (ii) a C. hominis-specific PCR amplifying 169 bp of the LIB13 locus,
duplexed with a commercial noncompetitive (primer-limited) IC PCR (Primer-
Design, Southampton, United Kingdom). PCR primers and probes (Table 1)
were designed using the BioEdit software program, version 7.0.9.0 (http://www
.mbio.ncsu.edu/BioEdit/bioedit.html) to create Clustal W (37) alignments of
representative Cryptosporidium sequences from GenBank (National Center for
Biotechnology Information [NCBI]; http:/www.ncbi.nlm.nih.gov/GenBank/). The
Primer Express software program (Applied Biosystems, Warrington, United
Kingdom) was used to calculate melting temperatures and check for undesirable
inter- and intramolecular binding. Primer and probe sequences were then
checked for cross-reactions with nontarget sequences on the GenBank database
using the Basic Local Alignment Search Tool (BLAST) (http://www.ncbi.nlm.nih
.gov/blast/Blast.cgi).

Each 25-pl reaction mixture contained 12.5 pl of TagMan environmental master
mix 2.0 (Applied Biosystems). All primers (Integrated DNA Technologies, Glasgow,
United Kingdom) were included at 900 nM except CRULib13RCh, which was at
300 nM. The minor groove binding (MGB) TagMan probes (Applied Biosys-
tems) CRUI8STM (6-carboxyfluorescein [FAM] labeled) and CRULIB13Cp
and CRULIB13Ch (both VIC labeled) were at 100 nM, 150 nM, and 100 nM,
respectively. The C. hominis LIB13-IC tube contained 1 pl of primer/probe
(FAM labeled) mix and 5 wl of a 1:20 dilution of the IC DNA (PrimerDesign).
To each tube, 2 wl of DNA was added. C. hominis, C. parvum, and no-template
PCR controls were included in each run.

Reactions were prepared using a CAS1200 automated pipetting instrument
(Corbett Research, Cambridge, United Kingdom) and run on a Rotorgene 6000
real-time PCR instrument (Corbett Research) using the 72-well Rotor-Disc
format (Qiagen, Crawley, United Kingdom). Thermocycling conditions were as
follows: 95°C for 10 min, followed by 55 cycles of 95°C for 15 s and 60°C for 60 s.
Data were collected from the green (FAM), yellow (VIC), and orange (ROX
normalization dye) channels during each 60°C annealing/extension phase, and
postrun analysis was performed using the Rotorgene 6000 software program,
version 1.7 (Corbett Research). Threshold cycles (C;s) for each reaction were
determined by the cycle at which the fluorescence plot crossed a standardized
threshold of 0.02 and 0.05 normalized fluorescence units for the green and yellow
channels, respectively. IC reactions were considered inhibited if the fluorescence
failed to cross the threshold. Initial evaluation (data not shown) showed the assay
was capable of detecting the cloned SSU rRNA gene, C. hominis LIB13 locus,
and C. parvum LIB13 locus diluted down to 10, 8, and 4 copies per PCR,
respectively.

DNA sequence analysis of real-time PCR products. To assess the suitability of
the real-time PCR products for sequencing, these were purified using the QIA-
quick cleanup kit (Qiagen). Bidirectional sequencing was carried out by Source
BioScience (Cambridge, United Kingdom) using the BigDye Terminator cycle
sequencing kit on an ABI3730 automated sequencer (Applied Biosystems). Con-
sensus sequences were created (ChromasPro 1.4a; Technelysium Ltd., Tewantin,
Australia), and compared with published sequences in the GenBank database
using BLAST.

Analytical sensitivity and specificity of real-time PCR. For estimation of C.
hominis analytical sensitivity, Cryptosporidium-negative stools were seeded with
1,000 and 200 oocysts per gram (opg) (5 replicates each). The concentration of
oocysts in each seeding suspension was obtained from 10 counts of immunoflu-
orescence-labeled (CryptoCel; Cellabs, Brookvale, Australia) oocysts fixed on
microscope slides according to the manufacturer’s instructions. Genomic DNA
was extracted from 0.5 g of seeded stool, as described previously (8).

For assessment of C. parvum analytical sensitivity, genomic DNA was from
flow cytometer-counted oocysts in nuclease-free water seeded at a concentration
of 2 oocysts/pl, extracted by a freeze-thaw method (13).

Analytical specificity was assessed by testing DNA from 14 different Crypto-
sporidium spp./genotypes, a range of C. hominis and C. parvum isolates, and
non-Cryptosporidium spp.: Eimeria tenella, Toxoplasma gondii, Cyclospora cayet-
anensis, and Homo sapiens (NEQAS 0703; National External Quality Assessment
Service, Watford, United Kingdom). To identify variation in C. hominis and C.
parvum and ensure this was represented in the panel, subtype analysis of isolates
at the 60-kDa glycoprotein (GP60) gene was performed as described previously
(1, 5, 34). As many other isolates as possible from each Cryptosporidium species
examined were included, but many are rare in the United Kingdom.

Diagnostic sensitivity and specificity of real-time PCR. To compare the sen-
sitivity and specificity of the real-time PCR and COWP PCR-RFLP, a blind-
coded panel of 258 DNA extracts (151 Cryptosporidium positive and 107
negative), derived from anonymous routine diagnostic stools from the local
microbiology laboratory and the UK Cryptosporidium Reference Unit
(UKCRU), was tested, and the results were compared with a nominated gold
standard, nested SSU rRNA PCR (19). Ninety-five percent confidence intervals
were calculated using the Confidence Interval Analysis software program (2000;
http://www.som.soton.ac.uk/cia/download.asp). At least 250 samples were
needed to ensure that differences in sensitivities and specificities in excess of 10%
had an 80% chance of being detected at a 5% significance level. The positive
samples were 80 for C. hominis, 67 for C. parvum, 2 for C. felis, 1 for C.
ubiquitum, and 1 for C. meleagridis.

Validation of real-time PCR by prospective testing of clinical samples. To
validate performance in clinical practice, the real-time assay was prospectively
compared with the routinely used COWP PCR-RFLP assay for typing of 136
Cryptosporidium-positive stools received at the UKCRU during January through
March 2010. To evaluate the repeatability of the real-time PCR typing results, 29
of the Cryptosporidium-positive DNA extracts were tested three times each in
separate runs by the same operator using the same equipment. To evaluate
reproducibility of the real-time PCR, 62 of the samples were tested by three
different operators, all experienced at performing PCR.

Nucleotide sequence accession numbers. DNA sequences were deposited in
the GenBank sequence database under accession numbers HQ149020 to
HQ149041.

RESULTS

Analytical sensitivity and specificity. Analytical sensitivity
for detection of C. hominis genomic DNA from feces was very
close to 200 opg feces, which equates to 2 oocysts per PCR
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TABLE 2. Detection of low copy numbers of genomic Cryptosporidium DNA by real-time PCR

No. (%) of samples positive”

Real-time PCR
and target 1,000 opg feces 800 opg feces 400 opg feces 200 opg feces 100 opg feces
(10 opPCR) (8 opPCR)* (4 opPCR)* (2 opPCR) (1 opPCR)"
C. hominis
LIB13 25/25 (100) 10/10 (100) 9/10 (90) 16/25 (64) NT
SSU rRNA 25/25 (100) 10/10 (100) 9/10 (90) 24/25 (96) NT
C. parvum
LIB13 NT NT 10/10 (100) 9/10 (90) 10/10 (100)
SSU rRNA NT NT 10/10 (100) 8/10 (80) 8/10 (80)

“ DNA dilutions made from 1,000 and 200 oocyst per gram samples in nuclease-free water are shown by “+” and “f,” respectively. NT, not tested; opPCR, oocytes

per PCR.

(Table 2). A lower limit of detection was found for genomic
DNA extracted from flow cytometer-counted C. parvum oo-
cysts in aqueous suspension, with all replicates of 1 oocyst per
PCR being detected (Table 2).

Evaluation of analytical specificity revealed no cross-reac-
tions with other genera, and all Cryptosporidium isolates tested
were detected by the SSU rRNA real-time PCR (Table 3). The
C. hominis LIB13 real-time PCR specifically amplified C.
hominis and the very closely related C. cuniculus and C. homi-
nis monkey genotype. The C. parvum LIB13 PCR specifically
amplified C. parvum; the Cryptosporidium horse genotype was
also amplified, but it gave a differentiating amplification curve
(Fig. 1) due to mismatches between the probe and horse ge-
notype genomic DNA. The characteristic flattened curve shape
was observed for 4/4 confirmed Cryptosporidium horse geno-
type samples tested. Proof of principle for sequencing the SSU
rRNA real-time PCR product for identification of Cryptospo-
ridium spp. was provided in vitro by sequence analysis of C.
meleagridis, C. felis, C. cuniculus, Cryptosporidium horse geno-
type, and C. hominis monkey genotype. All were identified
correctly, showing 100% identity with the expected GenBank
entry. Financial constraints prevented in vitro analysis of more
isolates, but in silico analysis revealed no unexpected identical
sequences over the amplified region among GenBank entries
representing 24 Cryptosporidium spp. and 37 genotypes (data
not shown). The closely related ruminant species, Crypto-
sporidium xiaoi and Cryptosporidium bovis, are generally in-
distinguishable over this region, having as few as 1 bp of
difference over the gene (19). This confirmed the suitability
of the region for the purpose of detection and differentia-
tion of Cryptosporidium spp. from human clinical samples by
sequencing.

Diagnostic specificity and sensitivity. There was no signifi-
cant difference between the diagnostic sensitivity and specific-
ity for the detection of Cryptosporidium by the real-time PCR
(100% and 99.1%, respectively) and COWP PCR-RFLP
(98.0% and 100%, respectively) compared with the nominated
gold standard (Table 4). The real-time PCR resulted in one
false-positive (C. parvum) result; this was attributed to an iso-
lated cross-contamination event, since this sample was retested
twice and was found to be negative. Of three COWP PCR-
RFLP false negatives, all were detected by the real-time PCR,
one identified as C. hominis and two as Cryptosporidium sp., C.
felis on sequencing. All other typing results were in agreement
with the gold standard.

IC PCR C; values for patient samples ranged from 31.8 to
47.9 cycles (mean, 37.2 cycles; standard deviation, 3.2 cycles),
apart from one outlier at 52.6 cycles. This range of C;s was
probably influenced by a combination of unquantified factors,
including the presence of inhibitors and relative amounts of C.

TABLE 3. Detection and amplification of a panel of
Cryptosporidium species, genotypes, and subtypes
and non-Cryptosporidium DNA by real-time PCR

Real-time PCR result

Description

(no. of samples) Host C. hominis C. parvum  SSU
LIB13 LIB13 rRNA
C. hominis clade
C. hominis GP60
subtype
TaA15R3 (1) Human + - +
IbA9G3 (1) Human + - +
IbA10G2 (1) Human + - +
IdA16 (1) Human + - +
IeA11G3T3 (1) Human + - +
IfA12G1 (1) Human + - +
C. hominis monkey Human + - +
genotype (1)
C. cuniculus (5) Human + - +
C. parvum GP60 subtype
ITaA15G2R1 (1) Human - + +
I1aA17G1 (1) Human - + +
ITaA19G2R1 (1) Human - + +
IIbA15G2R1 (1) Human - + +
IIcASG3 (1) Human - + +
IIdA22G1 (1) Human - + +
Cryptosporidium horse Human - +4 +
genotype (4)
C. andersoni (2) Cow - - +
C. muris (1) Mouse - - +
C. meleagridis (6) Human - - +
C. felis (4) Human - - +
C. ubiquitum (5) Human - - +
C. bovis (1) Cow - - +
C. baileyi (1) Chicken - - +
C. canis (1) Human - - +
C. xiaoi (3) Sheep/goat - - +
Eimeria tenella (1) Chicken - - -
Cyclospora cayetanensis (1) Human - - -
Toxoplasma gondii (1) Human - - -

Homo sapiens (1) - -

¢ Differentiating amplification curve.
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FIG. 1. Amplification plots from the C. parvum LIB13 real-time PCR showing the characteristic curve produced by the Cryptosporidium horse
genotype (circles) compared with the typical C. parvum curves (triangles). Also shown: C. hominis (dashed lines) and no-template control

(squares).

hominis and IC DNA in the tube. IC PCRs were negative for
only two samples, one of which was a gold standard-negative
sample also negative by the real-time assay and the other of
which was a gold standard Cryptosporidium-positive sample in
which real-time PCR detected C. hominis with a below-average
LIB13 C; value, suggesting that the IC reaction was negative
due to it being outcompeted by the C. hominis PCR rather
than the action of PCR inhibitors. These results suggest effi-
cient removal of inhibitors during DNA preparation or a high
level of tolerance to inhibitors in the reactions. Fluorescence
levels detected in the orange channel emitted from the ROX
dye integral to the polymerase mix were constant.

Validation by prospective testing of clinical samples. Pro-
spective comparison of the real-time and COWP PCR-RFLP
assays for typing of 136 Cryptosporidium-positive stools submit-
ted for typing showed the two assays were in agreement for a
total of 134 (98.5%) samples (Table 5). Overall, the real-time
PCR was more sensitive than the COWP PCR-RFLP, detect-
ing Cryptosporidium spp. in two more samples. Of 129 samples
having C. hominis or C. parvum, the assays were in agreement
for 128 (99.2%); 1 C. hominis sample was negative by COWP
PCR-RFLP. Other Cryptosporidium spp. were detected in five
and four samples by real-time PCR and COWP PCR-RFLP,
respectively, with the species identified agreeing for four sam-
ples and one C. felis sample negative by COWP PCR-RFLP.
Assay times for processing a batch of 30 samples by each assay
(from receipt of DNA extract to identification of C. hominis or

TABLE 4. Diagnostic sensitivities and specificities of real-time PCR
and COWP PCR-RFLP for 259 samples compared with a
nominated gold standard

% sensitivity (95% % specificity (95%  No. of No. of
Assay confidence confidence false false
interval) interval) negatives positives
Real-time PCR 100 (97.5 to 100) 99.1 (94.9 to 99.8) 0 1
COWP PCR- 98.0 (94.3t0 99.3) 100 (96.5 to 100) 3 0
RFLP

C. parvum) were approximately 6 h and 3 h, and hands-on
times were approximately 100 min and 40 min for COWP-
PCR-RFLP and real-time PCR, respectively.

Repeatability and reproducibility. Repeatability was dem-
onstrated by a single operator achieving the same results for 28
of 29 (97%) samples when they were tested three times on
separate runs. One sample was identified as mixed C. hominis
and C. parvum in one run but as C. parvum only in two runs,
which was the result obtained by COWP PCR-RFLP, possibly
due to sampling variation from the single DNA extraction. The
reproducibility of the real-time PCR was 100% for 62 samples
when tested by three different operators.

DISCUSSION

Characterization of Cryptosporidium spp. by molecular
methods has proven invaluable for the understanding of the
epidemiology of cryptosporidiosis and for investigation of out-
breaks (4, 9, 11, 12, 25, 28). Real-time PCR offers the potential
to streamline the process through simultaneous amplification

TABLE 5. Prospective analysis of 136 human clinical stool samples
using real-time PCR and COWP PCR-RFLP

No. of samples identified by:

Organism
Real-time PCR COWP PCR-RFLP

C. hominis 81 80
C. parvum 48 48
Other Cryptosporidium spp.

C. meleagridis 2 2

C. ubiquitum 1 1

Novel® 1 1

C. felis 1 0
Total no. positive 134 132
No. negative 2 4

¢ Identity with C. cuniculus at SSU rRNA gene, 99.0%.
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and amplicon detection, reducing assay times and contamina-
tion risk.

An assay should ideally be able to detect all Cryptosporidium
spp. or at least detect and differentiate all species that infect
humans (41). Although real-time-PCR-based assays have been
described previously, there remained a need for a well-char-
acterized assay for identification of the main human infective
species, C. hominis and C. parvum, which also allows detection
and timely sequence identification of other Cryptosporidium
spp. The real-time PCR described here targets the SSU rRNA
gene to detect all members of the Cryptosporidium genus. The
region amplified was chosen because it covers the major region
of interspecies/genotype variability in the gene, allowing iden-
tification of nearly all Cryptosporidium spp. and genotypes by
sequence analysis of the PCR product while being relatively
short to allow efficient amplification and real-time detection.
The region has previously been used successfully to identify
Cryptosporidium spp. by conventional PCR and sequencing
(26). C. xiaoi and C. bovis are the only species that could not be
differentiated from each other by sequencing the ~300 bp of
the SSU rRNA gene amplified in this assay and have as little as
a 1-bp difference over the ~830-bp nested PCR amplicon (19);
differences are more marked at the HSP70 and actin genes
(15). C. xiaoi has never been detected in humans and C. bovis
only once, in a dairy farm worker in India (21), so this is
unlikely to be problematic for human clinical samples.

Since 1 April 2010, the assay has been used for routine
typing of confirmed Cryptosporidium-positive isolates referred
to our laboratory (unpublished data). During the first 3 months
of use, 681 samples were tested; 678 (99.6%) were typed by
real-time PCR, 674 (99.4%) of these on the first test, compared
to 88% using the previous routine assay, COWP PCR-RFLP
(8). Of the positives, 123 (18.1%) were C. hominis, 533 (78.6%)
were C. parvum, 4 (0.6%) were mixed C. hominis/C. parvum,
and 18 (2.7%) were other Cryptosporidium spp., a distribution
typical for the United Kingdom in the second quarter of the
year (7-9). The numbers of undifferentiated C. cuniculus or
monkey genotype cases among those with C. hominis profiles
are likely to be very small; over the same time frame in 2007,
only two C. cuniculus cases were detected by SSU rRNA PCR-
RFLP; none were detected in 2008 (6) or 2009 (3), and no
monkey genotype cases were found.

Although SSU rRNA gene PCR allows detection and iden-
tification of all Cryptosporidium spp., it is compromised in its
ability to detect mixed species due to preferential amplification
of the predominant species in a sample (4, 30), and the lack of
suitable primer sites prevents species-specific targeting of the
gene. The LIB13 locus has been used previously as an alter-
native to specifically detect C. hominis and C. parvum (20, 36).
Separate PCRs were performed for these species to reduce
amplification competition in mixed infections of C. hominis
and C. parvum. However, a rate of only 0.6% mixed C. homi-
nis/C. parvum infection was identified in our unpublished anal-
ysis of 681 Cryptosporidium-positive samples. This supports the
evidence for mixed C. hominis/C. parvum infections being an
uncommon event in England and Wales from studies by
McLauchlin et al. (25), who found only 0.4% of 1,705 cases,
and Chalmers et al. (8), who found only 0.5% of 7,758 cases
using COWP PCR-RFLP. Jothikumar et al. (20) found 3.0%
by species-specific real-time PCR in 67 cases from the United
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States and Botswana. These are all markedly lower than the
12.0% rate found by Mallon et al. (23) among 135 cryptospo-
ridiosis cases in the northeast of Scotland using a multilocus
fragment typing approach and the 11.9% rate reported by
Nagamani et al. (27) in 59 cases from India using SSU rRNA
PCR-RFLP. It is likely that the variation is linked to local
prevalence of infection, epidemiology, and transmission. In
some developing countries, mixed infections with other Cryp-
tosporidium species have been reported (4, 16), for which dif-
ferent combinations of species-specific primers and probes
would be required. However, infections with species other than
C. hominis and C. parvum occur in the United Kingdom at a
very low rate, and mixes with other species have not been
detected even during enhanced testing (6).

MGB TagMan probes were used for the two loci for two
reasons. First, their increased melting temperatures allowed
the use of shorter probes, simplifying probe design for the
variable, A-T-rich SSU rRNA region. Second, they were used
for their increased specificity due to their lower tolerance for
mismatches than conventional TagMan probes (42). Unex-
pectedly, the C. parvum LIB13 PCR detected the horse geno-
type in all four isolates tested despite three mismatched bases.
However, the horse genotype could be consistently differenti-
ated from C. parvum on the basis of markedly different ampli-
fication curves. The results are in accordance with the finding
of Yao et al. (42) and Whiley and Sloots (39), who reported
such effects even with single nucleotide mismatches. In our test
algorithm, any samples producing unusual amplification curves
in the C. parvum LIB13 PCR are sequenced at the SSU rRNA
gene to confirm identity.

Potentially more problematic is the detection of C. cuniculus
and the C. hominis monkey genotype by the C. hominis LIB13
PCR, although both are very closely related to C. hominis and
form part of the same SSU rRNA gene clade (31) and only two
human cases of C. hominis monkey genotype have been re-
ported (24). To date there has been just one waterborne out-
break caused by C. cuniculus (10) and a sporadic case rate of
1.2% identified in the United Kingdom (6). Routine differen-
tiation of C. cuniculus and C. hominis poses difficulties. The
two species are not differentiated by COWP PCR-RFLP but
are by SSU rRNA PCR-RFLP with extended electrophoresis
times (10) and by sequencing. If required, the SSU rRNA gene
real-time PCR product can be sequenced, since they differ by
at least 3 bp, and this can be undertaken in outbreaks or
where animal contact is reported. If identification is re-
quired in the initial analysis, a discriminatory real-time PCR
has been developed (S. J. Hadfield and R. M. Chalmers,
unpublished data) which may be incorporated into the test
algorithm. It should also be noted that there is no assay
available which differentiates all Cryptosporidium spp. and
genotypes, except for sequencing of the SSU rRNA gene,
which is impractical for most laboratories and for typing for
epidemiological purposes.

The real-time PCR was able to detect Cryptosporidium in
clinical samples with sensitivity and specificity comparable to
those of nested SSU rRNA gene PCR, a test that has provided
the benchmark for typing. The real-time PCR is capable of
accurately identifying the two main species of Cryptosporidium
infecting humans in a rapid semiautomated format which de-
creased handling times with costs comparable to those of con-



Vor. 49, 2011

ventional PCR-based methods. Unusual isolates could be iden-
tified by sequencing of the SSU rRNA gene PCR products
after a simple cleanup procedure. The assay is well suited to
processing of high numbers of samples, especially when an
automated PCR set-up system is used, as was the case here.
The widely applicable reagents utilized and the steady signal
from the ROX dye, which is used for normalization on certain
real-time systems (not required by the Rotorgene), suggests
the method can be readily transferred to other real-time plat-
forms. Further developments, including consolidation into a
single-tube assay, with multiplexed PCRs for C. hominis, C.
parvum, C. cuniculus, and Cryptosporidium spp., are under in-
vestigation. From results to date, it could be argued that the IC
may not be necessary for epidemiological analysis of known
Cryptosporidium-positive clinical samples, but it would be of
value if the assay is being used for initial diagnosis.

Since replacing COWP PCR-RFLP for routine typing of
clinical samples for epidemiological purposes in our labora-
tory, the real-time PCR assay has shown improved perfor-
mance and efficiency, resulting in fewer retests. The absence of
downstream processing required for most samples has enabled
results to be reported much earlier in the working day, of
particular importance in outbreak investigations. The real-time
PCR has therefore provided significant improvements in lab-
oratory work flow and service provision.
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