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Genetic Diversity of Cryptosporidium spp. within a Remote Population
of Soay Sheep on St. Kilda Islands, Scotland
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This is the first report to characterize the genotypes and subtypes of Cryptosporidium species infecting a geographically isolated
population of feral Soay sheep (Ovis aries) on Hirta, St. Kilda, Scotland, during two distinct periods: (i) prior to a population
crash and (ii) as host numbers increased. Cryptosporidium DNA was extracted by freeze-thawing of immunomagnetically sepa-
rated (IMS) bead-oocyst complexes, and species were identified following nested-PCR-restriction fragment length polymor-
phism (RFLP)/PCR sequencing at two Cryptosporidium 18S rRNA loci. Two hundred fifty-five samples were analyzed, and the
prevalent Cryptosporidium species in single infections were identified as C. hominis (11.4% of all samples tested), C. parvum
(9%), C. xiaoi (12.5%), and C. ubiquitum (6.7%). Cryptosporidium parvum was also present with other Cryptosporidium species
in 27.1% of all samples tested. Cryptosporidium parvum- and C. hominis-positive isolates were genotyped using two nested-PCR
assays that amplify the Cryptosporidium glycoprotein 60 gene (GP60). GP60 gene analysis showed the presence of two Cryptospo-
ridium genotypes, namely, C. parvum I1aA19G1R1 and C. hominis IbA10G2. This study reveals a higher diversity of Cryptospo-
ridium species/genotypes than was previously expected. We suggest reasons for the high diversity of Cryptosporidium parasites
within this isolated population and discuss the implications for our understanding of cryptosporidiosis.

Cryptosporidium is an apicomplexan parasite that has been im-
plicated in numerous waterborne and food-borne outbreaks
associated with human and livestock disease. The disease is known
as cryptosporidiosis, and the main symptom is severe diarrhea.
Currently, there are approximately 25 valid Cryptosporidium spe-
cies and greater than 60 genotypes. Cryptosporidium parvum and
C. hominis cause the majority of human disease, with C. hominis
being associated largely with human interactions while C. parvum
can infect a wide range of mammals in addition to humans. In
recent years, scientists have discovered other species/genotypes
that can also infect humans. These include eight species, C. viato-
rum (humans), C. meleagridis (turkeys), C. canis (dogs), C. felis
(cats), C. suis (pigs), C. muris (rodents), C. ubiquitum (sheep), C.
cuniculus (rabbit), and six genotypes, C. hominis (monkey), C.
andersoni-like, and Cryptosporidium chipmunk I, skunk, horse,
and pig genotype II (1-6).

Because this is a zoonotic pathogen, much research has focused
on the disease in cattle and sheep, which have the greatest capacity
for shedding potentially infectious oocysts into the environment.
Recent molecular studies have identified eight Cryptosporidium
species and one genotype in sheep feces: C. parvum, C. hominis, C.
bovis, C. andersoni, C. suis, C. xiaoi (previously known as C. bovis-
like), C. fayeri (previously known as marsupial genotype), C. ubig-
uitum, and pig genotype II. Two novel genotypes have also been
described (novel sheep and unique unknown genotypes), and af-
ter further investigation, these genotypes were identified as C. bo-
vis, C. xiaoi, and C. ubiquitum (7, 8). Cryptosporidium parvum, C.
xiaoi, and C. ubiquitum are the dominant species causing crypto-
sporidiosis in sheep (9). Cryptosporidium species such as C. fayeri,
the pig genotype II, and in particular, C. hominis, C. andersoni, and
C. suis may represent oocysts passing through the intestinal tract
rather than those causing infection, as they have been identified
only in a small number of sheep (10, 11).

Most studies in sheep involve domesticated, food production,
or experimental animals. This study is the first to characterize the
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genetic diversity of Cryptosporidium in a completely unmanaged
and geographically isolated population of sheep. The Soay sheep
are a relic of primitive domestication, first brought to the remote
archipelago of St. Kilda perhaps as early as the Bronze Age. Fol-
lowing the evacuation of humans and cattle from the main island
of Hirta in 1932, the island has been grazed by a population of
Soay sheep originally transferred from neighboring Soay. The
Soay sheep population fluctuations and their isolation from hu-
man interference and other sheep have interested scientists since
the 1950s, and much of the current research has focused on the
parasites infecting the sheep (12). During an epidemiological
study of protozoan parasites between 2001 and 2003, Cryptospo-
ridium was first identified in the population by using Ziehl-
Neelsen staining (13). This test selectively stains the oocysts but is
limited in its ability to differentiate between morphologically
cryptic yet genetically diverse species. In this study, molecular
methods were used to characterize the genetic diversity of Crypto-
sporidium species infecting St. Kilda Soay sheep, and these results
form the basis of discussion on the origins of infection in this
isolated population.

MATERIALS AND METHODS

Study population and sample collection. The selected study area was
Village Bay (~200 ha) on the island of Hirta (638 ha), part of the St. Kilda
archipelago (57°49'N, 08°34"W), where the Soay sheep population has
been monitored intensively since 1985 (12). The population is unman-
aged and experiences intermittent winter population crashes when num-
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bers exceed food supply. The total island count for sheep in the month of
August in the years 2004, 2005, and 2006 gave estimates of 1,996, 1,332,
and 1,794, respectively, indicating that the population decreased by 40%
in early 2005 but had increased 15% by 2006. Fecal samples were collected
from individually tagged sheep in the month of August in the years 2004
(n = 135) and 2006 (n = 141) from both sexes and four different age
groups: lambs (~4 months), yearlings (~16 months), 2-year-olds (~28
months), and adults (=40 months). Fecal samples were stored at 4°C in
small sealed plastic bags at the Scottish Parasite Diagnostic and Reference
Laboratory (SPDRL) according to sheep age and sampling date. Two hun-
dred fifty-five fecal samples were considered for analysis in this study.

AP microscopy. Approximately 0.1 g of fecal material was emulsified
with 200 pl of distilled water. One hundred microliters was transferred to
a microscope slide to produce a fecal smear, which was air dried at room
temperature (RT), methanol fixed, and stained with auramine-phenol
(AP) (14). Slides were examined for the presence of oocysts using an
Olympus BH-2 epifluorescence microscope equipped with a fluorescein
isothiocyanate (FITC) UV filter (excitation, 355 nm; emission, 450 nm),
and the presence of oocysts was determined under 20X and 40X objective
lenses. Results were classified according to the number of oocysts ob-
served per slide as follows: negative, no oocysts detected; 1+, 1 to 10
oocysts; 2+, 11 to 20 oocysts; 3+, 21 to 30 oocysts; and 4+, 31 to 50
oocysts.

IMS. Prior to immunomagnetic separation (IMS), 0.4 g of each Cryp-
tosporidium-positive fecal sample was mixed with 1 ml of distilled water.
Five hundred microliters of the slurry and 9,500 pl of distilled water were
added to Dynal L10 tubes to give a final volume of 10 ml (Dynal IMS kit;
Invitrogen Ltd., Paisley, United Kingdom) according to the manufactur-
er’s instructions. After the removal of the supernatant, 50 pl oflysis buffer
(LB) containing 50 mM Tris-HCI (pH 8.5), 1 mM EDTA (pH 8), and
0.5% sodium dodecyl sulfate (SDS) was added to each tube containing the
bead-oocyst complexes, and the DNA was extracted.

DNA extraction directly from the bead-oocyst complexes. DNA ex-
traction was performed by freeze-thawing to rupture oocysts and lyse the
sporozoites to release Cryptosporidium DNA. IMS-prepared bead-oocyst
complexes were suspended in LB before being subjected to 1 min of freez-
ing in liquid nitrogen followed by 1 min at 65°C. This freeze-thaw cycle
was repeated 15 times with vortexing every 5 cycles. Samples were then
centrifuged at 3,000 X g for 10 s in a bench microcentrifuge (Micro-
Centaur [MSE]; Sanyo, United Kingdom) and then placed in a Dynal
MPC-S with a magnet strip inserted. The lysate was then transferred into
a fresh tube containing 1.6 ul of 5 mg ml™' proteinase K. Samples were
incubated at 55°C for 3 h and then cooled on ice for 1 min, centrifuged at
3,000 X g for 10 s, and incubated at 90°C for 20 min to denature the
proteinase K. Samples were then cooled on ice for 1 min and centrifuged
at 10,000 X g for 5 min. Supernatants containing the DNA (approxi-
mately 50 pul each) were transferred to clean DNase/RNase-free prelabeled
tubes and stored at —20°C for use in the PCR assays (15).

PCR-RFLP assays. Two previously published nested PCR-restriction
fragment length polymorphism (RFLP) assays were used to target the 18S
rRNA gene at locus 1 (16, 17), i.e., modified forward primer, WR494F
(18), and reverse primer, XR1 (19-21), and at locus 2 (19-24). Internal
primers for locus 1 and locus 2 amplify secondary PCR amplicons of ~435
bp and ~826 bp, respectively. Each reaction was performed in either 50-
or 100-pl mixtures containing premixed reagents at final concentrations
of 200 pM (each) of the four deoxynucleoside triphosphates (dANTPs)
(Invitrogen Ltd., United Kingdom), bovine serum albumin (BSA) at 400
g ml ! (Sigma-Aldrich, United Kingdom), Tween 20 (VWR, United
Kingdom) at 2%, 200 nM (each) forward and reverse primers (MWG
Biotech United Kingdom Ltd., United Kingdom), MgCl, at concentra-
tions varying from 2.0 to 6 mM depending on the PCR assay, and 2.5 U of
Taq polymerase at the concentration specified for each assay in 1 X PCR
buffer IV (ABgene, United Kingdom). PCR amplifications were per-
formed using a GeneAmp PCR Thermal Cycler, model 9700 (Applied
Biosystems, United Kingdom). For locus 1 and locus 2, 3 pl of template
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was used for the first PCR amplification and 5 pl for the second PCR
amplification. Positive and negative controls were included in every ex-
periment. Ten microliters of the second-round PCR amplicons were vi-
sualized by UV transillumination after electrophoresis at 80 V for 1 h in
1.4% agarose gels stained with ethidium bromide (0.5 pgml ™). Gels were
photographed using the Gel Doc 2000 system (Bio-Rad, United King-
dom), equipped with QuantityOne software for gel documentation.

RFLP analysis. RFLP analysis of both 18S rRNA assay PCR products
were performed by digesting 20 pl of the secondary PCR amplicons with
20 U of each restriction enzyme. Digestion with Asel/Dral was performed
onlocus 1 PCR amplicons (16), whereas separate digestions with Asel and
Sspl (19-24) were performed on locus 2 amplicons. Further digestion
with restriction enzyme Mboll was used to determine the presence of C.
xiaoi or C. ryanae. Fifty microliters of the RFLP products was visualized
under UV transillumination on a 2% agarose gel run for 2 h at 100 volts.
Gels were photographed as previously stated. Interpretation of banding
patterns was made by comparison to the DNA marker (100-bp DNA
ladder; Invitrogen Ltd.). The obtained profiles were matched with known
banding patterns from published papers for locus 1 (16) and locus 2 (19—
24) to identify the Cryptosporidium species/genotypes.

Genotyping of C. parvum- and C. hominis-positive samples. Geno-
typing was performed using two nested-PCR assays targeting the glyco-
protein 60 gene (GP60) for C. parvum or C. hominis at locus 3 (25) and
locus 4 (26). Locus 3 and locus 4 amplify secondary PCR amplicons of
~900 bp and ~400 bp, respectively. PCRs consisted of premixed reagents
as described above (PCR-RFLP), and 5 pl of template was used for both
the primary and the secondary PCR amplifications in 100-pl final reac-
tion volumes. Positive and negative PCR controls and gel image analysis of
amplicons were as already described.

Sequencing analysis. Sequencing was used to confirm Cryptospo-
ridium species/genotypes from second-round PCR products that contain
single species/genotypes as determined by locus 1 and 2 and PCR products
that identify genotypes as determined by locus 3 and 4. Initially, sequenc-
ing was performed at the Scottish Microbiology Reference Laboratories,
Stobhill Hospital, using the LI-COR L4200-L2 DNA sequencer (LI-COR
Biosciences UK-Ltd., Cambridge, United Kingdom). PCR2 products that
contained single C. parvum, C. hominis, C. xiaoi, C. ubiquitum, and pos-
sible C. andersoni isolates were sequenced in both directions using the
appropriate second-round PCR forward and reverse primers for locus 1
and 2 (16, 19-24). The two sets of sequencing primers were respectively
labeled with the 700 and 800 infrared dyes. PCR2 products that identify C.
parvum and C. hominis genotypes were sequenced in both directions us-
ing the appropriate second-round PCR forward and reverse primers for
locus 3 and 4 (25, 26). All modified oligonucleotides were purchased from
MWG BioTech (United Kingdom).

Confirmation of the C. parvum and C. hominis genotypes was per-
formed at the Sequencing Service, Dundee University, Scotland (http:
/Iwww.dnaseq.co.uk/services.html). Cryptosporidium parvum and C.
hominis amplicons were treated enzymatically with ExoSAP-IT (GE
Healthcare) to remove excess ANTPs and primers according to the sup-
plier’s instructions. Bidirectional sequencing was performed in an ABI
model 3730 sequencer using Big-Dye version 3.1, chemistry, and an au-
tomated capillary DNA sequencer.

For all sequenced samples, bidirectional sequences were aligned using the
EMBL website (http://www.ebi.ac.uk/Tools/psa/emboss_needle/nucleotide
.html) tools to obtain a consensus, which was manually edited by referring to
the sequence chromatogram. The consensus sequence was used to search the
GenBank database for similar sequences using the NCBI BLASTN tool (http:
//blast.ncbi.nlm.nih.gov/Blast.cgi). The ClustalW2 alignment using the
EMBL website (http://www.ebi.ac.uk/Tools/msa/clustalw2/) was used to
compare sequences, and a phylogenetic tree was constructed using the MEGA
4 software (27, 28).

Nucleotide sequence accession numbers. The 12 GP60 sequences
from the St. Kilda samples were deposited in GenBank under accession
numbers KC679684 to KC679695.
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FIG 1 Microscopic determination of the number of auramine phenol-stained Cryptosporidium oocysts in St. Kilda sheep fecal samples.

RESULTS

Microscopic analysis of AP-stained oocysts. The fecal samples
collected during 2006 showed a higher percentage of strong posi-
tives (4+) than did the fecal samples collected during 2004, which
had a more aggregated distribution (Fig. 1). A significant propor-
tion of the 2004 St. Kilda fecal samples (44.2%) contained 1 to 10
Cryptosporidium oocysts (1+) per slide when tested by AP. In
comparison, a large proportion of the 2006 St. Kilda samples
(37.0%) contained 31 to 50 Cryptosporidium oocysts (4+) per
slide.

PCR amplification of the fecal sample DNA. Two hundred
forty-six AP-positive samples and nine AP-negative samples were
analyzed by PCR (Table 1). Of the 2004 samples (n = 120), 64.2%
and 42.5% were strong Cryptosporidium positives with loci 1 and
2, respectively, and 15.8% and 9.2% were weak Cryptosporidium
positives with loci 1 and 2, respectively. Of the 2006 fecal samples
(n = 135), 54.1% and 30.4% were strong Cryptosporidium posi-
tives with loci 1 and 2, respectively, and 38.5% and 0.7% were
weak Cryptosporidium positives with loci 1 and 2, respectively (Ta-
ble 1). Comparison of PCR results obtained with both loci showed
that the nonspecific bands were observed frequently with both
assays.

Comparison between microscopy and PCR results. A com-

TABLE 1 Frequency of Cryptosporidium species present in St. Kilda
sheep fecal samples by DNA amplification of the 18S rRNA gene at
locus 1 and locus 2

No. of samples tested for indicated yr

Locus 1 Locus 2
PCR result for Cryptosporidium 2004 2006 2004 2006
Strong positive” 77 73 51 41
Weak positive” 19 52 11 1
Negative 24 10 58 93
Total no. of samples tested 120 135 120 135

“ The expected Cryptosporidium amplicons were detected by gel electrophoresis, i.e.,
~435 bp (locus 1) and ~826 bp (locus 2).
b Insufficient amplicon for enzymatic digestion.
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parison of microscopy and PCR results is shown in Table 2. Mi-
croscopy of AP-stained oocysts is more sensitive at detecting
Cryptosporidium than the PCR assay, but six of the nine AP-neg-
ative samples were PCR positive using locus 1, and two of these
samples were also positive with locus 2.

RFLP analysis of the PCR-positive amplicons. RFLP results
for both loci were combined to give the overall result of species
identification due to the fact that some of the samples were posi-
tive for only one of the PCR assays. RFLP results are shown in
Table 3. From the 255 Soay sheep fecal samples, the predominant
Cryptosporidium species and genotypes identified with 18S rRNA
gene analysis were C. parvum (9%), C. hominis (11.4%), C. ubig-
uitum (6.7%), and C. xiaoi (12.5%). These Cryptosporidium spe-
cies were present either as single species or as a mixture of species.
Of the samples containing single Cryptosporidium species/geno-
types, 36.7% (n = 120) and 47.4% (n = 135) were identified in the
2004 and 2006 samples, respectively. Of those containing mixed
Cryptosporidium species, 38.3% (n = 120) and 13.3% (n = 135)
were observed in the 2004 and 2006 samples, respectively (Table 3).

Confirmation of species/genotypes by sequencing analysis.
Sequence analysis was performed to confirm the single species/
genotypes detected with RFLP analysis on the following ampli-
cons: C. ubiquitum (6/12, good consensus), C. xiaoi (4/8, reverse
sequences only), and C. andersoni (3/7, reverse sequences only).
Samples that gave 18S rRNA gene PCR-RFLP patterns conform-
ingto C. parvum/C. hominisand C. parvum/C. hominis/C. bovis/C.
ryanae were also sequenced. Of the 56 sequenced samples, 29 were
identified as C. hominis (19 samples sequenced had good consen-

TABLE 2 Amplification of Cryptosporidium species DNA at loci 1 and 2
of the 18S rRNA gene on 255 samples stained by auramine phenol

No. (%) of AP test samples receiving score of:

PCR assay target Negative 1+ 2+ 3+ 4+ Total (%)
Locus 1 6(2.4) 87(34.1) 42(16.5) 36(14.1) 50 (19.6) 221 (86.7)
Locus 2 2(0.8) 32(12.5) 28(11.0) 19(7.5) 23(9.1) 104 (40.8)
Total no. analyzed 9 97 55 39 55 255
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TABLE 3 Species determination by restriction enzyme digestion of
amplified Cryptosporidium DNA

Cryptosporidium Genotypes in St. Kilda Soay Sheep

TABLE 4 Determination of Cryptosporidium genotypes in St. Kilda
sheep DNA using a GP60-targeted approach

No. of samples

% of
Cryptosporidium species/genotype 2004 2006  Total  total
C. parvum 9 14 23 9.0
C. hominis 14 15 29 11.4
C. parvum/C. hominis® 0 10 10 3.9
C. xiaoi 10 22 32 12.5
Mixture of C. parvum + C. xiaoi 3 1 4 1.6
Mixture of C. parvum/C. hominis + C. 4 3 7 2.7
xiaoi/C. ryanae”
C. parvum/C. hominis/C. xiaoi/C. ryanae’ 1 2 3 1.2
C. ubiquitum 9 8 17 6.7
Mixture of C. parvum + C. ubiquitum 1 1 2 0.8
Mixture of C. parvum + C. ubiquitum/ 1 0 1 0.4
Cryptosporidium ferret/mouse
genotypes/C. meleagridis®
Mixture of C. ubiquitum + C. parvum + 1 2 3 1.2
C. xiaoi
Mixture of C. ubiquitum + C. xiaoi 5 3 8 3.1
Mixture of C. ubiquitum + C. parvum/C. 0 1 1 0.4
hominis®
Mixture of C. ubiquitum + C. parvum/C. 31 7 38 14.9
hominis/C. xiaoi/C. ryanae’
Cryptosporidium sp.# 21 34 55 21.6
No Cryptosporidium detected 8 7 15 5.9
Possibly C. andersoni 2 5 7 2.7
Total no. of samples tested 120 135 255

“ Locus 1 RFLP pattern identified C. parvum/C. hominis; sequencing of amplicons was
too short for analysis, and locus 2 was either too weak to digest or PCR negative.

b Locus 1 RELP pattern identified C. parvum/C. hominis + C. xiaoi/C. ryanae, and locus
2 was either too weak to digest or PCR negative.

“Locus 1 RFLP pattern identified C. parvum/C. hominis/C. xiaoi/C. ryanae; sequencing
of amplicons was too short for analysis, and locus 2 was either too weak to digest or
PCR negative.

4 Locus 1 RFLP pattern identified weak Cryptosporidium ferret/mouse genotypes/C.
ubiquitum/C. meleagridis, and locus 2 RFLP pattern identified C. parvum.

¢ C. parvum/C. hominis cannot be distinguished by digestion of locus 1 amplicons with
restriction enzyme Mboll.

fLocus 1 and 2 PCR amplicons, which cannot be further digested because they contain
mixtures of Cryptosporidium species.

¢ Samples were too weak to digest but produced positive Cryptosporidium amplicons of
the expected size.

sus, and 1 sample produced the forward sequence only, while 9
samples produced reverse sequences only). Twelve samples con-
tained C. parvum (8 had good consensus, 1 produced the forward
sequence only, and 3 produced reverse sequences only). Fifteen
samples gave poor sequences, which were noninterpretable from
sequencing analysis. Samples that were either C. parvum or C.
hominis (from both collection dates) were considered for GP60
genotyping.

GP60 sequencing analysis of the C. parvum and C. hominis
samples. Initially, 128 samples that had 18S RFLP patterns corre-
sponding to either C. parvum or C. hominis were amplified using
the GP60 primers. An amplicon was produced in 33 samples. Fur-
ther digestion of locus 2 amplicons with Mboll restriction enzyme
(29) revealed that 16 of the 33 samples had RFLP patterns con-
forming to C. parvum or C. hominis. The remaining 17 samples
yielded banding patterns of mixed species in which C. parvum/C.
ubiquitum/C. xiaoi/C. ryanae were present. Of the 16 GP60 PCR-
positive samples that were sequenced, 12 gave good consensus
(locus 3, n = 1;locus 4, n = 11). The 12 GP60 sequences from the
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Yr of sampling and sample

no. (sheep tag) Genotype
2004
9 (AR012) IIaA19GIR1
27 (AY081) IbA10G2
2006
41 (AG102) IbAL0G2
62 (BY071) TbA10G2
64 (BY161) IbA10G2
68 (BY072) IbAL0G2
69 (BY096) TbA10G2
74 (BY129) IbA10G2
100 (BY160) IbA10G2
110 (AW112) TbA10G2
116 (AW073) IbA10G2
118 (AW580) IbA10G2

St. Kilda samples were deposited in GenBank and aligned with the
GP60 family I and II prototype sequences. Alignments confirmed
the presence of two subtype families, namely, ITa and Ib (Table 4
and Fig. 2). BLASTN results confirmed that locus 4 sequences had
high homology (95 to 99%) with IbA10G2 from a lamb
(EU186152) (30) while locus 3 sequences had 99% homology with
ITaA19GI1R1, demonstrating two genetic clusters within the St.
Kilda samples (Fig. 2).

DISCUSSION

In this study, microscopy was chosen as the “gold standard” to
determine the presence of oocysts in stools (14). The inability of
AP staining to detect oocysts in six of the Cryptosporidium-posi-
tive samples may be due to the presence of debris masking stained
oocysts and/or increasing background fluorescence of naked
DNA, which cannot be seen by microscopy (31, 32). Oocysts are
more readily detected in smears made from watery specimens
than from formed stools, and in this study, 44% of the St. Kilda
samples consisted of formed stools and 56% were unformed. Pre-
vious studies have shown PCR assays to be more sensitive than
microscopy at detecting Cryptosporidium in stools (11, 33-35),
which is in contrast to our findings. Failure to amplify oocyst DNA
may have resulted from low IMS recovery due to the consistency
of fecal samples. Indeed, the majority of the 2004 St. Kilda fecal
samples contained low numbers of Cryptosporidium oocysts per
slide (between 1 and 10) and low numbers in total (4 to 27 oocysts
per sample). The condition of oocysts may influence recovery, as it
is known that oocyst cell walls can deteriorate and epitopes that
interact with the magnetic beads are stripped from the cell wall,
resulting in fewer/no oocyst-bead complexes (36, 37). Greater
sensitivity of detection was achieved by the amplification of locus
1, which is confirmed in previous studies showing a detection level
of as few as two to three oocysts (16, 17). Assessment of primer
sensitivity at loci 3 and 4 using 10-fold serial dilutions of C. par-
vum oocysts indicated a detection range of 20 to 200 oocysts (locus
3) and 2 to 20 oocysts (locus 4), which may contribute to the
inability to successfully sequence certain samples. In addition, the
high numbers of mixed species in this study prevented their se-
quencing due to sequence overlap and background signal inter-
ference.
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FIG 2 Phylogenetic analysis of St. Kilda Cryptosporidium prototype sequences with those previously deposited in GenBank. A neighbor-joining tree was
constructed by using Mega4, based on genetic distance calculated by the Kimura two-parameter model. Values on branches are percent bootstrap values using
1,000 replicates. Bootstrap values of <50% are shown, and the C. meleagridis sequence (accession number AF401497) was used as an out-group.

In this study, we identified C. xiaoi, previously named C. bovis-
like genotype (33), as the most prevalent species to be isolated
from the Soay sheep population, and the possible presence of a
cattle genotype, C. andersoni, was observed. This is intriguing
since the sheep are an isolated population and no cattle have been
living on the island since the 1930s. In our study, the C. xiaoi
Mboll RFLP banding patterns generated a weak band that was
similar in size to the C. ryanae digested band. However, MbolI can
generate partial digestion, causing misinterpretations of gener-
ated RFLP patterns, and as no C. ryanae was found alone in the St.
Kilda population, the generated weak band was considered to be
the result of incomplete digestion and not to indicate the presence
of C. ryanae.

Cryptosporidium hominis, the second most prevalent species
to be isolated from St. Kilda sheep, is primarily associated with
human contact and accounts for almost 50% of Cryptospo-
ridium-positive human cases in the United Kingdom (38). This
species has been identified in only a small number of other
hosts including primates (39), an Australian marine animal
and sheep (20, 40), Scottish cattle (41), and a lamb within the
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United Kingdom (30). The most prevalent C. hominis genotype
in human cases within the United Kingdom is IbA10G2 (42,
43), which is identical to that isolated from St. Kilda sheep. This
genotype was identified in the lamb from the United Kingdom
and in drinking water (30, 44).

Cryptosporidium parvum infects a wide range of mammals as
demonstrated by early transmission studies (45). Cryptosporidium
parvum has been documented in domestic sheep (7), and Crypto-
sporidium species, presumed to be C. parvum, have been identified
in Soay sheep by microscopic examination using modified Ziehl-
Neelsen staining (13). C. parvum sequence heterogeneity is known
to exist (46, 47), and variability was observed in all the St. Kilda
locus 1 amplicons (46). This finding is similar to that from a study
of lambs within an isolated geographical area in Spain (47). The
[T1aA19G1R1 genotype revealed in one of the 2004 St. Kilda isolates
has been previously identified in a calf from the United Kingdom
and in a human from Slovenia (48, 49).

Cryptosporidium ubiquitum is known to infect a wide range of
hosts, including wild white-tailed deer, primates, antelope, squir-
rels, and sheep (11, 29, 35, 50, 51), demonstrating the zoonotic
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potential of this Cryptosporidium genotype (49, 52-55). It has also
been shown to infect humans worldwide, including Canada, New
Zealand, Slovenia, the United States, and the United Kingdom.
The six St. Kilda samples confirmed as C. ubiquitum by sequenc-
ing all contained the two nucleotides AT at positions 691 and 692
bp in the hypervariable region of the 18S gene, which appears to be
the most common C. ubiquitum DNA sequence (35, 49, 50, 54—
57). Santin et al. (35) concluded that there were three variants of
C. ubiquitum, which they named Cryptosporidium cervine 1 to 3.
According to this classification, the St. Kilda samples appear to be
the Cryptosporidium cervine 1 variant (35).

The diversity of Cryptosporidium species in the St. Kilda Soay
sheep population may be due to a variety of reasons, including the
consumption of oocysts by other sheep or their carriage by hosts
such as birds, humans, invertebrates, and vertebrates in the sea
surrounding St. Kilda, including fish and marine mammals (58,
59). Currently there is a lack of knowledge relating to Cryptospo-
ridium transmission on St. Kilda, as few data using conventional
or molecular analyses for Cryptosporidium are available.

To conclude, the main species of Cryptosporidium present in
the St. Kilda sheep population are (i) C. parvum, (ii) C. hominis,
(iii) C. ubiquitum, and (iv) C. xiaoi. An important outcome from
this study is that C. xiaoi is the dominant Cryptosporidium species
present in the St. Kilda sheep population despite other studies
identifying C. ubiquitum as the dominant species in sheep. In ad-
dition, there is a high prevalence of diverse mixtures of Cryptospo-
ridium species in the St. Kilda sheep population, and two genetic
clusters are present, namely, [ITaA19G1R1 and IbA10G2.

Further studies are required to determine a correlation be-
tween host age and sex and the different Cryptosporidium species
detected in the Soay sheep population. In addition, molecular
investigations to assess possible transmission routes would further
our knowledge and understanding of cryptosporidiosis.
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