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Cryptosporidium parvum is an apicomplexan parasite that infects humans and ruminants. C. parvum isolated
from cattle in northeastern Turkey and in Israel was genotyped using multiple polymorphic genetic markers,
and the two populations were compared to assess the effect of cattle husbandry on the parasite’s population
structure. Dairy herds in Israel are permanently confined with essentially no opportunity for direct herd-to-
herd transmission, whereas in Turkey there are more opportunities for transmission as animals range over
wider areas and are frequently traded. A total of 76 C. parvum isolates from 16 locations in Israel and seven
farms in the Kars region in northeastern Turkey were genotyped using 16 mini- and microsatellite markers.
Significantly, in both countries distinct multilocus genotypes confined to individual farms were detected. The
number of genotypes per farm was higher and mixed isolates were more frequent in Turkey than in Israel. As
expected from the presence of distinct multilocus genotypes in individual herds, linkage disequilibrium among
loci was detected in Israel. Together, these observations show that genetically distinct populations of C. parvum
can emerge within a group of hosts in a relatively short time. This may explain the frequent detection of
host-specific genotypes with unknown taxonomic status in surface water and the existence of geographically

restricted C. hominis genotypes in humans.

Cryptosporidium parvum is considered a zoonotic pathogen,
and it commonly infects ruminants worldwide. Severe infec-
tions are typical in children, immuncompromised individuals,
and neonatal calves. In the course such infections calves can
excrete large numbers (>10%) of oocysts, which may find their
way into public water supplies and cause waterborne out-
breaks. Other routes of transmission, such as food-borne
routes, contact with infected persons or animals (8), and rec-
reational water, have also been documented (18, 19).

Like the life cycles of other organisms of the phylum Api-
complexa, the life cycle of Cryptosporidium alternates between
asexual multiplication and a sexual phase characterized by the
differentiation of gametes, fertilization, and meiosis (23). Sex-
ual reproduction is expected to affect the population structure
of C. parvum through the generation of recombinant geno-
types. Genetic recombination has been demonstrated in exper-
imentally infected mice (3).

In recent studies in Scotland (11, 12) the populations of C.
parvum and of the closely related human-infecting species
C. hominis were studied by comparing multilocus genotypes
from calves and humans. The identification in these studies
of genotypes of C. parvum restricted to humans was unex-
pected because animal-to-human transmission of C. parvum
is thought to be common. Except for these studies, the
population biology of Cryptosporidium species has not been
investigated.
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Although population studies of certain Cryptosporidium spe-
cies may be relevant to understanding bovine cryptosporidi-
osis, the primary goal of this study was to assess whether the
host’s population structure can affect the parasite population
and whether existing genotypic markers are sufficiently poly-
morphic to perform such an analysis. The system of dairy herd
management in Israel, together with the high prevalence of
cryptosporidiosis in newborn calves in that country, provided
an ideal setting in which to test this possibility. We compared
the C. parvum population structure in Israel with that in north-
eastern Turkey, where more-traditional livestock husbandry is
expected to favor transmission of pathogens between herds.
Using several indices, we quantified genetic diversity and link-
age disequilibirium (LD) and described differences and simi-
larities between C. parvum populations in these study areas.

MATERIALS AND METHODS

Geographic origin and collection of Cryptosporidium isolates. Isolates were
collected between September 2001 and May 2002 and in May 2005 on 14 farms
located in the Kars region within 35 km of the city of Kars in northeastern Turkey
(Fig. 1). Fecal samples from 149 calves were analyzed during the first collection
period, and 23 samples were analyzed during the second collection period. The
ages of the animals ranged from 2 to 30 days. Fecal smears were examined by
modified acid-fast staining (10) for the presence of Cryptosporidium oocysts. For
each animal, age, owner, and the presence or absence of diarrhea was recorded.
For 17 isolates enough DNA was obtained for genotyping. DNA was extracted
locally and transferred to Tufts University for genotyping. Two of 17 isolates
were ultimately removed due multiple amplification failures, which left a total of
15 isolates.

In Israel, fecal samples from calves that were 7 to 13 days old were obtained
from 14 large farms with 250 to 750 milking cows each (Fig. 2). Two isolates, one
from a horse from Neve Yarak and one from goat kid from Kseifa, did not
originate from such farms. A total of 145 isolates were collected from calves. All
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FIG. 1. Collection sites in the Kars region of northeastern Turkey. The locations of the farms are indicated by two-letter codes, as shown in

Fig. 3.

calves sampled tested positive for C. parvum by acid-fast staining of fecal smears.
A total of 61 isolates were randomly selected for genotyping; 17 of these were
isolated between March and May 2004, 24 were isolated between September and
November 2004, and 20 were isolated in April 2005. Oocysts from fecal samples
estimated to contain at least 5 X 10° oocysts/ml were purified by sucrose flotation
(13) and were transferred to Tufts University. Regulatory requirements of the
U.S. Department of Agriculture and the Centers for Disease Control and Pre-
vention for the transfer of pathogens to the United States were strictly followed,
and the necessary permits were obtained from both agencies.

DNA extraction and genotyping. Oocyst DNA was extracted from gradient-
purified oocysts using a High Pure template preparation kit (Roche Diagnostics,
Indianapolis, Ind.) as previously described (22). DNA was eluted in 20 to 50 wl
at a concentration equivalent to 10* oocysts/p.l.

A total of 16 genetic markers (11 minisatellites and 5 microsatellites) were
PCR amplified exactly as previously described (20), using the primers listed in
Table 1. Briefly, initial denaturation was performed at 95°C for 10 min, and the
denaturation step was followed by 45 cycles of 94 to 95°C for 1 s, 55 to 62°C
(Table 1) for 2 to 5's, and 72°C for 7 to 15 s. The presence of amplicons was
initially assessed by melting curve analysis (22), and amplification products were
fractionated on 15% polyacrylamide gels in Tris-borate-EDTA buffer. Sizes of
alleles were determined by visual comparison with DNA molecular weight mark-

ers (Marker VIII; Roche Diagnostics). In addition to DNA markers, reference
amplicons from C. parvum isolate MD (15) and C. hominis isolate TU502 (27)
were loaded on all gels to facilitate unambiguous scoring of alleles. Micro- and
minisatellite alleles were numbered according to amplicon length. Fluorescently
labeled PCR products from seven of these markers (MSA, MSB, MSC, MSG,
MS35, MS9, and TP14) were also obtained using 5’-labeled (CEQ WellRED D4;
Beckman Coulter, Fullerton, CA) forward primer and the PCR conditions indi-
cated above. Fluorescently labeled amplicons were fractionated with a CEQ 8000
genetic analysis system together with standard-600 size markers labeled with
CEQ WEellRED D1 to confirm the genotypes under denaturing electrophoretic
conditions.

Data analysis. To determine if multilocus genotypes were present on different
farms, the genetic distances between multilocus genotypes were calculated using
Populations, version 1.2.28, downloaded from http://www.cnrs-gif.fr. Distances
were based on the average square distance parameter (4) and were graphically
displayed using TreeView (16). Linkage analysis between pairs of 10 polymor-
phic loci was performed using the web interface of Genepop at http://wbiomed
.curtin.edu.au/genepop/. Using contingency tables, this program tests the asso-
ciation of alleles at either of two loci against the null hypothesis that genotypes
at one locus are independent from genotypes at the other locus (17). Six mono-
morphic markers were excluded from this analysis. Since Cryptosporidium is
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FIG. 2. Collection sites in Israel.

haploid, a dummy allele was added to each allele number using Microsoft Excel.
The associations between the number of pairs of loci in linkage disequilibirum
and country, between multilocus genotypes present on more than one farm and
country, and between the number of mixed genotypes and country were tested
using the Fisher exact test with SigmaStat, version 2.0 (Systat Software, Point
Richmond, Calif.). The goodness of fit between the observed distribution of
nonamplifying markers and a theoretical Poisson distribution was tested using a
G-test. In addition, the standardized index of association (I%), a global measure
of LD for multilocus genotypic data, was calculated with LIAN 3.1 using the web
interface at http://adenine.biz.fh-weihenstephan.de/lian/ (6). The genetic diver-
sity for each locus of the nine loci having at least two alleles in both study regions
was also calculated with LIAN 3.1 using the following definition (7):

DISTINCT GENOTYPES OF C. PARVUM 2509
= (n =11 = Y p)

where h; is the genetic diversity at the jth locus, n is the number of isolates, and
py; is the frequency of the ith allele at the jth locus. The mean genetic diversity
was defined as the arithmetic mean for the nine polymorphic loci tested for both
countries. Since LIAN does not tolerate missing alleles, replicate I5; and h;
calculations were performed using alleles observed in other isolates to replace
missing alleles in five isolates from Turkey. When mixed genotypes were present,
two possibilities were considered, where either the larger or the smaller allele
was used. These alternative calculations minimally affected I and h; and did not
change the conclusions.

RESULTS

Taxonomic classification of isolates. All isolates were ini-
tially identified as C. parvum based on the host, the host age,
and the oocyst morphology. This identification was subse-
quently confirmed genotypically using the Lib13 PCR assay
(GenBank accession number AF190627) as described previ-
ously (21). The polymorphism discriminates between C. par-
vum and C. hominis on the basis of a 4-bp insertion/deletion
(indel) located on chromosome I (24) and does not amplify
DNA from C. meleagridis, C. muris, and C. andersoni. The
polymorphic markers used in this study also do not amplify C.
muris, and markers MSA, MSC, MSE, MSF, MSG, and 1887
do not amplify C. meleagridis. Based on these observations,
together with the host age and oocyst morphology, the isolates
included in this study were classified as C. parvum.

Genotyping. Initially, 11 minisatellite and 5 microsatellite
markers were used to genotype 61 C. parvum isolates from
Israel and 17 isolates from Turkey. Minisatellites MSE, MSK,
and MS5 and microsatellites 1887 and 1962 were monomor-
phic and excluded from subsequent analyses. The remaining 11
markers are located on chromosome I (MSA and MSB), chro-
mosome II (MSC, MSI, and 5B12), chromosome IIT (MSD),
chromosome V (MSF and MS9), chromosome VI (MSG and
Cp492), and chromosome VIII (TP14). No markers from chro-
mosomes IV and VII were available. The Turkish isolates were
not typed with MSD, and MSC was monomorphic in Israel.
The remaining 10 polymorphic markers were successfully am-
plified from 61 isolates from Israel, whereas 13 single-locus
genotypes could not be determined in Turkish isolates due to
nonamplification (Fig. 3). There was no amplification at five
loci (1887 included) for two isolates from Turkey (farm VK),

TABLE 1. PCR primers and PCR annealing conditions

Primer (5'-3")

Annealing condition

Locus
Forward Reverse Temp (°C) Time (s)
MSA TAGGCTCGGGTTCAGA GACTGTCACAAAAGTTAATCC 60 2
MSB CTTTTGATCGCTTCTTTTCCA GGGAGGCATAGGGATGA 60 2
MSC AAATGGGTGTGGAGAAAAG TTAGATAAAGATTGGTCTTGTC 60 3
MSD CATCTCAAGAAATTCAGTCTC CTCCTTTTGCTCCAGC 60 2
MSF TCGGCCTCCTCTACAG AGAAGAAAGCCAAGAAGGGT 61 3
MSG TGGAATGATAATTGGACC GGAGTTTCTGAGACAC 61 3
MSI TCCTTGGATAAACCTGG AGTGACGCATCTCAAAC 55 3
MS9 ACCTGGAGTGTGATTTGG GTTCTTGTTCAAAGTCA 63 3
Cp492 TCATCTACCAGCACTAC ACCAATAGTGTATCTTACATC 58 2
TP14 GTTCACAGCCAACAGT CATTTTGATTTTGGGAGT 61 3
5B12 AGGAGGAGGAGAAAAATAG AATTCCCCATATTACTCTATTTGT 56 2
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FIG. 3. Genotype analysis of C. parvum from Israel (a) and Turkey (b). The column on the left shows the isolate number. For the host species
C indicates bovine and H indicates equine. Two isolates from Turkey with more than one amplification failure are not shown. Israeli locations are
grouped according to geographical region, as indicated. Zero indicates no amplification. The numbers indicate amplicon lengths (in base pairs).
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and these isolates were excluded from further analyses and
from Fig. 3. We tested whether the distribution of nonampli-
fying loci was clustered in certain isolates by tabulating their
occurrence in all 78 isolates from both countries and compar-
ing this distribution to that expected from a theoretical Poisson
distribution. A significant deviation from the expected distri-
bution was found (G = 18.09 and P < 0.001, as determined by
a G test for goodness of fit [3 df]), indicating that there was
clustering of nonamplifying loci among these isolates. This
result could have indicated the presence of additional alleles
with sequence polymorphisms in a priming site (null alleles) or
that the quality of the DNA from certain Turkish isolates was
inferior and negatively affected the PCR. The latter possibility
was supported by microscopic analysis of acid-fast-stained fecal
smears and oocyst preparations containing few oocysts in sev-
eral fecal samples originating from Turkey.

Mixed genotypes. Visual inspection of the genotypic data
suggested that there was a higher proportion of mixed geno-
types (loci with two alleles) in Turkey than in Israel (Fig. 3).
Because Cryptosporidium is haploid and multicopy genes are
absent (except for the ribosomal genes [9]), the presence of
more than one electrophoretic band indicates that there is a
mixed population. We favor this interpretation over the alter-
native view that there are nonspecific amplification products,
because each putative allelic band detected in mixed profiles
was also identified as a single allele in other isolates from the
same farm or from the same region (Fig. 3) or in geographi-
cally unrelated isolates (20). In 610 loci (61 isolates and 10 loci)
for the Israeli isolates, five mixed profiles (0.8%) were identi-
fied. In contrast, for the 157 loci typed in the Turkish isolates,
23 mixed profiles (14% of the total) were found. The propor-
tion of mixed profiles was significantly higher in Turkey (P <
0.001, as determined by Fisher’s exact test).

Geographic distribution of multilocus genotypes. A total of
14 multilocus genotypes were identified on 14 farms and at two
additional locations (Neve Yarak and Kseifa) in Israel, which
was equivalent to 0.88 isolate/location. The number of multilo-
cus genotypes per farm was higher in Turkey. However, be-
cause of the presence of multiple mixed genotypes in individ-
ual isolates, the exact number of multilocus genotypes from
farms OK and VK could not be determined. For instance, in
isolate TK41 (farm OK), in which seven loci with two alleles
each were detected, the possible number of unique multilocus
genotypes ranged from a minimum of 2 to a maximum of 128
(27). Similarly, between 2 and 8 (2°) distinct multilocus geno-
types could be present in isolate TK23 from farm VK. There
was no ambiguity in the number of Israeli isolates as no isolate
had more than one locus with a biallelic profile and such
profiles were scored as two multilocus genotypes. The number
of isolates per farm in Turkey calculated from these data
ranged from 3 to 24, clearly exceeding what was found in Israel
(Table 2), even without adjustment for the larger number of
isolates per farm in Israel.

Probably the most interesting finding is that a majority of
genotypes were limited to single farms. When all possible allele
combinations were included, only farms OK and VK in Turkey
shared multilocus genotypes. In Israel, Naan and Sheller,
Sheller and Neve Yarak, Hefer, HofHaSharon, BeitHalevy,
and Azayra, and HofHaSharon, BeitHalvey, and Beit Dagan
shared multilocus genotypes (Fig. 4). Whereas in Turkey 1/8

DISTINCT GENOTYPES OF C. PARVUM 2511

TABLE 2. C. parvum populations in Turkey and Israel

Result for C. parvum
population in:

Turkey Israel

Parameter Significance (P)

Mean genetic diversity 0.525 0.244 0.003
Pair of loci in LD (%)" 42
Lt 0.130 0.01¢
No. of multilocus =3 0.88

genotypes/farm
Proportion of multifarm 0.125 0.357 NS¢

genotypes?
% of biallelic loci (% of all 14 0.8 <0.001

typed loci)

“ Results obtained with Genepop.

® Calculated by LIAN.

¢ Probability that I5 is different from zero.

4 Multilocus genotypes present on more than one farm.
¢ NS, no significant difference between countries.

(12%) of the theoretically possible genotypes occurred on
more than one farm, in Israel 5/14 (36%) were present on
multiple farms. The proportions of shared genotypes in the two
countries are not significantly different (P = 0.35, as deter-
mined by Fisher’s exact test).

Linkage analysis. To further analyze the population struc-
ture of C. parvum in Israel, we tested for LD between pairs of
loci using Genepop. This analysis was not performed for the
Turkish isolates due to the relatively small number of isolates
and the presence in some isolates of several mixed loci. For the
isolates from Israel, 45 pairwise tests of association between
loci were performed using 10 polymorphic loci, and the corre-
sponding P values were determined for each pair of loci. A
total of 19/45 (42%) tests showed a significant (P < 0.05)
association. LD was also detected by calculating the I5 (6).
Consistent with the confinement of most multilocus genotypes
to single farms, the I in Israel was significantly (P = 0.001)
different from 0 (linkage equilibrium) (Table 2) and the values
for variance of pairwise differences were greater than the 95%
critical value.

DISCUSSION

Because of geographical differences in cattle husbandry,
studying C. parvum populations in farm animals can provide
information relevant for understanding the epidemiology of
cryptosporidiosis, including cryptosporidiosis affecting hu-
mans. Although the effect of herd management on Cryptospo-
ridium prevalence has been investigated (25), population stud-
ies have become feasible only since the identification of
suitable genetic markers in the species (1, 2, 11, 20). The high
prevalence of bovine cryptosporidiosis in Israel (5, 14), to-
gether with the confinement of herds, facilitated analysis of the
population structure of C. parvum and a comparison with that
in Turkey, where more-traditional husbandry is expected to
provide more opportunities for herd-to-herd transmission. In
the two study areas the distances between farms were similar
(Fig. 1 and 2), which left the population structure of the host
as one of the main variables relevant to parasite transmission.
Considering the relative proximity of different farms in both
study sites, the small number of isolates shared among farms



2512 TANRIVERDI ET AL.

APPL. ENVIRON. MICROBIOL.

genotype

location Al B|C|D]|E

G|H|[I |J]K]L[M|N

Kfar Glykson 1 3

Ramat Menashe 4

Givat Brener 6

Naan 4

Sheller 6

Nezer Sireni

Neve Yarak

Nir Galim

Hefer

HofHaSharon

BeitHalevy

Beit Dagan

Azarya

Mishmar HaNegev

Shuval

10

Kseifa

1

FIG. 4. Multilocus C. parvum genotypes in Israel. Genotypes are indicated in columns, and farms are indicated in rows. The numbers are

numbers of isolates.

was surprising. This is particularly the case for Turkey,
where opportunities for transmission between herds seem to
be common.

The most striking difference between the two countries was
the higher proportion of animals infected with mixed parasite
populations in Turkey. Consistently, the number of multilocus
genotypes per farm was also higher in this country, even when
the most conservative estimate was used, as was the genetic
diversity. In agreement with the confinement of most multilo-
cus genotypes to individual farms, LD was detected in Israel,
and the I5 was significantly different from 0 (linkage equilib-
rium). We interpret the higher genetic diversity, higher num-
ber of multilocus genotypes per farm, and higher proportion of
genotypically mixed isolates in Turkey as indications of a less
stable population structure, probably as a consequence of
herd-to-herd transmission.

Since I5 values from different studies are comparable, we
noticed that values similar to those found here were observed
when C. parvum isolates from human and bovine sources in
Scotland were analyzed as a single population (11, 12). This
suggests that human and bovine hosts inhabiting the same
geographical area essentially behave like different “herds” har-
boring distinct parasite populations. Based on these observa-
tions, it appears that human C. parvum cryptosporidiosis is not
always zoonotic, as typically assumed (8, 14), because frequent
animal-to-human transmission would eliminate host-specific
population substructuring and LD. Consequently, these obser-
vations raise the possibility that human-to-human transmission
of C. parvum may be more important than has been assumed.
The unique multilocus genotypes encountered in a horse and a
goat from Israel may extend the model of host-specific C.
parvum subpopulations to other livestock species.

Because of the presence of numerous genotypically mixed
isolates in Turkey, we were unable to determine the number of
multilocus genotypes. Where multiple mixed profiles were
found within a multilocus genotype, a theoretically maximal

number of genotypes could be calculated by assuming that all
possible allele combinations were present in the population.
Since this number greatly exceeded the number of isolates that
were actually typed, the number remains hypothetical. To in-
vestigate how parasite populations within herds are structured,
multiple genomes from the same herd need to be isolated and
genotyped individually. Such an analysis is currently difficult, if
not impossible, to perform, because it is not possible to isolate
and propagate single sporozoites at this time. Alternatively,
analysis of individual oocysts, which contain four genomes, and
populations derived from such oocysts would still provide
meaningful information. We hypothesize that such an analysis
would show that parasites that infect individual herds are pan-
mictic.

Probably the most obvious question raised by our analysis is
why genetically distinct populations of C. parvum have emerged
on different farms. Because many kibbutzim have existed for
about 70 years, these populations have emerged in a relatively
short time. The first possibility is that this situation resulted
from the introduction into a herd of a small number of
founders with an infected animal. The infection then spread to
the entire herd, either because the herd was not infected or
because the founder phenotype was more virulent. Alterna-
tively, different conditions present on certain farms may have
favored the outgrowth of certain genotypes. Positive selection
implies the existence of different conditions on different farms,
which makes this scenario less likely since all kibbutzim raise
the same Israeli Holstein breed and use similar methods of
husbandry and the climatic conditions are also similar.

In conclusion, in this study we examined the effect of the
host population structure on the population structure of C.
parvum and found that, regardless of the method of herd
management, C. parvum populations were clearly structured
according to farms. These observations are consistent with
previous analyses of human and bovine C. parvum populations
which revealed the emergence of genetically distinct genotypes
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in segregated host populations. This process may be the initial
step leading to the differentiation of species-specific genotypes
(26), which, given sufficient time, could evolve into reproduc-
tively separated populations or different species.
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