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a b s t r a c t

Cryptosporidium parvum is a common enteric protozoan pathogen of humans and livestock. Multilocus
genotyping based on simple sequence repeat polymorphisms has been used extensively to identify
transmission cycles and to investigate the structure of C. parvum populations and of the related pathogen
Cryptosporidium hominis. Using such methods, the zoonotic transmission of C. parvum has been shown to
be epidemiologically important. Because different genetic markers have been used in different surveys,
the comparison of Cryptosporidium genotypes across different laboratories is often not feasible. Therefore,
few comparisons of Cryptosporidium populations across wide geographical areas have been published and
our understanding of the epidemiology of cryptosporidiosis is fragmented. Here we report on the
genotypic analysis of a large collection of 692 C. parvum isolates originating primarily from cattle and
other ruminants from Italy, Ireland and Scotland. Because the same genotypic markers were used in these
surveys, it was possible to merge the data. We found significant geographical segregation and a correla-
tion between genetic and geographic distance, consistent with a model of isolation by distance. The pres-
ence of strong LD and positive IA

S values in the combined MLG dataset suggest departure from panmixia,
with different population structures of the parasite prevailing in each country.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Species within the genus Cryptosporidium are obligate intracel-
lular parasites that multiply in the epithelial cells of the gastro-
intestinal tract of vertebrates. These pathogens have a complex life
cycle that comprises two generations of asexual multiplication
followed by a sexual cycle (Tzipori, 1988). In humans,
Cryptosporidium hominis and Cryptosporidium parvum account for
the vast majority of cases worldwide (Cacciò and Putignani,
2014; Widmer and Sullivan, 2012; Xiao, 2010). C. hominis is consid-
ered a human parasite, albeit experimental and natural infection of
animals with this species have occasionally been reported
(Connelly et al., 2013; Giles et al., 2009; Ryan et al., 2005; Smith
et al., 2005; Tanriverdi et al., 2003). C. parvum is a common parasite
of ruminants, particularly of young animals, and has an established
zoonotic potential (Learmonth et al., 2004; Sopwith et al., 2005).

Infection is initiated by the ingestion of oocysts. Direct human-
to-human or animal-to-human contact, or ingestion of con-
taminated water and food are common routes of transmission.
The oocysts are remarkably resistant to environmental stress and
can withstand chlorination of drinking water. These properties,
coupled with a low infectious dose (Chappell et al., 2006;
Chappell et al., 1996), explain the large number of waterborne out-
breaks, including the largest ever recorded outbreak in Milwaukee
in the United States (Mac Kenzie et al., 1994).

Understanding how natural parasite populations are structured
and how population structures can vary in relation to ecological
and epidemiological conditions has attracted a considerable inter-
est, due to the implication such studies can have on the develop-
ment of control measures. Indeed, as highly polymorphic genetic
markers (mini- and micro-satellites) were identified (Cacciò
et al., 2000; Cacciò et al., 2001; Feng et al., 2000; Mallon et al.,
2003a), population genetics studies were initiated in different
countries to evaluate genetic diversity among parasite isolates, to
estimate the occurrence of mixed infections (Tanriverdi et al.,
2003; Widmer et al., 2014) and to identify host-associated sub-
populations (Drumo et al., 2012) and other population structures
(Feng et al., 2014). These studies have shown the existence of
human-adapted C. parvum multi-locus genotypes (MLGs) (Leav
et al., 2002; Mallon et al., 2003b), or have demonstrated the influ-
ence of different husbandry practices on the structure of bovine
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C. parvum populations (Tanriverdi et al., 2006). Most studies have
focused on isolates collected from single countries (Gatei et al.,
2007; Hunter et al., 2007) or individual host populations (Cama
et al., 2008). Progress on an informative comparison across studies
has been hampered by the lack of a standardized genotyping
scheme. Consequently, meta-analyses encompassing multiple
surveys have been rare (Wang et al., 2014).

To investigate the structure of C. parvum on a large geographical
scale, we combined MLGs from three published surveys of
C. parvum isolates from Scotland, Italy and Ireland (Morrison
et al., 2008; Drumo et al., 2012; De Waele et al., 2013). This
approach enabled us to assemble a large and geographically
diverse MLG dataset comprising 692 C. parvum isolates. By apply-
ing different statistical tests, we found evidence of geographical
segregation and linkage disequilibrium, and observed a significant
correlation between genetic and geographical distance.
2. Materials and methods

2.1. Source of data

MLG data were taken from three published studies (Morrison
et al., 2008; Drumo et al., 2012; De Waele et al., 2013). The data
from Scotland (Morrison et al., 2008) included isolates from cattle
(n = 212), lambs (n = 9) and humans (n = 64). The data from Italy
comprised isolates from cattle (n = 122), lambs (n = 21), goat kids
(n = 21), and humans (n = 9). The data from Ireland comprised
234 isolates all from cattle (De Waele et al., 2013). The seven
genetic markers included were MS1, GP15, MS9, TP14, MM5,
MM18, and MM19. The MS1 marker contains a GGTGGTATGCCA
repeat in the heat shock protein 70 gene (cgd2_20) located at posi-
tions 3136–5184 on chromosome 2. The GP15 marker contains a
TCA repeated motif in a 975-bp gene (cgd6_1080) encoding a
sporozoite surface protein located at positions 266,434–267,408
on chromosome 6. The MS9 marker contains a TGGACT repeat in
a 2016-bp gene (cgd5_2850) encoding a hypothetical protein locat-
ed at positions 640,137–642,152 on chromosome 5. The TP14
marker contains a CAA repeat in an 8421-bp gene (cgd8_1340)
encoding a hypothetical protein located at positions 365,790–
374,210 on chromosome 8. The MM5 marker contains a
TCCTCCTCT repeat located in an 11,418-bp gene (cgd6_4290) locat-
ed at positions 1002,285–1013,702 on chromosome 6. The MM18
marker contains a GGACCA repeat in the 5004-bp gene
(cgd8_660) located at positions 165,295–170,298 on chromosome
8. The MM19 marker contains a GGAGCT repeat in the 7230-bp
gene (cgd8_4840) located at position 1208,520–1215,749 on chro-
mosome 8.

Since Morrison et al. (2008) used a different reverse PCR primer
for the GP15 locus than that used by Drumo et al. (2012) and De
Waele et al. (2013), GP15 alleles from Scotland were recoded by
subtracting 66 nucleotides, based on the fact that the 50 end of
the two GP15 reverse primers are 66 nucleotides apart (see Supple-
mentary Table S1 for the size of recoded GP15 alleles).
2.2. MS9 genotype of bovine isolates from Ireland

MS9 alleles were determined and added to the original dataset
from Ireland. This marker was PCR amplified for this study from
234 of 245 bovine isolates from Ireland as described (Mallon
et al., 2003a). The size of each PCR product was estimated by elec-
trophoresis using a capillary apparatus (QiaXcel; Qiagen, Milan,
Italy) by comparison to size standards. Samples representative of
each allele were sequenced on both strands to confirm the
estimated size. Each distinct allele was assigned a unique number
indicating the estimated size in nucleotides.
2.3. MLG data analyses

The program LIAN 3.6 (Haubold and Hudson, 2000) (available at
http://adenine.biz.fh-weihenstephan.de/cgi-bin/lian/lian.cgi.pl)
was used to calculate the standardized index of association (IA

S).
This index, a derivation of the Maynard-Smith index of association
(Maynard-Smith et al., 1993), measures the strength of the linkage
disequilibrium (LD) and is independent of the number of loci
analyzed. The null hypothesis of linkage equilibrium was tested
by Monte Carlo simulation (10.000 iterations).

The MLG for each isolate was defined by combining the alleles
from the seven genetic loci (Drumo et al., 2012). The eBURST soft-
ware (http://eburst.mlst.net/default.asp) was used to visualize the
structure of the combined C. parvum population from the three
countries. Using this method, the clonal nature of related geno-
types and putative ‘‘founder’’ genotypes were visualized (Feil
et al., 2004). The most stringent setting was used, and only
single-locus variants (SLVs) which differ at one locus only were
assigned to the same cluster.

Principal Coordinate Analysis (PCoA) was applied to graphically
display pairwise genetic distances between MLGs. A matrix of pair-
wise distances between MLGs was computed using the SSR dis-
tance metric. The SSR distance between two MLGs was
calculated as the squared difference in estimated amplicon length
summed over seven loci. This distance matrix was input into the
PCoA calculator in GenAlex (Peakall and Smouse, 2012).

A Mantel test (Mantel, 1967) was used to assess whether genet-
ic and geographical distances among isolates were correlated.
Geographical distance was estimated using the latitude and longi-
tude of the capital of the province or county from which the iso-
lates originated. MLGs from 619 isolates obtained from all
ruminants or isolated from calves only (n = 568) were included.
The computations were performed with GenAlex.
3. Results

3.1. MLG analysis

To create a MLG dataset based on the same seven markers, the
alleles at the MS9 locus were determined for 234 of the 245
originally studied Irish C. parvum isolates. The analysis of MS9
amplicons revealed that one allele of 450 bp in length predominat-
ed (231 of 234 isolates), whereas 3 other alleles (432 bp, 444 bp
and 456 bp) were each found in a single isolate. Combining the
MS9 locus data with six additional markers resulted in 75 different
MLGs in Ireland, to which 102 unique MLGs from Italy and 89
unique MLGs from Scotland were added for the analyses. The com-
plete list of alleles identified at each locus in each country is pro-
vided (Supplementary Table S1).

Most MLGs were found in one country only. Only 7 of 266
unique MLGs were found in C. parvum isolated from Italy and Ire-
land and were designated with code ‘‘EU’’ in Fig. 1. Specifically,
MLG IT59 (found in 2 Italian isolates) was identical to IE02 (found
in 10 Irish isolates, EU1), MLG IT60 (found in 1 Italian isolate) was
identical to IE06 (found in 3 Irish isolates, EU2), MLG IT64 (found in
3 Italian isolates) was identical to IE07 (found in 6 Irish isolates,
EU3), MLG IT72 (found in 5 Italian isolates) was identical to IE10
(found in 1 Irish isolate, EU4), MLG IT67 (found in 9 Italian isolates)
was identical to IE11 (found in 7 Irish isolates, EU5), MLG IT88
(found in 1 Italian isolate) was identical to IE22 (found in 1 Irish
isolate, EU6), and MLG IT97 (found in 1 Italian isolate) was identi-
cal to IE46 (found in 25 Irish isolates, EU7). Of note, the shared
MLGs were all of bovine origin (the Italian panel also comprises
21 goats and 21 sheep samples). No MLGs were shared between
Italy and Scotland, or between Ireland and Scotland (Fig. 1).
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Fig. 1. eBURST analysis of C. parvum MLGs from three countries. Single-locus variants are connected. Black, Scotland; grey, Ireland; white Italy. Size of symbols is proportional
to MLG abundance. Singletons (n = 46) are not shown.

Table 1
Analysis of linkage disequilibrium in C. parvum populations from three countries.

Population N IA
S p value VD > L LD

All countries, all MLG 692 0.1295 <0.0001 Yes Yes
All countries, cattle MLG 568 0.1179 <0.0001 Yes Yes
All countries, no multiple

MLGa
263 0.0668 <0.0001 Yes Yes

Scotland, all MLGb 285 0.0677 <0.0001 Yes Yes
Scotland, cattle MLGb 212 0.0346 <0.0001 Yes Yes
Scotland, no multiple MLGa 89 0.0750 <0.0001 Yes Yes
Ireland, all MLGc 234 0.0125 <0.0166* Yes Yes
Ireland, no multiple MLGa 75 �0.0152 9.6 � 10�01* No No
Italy, all MLG 173 0.1317 <0.0001 Yes Yes
Italy, cattle MLG 122 0.1187 <0.0001 Yes Yes
Italy, no multiple MLGa 102 0.0991 <0.001 Yes Yes

a Identical MLGs treated as a single data point.
b In addition to the seven markers included in our data, the original study

(Morrison et al., 2008) included loci ML1, MS5 and MS12.
c The original study (De Waele et al., 2013) included locus MS5 but not locus

MS9.
* Statistically not significant.
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3.2. Analysis of linkage disequilibrium

The level of LD was estimated using the Standardized Index of
Association IA

S, which is a measure of the association between alleles
at all pairwise combinations of loci. This index takes a value of zero
or becomes negative in randomly mating populations, but is posi-
tive for non-panmictic populations. LD analysis comprising all
C. parvum MLGs from the 3 countries was consistent with strong
LD, and this was observed also when only the bovine MLGs were
considered. IA

S values greater than zero indicative of LD were consis-
tently obtained; the p value for Ireland was not statistically sig-
nificant, albeit VD was slightly larger than L, thus the null
hypothesis of linkage equilibrium was not demonstrated (Table 1).
Interestingly, the IA

S value from all MLGs from 3 countries was not
higher than that measured for the Italian population alone (Table 1).

3.3. MLG networks

We used eBURST to generate a network connecting single-locus
variants and visualize the relationship between C. parvum popula-
tions isolated from different countries. As illustrated in Fig. 1,
separation of MLGs by country was evident. All MLGs from Scot-
land were separated from either Italian or Irish MLGs, being con-
nected to the Italian-Irish cluster by only one MLG. Only 5 of 75
MLGs from Ireland did not have a SLV in the main cluster, whereas
15 of 89 MLGs from Scotland, and 26 of 102 MLGs from Italy were
identified as singletons. To ensure that the observed MLG clusters
were not affected by the recoding of GP15 alleles from Scotland,
the eBURST analysis was repeated without GP15 data, i.e., based
on six markers instead of seven. This analysis generated a similar
eBURST topology, where MLGs from different countries formed
separate clusters (not shown). The same observation was made
after exclusion of the TP14 marker, instead of GP15, further sup-
porting the country specific MLG clusters.

3.4. Principal coordinate analysis

PCoA of 568 livestock isolates showed two clusters, one enriched
for isolates from Ireland, the other enriched for Italian isolates
(Fig. 2). A similar topology was already noted in a previous analysis
of the Italian MLGs (Drumo et al., 2012). In that survey, clusters



Fig. 2. Principal Coordinate Analysis of C. parvum isolates of bovine origin. The analysis is based on pairwise SSR distances as defined in Material and Methods. A total of 568
isolates are included. To improve the resolution of the plot, seven divergent isolates (1 from Ireland, 5 from Italy and 1 from Scotland) were excluded.
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were found to be associated with host species and with year of col-
lection. Visual inspection of Fig. 2 reveals a clear geographical par-
tition among clusters, which is consistent with the eBURST analysis.
Particularly apparent in the PCoA was the abundance of Irish iso-
lates in the lower cluster and a paucity of isolates from this country
in the upper cluster. There was nothing particular about the geo-
graphical origin of the 9 Irish isolates located between the cluster
as they originated from 6 of the 19 counties represented in this sur-
vey. No other metadata than host species and geographical origin
were available that could explain the non-random distribution of
the isolates from Ireland and the presence of two clusters.
3.5. Analysis of geographical segregation

To further investigate the geographical segregation of MLGs,
619 MLGs from livestock were analyzed using a Mantel test. Con-
sistent with the PCoA, the correlation between genetic and geo-
graphic distance exceeded the correlation obtained by random
matrix permutation (p < 0.01). This result applies to the entire
sample of 619 livestock isolates and to the bovine-only subsample
of 568 isolates. Together, eBURST, PCoA and Mantel analyses
showed that genetic distance among C. parvum MLGs was correlat-
ed with geographical distance. Further analysis of the relationship
between geography and genotype for each marker did not show
evidence consistent with a simple isolation-by-distance model
caused by stepwise mutation of simple sequence repeats (Valdes
et al., 1993). This model would predict that microsatellites alleles
at northern- and southern-most locations would frequently be at
the extreme of the observed range of allele length. Under this mod-
el, samples from Orkney (northernmost) and Italy (southernmost)
would be expected to harbor extremely long or extremely short
alleles, on average. In fact, the data showed no evidence of such
a distribution, as for Orkney and Italy three markers had an aver-
age length that is extremely short or long, whereas intermediate
locations (Thurso, Dumfries, Aberdeen, Ireland) had 1–4 loci where
the average allele length was extreme.
4. Discussion

The present study demonstrates the power of meta-analysis of
C. parvum MLGs to uncover population substructuring over large
geographical areas. As several Cryptosporidium genotyping
methods have been developed over the years (Robinson and
Chalmers, 2012), data sets from different laboratories are typically
not compatible and cannot be merged. Three MLG surveys con-
ducted in Italy (Drumo et al., 2012), Scotland (Morrison et al.,
2008) and Ireland (De Waele et al., 2013) used almost identical
MLG markers, enabling the merging of MLG data without the need
for extensive re-typing. The analysis of the merged dataset focused
on elucidating the C. parvum population structure in space, reveal-
ing a geographical distribution limited to individual countries for
most MLGs, resulting in a significant association between geo-
graphical and genetic distance. This observation extends and con-
firms a previous MLG analysis of C. parvum and C. hominis in
various countries (Tanriverdi et al., 2008).

As pointed out in reference to bacterial populations by
Maynard-Smith et al. (1993), the structure of microbial popula-
tions ranges from panmictic (unrestricted gene flow and linkage
equilibrium), to clonal (largely restricted gene flow and in LD), to
epidemic (underlying panmictic structure masked by an abun-
dance of genetically identical clones). The main criterion distin-
guishing between these population structures is the presence of
LD across loci, which arises as a consequence of reproductive isola-
tion, limiting or excluding recombination among genetically dis-
similar individuals.

Previous surveys of Cryptosporidium MLGs have provided evi-
dence that all three population structures can be found. Panmixia
has been found to characterize populations of bovine C. parvum in
three Midwestern US states (Herges et al., 2012), in Ireland (De
Waele et al., 2013) and in two regions of Scotland (Morrison
et al., 2008). However, the Scottish study also found an epidemic
population structure in two other regions, indicating that the pres-
ence of an underlying panmictic population was masked by the
abundance of a few MLGs, and that the LD measured in these
populations was no longer detectable after the exclusion of over-
represented MLGs (Morrison et al., 2008). Finally, indication for a
clonal population was obtained when analyzing MLGs from rumi-
nants in Italy (Drumo et al., 2012). Here, we tested the effect of mul-
tiple hosts and of over-represented MLGs on IA

S values calculated
from the combined dataset and from individual countries (Table 1).
In agreement with the conclusions reached in the original publica-
tions (Morrison et al., 2008; Drumo et al., 2012; de Waele et al.,
2013), the C. parvum population from Ireland was panmictic,
whereas statistically significant LD characterized the Italian and
Scottish C. parvum populations at the different levels of analysis.
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As observed with the malaria parasite Plasmodium falciparum
(Anderson et al., 2000), it has been suggested that panmixia pre-
vails in areas where transmission is high, as frequent transmission
increases the chance of mixed infections and recombination. Like-
wise, animal trade is also expected to facilitate co-infection and
recombination among genetically distinct genotypes found in dif-
ferent geographical regions (Tanriverdi et al., 2008). Indeed, cattle
movement has been found to be significantly correlated with allele
diversity in bovine populations from Scotland and Ireland
(Morrison et al., 2008; De Waele et al., 2013). As movement
involves a significant number of young animals (up to 60% of Irish
cattle were likely to be moved between herds over a 4 year period;
De Waele et al., 2013), different parasite genotypes can co-infect
and recombine, leading to linkage equilibrium and lack of geo-
graphical segregation. The present observation that C. parvum
MLGs are confined to individual countries is consistent with the
wider geographical scale of the survey and indicates that trade of
live cattle between countries did not influence significantly the
population structure of C. parvum. This assumption could not be
verified as we were unable to find data on cattle trade among Euro-
pean countries.

There are some limitations of this study that should be men-
tioned. First, the isolates have been collected in different time peri-
ods (Ireland: 2003–5; Italy; 1997–2010; and Scotland: prior to
2003) and this may have biased the analysis, if one assume that
novel genotypes are introduced over time (Drumo et al., 2012).
However, longitudinal studies addressing the stability of MLGs
over time and space are difficult to conduct. A second potential
limitation is that isolates were typed in different laboratories.
The main concern arises with trinucleotide repeat markers (GP15
and TP14), as distinguishing alleles differing by 3 base pairs can
be problematic. To ensure that the population structure we detect-
ed was not due to typing artefacts, we repeated the analyses with-
out these two loci. Clustering of MLGs was substantially
unaffected, indicating that MLG generated in different laboratories
are comparable.

In conclusion, merging MLG datasets from three countries
revealed significant geographical segregation of Cryptosporidium
among countries. The correlation between genetic distance and
geographic distance is in agreement with a model of isolation by
distance. The presence of strong LD and positive IA

S values in the
combined MLG dataset from the three countries suggest departure
from panmixia and indicate geographical segregation of MLGs, as
also indicated by the eBURST network.
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