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Abstract

Cryptosporidium parvum is a globally distributed zoonotic pathogen and a major cause
of diarrhoeal disease in humans and ruminants. The parasite's life cycle comprises an
obligatory sexual phase, during which genetic exchanges can occur between previ-
ously isolated lineages. Here, we compare 32 whole genome sequences from human-
and ruminant-derived parasite isolates collected across Europe, Egypt and China. We
identify three strongly supported clusters that comprise a mix of isolates from differ-
ent host species, geographic origins, and subtypes. We show that: (1) recombination
occurs between ruminant isolates into human isolates; (2) these recombinant regions
can be passed on to other human subtypes through gene flow and population admix-
ture; (3) there have been multiple genetic exchanges, and most are probably recent;
(4) putative virulence genes are significantly enriched within these genetic exchanges,
and (5) this results in an increase in their nucleotide diversity. We carefully dissect the
phylogenetic sequence of two genetic exchanges, illustrating the long-term evolution-
ary consequences of these events. Our results suggest that increased globalization
and close human-animal contacts increase the opportunity for genetic exchanges be-
tween previously isolated parasite lineages, resulting in spillover and spillback events.
We discuss how this can provide a novel substrate for natural selection at genes in-
volved in host-parasite interactions, thereby potentially altering the dynamic coevo-

lutionary equilibrium in the Red Queens arms race.
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1 | INTRODUCTION

Cryptosporidium (Phylum Apicomplexa) comprises many species with
a global distribution that are important causes of diarrhoeal disease
in mammals, including humans (Innes et al., 2020). Human disease
burden is particularly high among children living in low-income
countries, where Cryptosporidium is a leading cause of moderate-to-
severe diarrhoea (Kotloff et al., 2013) and exerts a negative long-
term impact on childhood growth and wellbeing (Khalil et al., 2018).
In the absence of broadly effective drugs and no vaccine, control
of cryptosporidiosis is heavily dependent on the prevention of in-
fection, and novel interventions are urgently needed (Bhalchandra
et al., 2018; Chavez & White, 2018).

The epidemiology of human cryptosporidiosis is complex, with
transmission occurring indirectly via contaminated food or water or
directly via contact with animals or other infected people (McKerr
et al., 2018). Although up to 17 species cause human infection, most
cases are due to Cryptosporidium hominis, which is anthroponotic,
or C. parvum, which is zoonotic (Feng et al., 2018). Animal reser-
voirs, such as calves and lambs, play an essential role in the spill-
over and spillback to humans. In Europe, three zoonotic subtypes
are thought to be responsible for about 85% of human C. parvum
infections, occurring as both sporadic cases or in outbreaks (Caccio
& Chalmers, 2016). The reasons for the high prevalence of these
specific subtypes are presently unknown.

The life cycle of Cryptosporidium consists of an obligate sex-
ual phase within a single host. The transmission stage is a meiotic
spore (the oocyst), and this is generated by sexual reproduction.
This lifecycle is completed in 3days (Guérin & Striepen, 2020), and
hence, each infection probably offers multiple opportunities for
recombination. However, if the host is infected by only a single
strain, sexual reproduction effectively amounts to self-fertilization
(or selfing). In the absence of multiple-infections, the reproduction
of Cryptosporidium thus resembles that of parasites such as Giardia,
Toxoplasma, Cryptococcus, and Trypanosoma that have a predomi-
nant clonal evolution (PCE) (Tibayrenc et al., 1990). If two or more
Cryptosporidium strains infect a single host (i.e., multiple infections),
the sexual phase can result in genetic exchanges, and the population
structure may resemble that of panmixia. In these incidences, re-
combination can rapidly generate genetic novelty that forms the new
substrate for selection and adaptive evolution. Several recent whole
genome sequencing studies (Gilchrist et al., 2018; Nader et al., 2019;
Tichkule et al., 2021) have explored the evolutionary genetics of
Cryptosporidium. For example, a study of C. hominis in children from
a Bangladeshi community found high levels of genomic recombi-
nation, possibly due to the high transmission rate and likelihood of
mixed infections (Gilchrist et al., 2018). Tichkule et al. (2021) found
evidence of population admixture between distinct geographical lin-
eages of C. hominis in Africa, showing that these lineages have been
exchanging genetic information through recombination. Similarly,
Nader et al. (2019) found evidence of recent genetic exchanges
between zoonotic C. p. parvum and anthroponotic C. p. anthropono-
sum subspecies and documented genetic introgression between C.

hominis and C. parvum. The authors concluded that despite genetic
adaptation to specific host species, Cryptosporidium (sub)species
continue to exchange genetic variation through hybridisation.

In this study, we examined the role of gene flow and recombina-
tion in the population structure and evolution of C. parvum. We gen-
erated whole genome sequences of 22 human- or ruminant-derived
infections from Europe and compared these with genomic data for
10 publicly available C. parvum infections from other continents.
We studied the population structure of this parasite at a geographic
scale, and tested the host specificity of different subtypes. We also
analysed the evidence of gene flow and genetic exchange between
human and ruminant isolates. In particular, we studied the effects of
genetic exchange on the pattern of nucleotide diversity and differ-
entiation. We then tested whether genes involved in host-parasite
coevolution are more significantly affected by these exchanges. The
overall aim of this study is to improve our understanding of the evo-
lutionary epidemiology of this important zoonotic pathogen.

2 | MATERIALS AND METHODS
2.1 | Parasiteisolates

Table 1 lists the information available for the 33 Cryptosporidium
parvum isolates from humans and ruminants included in this study.
These samples comprise 22 isolates sequenced in the present
study, 10 samples from previous studies (Feng et al., 2017; Hadfield
et al., 2015), and the reference genome (Baptista et al., 2022). An
aliquot of the faecal samples was used to extract genomic DNA and
to identify the species and the gp60 subtype, using previously pub-
lished protocols (Alves et al., 2003; Ryan et al., 2003). We point out
that the isolates from which genome information was derived were
not specifically collected for this study and that they represented a
convenience (and suboptimal) sampling. Furthermore, as the num-
ber of isolates from each country is relatively small, inferences on
the population structure and diversity should be still interpreted as
working hypotheses.

2.2 | Oocyst purification and genomic
DNA extraction

Faecal samples were washed with distilled water and pelleted by
centrifugation (1100g) for 5 min in a refrigerated centrifuge. The
procedure was repeated three times, and the sediment suspended
in ~1-2 ml of distilled water. A commercial immunofluorescent assay
(Merifluor Cryptosporidium/Giardia kit) was used to estimate oocyst
number and integrity (i.e., presence of intact nuclei).

Qocysts were purified by immunomagnetic separation (IMS)
using the Dynabeads anti-Cryptosporidium kit (Idexx), according to
the manufacturer's instructions. To degrade residual contaminants,
purified oocysts were treated with an equal volume of 0.6% sodium
hypochlorite, washed three times with nuclease-free water, and
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TABLE 1 Listof the Cryptosporidium parvum isolates included in the study

Isolate Host Year of collection
IT-C320 Goat kid 2013
IT-C366 Goat kid 2014
IT-C385 Goat kid 2015
IT-C386 Goat kid 2015
IT-C388 Lamb 2015
IT-C389 Lamb 2015
IT-C390 Lamb 2016
IT-C391 Calf 2016
IT-C392 Lamb 2016
IT-C393 Calf 2016
IT-C394 Lamb 2016
IT-C395 Goat kid 2016
DK-Cé Calf 1996
Slol Human 2016
Slo2 Human 2016
Slo4 Human 2016
Slo5 Human 2016
Slo7 Human 2016
Slo9 Human 2016
Spal Human 2015
IT-To Calf 1990
IT-Ve Calf 2015
UKP2 Human 2012
UKP3 Human 2013
UKP4 Human 2012
UKP5 Human 2012
UKP6 Human 2013
UKP7 Human 2013
UKP8 Human 2013
31,727 Calf 2008
34,902 Buffalo calf 2011
35,090 Calf 2011
IOWA-ATCC Calf 2020

pelleted by centrifugation (11008 for 5 min). The pellets were sus-
pended in 100l of nuclease-free water, of which 5 pul were used to
estimate the number of oocysts by microscopy, and 95 pul were used
for DNA extraction. To maximize DNA yield, purified oocysts were
submitted to five cycles of freezing in liquid nitrogen and thawing
at 55°C. Genomic DNA was extracted with the DNA extraction 1Q
System kit (Promega), following the manufacturer's instructions, and
eluted in 50l of elution buffer. DNA concentration was measured
using Qubit dsDNA HS Assay Kit and the Qubit 1.0 fluorometer
(Invitrogen), according to the manufacturer's instructions. To assess
the presence of residual bacterial DNA in the genomic extracts, a

previously described single round PCR targeting the 16S rRNA gene

Country of origin gp60 subtype Reference

Italy 11aA15G2R1 This study

Italy 1IdA17G2R1 This study

Italy 11aA15G2R1 This study

Italy 11aA15G2R1 This study

Italy 11aA15G2R1 This study

Italy 11aA15G2R1 This study

Italy 11aA15G2R1 This study

Italy 11aA19G2R1 This study

Italy 11aA17G1R1 This study

Italy 1laA16G3R1 This study

Italy 11aA16G1R1 This study

Italy IlaA18R1 This study

Denmark 11aA18G1R1 This study

Slovenia 11aA15G2R1 This study

Slovenia 11aA15G1R1 This study

Slovenia 11aA20G1R1 This study

Slovenia 11aA15G2R1 This study

Slovenia 11aA19G1R1 This study

Slovenia 11aA15G2R1 This study

Spain 11aA15G2R1 This study

Italy IIdA22G2R1 This study

Italy 1laA15G2R1 This study

United Kingdom 11aA19G1R2 Hadfield et al. (2015)
United Kingdom 11aA18G2R1 Hadfield et al. (2015)
United Kingdom 11aA15G2R1 Hadfield et al. (2015)
United Kingdom 1laA15G2R1 Hadfield et al. (2015)
United Kingdom 11aA15G2R1 Hadfield et al. (2015)
United Kingdom 1laA17G1R1 Hadfield et al. (2015)
United Kingdom 11dA22G1 Hadfield et al. (2015)
China 1IdA19G1 Feng et al. (2017)
Egyptl 11IdA20G1 Feng et al. (2017)
Egypt2 1laA15G1R1 Feng et al. (2017)
USA 1aA17G2R1 Baptista et al. (2022)

was used (Kommedal et al., 2011). PCR products were visualized by
agarose gel electrophoresis.

2.3 | Whole genome amplification and next-
generation sequencing

Whole genome amplification (WGA) was performed using the
REPLI-g Midi-Kit (Qiagen), according to the manufacturer's instruc-
tions. Briefly, 5 ul of genomic DNA (corresponding to 1-10 ng of
genomic DNA) were mixed with 5 pl of denaturing solution and in-

cubated at room temperature for 3 min. Next, 10 pl of stop solution
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were added to stabilize denatured DNA fragments. The reaction
mixture was completed with 29 ul of buffer and 1 pl of phi29 poly-
merase, allowed to proceed for 16 h at 30°C, and then stopped by
heating for 5 min at 63°C. WGA products were visualized by elec-
trophoresis on a 0.7% agarose gel, purified and quantified by Qubit
as described above.

For next-generation sequencing, about 1 pg of purified WGA
product per sample was used to generate each lllumina TruSeq
paired-end library. Libraries were sequenced on an Illumina HiSeq
4000 platform to a read length of 100bp (for four isolates: DK-Cé6,
IT-C366, IT-To and IT-Ve) or 150bp (for the remaining 18 isolates).
Library preparation and NGS experiments were performed by a
sequencing service (Biodiversa, Italy). An average of 25.72 million

paired-end reads per isolate was generated.

2.4 | Retrieval of public C. parvum whole genome
sequence data

Raw reads and assembled genomes of C. parvum were retrieved from
the NCBI database from bioprojects PRJINA253836, PRINA253840,
PRJNA253843, PRINA253845, PRINA253846, PRINA253847,
PRJNA253848 (Hadfield et al., 2015), and PRJNA320419 (Feng
et al., 2017). The assembled reference genome of C. parvum IOWA-
ATCC (Baptista et al., 2022) was downloaded from CryptoDB v.52
(Warrenfeltz et al., 2020).

2.5 | Processing of C. parvum sequencing data

Raw sequencing reads of 32 isolates (Table 1) were preprocessed
to filter low-quality bases and adapters using Trimmomatic v.0.36
(Bolger et al., 2014), with default parameters. The C. parvum IOWA-
ATCC (Baptista et al., 2022) was set as the reference genome to map
the filtered reads with BWA-MEM v.0.7 (Li & Durbin, 2010). Read
depth was computed by using SAMtools (Li et al., 2009). Multiple
sequence alignments at chromosomal level were generated with a
module included in a pipeline previously developed (https://github.
com/EBI-COMMUNITY/ebi-parasite,module“build_chr_multiAlign_
for_recombi”), provided with SAMtools v.1.9 (Li et al., 2009), Pilon
v.1.24 (Walker et al., 2014), and progressive Mauve v.2.4.0 (Aaron
et al., 2010). Variant calling was performed with the HaplotypeCaller
module of GATK v.3.7, applying hard filters as suggested in the
GATK's Best Practices (van der Auwera et al., 2013) Furthermore,
after joint genotyping of 32 individual variant call format (VCF) files,
we excluded SNPs with alleles <5X coverage, missingness >50%,
MAF <0.05 and alternate allele depth<50%. The moimix R pack-
age (https://github.com/bahlolab/moimix) was used to estimate
multiplicity of infection. The FWS statistic was calculated, which is
a type of fixation index to assess the within-host genetic differen-
tiation (Manske et al., 2012). In pure isolates with haploid genomes,

FWS is expected to approach unity. Isolates with FWS <0.95 were

excluded, as they are likely to represent multiple infections (Manske
et al., 2012). For isolates with FWS>0.95, each multiallelic SNP po-
sition was reduced to a biallelic position by retaining the dominant

allele.

2.6 | Phylogenetic and cluster analyses

Phylogenetic trees were inferred on the concatenated set of genomic
SNPs using the maximum likelihood method and general time re-
versible model, as implemented in the MEGA software, version 7
(Kumar et al., 2018). The reliability of the clusters was evaluated
by the bootstrap method with 1000 replicates. The set of genomic
SNPs was used to visualize clustering among isolates using a princi-
pal component analysis (PCA), as implemented in Clustvis (https://
biit.cs.ut.ee/clustvis/) (Metsalu & Vilo, 2015). Population structure
analysis of the isolates was performed with the STRUCTURE v.2.3
program (Pritchard et al., 2000). Phylogenetic networks were gener-
ated by using the neighbour-net algorithm implemented in SplitsTree
v.5 (Huson & Bryant, 2006). DensiTree 2 was used to construct a

consensus tree (Bouckaert & Heled, 2014).

2.7 | Recombination analyses

The multiple sequence alignments of each chromosome were ana-
lysed by the Recombination Detection Program software, version
4 (RDP4) (Murrell et al., 2015) using RDP, Geneconv, Bootscan,
MaxChi, and Chimaera. A p-value cutoff <10E-5 was used to filter
significant events. The p-value represents the probability that the
identified recombination block results from the accumulation of mu-
tations rather than by recombination. The “major parent” is related
to the greater part of the recombinant's sequence (the recipient),
whereas the “minor parent” is related to the sequences in the pro-
posed recombinant region (the donor).

To visualize the recombinant blocks identified by RDP4, we used
the HybridCheck software (Ward & van Oosterhout, 2016), with a
step size of 1 and a window size of 500 SNPs. The same settings
were used to date the recombination events, assuming a mutation
rate of 10 and a generation time of 48h.

Furthermore, to visualize the relationships between the isolates
and infer the population history, we used the POPART package
(Leigh & Bryant, 2015) and generated haplotype networks of the se-

quences where the recombinant blocks were identified.

2.8 | Population diversity and genetic variation

The level of pairwise divergence (Dxy) and intrapopulation nucleo-
tide diversity (n) of the three clusters inferred from the phylogenetic
analyses were computed along each chromosome using nonover-

lapping genomic windows of 5 kb. Peritelomeric and subtelomeric
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regions were defined as the first and second 5% of the chromo-
some sequence at each end, respectively (Nader et al., 2019). The
significance of the changes in nucleotide diversity associated with
each recombination event was evaluated with a binomial test given
the chromosomal SNP probability in the recombinant cluster. For
events involving recombinants from multiple clusters, the recom-
binant cluster was set as the modal cluster among the recombi-
nant samples. The RDP4 results were filtered by removing regions
>100kb and entries with <20 SNPs according to our variant call-
ing analysis to avoid calls triggered by singletons in the multiple
sequence alignments. The analysis of genes overlapping highly di-
verse and divergent regions was conducted using the annotations
available in CryptoDB (n = 3894 genes with annotated coding se-
quences, CDSs). Gene descriptions were obtained from the supple-
mentary material of the C. parvum IOWA-ATCC genome (Baptista
et al., 2022) and by matching mRNA sequences against genes an-
notated in the previous reference (Abrahamsen et al., 2004) with
BLASTn (min identity = 95%, min coverage = 75%). Genetic vari-
ability was estimated as the average number of SNPs between all
isolates for each gene (considering only the regions annotated as
CDS), normalized by the reference coding sequence length. Genes
were labelled as highly polymorphic if their variability was greater
than 10 times that computed over the whole genome (>6 SNPs/kb,
n = 26 highly polymorphic genes). The enrichment for highly poly-
morphic genes in recombinant regions was computed via the Chi-
squared test of independence on a contingency table containing
gene counts split by variability level and location (highly polymor-
phic, in recombinant region n = 16 or outside n = 10; not highly pol-
ymorphic in recombinant region n = 318 or outside n = 3550). The
odds ratio was used to determine the direction of the enrichment.
Functional annotations such as EC numbers, GO functions, pre-
dicted signal peptides and transmembrane domains were retrieved
from CryptoDB. The amino acid sequences annotated for each
protein-coding gene, downloaded from CryptoDB, were screened
for the presence of single amino acid Repeats (SAARs) by moving
over the amino acids string while looking for at least five consecu-
tive instances of the same letter. For genes with more than one
annotated protein variant (CPATCC_000022, CPATCC_000589,
CPATCC_000639) all the SAARs found in any of the variants were
listed.

2.9 | De novo assembly of C. parvum genomes

Raw reads were assembled as contigs using SPAdes v3.10.1 (flag
“--careful” on) (Bankevich et al., 2021). Contigs shorter than 1 kb
were removed, and contaminants were identified for each raw ge-
nome using MegaBLAST (Zhang et al., 2000) by assigning each con-
tig to the genus matching with the highest percentage of coverage
(at least 5%) and similarity (at least 75%). Given the high similarity
between C. hominis and C. parvum, contigs matching either spe-

cies with coverage >90% were assigned to C. parvum and retained

for further analyses. Contigs matching with coverage <90% to the

Cryptosporidium genus were discarded.

3 | RESULTS

3.1 | Data set of new and available C. parvum
whole genomes

We generated whole genome sequences from 7 human- and 15
ruminant-derived C. parvum isolates collected in Denmark, lItaly,
Slovenia or Spain (Table 1). In addition, we retrieved raw sequence
data from seven human-derived C. parvum isolates from the United
Kingdom (UK) and three ruminant-derived isolates from China and
Egypt (Table 1). Each isolate was compared to a recently published
and essentially complete assembly of the C. parvum IOWA-ATCC
isolate (Table 1).

3.2 | Identification of mixed populations in raw
sequence data

We used moimix and the FWS statistics to estimate the presence of
mixed infections in the raw sequence data of this study. We identi-
fied three ruminant-derived isolates from lItaly, that is, It-C394, It-To
and It-Ve (Figure S1) as mixed infections; these were removed from
subsequent analyses. We also identified and removed contigs and
associated reads that matched bacterial, fungal or host-derived con-
taminants using BLASTn, following the de novo assembly of each of
the 22 newly sequenced isolates in this study (Table S1). The num-
ber of Cryptosporidium-derived contigs for the 22 newly sequenced
isolates ranged from 30 (IT-C389) to 65 (IT-C366), whereas it ranged
from 91 (UKPé) to 2435 (Egypt2) for those retrieved from GenBank
(Table S2). The larger fragmentation of the retrieved assemblies was
further shown by the substantially lower N50 (range, 22 to 222kb,
average 113 Kb) compared to that of the newly sequenced assem-
blies (range, 258 to 874 kb, average 558kb) (Table S2). These data
confirm that high-quality Cryptosporidium whole genome sequences
can be obtained directly from clinical stool samples (Feng et al., 2017,
Hadfield et al., 2015; Nader et al., 2019).

3.3 | Genetic variability among isolates

We identified 9806 biallelic SNPs across all genomes relative to the
IOWA ATCC reference genome (CryptoDB release 52, 2021-05-20).
The number of SNPs ranged from 709 for the human isolate UKP7
to 5650 for the calf isolate Egyptl (Table S3). The four isolates of
the Ild lineage had a larger number of SNPs (4711 +778) compared
to the 13 isolates of the 1laA15G2R1 subtype in the lla lineage
(1087 +277). The SNPs were not randomly distributed across the
eight chromosomes, with chromosomes 1 and 6 showing statistically
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higher density than the other chromosomes (binomial tests, p < 107%°
for both chromosomes). Chromosomes 2 and 8 showed the lowest
SNP densities (binomial tests, p = 1.85x1072* and p = 1.07x 107,
respectively).

3.4 | Phylogenetic and clustering analyses

Phylogenetic relationships among the C. parvum isolates (Figure 1a),
inferred using all biallelic SNPs (n = 9806), identified three clus-
ters. However, the isolates did not cluster by host species, geo-
graphic origin or gp60 subtype. These conclusions were further
supported by a consensus tree generated using the DensiTree 2
software (Figure S2A), by a Principal Component Analysis (PCA)
(Figure S2B) and an analysis of the population structure executed
with STRUCTURE (Figure S2C). Interestingly, the latter analysis re-
vealed a moderate level of admixture among the three clusters. We
examined admixture in further detail and generated a phylogenetic
network with SplitsTree (Figure 1b). This confirmed the presence of
three distinct clusters that were connected by several loops, shown
in the network as parallel interconnected edges forming reticulates
which we interpreted as evidence for recombination events within
and between clusters. Loops in a phylogenetic network indicate
phylogenetic inconsistencies, where part of the focal sequence
resembles that of a second sequence, and part is more similar to a
third sequence. If a fourth sequence is added to such a network, the
first three sequences pull a loop. If those loops are large, this sug-

gests that the sequence similarity between the focal, second and
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third sequence is high at the points where they match. This indicated
that the genetic exchange between those three sequences is likely

to have occurred recently.

3.5 | Genome-wide recombination analysis
We identified 73 genomic recombination events among all isolates
(Table S4), and found that the recombinant regions were not homoge-
neously distributed across chromosomes (Table S5). Recombinant re-
gions were detected significantly more frequently on chromosomes 1
and 3 (binomial tests: p = 3.002E-5 and p = .00195, respectively), and
chromosomes 7 and 8 showed significantly fewer recombinant regions
than expected (binomial tests: p = .00241, and p = 2.336E-5, respec-
tively). Recombination events were not homogeneously distributed
within chromosomes (Table Sé), with significantly more events de-
tected at peri- and subtelomeric regions, particularly for chromosomes
4 and 6 (binomial tests: p =.004672, and p = 1.011E-6, respectively).
We then asked if the level of polymorphism differed depend-
ing on whether genes were found inside or outside of a recom-
binant region. Genomic regions involved in recombination were
significantly enriched for highly polymorphic genes compared to
other regions (x* = 86.94; p = 1.11E-20, df = 1). Moreover, genes
in recombinant regions displayed a higher level of intrapopulation
diversity compared to the rest of the genome, independent of the
population clusters (two-tailed t-test, p = 2.78E-18, p = 5.72E-17
and p = 2.09E-21, for clusters 1, 2 and 3, respectively). Among the
highly variable protein-coding genes located in recombinant regions,
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FIGURE 1 (a)Phylogenetic relationships based on concatenated genomic SNPs. Trees were inferred using maximum likelihood with
bootstrap values. Branches are labelled with isolate ID, host of origin and geographical origin. The symbols indicate the host species

the sample was collected from. Branch lengths represent the number of substitutions per site. (b) a phylogenetic network generated by
SplitsTree shows the presence of three distinct clusters connected by several loops, indicative of recombination and outcrossing [Colour
figure can be viewed at wileyonlinelibrary.com]
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nine have a signal peptide, and seven have single amino acid repeats
(SAARs) (Table S7). In general, genes with a signal peptide or a SAAR
located in recombinant regions (n = 117) have higher nucleotide
variation compared to the other genes (n = 1069) with the same
properties but located elsewhere in the genome (two-tailed t-test,
p = 4.11E-18). This suggests that recombination might have enabled
the adaptive evolution of genes potentially involved in virulence by

increasing their nucleotide diversity.

3.6 | Recombination events occurred recently

We estimated the mean age of the recombination events between
the three C. parvum linages after excluding those for which the
parental sequence was missing and/or the breakpoints were am-
biguous. For the events where multiple isolates were identified
by RDP4 as recombinant or minor parents, one representative of
each was chosen, but multiple combinations were tested to en-
sure that the age estimates were consistent. Using these criteria,
we examined 24 recombination events and showed that 12 (50%)
probably occurred very recently, that is, in the past ~200years
(Figure 2a). We did detect much more ancient events, which shows
that we were able to detect genetic exchanges that occurred in the
distant past.

To examine whether the rate of genetic exchanges might have
increased only recently, we calculated the cumulative percentage
of recombinant nucleotides against the age of the recombination
event (in years). This showed that about 22% nucleotides have
been exchanged between the three lineages in the past ~200years
(Figure 2b). We argue that, if the historic rate of recombination
would have been as high as that of the past ~200years, then the
three lineages would have been homogenized (i.e., panmictic), and
they would not appear genetically distinct. This suggests that the
rate of genetic exchanges has increased in the past two centuries.

Next, we focus on recombination events in chromosomes 1 and
4 toillustrate the effect of genetic exchanges on nucleotide variation
between isolates within a cluster and genetic divergence between
clusters, and to better understand the evolutionary epidemiology of

such genetic exchanges.

3.7 | Chromosome1

Chromosome 1 shows two interesting cases of recombination
involving human- and ruminant-derived isolates from differ-
ent clusters. Network analysis shows that a human isolate from
Spain (Spal) and a calf isolate from Egypt (Egypt2) have mark-
edly different branching patterns (Figures 3a-b). Indeed, both the
isolates are clustered outside their original clusters. In the phylo-
genetic network (Figure 3b), large loops connecting isolate Spal
and Egypt 2 with cluster 3 isolates are observed, suggesting that
these two isolates have parts of their chromosome 1 sequences
highly similar to cluster 3 as a result of admixture. Examining

the recombination signal in this chromosome using HybridCheck
analysis pinpoints the exact chromosome location of the genetic
exchanges (Figure 3c).

In the case of Spal, the exchange involved a region of 22kb
that, according to HybridCheck, is between positions 773,084 and
796,671. This region is characterized by a significantly higher level
of nucleotide diversity () in cluster 1 than expected (Figure S3). This
is reflected by the 13 genes found in this region (CPATCC_000384
to CPATCC_000397), two of which (CPATCC_000384 and
CPATCC_000385) are among the top 1%-2% most polymorphic
genes (Table S7).

In the case of Egypt2, the exchange involved a region of 26 kb lo-
cated between position 745,529 and 771,337, and this region is also
characterized by a significantly higher than expected level of nucle-
otide diversity (x) (Figure S3). As for Spal, this is reflected by the 11
genes found in this region (CPATCC_000372 to CPATCC_000383),
three of which (CPATCC_000376, CPATCC_000378,
CPATCC_000383) are among the top 1%-2% most polymorphic
genes (Table S7). A schematic representation of the evolutionary
events involving genetic exchanges between the isolates of cluster 1
and cluster 3 is illustrated in Figure 3d. This diagram shows that the
ancestors of isolates Egypt2 and Spal both received genetic varia-
tion from a cluster 3, around 49 (21-96; 95% Cl) and 289 (204-395;
95% Cl) years ago, respectively.

3.8 | Chromosome 4

Chromosome 4 shows an interesting case of genetic exchange,
wherein exactly the same ~8 kb region of cluster 3 is found in iso-
lates from both cluster 1 and cluster 2. Two isolates from cluster
2, namely Slo2 (human) and C392 (lamb), and two human-derived
isolates from cluster 1 (Slo1 and Slo9) are found outside their original
clusters in the phylogenetic tree (Figure S4A of chromosome 4) and
show signs of admixture with cluster 3 in the population structure
analysis performed with STRUCTURE (Figure S4B of chromosome
4). Furthermore, large loops are seen in the phylogenetic network
(Figure 4a) suggesting recombination may have occurred.

A visual inspection of the multiple sequence alighment shows
that, at a region close to the 5' telomere (from position 751 to po-
sition 8057) of chromosome 4, these isolates share 242 SNPs with
cluster 3 isolates. The recombination detection software RDP4
identifies recombination at this region (Table S4). Further inspec-
tion of this chromosome with HybridCheck supports that the same
~8 kb region at the 5’ telomere of chromosome 4 from cluster 3 is
now found in isolates of both cluster 1 and cluster 2 (Figure 4c).
We estimated that both clusters received genetic variation from
cluster 3 circa 472 (286-723; 95% Cl) years ago through recom-
bination. It is unlikely these were two independent events, given
that the start and end position of the blocks are identical in both
clusters. Rather, we propose cluster 3 first recombined with a ge-
nome of one of the other clusters (e.g., cluster 1), and that the de-
scendants of this recombinant subsequently recombined with the
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third cluster (e.g., cluster 2). In other words, this is consistent with
a potential spillover and spillback event, from calf into human, and
back into lamb. The haplotype network plot generated with PoparT
(Figure 4b), further supports the reconstruction of the sequence of
events, which is schematically illustrated in Figure 4d. The recom-
binant region, now shared between extant isolates from cluster 1
(Slol and Slo9) and cluster 2 (C392 and Slo2), comprises four genes
(CPATCC_001472-CPATCC 001475), which are among the top

1%-2% most polymorphic in the genome, encoding for proteins with
still unknown function (Table S7).

4 | DISCUSSION

We performed an evolutionary genetic analysis, studying whole ge-
nome sequence data of 32 isolates of C. parvum, which include 22
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FIGURE 3 Recombination analysis of chromosome 1 identifies two hybrid sequences, Spal (a human isolate from cluster 1) and Egypt 2 (a
calf isolate from cluster 3). (a) Network showing that haplotypes of hybrid isolates Spal and Egypt2 are diverged from the rest of the isolates
and are closely associated with their minor parental sequences (cluster 3 isolates). (b) Phylogenetic network showing loops between hybrid
isolates, representing potential recombination. (c) Sequence similarity plots obtained with HybridCheck for different triplets of isolates
involved in a recombination event (hybrid, major parent, minor parent). The sequence similarity is shown along chromosomal positions (x-
axis) by a colour map in which regions with the same polymorphism share colours (top) and by line graphs reporting the percentage similarity
on the y-axis (bottom). Graphs recombinant regions that present showing high similarity between hybrid isolates and their minor parental
sequences at the recombinant regions are enclosed in dashed boxes. (d) Schematic representation of recombination events in hybrid isolates,
which shows that Egypt2 and Spal both received genetic variation from a cluster 3, around 49 (21-96; 95% Cl) and 289 (204-395; 95% Cl)
years ago, respectively [Colour figure can be viewed at wileyonlinelibrary.com]

newly sequenced isolates from humans and young ruminants across
European, and 10 published genomes from previous studies (Feng
et al., 2017; Hadfield et al., 2015). We identified three strongly sup-
ported clusters that grouped independently of host species and
geographic location. Previous studies, mostly based on length vari-
ation of tandem DNA repeats, showed that the C. parvum popula-
tion structure can be either panmictic, epidemic or clonal, probably
as a result of differences in ecological factors, such as transmission
intensity (Feng et al., 2018). In general, studies have reported a cor-
relation between genetic and geographic distance, consistent with
a model of isolation by distance, while support for host-adapted
genotypes was less consistent. As the data set investigated here
was small and based on a convenience sampling, a direct compar-

ison with previous data is difficult. However, our data suggests a

recent increase in genetic exchanges between the three lineages af-
fected a substantial proportion of the genome (~22%). Furthermore,
these lineages were independently of host species and geographic
location. The elevated rate of sequence exchange implies that the
population structure is dynamic, possibly as the result of new op-
portunities caused by global environmental changes. We anticipated
that the current efforts to sequence additional genomes will allow
comparing the population structure in further detail and that this
will need to be monitored closely to track the population dynam-
ics and continued (recombination-fuelled) evolution of this parasite.
Despite any apparent reproductive barriers, reproductive isolation in
C. parvum appears to be sufficiently strong for “near-clades” (NCs) to
evolve, which are reasonably stable in time and space. Such popula-
tion structuring is consistent with the predominant clonal evolution
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FIGURE 4 Recombination analysis of chromosome 4 identifies an exchange of the same 8 kb genomic region from cluster 3 into

isolates from cluster 1 and 2. (a) the phylogenetic network shows the signature of recombination and admixture in four hybrid isolates,

that is, Slo1 and Slo9 (cluster 1), and Slo2 and IT-C392 (cluster 2) placed outside their designated clusters. (b) Haplotype network shows

that the recombination event first involved cluster 1 and was then passed on to cluster 2. (c) the sequence similarity graphs obtained with
HybridCheck graphs show high similarity between hybrid isolates and their minor parental sequences at the recombinant regions (dashed
boxes). For each triplet of isolates examined, the sequence similarity is shown along chromosomal positions (x-axis) by a colour map in which
regions with the same polymorphism share colours (top) and by line graphs reporting the percentage similarity on the y-axis (bottom). (d)
Schematic representation of introgression events in hybrid isolates. Subsequent recombination within cluster 1 and cluster 2 occurred circa
472 (286-723; 95% Cl) years ago and is consistent with a potential spillover and spillback event between different zoonotic hosts and human
host. Stars indicate the number of SNPs among the hybrid isolates [Colour figure can be viewed at wileyonlinelibrary.com]

(PCE), resulting in robust phylogenetic clustering, broken down only
by occasional recombination (Tibayrenc et al., 1990). PCE is typical
for several parasites and pathogens, including Giardia, Toxoplasma,
Cryptococcus, Trypanosoma and others. The clonal lineages form due
to a lack of outcrossing caused by their low transmission rates, re-
sulting in only few multiclonal infections (compared with the “starv-
ing sex hypothesis”) (Tibayrenc & Ayala, 2004). However, C. parvum
may be on the “clonality threshold”, right on the tipping point where
recombination starts to break down the structuring typical for clonal
evolution of many pathogens (Tibayrenc & Ayala, 2021) (Figure S5).
Our analysis shows that the rate of genetic exchanges between lin-
eages has significantly increased in the past 200years (Figure 2a),
which suggests that the distinct population structuring typical for
PCE is moving towards increased panmixia. We first discuss our
observations, and then consider the evolutionary consequences,
hypothesizing how increased globalization and human-induced

changes in the environment may influence the evolution of this and
other parasites.

We investigated the role of recombination in shaping the popula-
tion structure and the genome of the C. parvum isolates. We noticed
that the three lineages show signs of admixture, and we detected
73 strongly supported recombination events. These were not dis-
tributed randomly across the genome but occurred more frequently
than expected on chromosomes 1 and 3, and at peri- and subtelo-
meric regions of chromosomes 4 and 6. The exact recombinant and
the major and minor parents were not identified in many of these
events, due to the limited data set and the genomic similarity among
isolates within each lineage. However, some events for which we did
have this information were analysed in detail, allowing us to docu-
ment potential spillover and spillback events. Our analyses suggest
that recombination occurred from ruminant isolates into human iso-

lates, and back into another zoonotic host species (i.e., lamb). We
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thus show that the recombinant regions are transmitted through the
population by gene flow and admixture. Although this suggests that
recombination is directional, we should clarify that these are the
evolutionary events we witness after the filter of natural selection,
and in a data set comprising only 32 isolates. In other words, genetic
exchanges may have occurred into the opposite direction (e.g., from
human strains into strains of ruminants), but they were not detected
in our data set.

Importantly, we can, however, conclude that these genetic ex-
changes are probably recent; they are estimated to have occurred
between 49 to 472years ago, that is, within the Anthropocene.
Indeed, the rate of genetic exchanges appears to have significantly
increased over the past ~200years. This is not due to our inability
to detect ancient recombination events, as a small number of much
older events were detected by our analyses (Figure 2a). Rather,
the recently elevated rate of recombination between lineages is
consistent with increased rates of contact caused by international
travel and globalization. The huge biomass of our livestock (Bar-On
et al., 2018) and close human-animal contacts have also increased
the opportunity for genetic exchanges between previously isolated
parasite lineages (van Oosterhout, 2021). This is resulting in spillover
and spillback events, which may alter the dynamic coevolutionary
equilibrium in the Red Queens arms race (van Oosterhout, 2021).

Lastly, we show that genes potentially implicated in virulence
(here characterized by the presence of signal peptide and SAAR in
the encoded proteins) are significantly more affected by genetic ex-
changes, and that the nucleotide diversity of these genes is elevated
by these genetic exchanges.

A similar pattern, with an uneven distribution of recombination
events and frequent involvement of peri- and subtelomeric regions,
has been reported in a study of zoonotic and anthroponotic isolates
of C. parvum and by comparison of C. parvum with C. hominis (Nader
et al.,, 2019). Previous studies also showed that genes involved in
host cell invasion (e.g., those encoding for mucin-like glycoproteins,
thrombospondin-related adhesive proteins, secreted MEDLE family
proteins, insulinase-like proteases and rhomboid-like proteases) are
often located in the proximity of telomeres and are characterized
by changes in copy number and high divergence among different
Cryptosporidium species (Liu et al., 2016; Tichkule et al., 2022). More
recently, it has been demonstrated that MEDLE-containing proteins
are translocated into the cytosol of infected cells, after the parasite
has established its intracellular niche, that is, after invasion (Dumaine
et al., 2021). These proteins can modulate signalling pathways for
intracellular development of the parasite. Further, antisera raised
against recombinant MEDLE1 or MEDLE2 have been show to dimin-
ish the efficiency of sporozoite infection by 40% (Fei et al., 2018; Li
et al., 2017), stressing the important role played by these proteins.

Therefore, genetic exchanges involving these fast-evolving
genes are likely to have an important impact on the evolution of host
specificity and virulence in the Cryptosporidium genus. We argue
that these processes are even more important for a parasite like C.

parvum that has many host species. Beneficial mutations that arise

in the parasite lineage of one host species may thus be transmitted
to lineages or clusters infecting other host species. Given that the
opportunities of genetic exchanges have increased recently (Cutler
et al., 2010; Davies Calvan & Slapetam, 2021; Easton et al., 2020;
Rohr et al., 2019), previously isolated clonal lineages are now in con-
tact. The novel variation that is introduced by recombination be-
tween genetically diverged lineages rapidly generates new substrate
for adaptive evolution of parasites, and this could give parasites an
important evolutionary advantage in the antagonistic host-parasite
coevolution. The shift in the balance of the evolutionary forces to-
wards more recombination and less genetic drift offers more oppor-
tunities for natural selection (Figure S5).

Our study shows that whole genome sequence data can improve
our understanding of the evolutionary epidemiology of zoonotic
pathogens by helping to identify host reservoirs, gene flow, recom-
bination, spillover and spillback events. Such analyses are crucially
important to underpin the One Health approach and mitigate the
threat of emerging infectious diseases (King et al., 2015; Ogden
et al., 2019; van Oosterhout, 2021; Webster et al., 2016).
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