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Abstract 58 
Cryptosporidiosis is a major global health problem and a primary cause of diarrhoea, particularly in 59 
young children in low- and middle-income countries (LMICs). The zoonotic Cryptosporidium parvum 60 
and anthroponotic C. hominis cause most human infections. Here, we present a comprehensive whole-61 
genome study of C. hominis, comprising 114 isolates from 16 countries within five continents. We 62 
detect two lineages with distinct biology and demography, which diverged circa 500 years ago. We 63 
consider these lineages two subspecies and propose the names C. hominis hominis and C. 64 
hominis aquapotentis (gp60 subtype IbA10G2). In our study, C. h. hominis is almost exclusively 65 
represented by isolates from LMICs in Africa and Asia and appears to have undergone recent 66 
population contraction. In contrast, C. h. aquapotentis was found in high-income countries, mainly in 67 
Europe, North America and Oceania, and appears to be expanding. Notably, C. h. aquapotentis is 68 
associated with high rates of direct human-to-human transmission, which may explain its success in 69 
countries with well-developed environmental sanitation infrastructure. Intriguingly, we detected 70 



 
 

genomic regions of introgression following secondary contact between the subspecies. This resulted 71 
in high diversity and divergence in genomic islands of putative virulence genes (GIPVs), including 72 
muc5 (CHUDEA2_430) and a hypothetical protein (CHUDEA6_5270). This diversity is maintained 73 
by balancing selection, suggesting a coevolutionary arms race with the host. Lastly, we find that 74 
recent gene flow from C. h. aquapotentis to C. h. hominis, likely associated with increased human 75 
migration, may be driving evolution of more virulent C. hominis variants. 76 
 77 
Introduction 78 
Cryptosporidiosis is a leading cause of diarrhoea in children under five globally (Kotloff, et al. 2013; 79 
Khalil, et al. 2018), resulting in an estimated 48,000 deaths annually. Among parasitic diseases, it is 80 
second only to malaria in global health burden, with an overall impact of ~12.8 million Disability 81 
Adjusted Life-Years (DALYs) (Khalil, et al. 2018). Human cryptosporidiosis is primarily caused by 82 
Cryptosporidium parvum, a zoonoses common in young ruminants (Ryan, et al. 2016; Santin 2020), 83 
and C. hominis, which is anthroponotic and the more prevalent species globally (Razakandrainibe, et 84 
al. 2018). The disease burden is overwhelmingly skewed to low and middle-income countries 85 
(LMICs) (Yang, et al. 2021), particularly in sub-Saharan Africa (Khalil, et al. 2018), where C. 86 
hominis predominates. However, Cryptosporidium remains a significant public health problem in 87 
wealthy countries through large water or foodborne outbreaks and direct transmission in day-care 88 
facilities, hospitals and other institutions (Craun, et al. 1998; Putignani and Menichella 2010). 89 
Presently, there are no vaccines or effective drugs to treat the infection. Hence, control depends on 90 
prevention of infection, which is driven by a strong understanding of the parasite’s epidemiology. 91 
 92 

The global epidemiology of cryptosporidiosis varies by geographic region, socioeconomic 93 
status and a range of risk factors (Nichols, et al. 2014; Yang, et al. 2021). Understanding of this 94 
epidemiology is underpinned by molecular typing, based mainly on the highly polymorphic gp60 95 
gene (Feng, et al. 2018). This work has identified numerous genetic variants within each species and 96 
indicated a complex population genetic structuring. In C. parvum, population structure varies globally 97 
from clonal to epidemic to panmictic, likely due to varying ecological factors (Morrison, et al. 2008; 98 
Herges, et al. 2012; Wang, et al. 2014). Genetic variants found exclusively in humans point to an 99 
anthroponotic C. parvum lineage (IIc) (King, et al. 2017; King, et al. 2019), with a recent genomic 100 
study recognising two subspecies, the zoonotic C. parvum parvum and the anthroponotic C. parvum 101 
anthroponosum (Nader, et al. 2019). Interestingly, this study found that both subspecies occasionally 102 
still hybridise and exchange genetic variation. These exchanges overlapped with similar genomic 103 
regions undergoing genetic introgression between C. hominis and C. parvum anthroponosum, 104 
indicating candidate sites underpinning adaptation to human-specific infection (Nader, et al. 2019). 105 
The signature of introgression can be identified by comparing the DNA sequence (dis)similarity 106 
between two or more haplotypes. Briefly, introgressed regions are characterised by high nucleotide 107 



 
 

similarity, resulting from a relatively recent coalescence of the introgressed sequence. By comparing 108 
the sequence variation of three or more haplotypes, the directionality of genetic exchange can be 109 
inferred. In addition, the genetic divergence (i.e., number of nucleotide substitutions) can be used to 110 
estimate how long ago the sequence was exchanged between the ancestors of the haplotypes. These 111 
are the principles of software such as Hybrid-Check (Ward & van Oosterhout 2016) that enable the 112 
study of genetic introgression. Cryptosporidium hominis appears to have a largely clonal population 113 
structure, dominated by specific variants in different regions (Yang, et al. 2021). The IbA10G2 gp60 114 
subtype, although found in LMICs (Jex and Gasser 2010), is the dominant variant in high-income 115 
countries and accounts for up to ~45% of all gp60-typed human infections (Jex and Gasser 2010). 116 
This subtype is linked to most major waterborne outbreaks in wealthy countries for which genetic 117 
typing is available (Zhou, et al. 2003; Chalmers, et al. 2010; Widerström, et al. 2014; Segura, et al. 118 
2015; Efstratiou, et al. 2017). The IbA10G2 subtype also appears more readily capable of direct 119 
human-to-human transmission (McKerr, et al. 2021) and may cause more severe disease (Cama, et al. 120 
2008).  121 

 122 
 Studies of C. hominis molecular epidemiology pose several essential questions that have 123 
major implications for global control of cryptosporidiosis. Specifically: (1) what is the IbA10G2 124 
subtype, and is this gp60-defined subtype reflective of a phylogenomically divergent C. hominis 125 
lineage that predominates in wealthy countries; (2) if so, does this lineage undertake reduced levels of 126 
genetic recombination with global C. hominis populations; (3) and can signatures within the  genome 127 
sequences of IbA10G2 typed isolates identify its taxonomic status, reveal the factors underpinning its 128 
putatively increased virulence and its dominance in wealthy countries, and identify its influence on 129 
global parasite population structure? To address these questions, we performed a global study of 114 130 
C. hominis genome sequences, comparing the IbA10G2 subtype to published genome sequences 131 
representing locally acquired infections from 16 countries across five continents. The insights gained 132 
from these analyses are particularly relevant for public health; the IbA10G2 subtype has already been 133 
identified as an emerging host-adapted, likely more virulent and transmissible population, making it a 134 
threat to human health in high-income countries (Li, et al. 2013; Feng, et al. 2014; Cacciò and 135 
Chalmers 2016).  136 
 137 
Results 138 
Genomic evidence of population sub-structuring at the continental level  139 

All 114 C. hominis isolates included in this study were confirmed as single variant infections 140 
(estimated MOI=1 and Fws > 0.95) (see Supplementary Table 2). We identified 5,618 biallelic SNPs 141 
among these samples and used these to explore the population structure of C. hominis. Our analyses 142 
identified two major clusters (Fig. 1a), separating European, North American and Oceanian samples 143 



 
 

from Asian and African samples. We also saw minor clustering separating African from Asian 144 
samples. STRUCTURE analysis provided further support for these findings (Fig. 1b). Overall, ~94% 145 
of isolates are clustered geographically. Exceptions included a small number of infections (e.g., 146 
UKH30 (from UK) acquired during international travel. STRUCTURE analysis also identified a 147 
fourth cluster, including three African and one European isolate, with unique population ancestry 148 
(cluster 4 in Fig. 1b).  149 

 150 

Genomic evidence of population diversification 151 

Maximum Likelihood (ML) analysis (Fig. 1c) identified two major clades, one corresponding to Asia 152 
and Africa (clade 1) and the other to Europe, North America and Oceania (clade 2). All isolates 153 
within clade 2 had gp60 subtype IbA10G2, and no IbA10G2 isolates clustered with clade 1. The two 154 
clades were estimated to have diverged 488 (84 – 2,199; 95% HPD) years ago. This divergence is 155 
supported by a SplitTree network (Fig. 1d) and a DensiTree (Fig. 1e) analyses. Considering the 156 
stability of these two genomically distinct lineages and evidence below of their reproductive isolation, 157 
we propose their recognition as separate subspecies. We propose clade 1, which comprises infections 158 
observed in low- to middle-income countries, mostly from Africa and Asia, be recognised as C. 159 
hominis hominis, referring to the fact that this subspecies represents the majority population. We 160 
propose clade 2 (IbA10G2 subtype) includes isolates from high-income countries, namely Europe, 161 
North America and Oceania, be named C. hominis aquapotentis (strong water), as it predominates in 162 
countries with longstanding high sanitation and water quality indices.  163 

 164 

Demographic histories 165 

To understand the demographic histories and estimate the change in the effective population size (Ne) 166 
through time, we constructed a Bayesian Skyline Plot (BSP) (Drummond, et al. 2005) for C. h. 167 
hominis (clade 1) and C. h. aquapotentis (clade 2, gp60 subtype IbA10G2 IbA10G2). Parasite isolates 168 
from low-income countries (C. h. hominis, clade 1) experienced a marked population contraction 169 
recently from Ne=~5000 to Ne=~100 (Fig. 2a), which is supported by a higher proportion of positive 170 
Tajima’s D values (Fig. 2b). In contrast, the isolates from high-income countries (C. h. aquapotentis 171 
(clade 2), gp60 subtype IbA10G2) had a stable effective population size (Ne=~1000) and a higher 172 
proportion of negative Tajima’s D values (Fig. 2c). The distribution of Tajima’s D in C. h. 173 
aquapotentis is significantly smaller than zero (one-sided t-test: t = -28.883, df = 681, p-value < 2.2e-174 
16), which is consistent with recent population expansion. BSP analysis of C. h. aquapotentis (clade 175 
2, gp60 subtype IbA10G2) suggests a stable Ne, whereas the overall negative value of Tajima’s D 176 
analysis is consistent with a recent population size expansion or selective sweep.  BSP analyses are 177 



 
 

based on coalescent theory, whereas Tajima’s D compares the constitution of polymorphisms, i.e., 178 
mean number of pairwise differences and the number of segregating sites. The latter is more sensitive 179 
to recent demographic events. Altogether, our analyses thus imply that after a relatively stable Ne, the 180 
population has started to expand only very recently, or that it has been affected by a recent selective 181 
sweep. Simulation-based projections of the evolution of the overall C. hominis population finds it is 182 
being shaped by ‘recent gene flow’, likely indicating recent secondary contact (Fig. 2c-d) between the 183 
two subspecies ~165 (24 – 647; 5-95% CI) years ago.   184 
 185 
 We found evidence of two selective sweeps on chromosome 6 in C. h. hominis (clade 1) 186 
based on composite likelihood ratio (CLR) statistic using SweeD (Pavlidis, et al. 2013) 187 
(Supplementary Fig. 1). However, we do not see any other hallmarks of a selective sweep in these 188 
regions based on π or Tajima's D (see Supplementary Fig. 2). Possibly, the selective sweeps were 189 
incomplete or occurred in the distant past, eroding their genomic signatures. Nucleotide diversity and 190 
Tajima’s D are simple statistical approaches to identify selective sweep, but they are also affected by 191 
population size changes. In contrast, SweeD analyses site frequency spectra (SFS) and uses complex 192 
statistical approaches such as likelihood-based methods to identify selective sweeps in whole genome 193 
data. However, the likelihood of selective sweep identified in our analysis is low which might be the 194 
reason that Nucleotide diversity and Tajima’s D methods did not identify any statistically significant 195 
sweeps. Nevertheless, this may have contributed to the recent decline in effective population size of 196 
C. h. hominis (clade 1) (Fig. 2a); genetic variation could have been lost during the selective sweep not 197 
only in the affected chromosomal regions, but throughout the genome in this largely clonally 198 
reproducing organisms, as the selectively favoured variant replaced other existing variants. 199 
 200 
Linkage, recombination, introgression and gene flow between subspecies 201 

Distinct patterns of decay of linkage disequilibria 202 

We performed independent linkage analyses for each subspecies to infer the recombination rate 203 
within parasite populations from low- and high-income countries (Fig. 3a). Cryptosporidium h. 204 
hominis (clade 1) had more rapid linkage disequilibrium (LD) decay than C. h. aquapotentis (clade 2, 205 
gp60 subtype IbA10G2), consistent with genetic exchanges through gene flow and recombination. In 206 
contrast, the strong LD in C. h. aquapotentis (clade 2, gp60 subtype IbA10G2) supports our 207 
hypothesis of a recent population expansion (see below). 208 

 209 

Recombination and regions of secondary contact 210 

Using RDP4 (Martin, et al. 2015), we identified significant recombination events between the two 211 
clades in chromosome 1 (event 1), 2 (event 2) and 6 (event 3 and 4) (Fig; 3b and Supplementary 212 



 
 

Table 3). This indicated secondary contacts between C. h. hominis (clade 1) and C. h. aquapotentis 213 
(clade 2, gp60 subtype IbA10G2), which resulted in rare genetic exchanges between these otherwise 214 
diverged clades. We also undertook additional analyses of the highly admixed European isolate 215 
(UK_UKH4 of gp60 subtype IaA14R3) that showed unique ancestry (Fig 1B) and clustered with low-216 
income countries (C. h. hominis (clade 1)) (see Supplementary Text).   217 
 218 

Signature of introgression and gene flow between the clades 219 

We analysed the recombination events in more detail to better understand the implications of genetic 220 
introgression between the two subspecies. Determining the signature of genetic introgression is 221 
crucial as these regions can also be responsible for increasing genetic diversity and providing novel 222 
substrate for natural selection in host-parasite coevolution (Van Oosterhout 2021). We used 223 
HybridCheck (Ward and van Oosterhout 2016) to perform introgression analyses for recombinant 224 
events 2 – 4 (event 1 was excluded due to a missing parental sequence). We randomly selected a 225 
triplet (recombinant, minor parent and major parental lines) from the RDP output (Supplementary 226 
Table 3), which revealed a clear signature of introgression (Fig. 3 c-d), also supported by an ABBA-227 
BABA test (Fig. 3e). Additionally, we calculated the pairwise r2 between SNPs within chromosomes 228 
of C. h. hominis (clade 1) to assess linkage among SNPs in the introgressed regions (Fig. 3f-g). Large 229 
blocks of high LD that encompass the introgressed regions suggested each had been exchanged as a 230 
single event between C. h. hominis (clade 1) and C. h. aquapotentis (clade 2, gp60 subtype IbA10G2) 231 
~165 (24 – 647; 5-95% CI) years ago.  232 
 233 
Could recent introgression increase virulence? 234 
Our analyses suggest C. h. hominis (clade 1) and C. h. aquapotentis (clade 2, gp60 subtype IbA10G2) 235 
have diverged and largely reproductively isolated for ~500 years. Noting that the latter subspecies has 236 
come to dominate infections within high-income countries (Guo, et al. 2015), is more virulent (Cama, 237 
et al. 2008), appears better able to transmit through direct human-to-human contact (McKerr, et al. 238 
2021) and possibly at a lower infectious dose (Segura, et al. 2015), C. h. aquapotentis (clade 2, gp60 239 
subtype IbA10G2) may owe its success to being better adapted to human infection. If this is the case, 240 
it is possible that recent introgression between these two subspecies could select for more virulent and 241 
transmissible C. hominis subspecies in low-income countries, particularly noting the recent genetic 242 
bottlenecking we have observed in C. h. hominis (clade 1) within the last decades. 243 
 244 
Identification of potential virulence genes 245 

To explore this, we first predicted candidate virulence genes in C. hominis likely to be involved in the 246 
host-parasite interaction and engaged in a coevolutionary arms race with the host. Broadly, such genes 247 



 
 

are under continuous adaptation while interacting with hosts (Van Oosterhout 2021). During 248 
coevolution, evolutionary forces act on virulence genes to create genetic variation through mutation, 249 
recombination and gene flow and this variation is moulded by natural selection (and genetic drift). To 250 
identify putative virulence genes in C. hominis, we selected the top 5% most highly polymorphic 251 
genes based on nucleotide diversity (π). These were filtered for the top 25% of genes under balancing 252 
selection, based ranked Tajima’s D. Finally, these genes were filtered by selecting the top 50% of 253 
genes with the highest proportion of non-synonymous mutations, based on ranked Ka/Ks ratio. Using 254 
this approach, we identified 24 highly polymorphic genes (Supplementary Table 5) that are rapidly 255 
mutating at the protein level and under selective pressure. These genes were significantly more 256 
polymorphic (two-sided t-test: t = -2.9062, df = 23, p-value = 0.007957), under stronger balancing 257 
selection (two-sided t-test: t = -10.393, df = 23, p-value = 2.533e-10) and positive selection (two-258 
sided t-test: t = -2.4736, df = 23, p-value = 0.021) compared to all remaining polymorphic genes. 259 
Moreover, these genes are enriched in recombination regions (χ2= 225.04, df = 1, p-value = 0.00049), 260 
showing that gene flow within C. hominis is inclined towards elevated levels of genetic variation. 261 
Overall, these genes are enriched for extracellular (χ2= 13.608, df = 1, p-value = 0.00349) and signal 262 
peptide proteins (χ2= 6.69, df = 1, p-value = 0.015), which is consistent with their potential relevance 263 
for host-parasite interaction. Together, these results provided the evidence of genomic islands of 264 
putative virulence genes (GIPVs: Fig. 4) that are likely to be in a coevolutionary arms race with the 265 
host, undergoing frequent recombination and accumulating beneficial polymorphisms that are under 266 
selection, and that this increased population diversity. 267 

 268 
Subspecific divergence of putative virulence genes  269 
We investigated whether any virulence genes predicted above were highly diverged between C. h. 270 
hominis (clade 1) and C. h. aquapotentis (clade 2, gp60 subtype IbA10G2) and under diversifying 271 
selection between the two subspecies.  To do this, we calculated absolute divergence (Dxy), 272 
representing the average proportion of differences between all pairs of sequences between C. h. 273 
hominis (clade 1) and C. h. aquapotentis (clade 2, gp60 subtype IbA10G2), revealing differential gene 274 
flow during their reproductive isolation (Fig. 4a). We then calculated the correlation between 275 
diversity (π) and divergence (Dxy) for each gene (Fig. 4b). This approach identified four clear outlier 276 
genes, which were the most divergent, diverse, and rapidly mutating at the protein level. These genes 277 
encoded three mucins (CHUDEA2_430, CHUDEA2_440 and CHUDEA2_450) arrayed in a cluster 278 
on chromosome 2, and a hypothetical protein (CHUDEA6_5270) found on chromosome 6 (Fig. 4b, 279 
Supplementary Table 5). The gp60 gene ranked 6th in the list of virulence genes but does not sit as a 280 
clear outlier from the other genes identified in our assessment. Two of these genes, CHUDEA2_430 281 
(LRT, p-value = 0.005) and CHUDEA6_5270 (LRT, p-value = 0.017), are under statistically 282 



 
 

significant diversifying selection between C. h. hominis (clade 1) and C. h. aquapotentis (clade 2, 283 
gp60 subtype IbA10G2). 284 

Lastly, we looked at each codon position within each of the four outlier genes to detect codon 285 
specific diversifying selection, which might be overlooked in the overall gene. We detected episodic 286 
diversifying selection (LRT p-value < 0.05) at codon positions 92, 111 and 138 of CHUDEA2_430 287 
and 97 and 105 of CHUDEA6_5270 using the Mixed Effects Model of Evolution (MEME) method 288 
implemented in Datamonkey (Pond and Frost 2005). These sites represent putative codons harbouring 289 
genetic polymorphisms that experience periods of strong diversifying selection. This strongly 290 
suggests CHUDEA2_430 and CHUDEA6_5270 are likely candidate virulence factors participating in 291 
a coevolutionary arms race and contributing to the divergence of C. h. hominis (clade 1) and C. h. 292 
aquapotentis (clade 2, gp60 subtype IbA10G2). 293 

 294 

Recent introgression of putative virulence genes 295 
Finally, we asked whether the recent recombination events in chromosomes 2 and 6 between C. h. 296 
hominis (clade 1) and C. h. aquapotentis (clade 2, gp60 subtype IbA10G2) might include genes 297 
associated with increased virulence, indicating increasing virulence of C. hominis globally within the 298 
past decades, possibly linked to increased human migration. These introgressed regions had 299 
significantly elevated levels of nucleotide diversity (two-sided t-test: t = -3.0026, df = 27, p-value = 300 
0.0057), divergence (two-sided t-test = -3.0043, df = 27, p-value = 0.0057) and balancing selection 301 
(two-sided t-test: t = -3.0125, df = 27, p-value = 0.0055). Interestingly, we observed a pattern of high 302 
diversity and divergence (Fig. 4a), particularly for genes within the recombinant blocks (Fig. 3b-e). 303 
The 38 (= top 1%) most divergent genes between C. h. hominis (clade 1) and C. h. aquapotentis 304 
(clade 2, gp60 subtype IbA10G2) were enriched in recombinant regions (χ2=   287.08, df = 1, p-value 305 
= 0.00049), with 37% present in these regions (Supplementary Table 6), compared to 0.9% of the 306 
other 1,645 divergent genes. These results suggest the genes undergoing frequent recombination 307 
accumulated beneficial polymorphisms that were maintained by balancing selection and that this 308 
increased population diversity. 309 

 Notably, the introgressed regions between C. h. hominis (clade 1) and C. h. aquapotentis 310 
(clade 2, gp60 subtype IbA10G2) included CHUDEA2_430 (muc5) for event 2 (chromosome 2), 311 
CHUDEA6_1080 (gp60) for event 3 (chromosome 6) and CHUDEA6_5270 (a hypothetical protein) 312 
for event 4 (chromosome 6). The introgression at CHUDEA6_5270 is particularly intriguing as it 313 
sheds further light on the evolution of C. h. aquapotentis (clade 2, gp60 subtype IbA10G2) and C. h. 314 
hominis (clade 1), revealing how recent recombination events could be driving the virulence evolution 315 
of C. h. hominis (clade 1). We identified two major CHUDEA6_5270 (hypothetical gene) haplotypes; 316 
Hap1 representing most C. h. hominis (clade 1) isolates, and Hap2 represents all C. h. aquapotentis 317 



 
 

(clade 2, gp60 subtype IbA10G2) plus a small subset of C. h. hominis (clade 1) (Fig. 5a), as well as 318 
many haplotypes associated only with C. h. hominis (clade 1). No mutations were observed in Hap2, 319 
which is consistent with C. h. aquapotentis (clade 2, gp60 subtype IbA10G2) having evolved recently, 320 
being an estimated 392 years (29 – 1699 years; 5-95% CI) old, assuming a mutation rate of u=10-8 321 
and 48h cell division time. Hap1 and Hap2 are diverged by 22 SNPs (Fig. 5b), which is unlikely to 322 
represent standing genetic variation, given this is 3-fold higher than the mean deviation among all 323 
other CHUDEA6_5270 haplotypes identified here. Instead, we propose CHUDEA6_5270-Hap2 324 
might be an introgressed variant from a highly diverged, unsampled (sub)species that diverged from 325 
C. hominis around 2.36 million generations ago (assuming a mutation rate of u=10-8), which is equal 326 
to 12,742 (8,901 – 17,497 years; 5-95% CI) years (assuming 48h/replication). The emergence of 327 
CHUDEA6_5270-Hap2 in some C. h. hominis (clade 1) isolates (i.e., the red section of Hap2 in Fig. 328 
6a) strongly implies that C. h. aquapotentis (clade 2, gp60 subtype IbA10G2) has introgressed (circa 329 
400 years ago) into C. h. hominis (clade 1) leading to evolution under balancing selection (Fig. 5d).   330 

 331 
We modelled the 3D protein structure of CHUDEA6_5270-Hap1 and Hap2, and compared 332 

these to similarly predicted 3D protein structures for the orthologous genes from C. parvum parvum 333 
and C. parvum anthropanosum (Fig. 5c). This modelling identified several conserved alpha-helices 334 
that appear to form a coiled-coil domain. CHUDEA6_5270 from C. h. aquapotentis (clade 2, gp60 335 
subtype IbA10G2) encodes mutations near the C-terminal end, resulting in a notable kink that 336 
deviates from the other structures. This structural variation overlaps with an increase in Tajima’s D 337 
values toward the C-terminus of the protein, suggesting the region is under balancing selection (Fig. 338 
5d).  339 

 340 
 A similar pattern is observed for CHUDEA2_430 (see Supplementary Fig. 6). However, 341 
given that both the subspecies are interspersed in the haplotype network, indicating against a specific 342 
directionality of introgression. This may indicate that CHUDEA_430 diverged with the divergence of 343 
the subspecies and continued to diversify. We were not able to generate a robust 3D structural model 344 
for CHUDEA2_430 or its C. parvum orthologs. We noted the gene encodes a large intrinsically 345 
disordered region (Supplementary Fig. 7) which is a consistent feature of mucin proteins (Carmicheal, 346 
et al. 2020), whose structural confirmation is influenced by post-translation glycosylation (Perez-Vilar 347 
and Hill 1999).  Noting this, we did identify eight novel glycosylation sites in C. h. aquapotentis 348 
(clade 2, gp60 subtype IbA10G2) CHUDEA2_430 haplotypes not found in C. h. hominis (clade 1) 349 
(Supplementary Fig 5). Whether these impact interaction with host proteins is not known, but this 350 
would be consistent with glycosylated proteins in other pathogens (Lin, et al. 2020). 351 
 352 

Discussion 353 



 
 

In this study, we examined the evolutionary genomics of a major human parasite, C. hominis, 354 
studying whole genome sequence data from 114 isolates from 16 countries across five continents. We 355 
posed three questions, and we are able to answers these as follows: (1) the gp60-defined subtype 356 
IbA10G2 is reflective of a phylogenomically divergent C. hominis lineage that predominates in 357 
wealthy countries; (2) this lineage has experienced significantly reduced levels of genetic 358 
recombination with other global C. hominis populations, and we could identify only four genetic 359 
exchanges between these otherwise diverged clades; (3) the distinct evolutionary trajectory of the 360 
IbA10G2 subtype, characterized by rapid population expansion, warrants a distinct taxonomic status 361 
as subspecies. We propose the name C. hominis aquapotentis (clade 2, gp60 subtype IbA10G2) to 362 
reflect its adaptation to “strong water”, i.e., high sanitation and water quality indices. 363 

These two subspecies are estimated to have been reproductively isolated for approximately 364 
488 (84 – 2,199) years, except for the more recent genetic exchange at four genetic loci. The 365 
reproductive isolation coincides with improvements to sanitation in Europe. It is possible that C. h. 366 
aquapotentis (clade 2, gp60 subtype IbA10G2) evolved specialisations making it better suited to 367 
human infection allowing it to be more successful through direct transmission supported by a lower 368 
infectious dose. Such adaptations would have allowed C. h. aquapotentis (clade 2, gp60 subtype 369 
IbA10G2) to become dominant in higher-income countries where sanitation has reduced the level of 370 
environmental transmission. Indeed, epidemiological investigations in the UK identified direct 371 
person-to-person transmission as a key pathway for C. h. aquapotentis (clade 2, gp60 subtype 372 
IbA10G2) (McKerr, et al. 2021). We hypothesise this may have resulted in its rapid population 373 
expansion over the last ~500 years and (partial) reproductive isolation. In contrast, C. h. hominis 374 
(clade 1) experienced recent reduction in effective population size (Ne) within the past few decades. 375 
We detected two signatures of recent selective sweep in this subspecies, and we propose that this may 376 
have eroded some of the genetic variation, resulting in the marked drop in Ne = 5000 to Ne = 100 in 377 
the past. This would have resulted in significant genetic drift and random allele frequency changes, 378 
which could have increased the divergence between C. h. hominis (clade 1) and C. hominis 379 
aquapotentis (clade 2, gp60 subtype IbA10G2) further. 380 

Despite increased migration and international travelling in the past decades, our study 381 
suggests that there has been relatively little movement between continents for this parasite. This is in 382 
contrast to reports for C. parvum. Corsi, et. al. recently found a higher proportion of admixture and 383 
gene flow between C. parvum populations and no evidence of population structuring by geographic 384 
region (Corsi, et al. 2021). Despite the strong population sub-structuring in C. hominis, we found 385 
evidence of potential recombination and gene flow between the geographic populations and 386 
subspecies. We further investigated and identified the introgressed regions where we detected 387 
significant gene flow between the low- and high- income countries. Simulation-based analyses 388 
indicated this was most likely explained by ‘recent geneflow’ (circa 165 years ago). This would 389 



 
 

appear to be a secondary contact between the two subspecies after recent globalisation, illustrating 390 
higher migration rate from high-income to low-income countries, which facilitated gene flow, 391 
recombination, population admixture and selective sweep. 392 

Genetic exchanges between C. h. hominis (clade 1) and C. hominis aquapotentis (clade 2, 393 
gp60 subtype IbA10G2) are rare compared to those within C. parvum parvum (Corsi, et al. 2021), and 394 
their frequency might be more comparable to the rate of sequence exchange between C. p. parvum 395 
and C. p. anthroponosum (Nader, et al. 2019). However, whole genome analyses of more C. hominis 396 
isolates may detect other recombination events in addition to the four events detected in our study. In 397 
addition, further studies may be able to discover the unknown parental sequences associated with 398 
recombination event 1 in our study.  Without this parental sequence, we were unable to reconstruct 399 
the evolution of this introgressed sequence on chromosome 1. Yet, this event may be a key player in 400 
the evolution of the lineage. We encourage future whole genome studies on C. hominis, believing this 401 
may shed further light on the incipient speciation of C. hominis aquapotentis (clade 2, gp60 subtype 402 
IbA10G2). 403 

 404 
 Although our dataset comprises samples across five continents, we only studied C. hominis in 405 
16 countries in total, which means that we could have missed local gene flow and patterns of 406 
population sub-structuring within continents. Although the marked biological differences between C. 407 
parvum and C. hominis have been well established (Abrahamsen, et al. 2004), recent population 408 
genomic research is demonstrating that also within these species, the population genetics and 409 
evolutionary genetics of their subspecies are remarkably distinct. Large datasets and comparative 410 
population genomic and phylogenomic analyses (across Cryptosporidium species) are warranted to 411 
examine the evolutionary genomics of these parasites in more detail. 412 
 413 

Finally, we have discovered genomic islands of putative virulence genes (GIPVs) 414 
contributing to population diversification between C. h. aquapotentis (clade 2, gp60 subtype 415 
IbA10G2) and C. hominis hominis (clade 1). These islands have experienced relatively elevated 416 
recombination rate which has enriched nucleotide variation under balancing selection and the 417 
acquisition of non-synonymous SNPs, consistent with virulence factors driving host-parasite 418 
interactions. Intriguingly, the most significant signals within these analyses are driven by gp60, a 419 
hypothetical protein (CHUDEA6_5270) and a cluster of mucin-like genes (CHUDEA2_430, 420 
CHUDEA2_440 and CHUDEA2_450) found on chromosome 2. These genes are consistently 421 
identified as being under selection in the evolution of the C. hominis subspecies here and in similar 422 
observations made of C. hominis in Africa (Tichkule, et al. 2021). Their orthologs are associated with 423 
recombination between human-specific C. parvum anthroponosum relative to the zoonotic C. parvum 424 
parvum and appear to have driven convergence of the former with C. hominis (Nader, et al. 2019).  425 



 
 

CHUDEA2_430 (muc5) and hypothetical protein CHUDEA6_5270 are the most notable, 426 
displaying significant diversifying selection between the two subspecies. Broadly, mucins mediate 427 
cell-cell interactions (O'Connor, et al. 2009), and modulate infectivity of Cryptosporidium sporozoites 428 
and merozoites and oocyst production (Cevallos, et al. 2000; O'Connor, et al. 2009). In C. parvum, 429 
MUC5 is involved in host-cell invasion and an important determinant of host adaptation (O'Connor, et 430 
al. 2009) and highly expressed in the first 2 hours of infection in vitro (Lippuner, et al. 2018). MUC5 431 
may also play a role in tethering the sporozoite to the oocyst wall (Chatterjee, et al. 2010). Our 432 
analyses suggest C. h. aquapotentis (clade 2, gp60 subtype IbA10G2) and C. h. hominis (clade 1) 433 
muc5 haplotypes diverged before or with the subspecies and subsequently diversified, which is 434 
consistent with prior observations implicating CHUDEA2_430 in the emergence of C. h. aquapotentis 435 
(clade 2, gp60 subtype IbA10G2) (Bouzid, et al. 2013; Feng, et al. 2018). This appears to have 436 
resulted in the acquisition of novel glycosylation sites within C. h. aquapotentis (clade 2, gp60 437 
subtype IbA10G2) muc5 haplotypes. We cannot determine the functional consequence of these sites 438 
but note that glycosylation sites often mediate the specificity of mucin interactions with host proteins 439 
in a variety of pathogens (Lin, et al. 2020). In contrast, CHUDEA6_5270 displays a clear signal for 440 
the recent introgression of a novel C. h. aquapotentis (clade 2, gp60 subtype IbA10G2) haplotype into 441 
C. h. hominis (clade 1) after the divergence of these subspecies. This haplotype has notable, 442 
structurally relevant, mutations. Identifying the function of this gene, its potential role in infection and 443 
the relevance of the structural variation we have inferred here, should be considered a major research 444 
priority.  445 

In conclusion, this work represents the first large scale population genomic study in any 446 
Cryptosporidium species, inferring the global population structure and evolutionary history of C. 447 
hominis. We propose recognition of two distinct subspecies, C. h. hominis (clade 1) and C. h. 448 
aquapotentis (clade 2, gp60 subtype IbA10G2), with distinct demographic histories that have 449 
diverged circa 500 years ago. Although the subspecies differ in their global distribution, their gene 450 
pools are not completely isolated, and rare genetic exchanges have occurred in the recent past. We 451 
contend that many of the genes, CHUDEA2_430 and CHUDEA6_5270 in particular, in these 452 
introgression regions are involved in infection, and that their evolution in humans may be driving 453 
greater human specificity, virulence and transmissibility. It appears C. h. aquapotentis (clade 2, gp60 454 
subtype IbA10G2) is playing a key role in this process, which is supported by previous observations 455 
based on multilocus typing (Li, et al. 2013). This illustrates how human-mediated gene flow is 456 
involved in parasite evolution and genomic architecture, and how it could affect virulence evolution. 457 
Also, it shows that the GIPVs that result from population admixture in an anthroponotic species are 458 
under selection and involved in evolutionary arms race.  459 

 460 



 
 

Methods  461 
Parasite isolates 462 
The C. hominis isolates newly sequenced for this study (n = 34) were archived stool samples collected 463 
at the Cryptosporidium Reference Unit in the UK. The species was determined by species-specific 464 
real-time PCR targeting the A135 gene (Robinson, et al. 2020) and subtyped by PCR and sequencing 465 
of the gp60 gene (Chalmers, et al. 2019). Supplementary Table 1 provides information about these 466 
isolates. Isolates were selected to mainly represent the dominant variant, IbA10G2, as defined by 467 
gp60 sequencing. 468 
 469 
Processing of faecal samples for whole genome sequencing 470 
Stool samples were processed as previously described (Hadfield, et al. 2015). Briefly, saturated salt-471 
flotation was used to obtain a partially purified suspension of oocysts starting from 1-2 ml of each 472 
faecal sample. Oocysts were further purified from the suspension by immunomagnetic separation 473 
(IMS), using the Isolate® IMS kit (TCS Biosciences, Botolph Claydon, UK). IMS-purified oocysts 474 
were treated with bleach, and washed three times with nuclease-free water by centrifugation at 1,100´ 475 
g for 5 min. The pellets were suspended in 200 μL of nuclease-free water for DNA extraction. 476 
 477 
DNA preparation and whole genome sequencing 478 
Genomic DNA was extracted from purified Cryptosporidium oocysts by first performing eight cycles 479 
of freezing in liquid nitrogen for 1 min and thawing at 95°C for 1 min, and then using the QIAamp 480 
DNA extraction kit (Qiagen, Manchester, UK) according to the manufacturer’s instructions. The 481 
genomic DNA was eluted in 50 μL nuclease-free water, and the concentration measured using the 482 
Qubit dsDNA HS Assay Kit with the Qubit 1.0 fluorometer (Invitrogen, Paisley, UK), according to 483 
the manufacturer’s instructions. 484 
 485 

Whole genome amplification (WGA) was performed using the Repli-g Midi kit (Qiagen, 486 
Milan, Italy), according to the manufacturer’s instructions. Briefly, 5 μL of genomic DNA (containing 487 
1-10 ng of DNA) were mixed with 5 μL of denaturing solution and incubated at room temperature for 488 
3 min. Next, 10 μL of stop solution were added to stabilise denatured DNA fragments. The reaction 489 
mixture was completed with 29 μL of buffer and 1 μL of phi29 polymerase, and allowed to proceed 490 
for 16 hours at 30°C. The reaction was stopped by heating at 63°C for 5 minutes. WGA products were 491 
visualised by electrophoresis on a 0.7% agarose gel, purified and quantified by Qubit as described 492 
above.  493 

 494 
For Next Generation Sequencing (NGS) experiments, about 1 μg of purified WGA product 495 

was used to generate Illumina TruSeq 2x 150 bp paired-end libraries (average insert size: 500 bp), 496 



 
 

which were sequenced on an Illumina HiSeq 4000 platform (Illumina, SanDiego, CA). Library 497 
preparation and NGS experiments were performed by a commercial company (GATC, Germany). 498 
 499 
Whole genome global dataset 500 

To perform a global comparative genomics of C. hominis, we supplemented our newly sequenced 501 
genome dataset by downloading all available published C. hominis genome sequences on till date 502 
(25th July 2021), from the sequence read archive (SRA) of NCBI and from the EMBL’s European 503 
Nucleotide Archive (ENA) (see Supplementary Table 1). Collectively, these data represented 114 504 
genome sequences of locally acquired infections from 16 countries across five continents.  505 

 506 

Data pre-processing and variant calling 507 

Raw reads of the 114 C. hominis isolates were trimmed to remove adapter sequences and filtered for 508 
low-quality bases using Trimmomatic v.0.36 (Bolger, et al. 2014). The filtered reads were aligned to C. 509 
hominis UdeA01 reference genome (Heiges, et al. 2006; Isaza, et al. 2015) using the maximal exact 510 
matches (MEM) algorithm implemented in Burrows-Wheeler Alignment (BWA) tool v.0.7 (Li and 511 
Durbin 2009) with default settings. PCR duplicates were then marked using Picard MarkDuplicates 512 
(https://broadinstitute.github.io/picard/) followed by Genome Analysis Toolkit’s (GATK) indel 513 
realignment and base quality score recalibration (BQSR) using default parameters (McKenna, et al. 514 
2010). Sequence variants (SNPs) were called from the aligned reads of each isolate using the 515 
HaplotypeCaller method in the GATK v3.7.0 (McKenna, et al. 2010) as per GATK’s best practices 516 
pipeline (Van der Auwera, et al. 2013). SNPs were removed if quality depth (QD) < 2.0, Fisher strand 517 
(FS) > 60.0, mapping quality (MQ) < 40.0, mapping quality rank sum test (MQRankSum) < -12.5, read 518 
position rank sum test (ReadPosRankSum) < -8.0, Strand odds ratio (SOR) > 4.0. All identified SNPs 519 
were combined in one file and each isolate genotyped using the GenotypeGVCFs tool (GATK v3.7.0) 520 
(McKenna, et al. 2010). To maximise the quality, SNPs were further filtered based on the following 521 
criteria and included in the downstream process: bi-allelic SNPs, quality score > 30, allele depth (AD) 522 
> 5, MAF > 0.05 and missing ratio < 0.5. Each of the 114 whole genome sequences assessed here had 523 
> 80% coverage of the C. hominis reference genome to at least the 5-fold depth. Each of the 114 whole 524 
genome sequences assessed here had at least ~80 % coverage of the C. hominis reference genome to at 525 
least the 5-fold depth where 103/114 has > 80% genome coverage and at least 10X coverage. Mean 526 
coverage of all isolates is 158X (Quartile1 = 117X, Quartile3 = 229X)] (Supplementary Table 1).  527 

 528 
Population genetic structure based on whole genome SNPs 529 
The filtered bi-allelic SNPs were used for population structure, phylogenetic and clustering analyses. 530 
Multiplicity of infections in each sample were estimated using estMOI (Assefa, et al. 2014) and 531 



 
 

MOIMIX (https://github.com/bahlolab/moimix). MOIMIX calculates Fws statistic (Manske, et al. 532 
2012), a fixation index that is used to assess within-host genetic differentiation. An isolate with single 533 
infection is expected to have Fws 0.95 - 1.00. The R package SNPRelate v.1.18 (Zheng, et al. 2012) 534 
was used for principal-component analysis (PCA) analysis. seqVCF2GDS function in SNPRelate R 535 
package is used to first convert VCF file into genomic data structure (GDS) file format to store SNP 536 
genotypes in an array-oriented matrix format. A genetic covariance matrix is 537 
then calculated from genotypes using SNPRelate’s function snpgdsPCA, along with the correlation 538 
coefficients between samples and genotypes for each SNP. A maximum likelihood phylogenetic tree 539 
was constructed by IQ-TREE (Nguyen, et al. 2014) with 1000 bootstraps and visualised in iTOL v3 540 
(Letunic and Bork 2016); the sister species C. parvum was used as an outgroup. We also constructed a 541 
consensus of 107 trees using DensiTree 2 (Bouckaert and Heled 2014) in BEAST v2 (Bouckaert, et al. 542 
2014). BEAST v2 (Bouckaert, et al. 2014) was also used to estimate the divergence time between the 543 
populations by using 95% highest posterior density (HPD); and SpeedDate 544 
(https://github.com/vanOosterhoutLab/SpeedDate.jl) to estimate the coalescence times between 545 
sequences by using 5-95% confidence interval (CI). We used mutation rate of 10-8 and a generation 546 
time of 48h/replication (Nader, et al. 2019) to date the coalescence times between sequences.  A 547 
Neighbor-Net algorithm-based network was generated using SplitsTree5 (Huson and Bryant 2006). 548 
Genetic structure was analysed by STRUCTURE v2.3 software (Pritchard, et al. 2000) for population 549 
number (K) ranging 2 - 10 and plotted by using plotSTR R package 550 
(https://github.com/DrewWham/Genetic-Structure-Tools). The optimal population genetic cluster 551 
value K was estimated by using CLUMPAK (Kopelman, et al. 2015).  552 
 553 
Population demographic history and divergence time estimation 554 
We used Bayesian Markov Chain Monte Carlo (MCMC) method implemented in Beast v2 program 555 
(Bouckaert, et al. 2014) to estimate the effective population size (Ne) of the C. hominis population. 556 
The nucleotide substitution model of HKY was selected. A strict molecular clock model and a 557 
Bayesian skyline coalescent tree prior was used with 109 generations of MCMC chain and 10% burn-558 
ins. Tracer v.1.7 (Rambaut, et al. 2018) was used to assess chain convergence and effective sample 559 
size [ESS] > 200 and to construct the demographic history over time; i.e. Bayesian Skyline Plot 560 
(BSP). SweeD (Pavlidis, et al. 2013) was used to detect windows of selective sweeps from genome-561 
wide SNP dataset by using composite likelihood ratio (CLR) statistic that identifies signature of site 562 
frequency spectrum (SFS), with a grid size of 1000.   563 
 564 
  Demographic histories and migration rates between the C. hominis populations were 565 
estimated by using fastsimcoal2 (Excofffier, et al. 2021) by using mutation rate of 10-8 and a 566 
generation time of 48h/replication (Nader, et al. 2019). We first inferred best parameters and the 567 
likelihoods for each of the demographic models – no geneflow, ongoing geneflow, early geneflow, 568 



 
 

recent geneflow and different geneflow, since the time of divergence (~500 years) by running 100 569 
independent iterations with 300,000 coalescent simulations and 60 optimisation cycles. Demographic 570 
model with the highest likelihood (log10) was then selected to run parameter estimation with block-571 
bootstrapping of 100 replicates. 572 
 573 
Linkage, recombination and gene flow analyses 574 
We inferred the rate of decay of linkage disequilibrium (LD) by calculating the squared correlation of 575 
the coefficient (r2) between SNPs within 50kb using VCFtools (Danecek, et al. 2011). LD blocks were 576 
also determined by calculating pairwise r2 between SNPs within chromosomes of each population. 577 
Recombination events were identified using the Recombination Detection Program version 4 (RDP4) 578 
(Martin, et al. 2015) using the RDP (Martin and Rybicki 2000), GENECONV (Sawyer 1999), 579 
BootScan (Salminen, et al. 1995), MaxChi (Smith 1992) and Chimaera (Posada and Crandall 2001) 580 
methods. Events were considered significant if at least three methods predicted their occurrence at a 581 
probability values, p ≤ 10-5. Recombination events with undetermined parental sequences were 582 
excluded from further HybridCheck analyses. Statistically significant recombination events were 583 
visualised and analysed using HybridCheck (Ward and van Oosterhout 2016) to determine the 584 
sequence similarity between the isolates involved in the events. HybridCheck program was also used 585 
to calculate the D statistic and estimate the gene flow between the populations.  586 
 587 
Population genetic and genomic analyses of coding region 588 
Tajima’s D, Nucleotide diversity (π), Dxy and Fst were calculated using the PopGenome R-package 589 
(Pfeifer, et al. 2014). Nonsynonymous (Ka) and synonymous (Ks) mutation rates were calculated by 590 
using Ka/Ks_Calculator (Zhang, et al. 2006). Protein localisation (extracellular) was predicted using 591 
WoLF PSORT (Horton, et al. 2007) and information regarding predicted protein targeting (signalling 592 
peptides) genes were obtained from CryptoDB (Heiges, et al. 2006). POPART program was used to 593 
generate haplotype networks (Leigh and Bryant 2015). AlphaFold was used to predict the protein 594 
structures (Jumper, et al. 2021). Glycosylation sites were predicted by using NetNGlyc 4.0 Server 595 
(Gupta and Brunak 2002). Intrinsically disordered region in proteins were predicted using IUPred2A 596 
(Mészáros, et al. 2018). All statistical tests and results were performed and plotted in R (version 597 
3.6.1). 598 

 599 

Data access 600 

The raw data generated in this study have been submitted to the NCBI BioProject database 601 
(https://www.ncbi.nlm.nih.gov/bioproject/) under accession numbers 602 



 
 

 PRJEB15112, PRJNA610731, PRJNA610732, PRJNA610735, PRJNA610737, PRJNA610738, 603 
PRJNA610739, PRJNA610740, PRJNA610741, PRJNA610742, PRJNA610743, PRJNA610744, 604 
PRJNA610745, PRJNA610746, PRJNA610747 and PRJNA610748. Reviewer link to deposited data 605 
for which the accessions are not yet public, are provided in the following table. 606 

BioProject ID Reviewer link 
 
 

PRJNA610731 https://dataview.ncbi.nlm.nih.gov/object/PRJNA610731?reviewer=i5832fbel5senhl9g2ju3rj1n1 

PRJNA610732 https://dataview.ncbi.nlm.nih.gov/object/PRJNA610732?reviewer=j2pdubv6o5ks7q8earef6kt38r 

PRJNA610735 https://dataview.ncbi.nlm.nih.gov/object/PRJNA610735?reviewer=g3v1kq0afu72ff6tcc1o61sj5n 

PRJNA610737 https://dataview.ncbi.nlm.nih.gov/object/PRJNA610737?reviewer=q4joev2kaeck045i21eq6i9s1n 

PRJNA610738 https://dataview.ncbi.nlm.nih.gov/object/PRJNA610738?reviewer=r4pf8pchijamuem60ncgk1ln01 

PRJNA610739 https://dataview.ncbi.nlm.nih.gov/object/PRJNA610739?reviewer=8rgo5b89r49hd0cl27gpmgg1o7 

PRJNA610740 https://dataview.ncbi.nlm.nih.gov/object/PRJNA610740?reviewer=rthk0pe2qsn5kc6rn2kdomgo17 

PRJNA610741 https://dataview.ncbi.nlm.nih.gov/object/PRJNA610741?reviewer=njvi5jgljq271l2i5ef6hlo0jl 

PRJNA610742 https://dataview.ncbi.nlm.nih.gov/object/PRJNA610742?reviewer=jdgqt0q8lkgtnt083sdnkrkj0c 

PRJNA610743 https://dataview.ncbi.nlm.nih.gov/object/PRJNA610743?reviewer=9qka47natbb858bm5fejj5q78q 

PRJNA610744 https://dataview.ncbi.nlm.nih.gov/object/PRJNA610744?reviewer=8vvg89inuefhack29eo5jscu9b 

PRJNA610745 https://dataview.ncbi.nlm.nih.gov/object/PRJNA610745?reviewer=lqam541l8qbhqephabfeq8mu72 

PRJNA610746 https://dataview.ncbi.nlm.nih.gov/object/PRJNA610746?reviewer=3hqil4t2u9phuucr8a5nlvnjk0 

PRJNA610747 https://dataview.ncbi.nlm.nih.gov/object/PRJNA610747?reviewer=a9bb6grp0g2vsmvljijsgig17t 

PRJNA610748 https://dataview.ncbi.nlm.nih.gov/object/PRJNA610748?reviewer=1epesalvpd5qneoadvro9u2436 
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Figure Legends 638 
Fig 1. Global population structure of C. hominis isolates illustrating their sub-structing and 639 
diversification. a. PCA of isolates based on the filtered set of whole genome SNPs, highlighting three 640 
clusters of isolates which are predominately based on continents of origin. Isolates were color coded 641 
with their continent of origin. Isolates associated with gp60 subtype IbA10G2 were represented with 642 
solid circles while non-IbA10G2 with solid triangles.  b. Structure plot illustrating population genetic 643 
ancestry and the admixed nature of the C. hominis isolates. The plot was obtained for an optimum 644 
value of K=4. The black arrow (bottom) indicates the highly admixed isolate (UK_UKH4), which 645 
includes all four ancestries. c. Maximum likelihood based phylogenetic tree. d. Splitstree and e. 646 
Densitree are also demonstrating two major clades. C. h. hominis (clade 1) includes isolates 647 
associated with other gp60 subtypes while Cryptosporidium h. aquapotentis (clade 2) includes 648 
isolates associated with gp60 subtype IbA10G2. 649 

 650 

Fig 2. Demographic histories and population size and secondary contact between C. h. hominis (clade 651 
1) and C. h. aquapotentis (clade 2). a. Bayesian Skyline plots (BSP) depicting change in Ne (effective 652 
population size) through time, for both the clades. The central dark line and the upper and lower 653 
dashed lines on Y-axis are mean estimates and 95% HPD intervals of Ne, respectively. X-axis is time 654 
in years, running backwards. b. Boxplot showing significant difference (two-sided t-test) in Tajima’s 655 



 
 

D values between C. h. hominis (clade 1) and C. h. aquapotentis (clade 2). c. Higher likelihood 656 
(log10) for “recent geneflow” model (in red). Comparing likelihood distributions of geneflow models 657 
and observed significant difference (one-way ANOVA test, F = 2629761, df = 4, p-value <2e-16).  658 
Further, Post-hoc Tukey-HSD test revealed difference in likelihood between all the models (p-value < 659 
1e-16). d. Graphical representation of demographic history of C. hominis, illustrating recent 660 
secondary contact and migration rates between the two clades (mean ± SE). 661 

 662 

Fig 3. Analyses of recombination and gene flow between C. h. hominis (clade 1) and C. h. 663 
aquapotentis (clade 2). a. Linkage disequilibrium (LD) decay plot showing rapid decay of linkage 664 
between SNPs in C. h. hominis (clade 1) compared to C. h. aquapotentis (clade 2). b. Graphical 665 
representation of recombinant breakpoint positions detected by RDP4 program between C. h. hominis 666 
(clade 1) and C. h. aquapotentis (clade 2). c-d. HybridCheck plots representing genomic signature of 667 
introgression in chromosome 2 and 6, respectively. Analysis for chromosome 1 was excluded due to 668 
unknown parental sequences. The plots were generated for random set of triplets that includes 669 
recombinant (hybrid), minor (donor) and major (recipient) parental sequence, as detected by RDP4 670 
program. Introgressed blocks (recombinant breakpoints) were illustrated with dashed boxes, showing 671 
high similarity between the recombinant (C. h. hominis hybrid isolates) and minor parent (C. h. 672 
aquapotentis isolates). The top panel illustrates the visualisation of sequence similarity between 673 
sequences within the triplet, using RBG colour triangle. The two sequences are coloured same 674 
(yellow, purple or turquoise) if they share polymorphism. e. Gene flow analyses with ABBA-BABA 675 
test, representing D statistics for the random sets of triplets (as used in c-d) along with C. parvum as 676 
an outgroup. D statistic values close to -1 at all three recombinant events, suggesting geneflow 677 
between H1 and H3. f-g. Pairwise LD of SNPs in chromosomes 2 and 6 of C. h. hominis showing red-678 
blocks of high linkage between SNPs in introgressed events 2-4. 679 
 680 

Fig 4. Population genetic analyses of genomic islands of putative virulence genes (GIPVs). a. 681 
Population genetic and divergence analyses of introgressed regions. X-axis represents genomic 682 
positions of eight chromosomes highlighted with different colours. Population divergence (Dxy) 683 
between C. h. hominis (clade 1) and C. h. aquapotentis (clade 2) for each gene were plotted on Y-axis 684 
(top panel). Nucleotide diversity (π) for C. h. hominis (middle panel) and C. h. aquapotentis (bottom 685 
panel) for each gene, were also plotted on Y-axis, respectively. The breakpoints of four recombination 686 
events (event 1-4) were indicated by grey vertical boxes. Event 1 was un-detected in C. h. 687 
aquapotentis. b. Correlation between π and Dxy were plotted to identify polymorphic and potential 688 
virulence genes. 689 

 690 



 
 

Fig 5. Illustrating diversifying selection between C. hominis subspecies and host adaptation at 691 
CHUDEA6_5270 (hypothetical gene). a. Haplotype network analyses illustrating haplotype 692 
diversification between C. h. hominis (clade 1) and C. h. aquapotentis (clade 2). b. Pairwise 693 
nucleotide divergence shows bimodal distribution, which, theoretically, can be explained both by 694 
balancing selection (Lighten, et al. 2017), as well as by genetic introgression. c. Comparison of 695 
predicted models of protein structure of CHUDEA6_5270 gene between Cryptosporidium species and 696 
subtypes demonstrates variation towards C.-terminal region. d. Introgressed-isolates driving balancing 697 
selection at gene CHUDEA6_5270 in C. h. hominis. Red line represents balancing selection (positive 698 
Tajima’s D) in C. h. hominis that also includes introgressed-isolates. Blue line represents purifying 699 
selection (negative Tajima’s D) in C. h. hominis after excluding introgressed-isolates. 700 
 701 
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